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1.0
Introduction

Antonio Filippone

- ... but the fact remains that a couple of bicycle mechanics from Dayton, Ohio, had designed, constructed, and flown for the first
time ever a practical airplane.
J. Dos Passos, in The Big Money, 1932

After an uncertain start at the beginning of the 20th century, aviation has grown to a size on a global scale. By the year
2000, over 100 million passengers traveled through the airports of large metropolitan areas, such as London. In the
same year, there have been 35.14 million commercial departures worldwide, for a total of 18.14 million flight hours.
Demand for commercial air travel has grown by an estimated 9% a year since the 1960s. The expansion of the aviation
services is set to increase strongly. Today, every million passengers contribute about 3,000 jobs (directly and in-
directly) to the economy. Therefore, aircraft performance is a substantial subject.

The calculation and optimization of aircraft performance are required to:

e Design a new aircraft;
e Verify that the aircraft achieves its design targets;

Efficiently operate an existing aircraft or fleet;
Select a new aircraft;

Modify, upgrade and extend the flight envelope;
Upgrade and extend the mission profile;
Investigate the causes of aircraft accidents;

Provide data for the aircraft certification (Certificate of Airworthiness).

The engineering methods for the evaluation of aircraft performance are based on theoretical analysis and flight
testing. The latter method is made possible by accurate measurement techniques, including navigation instruments.
Flight testing is essentially an experimental discipline — albeit an expensive one. Performance flight testing involves
the calibration of instruments and static tests on the ground, testing at all the important conditions, gathering of data
from computers, data analysis, and calibration with simulation models. Wind tunnel testing is only used for the
prediction of the aerodynamic characteristics. Graphical methods, such as finding the intersection between two
performance curves, belong to past engineering practice. Analytical and numerical methods, including the equations
of motion of the aircraft, are the subject of this textbook. Analytical methods yield closed-form solutions to relatively
simple problems. Numerical solutions address more complex problems and allow the aircraft engineers to explore
“virtually” the complete parametric space of the aircraft flight. This practice avoids expensive and risky flight testing.
Methods for flight testing and evaluation of the fixed- and rotary-wing aircraft performance are discussed by
Kimberlin, Olson and Cooke and Fitzpatrick, respectively.

Due to the variety of requirements, the subject of aircraft performance intersects several other disciplines, such as
aircraft design, scheduling, operational research, systems, stability and controls, navigation, air traffic operations,
flight simulation, optimization, in addition to aerodynamics, structures, propulsion systems and integration.
Therefore, aircraft performance is essentially a multidisciplinary subject. Among the ones well known to the
aerospace engineers there is the flight mechanics approach, the dynamics and aerodynamics of flight.

Personal interests may be involved in selecting the type of flight vehicles, as these include conventional airplanes,
high-performance military aircraft, helicopters, V/STOL aircraft, rockets and vehicles for transatmospheric flight. Old
and modern books on the subject deal only with some of these flight vehicles — as convenient.

The basic performance of the fixed- and rotary-wing aircraft can be calculated with little mathematical effort, using
the one-degree of freedom model. However, a more accurate prediction of any performance parameter, particularly if
the aircraft is maneuvering in unsteady mode, is a challenging subject, because it generally involves a number of free
parameters in non-linear differential equations. It will be shown how the question of /ow fast can an airplane fly is
difficult to answer. In short, it depends on /Aow it flies.

Performance prediction is at the base of any concrete aircraft design methodology. The estimation of weights, range
and power plant size requires the calculation of basic aircraft performance from a few input data. In this case the
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approximation is generally good enough for parameter estimation and design. Input from operational parameters and
flight testing is required for detailed analysis.

Performance optimization is at the heart of design and operation of all modern aircraft. From the operational point of
view, commercial aviation is driven by fuel prices, and operations at minimum fuel consumption are of great
relevance. Performance optimization requires notions of optimal control theory, a subject unfamiliar to aerospace
engineers.

Performance efficiency goes beyond the design point and requires that the aircraft produces the best performance over
the widest range of its flight envelope. For this reason, the subject of performance optimization is essential in design.
The fighter jets Grumman F-14 and McDonnell-Douglas F-15 (1970s) were the first to be designed with the
optimization approach, and all the aircraft of later generations were conceived in the same fashion.

In the past 30 years these optimal conditions have been increasingly challenged by environmental concerns,
including noise emission, air quality near airports, global climate change and sustainability. Some aspects of the
impact of aviation on climate change are the subject of routine review. Publications of relevance include the ones
from the Intergovernmental Panel on Climate Change (IPCC).

1.1 Physical Units Used

International units (SI) are used whenever possible. Unfortunately, most data in aviation are still in imperial units.
Conversion to international units is not foreseen for the immediate future. In most cases, the flight alticudes will be
converted to feet, because of the extensive practice of working out the performance parameters in term of this unit.
Speeds will also be given in knots or km/h.

The SI nomenclature notwithstanding, some spurious engineering units have had to be retained in some cases.
One of the most confusing units ever devised is the kg. This unit is used for both weight (force) and mass: weight in
kgf is equal to mass in kgm. This equivalence can fool any experienced engineer. Unfortunately, there is no way
around it, because it is more convenient to denote a weight with kgf, rather than the newton. The mass, instead of
the weight, appears in the energy equations, which is the main reason for retaining the kgm. By contrast, the weight
appears in the aecrodynamic coefficients, and if the other parameters are in international units, then the weight must
be converted into newtons. Therefore, the confusion is sometimes overwhelming.

"To the student approaching the subject for the first time there is a special word of caution. It is easy to miscalculate
an aircraft’s performance because of the use of non-conformal units. Some of the most common errors arise from using
speeds in km/h instead of m/s, and kN or kW instead of N and W (thrust and power, respectively). The units for
specific fuel consumption can also be confusing. With some critical thinking these errors can be avoided. A range of
2,600,000 km, instead of 2,600 km, is achieved by an airplane if one oversees the coherence of units. The former
result is a distance from Earth to the Moon and back three times, while the correct result is a medium range flight in
many parts of the world.

1.2 Performance Parameters

A performance parameter is a quantitative indicator representing how a vehicle operates in a specific flight condition.
Typical performance parameters are weights, speeds, acrodynamic loads, engine thrust and power, range and en-
durance, accelerations, emission indexes (noise, exhaust gases) and many more. At least 60 different parameters can
be taken into account in a full aircraft performance analysis.

In accident investigation, the flight parameters considered are the air speed, the Mach number, the dynamic
pressure, the altitude, the air temperature, the rate of climb or descent, the flight path angle, the side-slip angle, the
angular velocities and accelerations, the load factor, the rudder position, the control surfaces position, the fuel load
and the engine’s status.

It is not obvious what distinguishes a performance parameter from a purely acrodynamic, propulsion, operational
parameter. The drag coefficient of the wing section is not a performance parameter, but the aircraft’s drag coefficient
is. The wing’s aerodynamic characteristics are not a subject of aircraft performance, but the aerodynamic charac-
teristics of the aircraft as a whole are. In performance analyses the drag coefficients are the known part of the
problem, while in aircraft design they are part of the problem. The thrust is by itself an engine performance; the same
engine mounted and integrated on the airframe becomes an aircraft parameter. The analysis must take into account
that the system engine/airframe is not the same thing as the engine alone (airframe/engine integration). The stealth
capabilities of an aircraft (radar signature, thermal signature, noise emission) depend more on the design of the
aircraft than its operation. Not all the parameters will appear on the instrument panels in the cockpit, and some of
them are not relevant to the pilot.
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Many performance indexes cannot simply be expressed by a single value, but are presented with charts, because
they are dependent on other parameters. The combination of those parameters is essential in defining the operation
of the aircraft. Typical charts are the air speed relationships, the weight/altitude/temperature charts, the flight
envelopes, and the payload range.

Some performance data are readily available from the manufacturer; other data can be inferred by appropriate
analysis; others are clouded by secrecy or confidentiality; and others are difficult to interpret, because the conditions
under which the aircraft performs are not given. Among the most common data covered by secrecy are the drag data,
the stability characteristics, the excess power diagrams and the engine performance. Other examples are 1) the
aircraft range, when the payload is not supplied together with the range; 2) the altitude at which this range is
achieved; and 3) the radius of action of a military interceptor — this radius, in fact, may lie in the favourie field of
enemy fire.

The maximum take-off weight (MTOW) and the operating empty weight (OEW) are available for most aircraft.
However, these data are not sufficient to calculate the maximum payload, because the difference between MTOW
and OEW must include the mission fuel. Therefore, some educated guess is needed. A weight advantage compared
to heavier rivals translates into significant revenue-earning advantages, which in a competitive market is the most
important factor for choosing and operating an aircraft. It is not uncommon to find manufacturers unhappy that their
performance data and charts are published in the public domain. Performance charts allow customers and com-
petitors to look at various options, to select the most competitive aircraft and to discover the flaws of the competitors’
technology: sharing information makes everybody better players.

The purpose of this book is to take the reader through some simple performance calculations, to look at the
performance data, and to give an introduction to aircraft performance optimization. A large number of data
are published by Jane’s Information Systems and Flight International; other valuable data for lesser known aircraft have
been provided by Gurton and Loftin. The latter publication differs from the other ones because of its critical analysis.
Loftin also points to additional sources of aircraft performance data. Further data have been taken from official
documents of the international authorities (Federal Aviation Administration (FAA), International Civil Aviation
Organization (ICAQO)), and specialized publications such as Advisory Group for Aeronautical Research and
Development (AGARD), Engineering Sheets Data Units (ESDU), and by our own research. ESDU provide data and
methods on all areas of performance, and are of invaluable value to the practitioner engineer. Of particular interest are
landing and take-off performance, drag of airframes, and range and endurance.

Updated data that are not proprietary are published regularly by the magazines Fight International and Flug Revue.
All flight manuals report the essential performance curves of the aircraft and its engines, and include data that may
not be available elsewhere. Most flight manuals are now available in electronic form, and represent a great wealth of
information for the aircraft performance engineer.

As in any other technology sector, the operator of an aircraft is concerned that the performance parameters quoted
by the manufacturer match the actual performance; therefore, accuracy of performance prediction methods is
essential.

1.3 Performance Optimization
In the early 1950s, computers made their first appearance in aerospace engineering. Bairstow wrote in 1951 that:

The use of electric calculators is coming in to reduce manual labor, but there is little hope of doing nearly all
that we would like to do.

Computer solutions of aircraft performance are now routine jobs, and have reached a phenomenal level of
sophistication, to include the coupling between flight mechanics, aerodynamics, structural dynamics, flight system
control and differential game theory. With analog computers first, then with digital computers, the problems solved
grew in complexity. See, for example, the 1959 edition of Etkin’s book on flight dynamics to gain a perspective. In
1982, Ashley exemplified the problems of optimization in a paper titled “On Making Things the Best”. The author
argued, among other things, that flight planning ceased to be a matter of hand calculation by the time commercial jet
propulsion was introduced (late 1950s).

There are two categories of optimization: optimization of aircraft performance during the design phase and op-
timization of operational performance for the given airplane. In the former case, one can investigate the alternative
changes in configuration that improve one or more performance parameters. This is more appropriately the subject of
aircraft design. We will consider some cases of operational optimization. An excellent source for optimization
problems with aircraft applications is the classic book of Bryson and Ho on optimal control. Some of these problems,
including multistage rocket trajectories, were also reviewed by Ashley.
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Today there are programs that plan optimal trajectory routes to minimize Direct Operating Costs (DOCs), while
complying with several airline constraints. These programs have several types of input data: weather conditions, route,
aerodynamics, aircraft performance, and flight-specific information, such as payload, fuel cost, etc. On output they
provide the amount of fuel for optimal cruise altitude, climb and descent points, optimal cruise speed, and flight path.

1.4 Certificate of Airworthiness

The Certificate of Airworthiness is a document that grants authorization to operate an aircraft. It specifies the limits
of operation of the vehicle in terms of weights, take-off and landing requirements, and a number of other parameters,
such as maintenance records, service history and compliance with safety regulations.

The certificate proves that the aircraft conforms to the type specified and it is safe to fly. The certificate is valid as
long as the aircraft meets the type specification (commercial, commuter, utility, etc.); it is operated safely and all the
airworthiness directives are met. The aircraft may lose its certificate for a number of reasons, including modifications,
upgrades, and new directives approved by the international organizations that make the aircraft obsolete, not just
unsafe to operate. Other documents are generally required, such as the type certificate data sheet, the certificate of
maintenance, and a list of other papers. These documents seldom contain detailed performance data.

Certificates of Airworthiness are issued by the FAA in the USA, by the European Aviation Safety Agency (EASA),
by the Civil Aviation Authority (CAA) in the UK and by other national and international bodies around the world.
Certification is a complex legal and technical matter that is beyond the scope of this book.

1.5 Upgrading of Aircraft Performance

The age of bicycle mechanics has long passed. In the current technology situation, most aircraft are likely to be
upgraded and modified to fit the changing market and technological advances. The technology that is fitted over the
years can be phenomenally different from the first design. The service time of a single aircraft is of the order of 20 to
25 years, and the life of an aircraft family may exceed 50 years. A lifetime career can be devoted to a single airplane.
The famed aircraft engineer Reginald J. Mitchell designed 24 aircraft, including the Spitfire, before dying
prematurely, aged 42, in 1937.

"To be fair, in the early days of aviation, a new aircraft could roll out of the factory in a few months. Indeed, some
aircraft were prototypes that logged a few flights and then were scrapped — if they survived a crash. Figure 1.1 shows
the Avro Model F (1912) at Manchester. This airplane was the first to have an enclosed cockpit, but it was capable of
flying at only one speed, 65 mph. Only two airplanes were built. The picture to the right shows the airplane after it
crash-landed in May 1912 due to an engine failure. The photo appears to have been published as a postcard.

It took only 43 days to build the Ryan NYP that made the transatlantic crossing in 1927, which included a total of
850 engineering hours (including performance and flight testing) and 3,000 man-hours for construction. In 1936, it
took just one year for the German aircraft designer Kurt Tank to get from concept to first flight of the Focke Wulf
Condor Fw-200, the first long-range passenger (and later reconnaissance and bomber) aircraft to fly from Berlin to
New York without stopping en-route (1938).

(b)

Figure 1.1 The Avro-F, built by A.V. Roe (1912). (a) Photo first published by the magazine Flight on 18 June 1942;
(b) photo from the AV Roe Archives. Family outing with airplane crash (25 May 1912).
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The wings of the Douglas DC-3 (1935), one of the most successful aircraft ever built, had simple performance
improvement devices, a split flap for landing and outer-board ailerons for roll control. A jet aircraft of the first
generation, such as the Boeing 727 (1958), had four outer-board leading-edge slats, three inboard leading-edge
Kruger flaps, two banks of triple-slotted trailing-edge flaps, an inboard aileron for high-speed roll control, an outer-
board aileron for low-speed flight, and seven spoilers (including five flight spoilers and two ground spoilers), also used
as air brakes. This airplane is still flying.

By the 1960s, commercial airplane design and testing required thousands of man-years. The Boeing B-747-100,
which first flew in 1969, required 15,000 hours of wind tunnel testing, 1,500 hours of flight testing with five aircraft
over a period of 10 months, and 75,000 technical drawings. The latest version of this aircraft consists of about
6 million parts, 274 km of wiring and 8 km of tubing!

The B-747-400 incorporates major acrodynamic improvements, including a more slender wing with winglets
to reduce drag. A weight saving of approximately 2,270 kg was achieved in the wing by using new aluminum
alloys. Finally, the version B-747-400ER has an increased take-off weight of 412,770 kg. This allows operators
to fly about 410 nautical miles (760 km) further, or carry an additional 6,800 kg payload, for a range up to
14,200 km.

An even older airplane is the Lockheed Hercules C-130A. Its first model was delivered to the US military in 1956.
The design of this aircraft actually started several years earlier. By the early 1960s, a V/STOL variant was designed.
Since then, the aircraft has progressed through at least 60 different variants. The current C-130] is actually a new
airplane. Compared to the earlier popular version C-130E, the maximum speed is increased by 21%, climb time is
reduced by 50%, the cruising altitude is 40% higher, the range is 40% longer, and its Rolls-Royce AE-2100DE engines
generate 29% more thrust, while increasing fuel efficiency by 15%. With new engines and new propellers, the C130-]
can climb to 9,100 m (28,000 feet) in 14 minutes.

Another example is the military utility helicopter CH-47, which has been in service since 1958. In particular,
the MTOW has increased by over 50% and the useful payload has doubled. To the non-expert the aircraft looks the
same as it did in the 1960s.

"Technological advances in aecrodynamics, engines and structures can be applied to existing aircraft to improve their
performance. Over time weights grow, power plants become more efficient and are replaced, aerodynamics
are improved by optimization, fuselages are stretched to accommodate more payload, and additional fuel tanks are
added. This is one of the main reasons why aircraft manufacturers are not challenged to start a brand new design.

The conversion of aircraft for different commercial or military applications, and the development of derivative
aircraft from successful aircraft require new performance calculations and a new certification. For example, the KC-10
tanker aircraft was derived from the commercial jet DC-10 (commercial to military conversion), and the Hercules
(C-130 was converted to the Lockheed L.-100 (military to commercial). The conversion practice is more common with
helicopters.

1.6 Mission Profiles

A mission profile is a scenario that is required to establish the weight, fuel, payload, range, speed, flight altitude,
loiter and any other operations that the aircraft must be able to accomplish. The mission requirements are evidently
specific to the type of aircraft. For high-performance aircraft they get fairly complicated and require some statistical
forecasting.

Over the years many commercial aircraft operators have specialized in niche markets, which offer prices and
services to selected customers. These niches include the executive jet operators between major business centers,
operators flying to particular destinations (oil and gas fields), the all-inclusive tour operators to sunny holiday resorts,
and the no-frills airlines flying to minor and underused airports. These operators have different schedules and cost
structures.

First, let us start with long range passenger operations, which are serviced for the greatest part by subsonic
commercial jets. The basic principle is that the airplane takes off from airport A and flies to airport B along
a recognized flight corridor, then returns to A. The main parameters of the mission planning are the distance between
the airports, the flight time, the downtime at the airport for getting the airplane ready (also called #me-on-station), the
flight speed, the local air traffic, and the departure times at both ends. Back at the airport of origin, the day is not over
for the aircraft, and the operator wishes to utilize the airplane for another flight to the same destination, or to another
destination — if possible. The key is the departure time, and the minimization of the curfew. Figure 1.2 shows the
typical scheduling profile of such an airplane over a transatlantic route from a major airport in Europe to an airport on
the East Coast of the United States.
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Figure 1.2 Scheduling of transatlantic flight. The numbers on the left and right side are local times.

Due to the time-zone effect, a late morning departure from Europe arrives to the USA in the mid-afternoon. An
early evening departure arrives back in Europe in the early hours of the day after. Over the 24-hour period the airplane
will have done a return flight and worked about 14 to 16 hours. For a flight arriving late in the evening, a return may
not be possible until early morning on the next day. This adds to the operational costs, because of the need of
maintaining the crew away from the home port. The time needed to get the aircraft ready for the next inter-
continental flight may require up to 3 hours. Boarding of the Boeing-747 requires 50 to 60 minutes.

Scheduling of the type shown in Figure 1.2 leads to a block time of the order of 700 to 900 hours per year
(depending on aircraft and service route). An airplane flying a day-time shorter route, and returning in the mid-
afternoon, should be able to make another return flight, to the same destination or otherwise. For an airline company
operating anything above a dozen airplanes, scheduling and optimal operation of the fleet is a complex problem.
Events such as bad weather can lead to dozens of airplanes and flight crews out of position for several days.
Scheduling and operation of aircraft is a subject for operations research, and is addressed by specialized publications.
It deals with demand forecasting, network design, route planning, airline schedule planning, irregular operations,
integrated scheduling, airport traffic simulation and control, and more.

1.6.1 Fighter Aircraft Requirements

The fighter aircraft has evolved from a reconnaissance airplane of the First World War to the most complex aircraft of
modern days. Von Karman reported that fighter aircraft first flew over the battlefields of Europe to spy on enemy
lines. Obviously, enemy aircraft wanted to prevent this happening, so their pilots started shooting at enemy aircraft
with a pistol. This was the beginning of a dog fight. Toward the end of the war, the Dutchman Anton Fokker, working
at the service of the German Army, invented a system that synchronized the shooting of a machine gun through the
propeller (interrupter gear) — mounted on a single-seater monoplane. With the interrupter pilots had their hands free
to maneuver and fight at the same time. This advance was heralded as the birth of the fighter aircraft.

The requirements for fighter aircraft now include multipurpose missions, aircraft with complex flight envelopes,
several configurations (changeable in flight), supersonic flight, combat capabilities, delivery of a wide range of
weapon systems (all-weather operations), and maneuverability. There are dozens of different mission scenarios, as
discussed extensively by Gallagher and co-workers. Typical missions are: basic, assault, combat, retrieval, close
support, transport, refuel, and reconnaissance. For each of these missions there is a specific take-off weight, mission
fuel, payload, range, maximum rate of climb, and service ceiling. This field is now so advanced that engineers use
differential game theory and artificial intelligence to study the effectiveness of a given aircraft, and the tactical
maneuverability to incoming threats.

One example of mission profile for this type of aircraft is shown in Figure 1.3. Such a profile must include warm-up,
acceleration, take-off, climb, cruise, dash, combat, decelerate/climb, descent, and landing (with allowance for loiter
and fuel reserve). In a more detailed breakdown, a typical plan may look like that in Table 1.1. The analysis of the
various flight sections is essential in predicting the mission fuel; the mission fuel is essential for returning to base.

An alternative graphic method for indicating a mission profile is shown in Figure 1.4, representing an interdiction
operation. The numbers indicate each flight segment. The vertical axis is an arbitrary flight altitude. The graph
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Figure 1.3 Generic mission profile for fighter aircraft.

Table 1.1  Summary of flight segments of a supersonic jet fighter.

Performance Description

Warm-up, acceleration, take-off 2 minutes; 0.5 minutes at maximum power

Climb at maximum power

Dash speed M = 1.8, at 12,000 m (39,370 ft)
Combat 2 minutes, maximum power, dash speed
Subsonic cruise 30 minutes, M = 0.85

Decelerate and climb to M = 0.8, at 9,500 m (31,168 ft)
Descent and landing to sea level; no fuel credit

Loiter 10 minutes at sea level, minimum fuel
Landing 45 s at minimum power

Reserve fuel 5% of total mission fuel

mission radius

Figure 1.4 Generic mission profile for interdiction operation.

shows the mission radius (in arbitrary scale) and the point of engagement. Each segment is further specified by
requirements such as those in Table 1.1.

"The dash speed is a supersonic speed that the aircraft can maintain for a limited amount of time, or flight distance. It
is usually the maximum speed at the best flight altitude. As indicated in the table, this altitude is around 12,000 m
(39,370 feet).

Loiter is the operation around an airport. [t usually consists of various turns along prescribed flight corridors, before
the aircraft is permitted to land. Delay in landing (and longer loiter) may be due to air traffic control and weather
conditions.

A performance index characteristic only of fighter jet aircraft is the effectiveness. Effectiveness is defined as the
product of ordnance transport rate, availability in war time and kill effectiveness. The ordnance transport weight is
the product of the ordnance mass and the number of sorties per day. The availability in war time is the time the
aircraft is available for operations (compared to downtime for maintenance, service, loading, etc.). The killing
effectiveness is the knocking-out success rate.

www.cargeek.ir


http://www.cargeek.ir/
http://www.cargeek.ir/

10

www.cargeek.ir

Introduction

1.6.2 Supersonic Commercial Aircraft Requirements

After the Concorde era came to a close, no serious attempts have been made to replace the aircraft and operate
a commercial flight at supersonic speeds. Nevertheless, the theoretical analyses regarding the feasibility of such an
airplane under modern environmental and financial constraints abound. A new generation of supersonic civil
transport aircraft that would replace the Concorde, should be able to fly longer routes, possibly at higher speeds.
A Los Angeles—Tokyo route would require a cruise speed of M = 2.4 in order to be able to schedule two round
trips over a 24-hour period. A replacement for Concorde, operating on the North Atlantic routes, should be able to fly
at M = 2.0, or possibly lower, if the turn-around time can be reduced. This speed is important in the cycle because it
allows the airplane to be serviced at both ends, avoiding long curfews. The operators of Concorde could make a profit
(once the mortgage for the acquisition of the aircraft was taken out of the spreadsheets) by having two return flights
per day.

Problems

1. Discuss the possible mission profiles for a V/STOL aircraft, and extract a set of performance criteria that can be
applied to all operational conditions.

2. Make a list of all the performance segments of a supersonic jet fighter, and provide a critical discussion. Provide
a scenario to deal with a fuel shortage at the end of a scheduled operation, before returning to base.

3. You are asked to plan a flight timetable between London and Berlin. Provide a plan for a subsonic jet transport
that maximizes the block time for the operation between the two cities. Analyze the alternative, consisting in
operating a turboprop aircraft. Do the necessary research of the data needed for the solution of this problem
(flight corridor, distance in nautical miles, estimated flight time, flight speeds, etc.).

4. The Boeing B-52 is one of the oldest aircraft still in service. It has progressed from the first version in 1954,
B-52A, to the version B-52G. Do the necessary research to investigate how propulsion, aerodynamics and
general performance parameters have changed from the first to the latest version. List the most important
quantities in a spreadsheet and draw a conclusion.

5. Analyze the ground operations required to get a Boeing B-747-400 ready for an intercontinental flight (refueling,
systems checks, food supplies, water, boarding of passengers). Produce a spreadsheet that indicates the time of
each operation and which operations can be performed in parallel (problem-based learning: additional research is
required).
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2.1
The Aircraft and its Environment

Antonio Filippone

Contrary to the British and German military authorities, both of whom believed in nose armament, the Italians took the view
that speeds of 250 mph made frontal attacks by fighters unlikely.
J.H. Stevens, 1953

This chapter discusses the general aircraft model for the rigid-body approximation, the reference systems, the no-
menclature of the aircraft, forces, moments and angles. The aircraft operates in the atmosphere; therefore, the
standard air model is reviewed, along with relevant approximating functions for performance calculations. Some
atmospheric effects in non-standard conditions are briefly reviewed.

2.1.1 General Aircraft Model

Since the late 1940s, the accepted aircraft model for performance calculations consists of a point mass con-
centrated at the center of gravity. The engines are assumed to operate at the aircraft symmetry plane. There have
been attempts to improve on the point-movement prediction methods, to include the fact that thrust, aero-
dynamic center and weight operate at different points. Aircraft flexibility is important at supersonic speed.
Although a subsonic aircraft has a nearly “square” dimension, a viable supersonic transport aircraft has a length
about double its wing span.

Variable geometry produces changes in the aecrodynamic coefficients and in the handling quality. Longitudinal
flexibility can be controlled by combined wing, tail-plane and canards. Allowance for wing flexibility is essential in
special flight conditions, in order to avoid flutter effects. Wing flexibility at take-off may also contribute to the ground
performance. Current research focuses on the aerodynamics, structural dynamics and flight mechanics coupling.
However, the point model is quite accurate for most purposes. Therefore, only forces applied to this point and
moments calculated around this point must be considered.

The model is shown in Figure 2.1-1: FL denotes the fuselage longitudinal axis. This is assumed to run through
the center of gravity; « is the nominal angle of attack of the aircraft — it is defined as the angle between the FL and
the true air speed vector. The angle of attack of the aircraft and the angle of attack of the wing are two different
quantities, because the reference line of the wing is a chord-line. The angle of the thrust on the FL is called e. This
angle is generally quite small, and for the purposes of this discussion can also be considered zero (e.g. a + € ~ ).
The angle of climb v is the angle between the true air speed vector U and the horizon.

Horizon

Figure 2.1-1 Aircraft model in the vertical plane, with forces concentrated at the CG.
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Figure 2.1-2 Planform view of wing geometry.

One shape factor, mostly used in supersonic aerodynamics, is the fineness ratio /7', where

g — [ 2.1.1)
T

is the equivalent body diameter, 4, is the maximum cross-sectional area of the aircraft, and / is the aircraft’s length.
The main wing of the aircraft is characterized by a number of essential parameters, as shown in Figure 2.1-2. The
aspect-ratio is

b2

AR = i (2.1.2)

where 4 is the wing span and 4 is the wing area. Then there is the leading edge and the quarter chord sweep angle
(As» Ayo); the taper ratio (¢p/cry0); the root-mean-square thickness ratio

| 42 1/2
tfe = {m Lr (t)c) (ly} , (2.1.3)
with 4, = spanwise location of the wing root. The mean aerodynamic chord is
2 0/2
MAC = ZL A(y) dy. (2.1.4)

The dihedral angle (¢ > 0) is the angle with respect to the ground plane made by the leading edge or quarter-chord
line. If ¢ < 0, the wing is said to have an anhedral. A number of analytical relationships exist to correlate various wing
parameters. These are reported by some reference manuals, such as AIAA.

2.1.2 Reference Systems

There are three essential reference systems: the Earth system, the body system, and the wind system. Local
reference systems may be required for specific reasons (for example, wing aerodynamics).

The aircraft is supposed to fly with respect to a Cartesian system fixed on the ground (Earth axes), which for our
purposes is considered flat. In fact, most of the performance calculations will be done for relatively short flight times
and at relatively low altitudes. The Earth’s curvature and rotation are important for inertial navigation systems and to
take into account the Coriolis effects (accelerations) overarotating Earth. The Coriolis acceleration is estimated at less
1073 g in atmospheric flight mechanics. The gravitational field is characterized by a constant acceleration of gravity,
equal to the standard value of g = 9.807 m/s’. The Earth system has the x axis pointing North, the z axis normal to the
ground and pointing downward; the y axis pointing East, and making a right-hand system with x and z.
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Z,

Figure 2.1-3 Body reference system and forces on the aircraft.

There are several ways to define reference axes on the airplane; the choice will be limited by the fact that there is
always one plane of symmetry. This is not always the case. In the early days of aviation, symmetric wings were
relatively unstable, and some aircraft designers used asymmetric concepts to alleviate the rolling problem. For
example, the Ansaldo SVA (1917) had unequal wing spans, the Messerschmidt Bf-109/Mf-109 (1935) had an
asymmetric fin airfoil, the Republic P-47 (1941) had an offset fin, and the Spitfire I (1934) had asymmetric radiators
under the wings to compensate for the engine-propeller torque*.

Back to the concept of aircraft coordinates, there will be a body-conformal orthogonal reference system, centered
at the center of gravity (CG) of the airplane. The subscript “b” will be used to denote body axes. The position of the
CG is a known parameter, although its estimation is not straightforward. Also, its position changes with the aircraft
loading. This fact is important for the analysis of stability and control. The reference system is shown in the three-
dimensional view of Figure 2.1-3. The longitudinal axis x is oriented in the direction of the forward speed (wind axis);
the z axis is vertical (along the acceleration of gravity g) and the y axis makes a right-hand Cartesian system with x
and z. The positive y axis is at the starboard side of the airplane.

The main forces on the aircraft (propulsive, acrodynamic, inertial) are applied at the CG. The drag is the opposite
direction of the air speed; the lift is at 90 degrees with the drag; the weight is vertical and pointing downward. The
thrust generated by the engines on both sides of the aircraft is replaced by a single thrust force.

The correlation between body and Earth reference system is done by three attitude angles. The pitch attitude of the
aircraft is the angle § between the longitudinal axis and the horizontal plane (positive with the nose up). The yew
artitude is the angle between the aircraft’s speed and the North—South direction. It is positive clockwise, e.g. when
the aircraft is heading eastwards. This is sometimes called /eading or azimuth angle . The bank attitude ¢ is the angle
between the aircraft spanwise axis y; and the horizontal plane.

The side force would not normally be present on the aircraft (and its occurrence should be avoided). It is mostly
due to atmospheric effects (lateral gusts), asymmetric thrust, and center of mass off the symmetry line (due, for
example, to a differential use of the fuel in the wing tanks). The presence of such forces may lead to a yawed flight
condition. The yaw angle § is the angle between the longitudinal axis and the true air speed vector.

The velocity (wind) axis reference system indicates the direction of the flight path with respect to the Earth
system. At any given point on the trajectory the aircraft will have a track and a gradient. The track is the angle on the
horizontal plane between the flight direction and the North—-South axis. The gradient is the angle of the velocity on
the horizon, which we have called v in Figure 2.1-1.

* Asymmetric wings can be employed to reduce the wave drag at supersonic speeds, but this is an acrodynamic problem on its own
right.
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Wind speed

Figure 2.1-4 Vector relationship between ground speed and air speed.

If V'is the ground speed, V,, is the wind speed, the air speed is found from
Vi=V+Vs. (2.1.5)

The corresponding side-slip angle § is indicated in Figure 2.1-4.

The transfer of forces between one reference and the other is done through rotation matrices. The order of these
rotations is important for the correct development of the flight mechanics equations. The full derivation of these
equations may require several pages. A modern presentation is given by Yechout and co-workers. A detailed dis-
cussion of reference systems and flight paths on a curved surface has been provided by Miele.

2.1.2.1 Angular Relationships

We consider some simple flight cases to provide a correlation between angles in the different reference systems,
Figure 2.1-5. First, consider the pitch angles. From the definitions, the pitch attitude @ is related to the angle of attack
« and the flight path gradient v by

0=a+r. (2.1.6)
Next, consider a yaw. The heading ¥ is related to the track & and the side-slip by the equation
y=£-4 (2.1.7)
Xp
Flight path
% p (p( ‘
Y X Y
Pi Yo
itch angles Roll angles
z % z
Zp

Heading

u Pox,
v
» X (North)

\\ Yaw angles

Yb

Figure 2.1-5 Relationships between angles and reference systems.
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If there is no side-slip (normal flight condition) the heading and the track are the same angle. Finally, consider a roll
problem. The bank angle ¢ is the inclination of the spanwise body axis on the horizontal plane. The bank attitude is
the same as the bank angle on a level flight path. However, if the aircraft climbs or descends the correlation becomes
complicated.

2.1.3 Forces on the Aircraft

For the fixed-wing aircraft the balance of forces on the aircraft, after assuming that these are applied at the CG, is the
following

oV
F=m— 1.8
o (2.1.8)

where the right-hand side denotes the acceleration of the center of gravity. There will be essentially three types of
force: aerodynamic (A), propulsion (T) and gravitational (g). If we specialize these actions, Eq. 2.1.8 becomes

0
A+T+mg:ma—l;. (2.1.9)

An essential concept is the #77m. An aircraft is said to be trimmed if the sum of all forces is zero, and the sum of all
moments is zero. Trimming the aircraft may have the undesirable effect of creating other forces, such as additional
drag. "Trim is required in most cases, because the resulting forces on the aircraft do not operate at the center of gravity,
as assumed in this book.

2.1.4 Moments of Inertia

The moment of inertia is representative of the inertia of a body to rotational accelerations, just as the mass is the
inertia of a body to a linear acceleration. The moment of inertia about a generic axis is the volume integral

I:J % dm. (2.1.10)
V

The term 7° dm is the moment of inertia of the mass @m with respect to the axis at a distance. The units of the
moment of inertia are [kg m?]. For analyses with respect to a Cartesian reference system, there are three principal
moments of inertia. For example, the moment of inertia about the x axis is

[x:J xzdm:J pdV = mr?, (2.1.11)
v v

where 7y is the radius of gyration with respect to the principal axis x. The radius of gyration expresses the distance at
which the aircraft mass should be concentrated to give the same moment of inertia.

The calculation of the moment of inertia requires the exact knowledge of the mass distribution around the axis and
the geometry of the aircraft. Applications of the moments of inertia to aircraft performance are discussed elsewhere.
A first-order approximation for the moments of inertia around the x axis and y axis (roll and pitch) of a generic aircraft is

,_1pmE 1

T3 g YTi g (2.1.12)

where /is the aircraft’s length, and 7, and , are radii of gyration. These can be derived from the calculation of existing
aircraft. The moments of inertia are proportional to the square of the reference length and proportional to the weight.

2.1.5 Flight Dynamics Equations

The rigid aircraft is defined by six degrees of freedom. These are the parameters needed to identify completely the
position and orientation of the aircraft in the Earth axes. The parameters are the coordinates of the center of gravity
(x, 1, ®), and the orientation of the body axes on the Earth axes, (4, ¢, ¢).

In the specialized literature dealing with stability and control the angular velocities are called p, ¢, 7; respectively.
Unfortunately, these symbols generate confusion with other quantities (pressure p, dynamic pressure ¢, radius 7,
etc.). In stability and control the moments are called £, M, N. A summary of symbols is given in Table 2.1-1.
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Table 2.1-1 Nomenclature and symbols in the body-conformal reference

system.
Body-conformal axes Xb Yo Zp
Velocity components u v w
Principal moments of inertia I ly 1,
Rotation angles 0 ¢ v
Angular velocities ] é v
(Alternative symbols) P q r
Moments M, M, M,
(Alternative symbols) L M N
Moment coefficients Chux Cuy Cmz
The rigid-body velocity with respect to a reference system on the ground is
V=Vw+QXr, (2.1.13)

where Ve is the velocity of the center of gravity; Q = (49, q}; 1,7/) is the rotation vector centered at the CG; and (x, ), 2)
is the vector distance between the reference system on the ground and the CG. The linear acceleration of the aircraft
is found from the derivation of Eq. 2.1.13,

e 0

a=—" o (@xr). (2.1.14)

These are general equations. However, for practical reasons, in the following chapters we will consider U as the total

velocity in the flight path, V' the total velocity parallel to the ground and o, the vertical velocity. If the aircraft
accelerates around its axis, the scalar form of Eq. 2.1.14 is quite elaborate. It is, in fact, of little practical interest in
performance calculations, since only particular flight conditions are considered.

However, for a number of problems it is important to calculate the relationship between relative and absolute
velocities and accelerations. Consider a reference on the ground {0, «, 3, 2}, and a non-inertial reference {0y, xy,
91, 21}. The speed of the aircraft in the Earth axes is

V=Va%twxr+V,, (2.1.15)

where V'« is the speed of the non-inertial system, w is its rotational speed, r is the position vector of the CG in this
system, and V, is the relative velocity. The acceleration is found from the time derivative of Eq. 2.1.15. The results of
classical mechanics give

a=aw +wx (wWXr)+oxr+a,+20xV,. (2.1.16)
In this equation a is the acceleration of Oy, and a, is the relative acceleration of the CG in Oq. The term

4G =awt+wx (WXr)+oxr (2.1.17)
is the transport acceleration, and

ac,r =20 %XV, (2.1.18)
is the Coriolis acceleration. Consequently, we have

a=a;,+a +ag,. (2.1.19)

In conclusion, the absolute acceleration is the sum of the relative, transport and Coriolis accelerations.

2.1.6 The International Standard Atmosphere

Nearly all the basic calculations of aircraft performance are done in International Standard Atmosphere (ISA)
conditions, whose parameters at sea level are given in Table 2.1-2. The standard humidity is zero, which is far from
true. Sometimes the reference to ISA conditions is replaced with a reference to standard day. For temperatures above
or below the standard day, there is a reference to /or or cold day.

Observations on the state of the atmosphere at sea level go back hundreds of years, but they have become systematic
in the last century with aviation, rocket and satellite data and perfect gas theory. A number of standard versions exist:
NACA’s atmosphere (1955), the ARDC (1959), the US standard (1962, amended in 1976) and the ICAO standard.
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Table 2.1-2 Sea level data of the International Standard Atmosphere.

Parameter Symbol Sea level value
Temperature To 15.15°C

Pressure Po 1.01325 - 10° Pa
Density Po 1.225 kg/m®
Viscosity o 1.7894 - 1075 Ns/m?
Humidity 0%

These tables are basically equivalent to each other up to about 20 km (65,000 ft), that covers most of the atmospheric
flight mechanics. We shall be concerned with altitudes below 31 km, or about 100,000 ft.

Most books of performance and flight mechanics (as well as books of acrodynamics) report these tables. These are
made obsolete, from an engineering point of view, by the availability of analytical correlations of great accuracy*.

The atmosphere is divided into a number of layers. These layers are identified for the sole purpose of our
discussion into atmospheric aircraft performance.

The atmosphere below 11,000 m (36,089 ft) is called zroposphere. 1t is characterized by a decreasing temperature
from sea level, and reaches a standard value of —56.2°C. The altitude of 11,000 m is called z7opopause. The level above
is called lower stratosphere and covers an altitude up to 20,000 m (65,627 ft), in which the temperature remains
constant. The air density keeps decreasing with the increasing altitude. The upper limit of this layer includes most
of the atmospheric flight vehicles powered by air-breathing engines. The middle stratosphere reaches up to an altitude
/& = 32,000 m (104,987 ft). In this layer the atmospheric temperature increases almost linearly from the value of
—56.2°C. The edge of space is generally considered to be at an altitude of 100.5 km, where the gravity is considerably
lower than at sea level.

A number of functions are sometimes used to approximate the ICAO data. For the temperature a linear expression
is used:

T =T, —0.00654, (2.1.20)

where 7, is the standard sea level temperature and /# is the altitude in meters. If we use the equation of ideal gases to
describe the atmosphere,

‘%:RT, (2.1.21)
then

p% - pf;,, —R, (2.1.22)
or

1% _ p% 71 (2.1.23)

The value of the gas constant R = 287 J/kg K. The relative density is called o, the relative pressure is § and the
relative temperature is 6. Therefore,

0=a0. (2.1.24)

We call the altitude corresponding to a given air density density altitude. 1f, instead, we relate the altitude to the local
air pressure, then we have a pressure altitude. In order to find the pressure/altitude and the density/altitude
relationships we use the buoyancy law for still air along with Eq. 2.1.20, to find the rate of change of the pressure with
altitude. The buoyancy law is

p

— = —pg. .1.25

o (2.1.25)
If we insert the differential form of Eq. 2.1.20, this law becomes

o _ e

0T A (2.1.26)

* Programs that perform ISA calculations can be found from the public domain.
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The next step is to use Eq. 2.1.21 to eliminate the density from Eq. 2.1.26

o re

0T IRT (2129
Rearranging of this equation leads to

dp g dT

Z__s8 22 1.

Y AR T (2-1.28)

Integration of Eq. 2.1.28 yields
Inp= —%ln7+c, (2.1.29)

where ¢ is a constant of integration that is found from the sea level conditions (Table 2.1-2). The final result is

In (pﬁ) :%m (TZ) (2.1.30)

_ﬁ_ 1 g/AR
b=1 = (Ta) . (2.1.31)

The value of the power coefficient g/AR = 5.25864. If we insert Eq. 2.1.20 in Eq. 2.1.31, we have a pressure/altitude

correlation:

0.0065 5.25864 ~
s=2 = (1 - ﬁ) = (1 —2.2558 - 1075 /)>23%64 (2.1.32)
Lo 7,
with / expressed in meters. Equation 2.1.32 is in good agreement with the ICAO data. A more approximate ex-
pression is
5= = (1225581075 4)325588, (2.1.33)

0

The advantage of Eq. 2.1.33 is that the altitude is related to the pressure ratio, and therefore it can be read directly
from the altimeter that is calibrated with the ISA reference value of p,. To find a density/altitude correlation we use
Eq. 2.1.24, with the relative pressure from Eq. 2.1.33:

(1—2.2558 - 1075 4)323588

— 4 1.34
7 1-0.00654/T, (2.1.34)

The accuracy of the approximating function is shown in Figure 2.1-6 for the air density up to an altitude of 22,000 m.
"This accuracy is good enough for all the type of calculations shown in this book (see Problem 1).

o0 k- : . Calculated
O ICAO standard
15
£
x -
[}
o
2 10
<
5 =
0 ! 1 ! 1 ! 1 ! 1 !
0.2 0.4 0.6 0.8 1

Relative density

Figure 2.1-6 ICAO air density and approximated function.
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Figure 2.1-7 ISA relative parameters as a function of altitude.

Figure 2.1-7 shows the ratios of density, pressure, temperature and speed of sound from sea level to the altitude of
20,000 m. These data are calculated from Eq. 2.1.20, Eq. 2.1.33, and from the definition of speed of sound:

a:\/%: VYRT, (2.1.35)

where v is the ratio between specific heats (y = 1.4).
Finally, the value of the air viscosity from the air temperature can be found from the following relationship

7—3/2

s -2
—=8.14 -1 .
8.14807 - 10 7 + 1104

12

(2.1.36)
From a computational point of view, we can construct a routine called
atmosphere (h, sigma, delta, theta, asound)

that returns the relative air density, pressure, temperature and speed of sound for any input altitude /. This routine
will be useful in all the performance calculations presented in later chapters.

Computational Procedure

1. Calculate the local temperature from Eq. 2.1.20.
2. Calculate the relative pressure from Eq. 2.1.33.
3. Calculate the relative density from Eq. 2.1.34.
4. Calculate the speed of sound from Eq. 2.1.35.

The inverse problem (calculation of the altitude /% corresponding to relative density o) is more elaborate, because it
requires to solve a non-linear equation in implicit form. The solution can be found with a bisection method. For the
bisection method to work, one has to choose two points at which the function has opposite values. It is safe to choose
o1 = 0.01 and ¢; = 1, to make sure that the method converges to a solution.

Example

Commercial passenger jets cruise at altitudes between 9,000 and 12,000 m (30,000 to 40,000 ft). The standard
temperature at those altitudes is between —56°C and —50°C. The relative pressure is between 0.29 and 0.19.
Without cabin pressurization, air conditioning and heating, it would not be possible to fly passengers. Airplanes such
as the Boeing B-737 have two air conditioning systems. If one system does not work, the aircraft can still fly, but it has
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to maintain a cruise altitude below 7,620 m (25,000 ft, 6 = 0.3711). At this altitude it is possible to breathe with some
difficulty. In case of failure of the air conditioning, the aircraft must descend to 4,267 m (14,000 ft, 6 = 0.5875), for
which about 4 minutes are required. In order to maintain air supply to the passengers and the crew, emergency
oxygen masks are installed for emergency.

2.1.7 Non-Standard Conditions

The ISA values for the atmospheric parameters are useful to compare aircraft performance over all the range of
atmospheric altitudes. In fact, most of the calculations shown in this book are done under ISA conditions.
Obviously, this is an idealized case that does not occur in practice. It is not uncommon to encounter temperature
inversions, e.g. cooler air at the ground level and warmer air at low altitudes, contrary to the standard model. A
comprehensive introduction to weather processes and climatic conditions around the world has been provided by
Barry and Chorley.

A detailed performance analysis requires consideration of large deviations from the standard values, to deal with
extreme environmental conditions: winters in the northern hemisphere, very hot weather on the ground. In addition,
airport altitude, humidity and precipitations, atmospheric winds, lateral gusts, and global air circulation have strong
influence on flight and safety. Rain and snow can be so heavy that take-off may have to be aborted. To simplify these
matters, the US Department of Defense defines four non-standard atmospheres, referred to as hot, cold, tropical, and
arctic (MIL-STD-210A). These profiles are shown in Figure 2.1-8.

Three important classes of weather-related flight problems are icing, downbursts and atmospheric turbulence. Ice
accretion on the lifting surfaces during cruise can give rise to loss of longitudinal control; at take-off it may lead to loss
of lift, stall angle reduction, drag penalties and longer ground run. Ice formation on the ground and in flight is
discussed by Asselin. The two relevant reviews on the physics and modeling of icing have been provided by Lynch
and Khodadoust, and Kind and co-workers.

The downburst is a weather phenomenon that produces a downward flow of great danger, particularly during take-
off and landing. It is created by heavy winds, with speeds up to 30 m/s. These downbursts generally consist of closely
spaced small cells (a few km wide) that are separated by relatively calm atmosphere. They act as jets flowing
downward and spreading radially from the ground. A basic physical model of the downburst is discussed in detail by
Zhu and Etkin. A vortex-ring model has been proposed by Ivan. Take-off and landing simulations with a downburst
have been published by Hahn, while Zhao and Bryson optimized the flight path of an aircraft under a downburst with
a non-linear feedback control program. The measurements near the airport and dynamic modeling have been
discussed by Frost and co-workers.

"Turbulence is a more familiar weather pattern to the frequent flyer. It includes cases of free air and convective air
turbulence, atmospheric boundary layers and mountain ridge waves. No airplane is immune to the powerful gusts of

20 - : =
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Figure 2.1-8 ICAO standard atmospheric temperature and reference atmospheres for flight mechanics calculations.
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Figure 2.1-9 ICAO standard density and deviations due to +25 degrees around the standard value.

the atmosphere, not even airplanes the size of the Boeing B-747. A thoughtful discussion of turbulence and flight has
been provided by Etkin and Houbolt.

Among the global circulation effects there is the jet stream. This is an atmospheric wind with an West—East
prevalence, strongest around the troposphere, that affects transatlantic flights between Europe and North America.
The jet stream can add or subtract 1 flight hour on such flights.

Temperature variations can be of the order of 80 degrees (—40°C to +40°C). Since the temperature does not
appear in any of the performance equations, a useful relationship with pressure and density is required.

If the temperature has a constant deviation from the standard value, say a constant £A7, the method of §2.1.6 can
still be used, because the temperature gradient is the same (Eq. 2.1.20). The only difference is that the symbol 7,
denotes the sea level temperature, whatever that may be. The result of such a model is shown in Figure 2.1-9 for the
relative density.

For a temperature profile such as the Arctic temperature in Figure 2.1-8, a solution method is the following. All the
quantities denoted with (.)o denote non-standard sea level condition, the quantities denoted with (.)jare relative to
point 1 in Figure 2.1-8. Starting from Eq. 2.1.27, we have

i ’
4 ;[ dh
J ?p:_%J T (2.1.37)
4 0
(* dh
ingls =in(77) =1 :_él_ 13
[np}o n(pg) no R. , T’ (2 8)
/2 J "

g (P gy g[dfl
o= R(L T+L.T T RT, R, T (2.1.39)

_gh g (Ti-hk
6= RT,,JFRAI'“(TP,\I;,I : (2.1.40)

It is possible to show that if /1 — 0, then Eq. 2.1.40 is equivalent to Eq. 2.1.31 (see also Problem 10). An amendment
to the standard program to calculate deviations from the standard atmosphere is the following.

Computational Procedure

1. Construct a table of actual temperatures 7 (%).
2. Calculate the relative pressure by solving numerically Eq. 2.1.38.
3. Calculate the relative density from Eq. 2.1.24.
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Problems

1.

10.

Write a program that solves the equations of the International Standard Atmosphere and on output provide the
ratios o, 6 and 6 as a function of the altitude 4.

. For a given relative air density ¢ = 0.2, 0.4, 0.6, find the corresponding altitude in ISA atmosphere by solving

Eq. 2.1.34 for the unknown /.

. Plot the air viscosity as a function of altitude, by solving Eq. 2.1.36. Discuss the origin and the meaning of this equation.
. Due to improper closing, the door of a certain aircraft is lost in flight. At the time of the incident the aircraft is

flying at an altitude 4 = 6,000 m with a speed U = 400 km/h. Describe the effects on the aircraft, on the
passengers and the cargo. Motivate your answer. Calculate the pressure drop in the cabin by using the data of
the International Standard Atmosphere at the flight altitude.

. Calculate the air mass in the atmosphere from sea level to 5,000 m using the ISA data. Compare this mass with

the mass from sea level to 20,000 m. Hint: neglect the changes of surface area with the altitude (this leads to an
error less than 0.1%), use the buoyancy law @p = pgd; consider a constant value of the gravitational acceleration
g; use Eq. 2.1.34 to evaluate the relative air density. (About 50% of the air mass above the Earth should be
contained within the first 5,000 m from sea level, an indication that the pressure created by the higher layers
forces the air closer to the Earth’s surface.)

. From the equation of ideal gases, the relationship between the relative density, pressure and temperature is

6 = 0. Find the parameter 7 such that # = ¢” and
oV =q"

which is valid in the troposphere.

. Which aero-thermodynamic parameters are discontinuous at the tropopause? Can you explain the reasons for

this discontinuity?

. Concorde’s cruise performance was found to be quite sensitive to the atmospheric temperature at its normal

cruise altitude. Describe how the temperature can affect the cruise conditions and the fuel consumption, and
find an engineering solution (problem-based learning: additional research is required).

. Calculate the relationship between the leading-edge and the quarter-chord sweep angle for a wing with

a straight leading edge. The taper ratio is 4, the tip and root chords are ¢, and ¢,,,, respectively; the wing span
is 4, and the wing area is 4.

Calculate the relative pressure, density and temperature for the Arctic profile (Figure 2.1-8), by using the
method highlighted in §2.1.7. The reference point 1 has coordinates: #; = 1.5 km, 71 = —70°C. The tem-
perature gradient is estimated by A; =—0.0055°C/m. Stop the calculation at the troposphere.
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2.2
Weight

Antonio Filippone

... future growth potential looks unlimited ... one gross weight doubling, possibly two, is predicted by 1985; nuclear power can
drive the optimum weight to 5 to 10 million pounds by the year 2000.

FA. Cleveland, 1970

The aircraft’s weight influences the flight performance more than any other parameter, including engine power.
Weight has been of concern since the earliest days of acronautics; just recall the fact that the first attempts to fly were
based on lighter-than-air concepts. Therefore, we devote this chapter to the weight analysis and the relative aspects,
such as weight definitions, useful loads, weight reporting formats, and the relative approximations. The discussion
will be confined to the operational phase of the aircraft.

2.2.1 The Aircraft’s Weight

By 1914, it was believed that the limiting weight of the airplane could not exceed 2,0001b (about 800 kg). By
comparison, Baumann wrote an alarming report in 1920, prompted by the construction of giant airplanes in Germany
during the war—airplanes weighing as much as 15.5 tons, and powered by as much as 260 hp (195 kW) engines.
Interest in large airplanes was sparkled by excitement in the very early days, with £ W. Lanchester and Handley Page
expressing their views. Lanchester’s opinions on this matter are recorded by Kingsford.

Cleveland’s forecast in 1970 turned out to be wrong in the opposite direction; nuclear power has never been
considered a serious option. Lockheed persevered along these lines for some years, and in 1976 Lange proposed
aircraft concepts in the 900 ton (2 million Ib) class, including a 275 MW nuclear power plant. By contrast, the design
office at Boeing proposed the span-loader concept — a 1,270 ton aircraft without nuclear power (project 759).

In his paper “Quest for a Novel Force”, Allen speculated on antipodal megaliners, monsters of the future capable of
transporting 1,200 passengers from London to Sidney through a transatmospheric flight trajectory. The highly
speculative content of Allen’s paper is food for thought at a time when aircraft design is a conservative discipline.
A further review, focusing on configuration alternatives and economic viability of the big airplanes, has been provided
by McMasters and Kroo.

At the start of the 21st century, even the biggest airplanes do not exceed a gross weight of 600 tons (1.3 million Ib).
The Antonov AN-225, the largest prototype airplane ever built, can lift up to 250 tons of cargo at its design point. Its
88.40-m wing span is a wide as a football field. Its 18.1-m height reaches the top of a six-storey building. The airplane
was designed to carry a spaceship as an external load.

The Airbus A-380 commercial liner has a maximum take-off weight of 562 tons and a wing span of 79.8 m. It is
powered by four jet engines delivering a static thrust of over 1,000 kN. It can load up to 310,000 liters of fuel, and fly
a distance of 15,000 km with over 500 passengers. The volume occupied by the fuel alone is a cube with a 6.8-m side.
By way of comparison, the A-380’s weight is equivalent to about 15 railway carriages, or five diesel locomotives — by all
means a long passenger train.

Cleveland’s analysis (recommended reading material to those interested in very large aircraft) contains a discus-
sion of historical growth in size that leads to a square-cube law. 'The argument is that, if technology had not improved,
growth would have been halted by the fact that the load stress in airplane structures increases with the linear
dimension, when the load is proportional to the weight.

The concept is well illustrated by using as an example a single rectangular beam. The load is proportional to the
weight W; the weight is proportional to the cube of the linear dimension /%; the cross-section of the beam is
proportional to the square of the dimension /% Therefore, in first approximation load/cross-section ~ /. At some point
this increase in load reaches the structural limits of the material, and the beam collapses under the effect of its own
weight.

While the Airbus A-380 has a wing span six times larger than the Wright Flyer (1903), a wing area about 16.5 times
larger, the weight has increased by a factor of 1,650, which appears to defeat the law. The square-cube law would
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imply that the wing loading on the A-380 would be the same as the Wright Flyer, or about 6.2 kg/mz. By this rule, the
weight of the A-380 should not exceed 5,237 kg! As it turns out, the actual weight is a factor 107 times the value
calculated at constant technology.

If the wing is scaled up while holding wing loading and structural stresses as constant, its weight will grow roughly
as W'*. However, when one looks at the details of the components, they do not scale up with the same factor.
Cleveland showed that by doubling the gross weight and the payload of the aircraft the wing weight would have to
increase by a factor of 2.69; the airframe would grow by a factor of 1.84; and the electrical systems would grow by
a factor of 1.40.

Figure 2.2-1 presents a trend of aircraft maximum take-off weight (MTOW) and corresponding wing span 4. The
analysis shows that the wing span increases slower than the gross take-off weight, according to a function
W=p" withn < 1.

From a productivity point of view, the most important factor is not the absolute weight and size of the
aircraft, but its useful payload. Historically, this has increased from about 10% of the Wright Brothers Flyer to
over 30% of the current generation of airplanes; this ratio has also increased with the increased gross weight.
The increase is driven by commercial requirements and by the need to move bulky equipment and machinery.
By comparison, Concorde had a payload of less than 1% of its MTOW, though this is admittedly a completely
different design concept.

For aircraft designed to operate in war zones the payload is essentially limited to ordnance. The amount of
ordnance that can be carried varies greatly, depending on the type of operation. Figure 2.2-2 shows some estimated
maximum loads for two categories of military aircraft. Figure 2.2-3 shows the payload ratio of several transport aircraft.
The dotted line is a least-squares fit of the available data, and although the points are scattered, it indicates that the
payload ratio increases with the size of the airplane. Figure 2.2-4 shows the payload ratio relative to the operational
empty weight (OEW) and a least-square fit of the data (dotted line). Again the pay load performance increases with
the size and weight of the airplane.

Table 2.2-1 summarizes the weight/payload data of the largest cargo airplanes currently in service. The data in the
fourth column, R, indicates the maximum range at maximum payload.

"To properly understand the sheer size of the vehicles in the table in terms of bulk load that can be carried, a Galaxy
C-5B is reported to carry any of the following items: two Ml Abram battle tanks (61,700 kg each); six M2/M3 Bradley
infantry vehicles; six Apache helicopters with folded blades; 113,740 kg of relief supplies; a 74,000 kg mobile bridge
for the US Corps of Engineers, and all the arsenal of the US Army Ordnance.

A passenger Boeing B-747-400 can carry up to 416 paying passengers (or 7.5 coaches), and up to 216,840 liters of fuel.
This is enough fuel to fill 4,300 mid-size cars, which would be able to cover a cumulative 3 million km journey. The
Boeing B-747-400 at maximum take-off weight would be equivalent to lifting 10 train coaches or 300 mid-size cars at
once. The payload/range diagram of this aircraft is shown in Figure 2.2-5, and was elaborated from Boeing’s data.
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Figure 2.2-1 Wing span versus MTOW for large commercial aircraft; AN-225 at its design point.
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Figure 2.2-2 Maximum ordnance versus MTOW for fighter/attack and heavy bomber aircraft.
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Figure 2.2-3 Cargo airplanes maximum payload PAY versus MTOW.

Freight is increasingly transported in standard containers called pa/lers. Loading and unloading of pallets is done
quickly with ground-based vehicles with conveyors. The loading of pallets also rationalizes the available space in the
cargo hold. A suitable cargo performance parameter is

PAY
=——K —R. 2.2.1
Mrow ( )
where R is the air range. This parameter is a measure of how much payload can be carried over a given distance. It
emphasizes the fact that a certain payload can be flown over a longer or shorter distance; or that for a certain flight
distance a larger or lower payload can be carried. This parameter has been estimated for a number of aircraft and is
shown in Figure 2.2-6.

2.21.1 Wing Loading

In the previous discussion the concept of wing loading was used without much elaboration. The wing loading is the
ratio between the aircraft gross weight and the area of the wing. This definition does not take into account the fact
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Figure 2.2-4 Payload ratio versus the OEW for some transport aircraft.

Table 2.2-1 Cargo aircraft PAY versus MTOW data (estimated); R is the range at maximum payload.

Aircraft MTOW PAY/MTOW R (km) Notes
Antonov AN-225, Ruslan 600.0 0.370 4,500 design
Lockheed C-5B, Galaxy 381.0 0.311 5,526

Lockheed C-130J, Hercules 79.4 0.245 5,400

Boeing C-17, Globemaster 264.5 0.288 4,700

Boeing B-747-400F 396.8 0.284 8,240

Boeing B-747-400ER F 412.8 0.290 9,200

Airbus A-380-F 560.0 0.268 n.a.

Satic A-300-600, Beluga 155.0 0.305 1,666
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Figure 2.2-5 Payload ratio relative to the OEW of some transport aircraft.
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Figure 2.2-6 Cargo airplanes maximum range.

Table 2.2-2 Average wing loading W/A of different classes of aircraft (conversion
between units is approximate).

Aircraft kgf/m? Pa Ib/ft?
Light aircraft 150-250 1,500-2,500 31-52
Turboprop transport aircraft 300-450 3,000-4,500 63-95
Business jet 300-450 3,000-4,500 63-95
Subsonic jet aircraft 350-650 3,500-6,500 73-137
Heavy-lift aircraft 450-750 4,500-7,500 94-158
Supersonic fighter 500-950 5,000-9,500 105-200

that a (small) portion of the lift may be created by the fuselage or the tail surfaces. Therefore, the wing loading
implies that the aircraft’s weight rests entirely on the wing. Examples of average wing loadings for different classes of
aircraft are given in Table 2.2-2.

The wing loading of several aircraft has been plotted in Figure 2.2-7. The MTOW has been considered in the
evaluation of W/4. The wing loading is not a constant; it decreases in flight, due to fuel consumption.

A comparison of interest is the one relative to bird flight. Figure 2.2-8, elaborated from data in Pennycuick
and Greenewalt, shows a trend of birds’ wing loading versus the birds’ gross weight. Data are shown for over
100 birds, averaged between the two sexes; they make no distinction between soaring and flapping flight. The
wing loading increases with the weight. The dotted line represents a linear fit of the data within the weight
range considered, which can be considered as “equal technology”. This is a case where the cube/square law is
applicable. Flapping wings require higher wing loading at a given weight, and generally fall above the trend
lines. For example, the razor bill (4/a torda) is indicated with a high point in the chart, and flies with rapid
wing-beats. The same applies to the common loon (Gavia immer), a bird that has small wings, beating fast and
steady; this bird is unable to soar or glide. The present trend line is compared to von Helmholtz’s cube/square
law, and shows only a little deviation. On the other hand, exceptionally good fliers like the bald eagle
(Haliaeetus leucocephalus) and the golden albatross have a comparatively low wing loading, a sign of acrodynamic
efficiency.

The interest in bird flight goes further back in time than aeronautics. The scale effects on birds and aircraft have
been discussed by several authors.
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2.2.2 Definition of Weights

There are several definitions of aircraft weights that are part of the aircraft performance and operations. For some
weights, the corresponding acronyms of wide use are reported. A comprehensive discussion of aircraft weights
(including historical trends) is given by Staton and Torenbeek. The aircraft’s weight has an effect on range, en-
durance, ceiling, climb rate, take-off and landing distances, maneuverability, to say nothing of direct operating costs
and production costs.

The Manufacturer’s Empry Weight (MEW) is the weight of the aircraft including non-removable items, such as all the
items that are an integral part of the aircraft configuration. It is also called &ry weight.

The OEW is the aircraft’s weight from the manufacturer, plus a number of additional removable items, due to
operational reasons. These are the engine oil, the unusable fuel, the catering and entertaining equipment, flight and
navigation manuals, life vests and emergency equipment.

www.cargeek.ir


http://www.cargeek.ir/
http://www.cargeek.ir/

www.cargeek.ir

Weight

The MTOW is the maximum aircraft weight at lift-off, e.g. when the front landing gears detach from the ground.
The MTOW includes the payload and the fuel. Sometimes there is a reference to a gross take-off weight (TOW); it is
intended that this weight is an average value at take-off.

The Maximum Payload Weight (PAY) is the allowable weight that can be carried by the aircraft. The sum
OEW + PAY is less than the MTOW, the difference being the fuel weight. The payload includes passengers and
their baggage, bulk cargo, military weapons, equipment for surveillance and early warning systems. This weight is
seldom given for passenger aircraft and high-performance military aircraft, though for different reasons. We need
to differentiate between maximum payload based on weight (obviously), volume (space-limited payload, such as
number of pallets) or capacity (due to seating limitations). The useful load is the sum between the payload and
the mission fuel.

The Maximum Landing Weight (MLW) is the weight of the aircraft at the point of touchdown on the runway. It is
limited by load constraints on the landing gear, on the descent speed (and hence the shock at touchdown), and
sometimes on the strength of the pavement. Permissible loads on the pavement are regulated by the ICAO.

The difference between MTOW and MLW increases with aircraft size. For example, the Boeing B-777-200-IGW
(Increased Gross Weight) has MTOW = 286,800 kg and MLLW = 208,600 kg. This yields a difference of 78,200 kg,
corresponding to 27% of MTOW. In extreme cases (landing gear or engine failure), fuel can be jettisoned for
unscheduled landing. On the Boeing B-777 fuel is jettisoned through nozzle valves inboard of each aileron. This
operation is done more routinely by military aircraft.

The Maximum Ramp Weight (MRW) is the aircraft weight before it starts taxiing. The difference between the
maximum ramp weight and the maximum take-off weight, MRIW — M TOW, corresponds to the amount of fuel burned
between leaving the air terminal and lift-off. This difference is only relevant for very large aircraft, since it affects the
operations on the runway. For example, the Boeing B-747-400 has an MRW = 398,255 kg and MTOW = 396,800 kg.
The difference of 1,455 kg is the fuel that can be burned from the moment the aircraft starts taxiing and the take-off
point, about 1,750 liters. This corresponds to the fuel tanks of about 35 mid-size cars!

The Maximum Bratke-Release Weight (MBRW) is the maximum weight at the point where the aircraft starts its
take-off run. The A/ Up Weight (AUW) generally refers to the weight of the aircraft in cruise conditions. Due to
variations of weight, as a consequence of fuel burn, there is a change in AUW in flight.

Finally, the Maximum Zero-Fuel Weight (MZFW) is the aircraft weight on the ground without usable fuel, and the
Maximum Taxi Weight (MTW) is the certified aircraft weight for taxiing on the runway. The latter is defined by
the structural limits of the landing gear. The unusable fuel is the amount of fuel in the tanks that is unable to reach
the engines under critical flight conditions, as specified by the aviation authorities.

There are, of course, the weights of the various aircraft components, such as the engines and the engine
installation. For the engines a @ry weight is sometimes reported, which indicates the weight of the engine without
usable lubricant and fuel.

The large take-off weight involved in some airplanes also has consequences on the type of paved runway. For
weights above 120 tons, the thickness of the pavement must be around 0.6 m. A thinner pavement would not be
capable of sustaining a take-off and landing of such a massive aircraft. Other operational weight restrictions exist,
such as the maximum weight for balanced field length, obstacle clearance, noise emission, and available engine
power.

2.2.3 Weight Estimation

One may wonder how the aircraft’s weight is measured or estimated, particularly for the very large aircraft. In fact,
there is no balance than can hold a Boeing B-747 or an Airbus A-380 at their maximum take-off weight.

There are four classes of methods: conceptual (or component) weight estimation, statistical methods (based on
previous aircraft design), quasi-analytical methods, and analytical methods. The aircraft’s operating empty weight is
estimated from the components method, e.g. by summing up the weight of its systems. These are: the wing system
(with the control surfaces), fuselage, horizontal and vertical tails, landing gear, power plants, hydraulic and electrical
systems, pneumatics, air conditioning and pressurization systems, auxiliary power units, instruments, and furnish-
ings. The latter item is very much dependent on the operator of the aircraft. Therefore, the empty weight tends to
change accordingly. These methods are important in aircraft design. What is essential in the present context is the
weight management for the operation of the aircraft.

For commercial aviation, the operational weight of the aircraft includes the fuel, payload, and flight crew. For
passenger operations, the weight of each passenger is calculated as 95 to 100 kg (including baggage); the volume
to be allocated for baggage is 0.015 to 0.018 m®. Methods for estimating the empty weight are given in a number

www.cargeek.ir

31


http://www.cargeek.ir/
http://www.cargeek.ir/

32

www.cargeek.ir

Weight

Table 2.2-3 Weight breakdown for some representative aircraft. All weights in kg.

System B-747-100 % weight C-5A % weight
Wing 40,200 11.450 37,048 11.234
Tail 5,417 1.543 5,592 1.696
Airframe 31,009 8.833 52,193 15.826
Landing gear 14,596 4.157 17,046 5.169
Nacelle 4,703 1.340 3,838 1.164
Propulsion system 4,352 1.240 3,087 0.936
Flight controls 3,120 0.889 3,143 0.953
Auxiliary power unit 815 0.232 484 0.147
Instruments and navigation 674 0.192 333 0.101
Hydraulics and pneumatics 2,296 0.654 1,956 0.593
Electrical system 2,404 0.685 1,495 0.453
Avionics 1,873 0.534 1,871 0.567
Furnishings 21,748 6.195 3,539 1.073
Air conditioning 1,647 0.469 1,179 0.357
Anti-icing 188 0.054 106 0.032
Load and handling system 104 0.030 124 0.038
Operating empty weight 134,934 38.434 133,028 40.338
Dry engine weight 16,173 4.607 13,137 3.984
Empty weight 151,106 43.041 146,164 44.321
Take-off gross weight 351,076 100.0 329,785 100.0

of textbooks on aircraft design. Comparisons of weight breakdown for a number of aircraft, such as in Table 2.2-3,
were published by Beltramo and co-workers.

Table 2.2-3 shows the weight breakdown from two large aircraft, earlier versions of the B-747 and the C-5. The
main difference is in the weight of the furnishings, which is obvious, since the B-747 is a passenger airplane, and the
C-5 is a military utility airplane, designed to carry bulky cargo. The weight of the airframe of the C-5 is strengthened
for the same reasons. By comparison, the weight of the wing of the -400 version of the B-747 is 43,090 kg, an increase
of 9% over the original wing, but its contribution to the total weight is slightly below 11% — an indicator of the
technological advances in wing design.

2.2.4 Weight Management

The weight of almost all aircraft grows over time during their service life. Weight grows due to a number of reasons,
namely new performance specifications, re-engineering of the power plant, exploitation of structural design margins,
and not least the correction of design flaws, which may come after several years of service.

Weight and balance logbooks are maintained to keep a check on all the modifications done to the aircraft. The
manufacturers also provide charts showing the basic weights and position of the center of gravity. Loading of com-
mercial aircraft is done according to the instructions provided. The airline flight management performs basic
calculations of passengers and baggage, by assuming a uniform loading of the aircraft. There are models that provide
rapid solutions to the aircraft weight and balance as a function of passengers, baggage and fuel.

Generally, fuel consumption must obey special priorities to maintain the balance of forces on the aircraft at dif-
ferent flight regimes. Fuel must be used from the inboard tanks first. Optimal distribution reduces the requirements
on aircraft trim, and therefore the drag associated with it, thereby maximizing the profitability of the aircraft.

Concorde was a special case also from the weight management point of view. Its 11 fuel tanks were distributed
forward, centrally and aft of the aircraft. The transition from subsonic to supersonic cruise moved the center of pressure
about 2 m aft. This movement required trimming of the aircraft, which in subsonic aircraft can be done by operating on
the control surfaces. However, at supersonic speeds the trim drag would be an unacceptable penalty, and therefore
trimming was done by moving the center of gravity aft by pumping fuel from the forward tanks to the rear tanks. Up to
33,000 kg of fuel can be pumped back and forth to trim the aircraft during subsonic to supersonic transition.

Commercial airlines operate scheduled and unscheduled passenger services, that carry checked-in baggage, cabin
luggage and a number of items for passenger comfort. These are primarily food, drinks, magazines, television sets and
other entertainment items. The operational weight refers to the weight of the aircraft fully equipped for these
operations. This is somewhat higher than the OEW. To reduce this operational weight, some airlines have stopped
offering meals altogether; others provide lunch packs to be collected upon boarding.
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2.2.5 Range/Payload Diagram

The distance that can be flown by a given aircraft depends not only on the size of its fuel tanks, but also on the weight
of its payload. As anticipated, in most cases the combination of maximum payload and maximum fuel load exceeds
the MTOW. If one knows how to calculate the aircraft range, then it is possible to construct a chart showing how
some of the aircraft weights are related to the aircraft range. Since different cruise techniques are available, in
principle we could construct different weight/payload diagrams, corresponding to each of the flight programs. Fur-
thermore, there are effects of atmospheric conditions, climb and descent techniques, reserve fuel policy that can
change the weight/payload performance considerably. Unless all these conditions are specified, it will not be possible
to compare the range/payload performance of two aircraft.

We are interested in range at MTOW and range at maximum PAY, plus some intermediate cases. The range
difference is considerable, particularly for cargo aircraft. Consider the Airbus A-300 Beluga, which transports heavy
aerospace equipment between industrial plants. Its range at maximum PAY is 1,660 km (about 900 nm); it increases
to 2,780 km (1,500 nm) with a 40 ton PAY, and to 4,630 km (2,500 nm) with a “small” 26 ton payload.

Figure 2.2-9 shows the range/payload diagram for three commercial subsonic jet aircraft of the Airbus family.

Start the analysis by considering the following equivalence:

W, W, W

W+W i 1, (2.2.2)
where I, is the OEW, I, is the PAY and W} is the fuel weight. From Eq. 2.2.2 the fuel fraction § = W//I can be
written as

W W,

E=1- A (2.2.3)
Since the empty weight is fixed, Eq. 2.2.3 is a linear relationship between payload fraction and fuel fraction, with the
gross weight /#/ being a parameter. However, the fuel ratio as a function of the aircraft gross weight is different, and is
shown in Figure 2.2-10 for the aircraft model B, at three values of the payload weight.

Sometimes a fourth term appears in Eq. 2.2.2 — the engine weight ratio, e.g. an item separated by the operational
empty weight. This specification is not useful in discussing the range capability of the aircraft, though it is of interest
when considering the efficiency of the propulsion system.

Figure 2.2-11 shows a complete summary of the weight/pay load range. The chart shows the range and weight
limits due to payload and fuel.

The longest range is achieved at zero payload and full tanks, which corresponds to a gross weight less than MTOW.
"This is called ferry range and determines the maximum distance that an aircraft can fly non-stop and without in-flight
refueling (range at maximum fuel load). The minimum range is achieved at maximum payload and it is shown how
the range at maximum payload is less than half the ferry range (this value is typical of other aircraft). Also of interest is
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Figure 2.2-9 Maximum payload range for Airbus airplanes.
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Figure 2.2-11 Weight/range chart for a commercial airplane.

the aircraft range at maximum fuel and maximum take-off weight, which requires the payload to be considerably less
than the maximum.

First, consider an aircraft at MTOW configuration. If the mission fuel increases while keeping the aircraft weight
constant with some payload, the range increases linearly with it. When the fuel tanks are full, the aircraft is prepared
for maximum range at that weight. To fly a longer distance, the aircraft must have a gross weight less than MTOW.
The minimum weight will be obtained by flying without useful payload.

There is a short range that can be flown at maximum payload, a medium range in which the payload is limited by
MTOW, and a long range in which the payload is limited by the fuel capacity. In the short range flight plan the
take-off weight increases linearly to the MTOW, it remains fixed at MTOW for a medium range flight, and decreases
due to limited fuel capacity in the long range cruise. Although the diagram starts from a range equal to zero, there is
a minimum range where the take-off weight is limited by maximum landing weight.
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2.2.6 Direct Operating Costs

Direct Operating Costs (DOCs) are the costs incurred by the owner of an aircraft to operate scheduled or
unscheduled flights. It includes the cost to fly, insure and maintain the aircraft airworthy. The aircraft costs money
even if it stays on the ground. Characterization of these costs is difficult. An example of analysis is given by Beltramo
et al’® who developed cost and weight estimating relationships and weight estimating relationships for commercial
and military transport aircraft. Even the parametrization of the fuel costs is aleatory, due to the costs of aviation fuel
on the international markets, and to the cost of fuel at different airports around the world.

Kershner’” has demonstrated that while DOCs have consistently decreased over time, the impact of the fuel cost
has remained high, and in some historical circumstances has increased to over 50%.

The appearance of budget airlines on the major world markets has contributed to a substantial change in the
structure of the DOCs. It is sometimes exciting to learn that we can buy a ticket to an international destination
within Europe or the continental USA at a cost comparable to the cost of this book. Cost items such as ticketing,
customer service, seat allocation, baggage handling, ground services, in-flight catering, airport taxes, leasing con-
tracts, etc. have been dissected, reduced or removed altogether from the DOCs. However, the cost of the fuel re-
mains essentially the same. This cost is an essential part of the aircraft performance.

Problems

1. The load on a wing is proportional to the aircraft’s gross weight. Describe how and why the stress on the
structure increases with the linear dimension of the wing.

2. Discuss the limits to aircraft weight growth, including structural, acrodynamic, propulsion, landing gear, and
systems limits; handling qualities, ground services, air traffic control, and costs.

3. You are required to study the feasibility of a military aircraft that has a radius of action of 1,500 km and can carry
5,000 kg of ordnance. The maximum take-off weight cannot exceed 20,000 kg. Assume a reserve fuel ratio equal to
5% of the mission fuel, and a range constant ¢ = 16,000 (based on average performance of similar military aircraft).

4. For aircraft model B plot the block fuel ratio & as a function of the payload fraction Wy /W, where Wy is the fuel
weight, Wis the aircraft gross weight, for a weight up to MTOW. Discuss the effects on increasing the payload
fraction on the mission fuel, and hence on the range.

5. Discuss reasons why the sum of maximum payload weight and maximum fuel weight generally exceeds the
maximum take-off weight of an aircraft.

6. Investigate the items of direct operating costs of a modern commercial subsonic jet. Estimate by further
research the percentage of each item on the overall costs, and the effects of increasing the fuel cost (problem-
based learning: additional research is required).
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2.3
Aerodynamics

Antonio Filippone

The aircraft [replacement of the SR-T1A] has been seen moving at high supersonic speed, with the resultant sonic bangs, over
Southern California. It is believed to be powered by a revolutionary new engine which leaves a distinctive “sausage-string”
shaped contrail at high altitude, coupled with an unmistakable sound.

The Encyclopedia of World Aircraft, 1997

Aerodynamics is one of the fundamental aspects of aircraft flight. Most books on flight mechanics and performance
have prominent chapters on the acrodynamics of the wing and the wing section. In view of the amount of topics to deal
with in performance analysis, it will not be possible to review airfoil and wing characteristics. This chapter deals with
the aecrodynamics of the aircraft as a whole, particularly drag and lift characteristics as a function of the main parameters.

2.3.1 Aerodynamic Forces

The aerodynamic forces and moments are not directly contributed by the propulsion system. For a symmetric aircraft
in level flight, the acrodynamic forces are applied somewhere on the symmetry plane. For first-order calculations,
there is a general consensus that these forces are applied at the center of gravity, as discussed in Chapter 2.1. In
reality, the aerodynamic forces are applied at the center of pressure, which is dependent on the flight Mach number.
As the aircraft accelerates past the speed of sound, the center of pressure tends to move aft. The opposite happens
during deceleration to subsonic speed. The shift of the center of pressure and the consequent stability problems can
be solved by pumping fuel aft and fore, as discussed by Leyman for the Concorde (Problem 1). An important cal-
culation method for the center of pressure of wing/body and wing/body/tail combinations was developed by Pitts and
co-workers for bodies at subsonic, transonic, and supersonic speeds.

The aerodynamic force component in the direction of the velocity vector is called drag. The force component
normal to the drag and pointing upward is the lift. The magnitude of these forces is, respectively,

D= %C,)pAUZ, (2.3.1)
1 2
L= 5C1pAU?, (2.3.2)

where (p and (7, are dimensionless force coefficients, 4 is a reference area, and U is the air speed. The reference area
is the wing area, e.g. the area of the neutral wing projected on the ground and including the portion inside the fu-
selage. The wing area is not a constant, because of the use of high-lift devices in take-off and landing operations.
However, it is calculated with the control surfaces in the neutral position. The presence of additional aerodynamic
surfaces, such as horizontal tail and canards, affects the position of the lift force, the magnitude and the share of lift
generated by the aircraft’s subsystems.

Two important non-dimensional quantities are the Reynolds number and the Mach number. The Reynolds
number is the ratio between the inertial and viscous forces, Re = pU//u, with / a reference length in the flight
direction. The Mach number is the ratio between the air speed and the speed of sound, M = Ula.

The force coefficients depend on the Mach number, on the Reynolds number, on the angle of attack, on the
geometrical shape of the aircraft, and on whether the flow is steady or transient. For a given aircraft configuration

Cr, =Cr(a,Re, M, 1), Cp = Cp(a,Re, M,1). (2.3.3)

In cases of engineering importance, the influence of the Reynolds number is considerably smaller than the remaining
parameters, and is generally neglected. More specifically, this influence can be characterized as a slight decrease in
Cp with the increasing speed, due to boundary layer effects. Unless the aircraft is maneuvering at high angles of
attack, the (7 and (p are taken from steady state operation; hence, the time is excluded from the functional
parameters. Therefore, we will reduce Eqgs 2.3.3 to

CL = CL(M, Oé), CD = CD(M, 0[). (2.3.4)
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Horizon

FL.~

Figure 2.3-1 Aerodynamic forces, aircraft attitude and angle of attack in the vertical plane (angles exaggerated for
clarity).

When the coefficients cannot be expressed in analytical terms, they are tabulated as a function of Mach number and
angle of attack.

It is important to understand that the direction of D and L changes with the direction of flight. If the aircraft is
flying on a flight path contained in a plane normal to the ground, its position can be characterized by the position of
its CG and its attitude 7y (three degrees of freedom). The angle between the velocity vector and the longitudinal axis
of the aircraft is the nominal angle of attack. The same value of the angle of attack corresponds to an infinite number
of attitudes. As shown in Figure 2.3-1, if the attitude increases, the velocity vector can be adjusted by augmenting the
climb velocity by

Ao, = Vtan AF. (2.3.5)

Under these conditions the angle of attack remains constant. The graph also shows how the direction of the aero-
dynamic forces is rotated by Af.

An important aerodynamic parameter is the zero-lift angle of attack, a,. This is the angle between the velocity
vector V= (¥ v,) and the aircraft’s longitudinal axis FL. at which the lift force vanishes. The zero-lift angle makes an
angle, generally small, with the fuselage line.

Assume an aircraft flying in the vertical plane, as in Figure 2.3-2. The aircraft must rotate around the CG so as to
have the fuselage line FL coincident with V' = (¥} v,) for the lift to vanish. At attitudes above this, the aircraft will have
a positive angle of attack. If a perturbation is introduced to 0, the direction of the lift and drag force does not change.

2.3.2 Lift Equation
From aerodynamic theory, the lift coefficient can be written as
Cr=Cr,+Cr(a—a,), (2.3.6)

where (7, is the zero-angle of attack lift coefficient and (y, = dCj/da is the lift curve slope. At low Mach numbers
and low angles of attack (7, is constant. As the incidence is increased, a noticeable difference with the linear behavior

FL (after rotation)

Horizon 5 = --

Figure 2.3-2 Zero-lift conditions on the aircraft (angles greatly exaggerated).
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starts to appear; (7, may decrease or increase. A case of incipient wing stall is reflected in a decrease of the €y, . Flow
separation starts at the trailing edge and at the outboard regions of the wing; it gradually expands to cover most of the
wing surface. When (7, increases, it is generally a case of vortex lift, discussed further in §2.3.3. Most airplanes
operate at relatively small angles of attack; therefore, the linear assumption is adequate for most performance cal-
culations. However, modern fighter jet aircraft are capable of operating at very large angles of attack; this involves
a great deal of unsteady separated flow around the wing, in which case Eq. 2.3.6 is a useful representation of the lift
only if the non-linear function Cy, (@) is known.

The lift-curve slope reflects the general lifting capabilities of a wing, because it is related to its aspect-ratio AR,
hence to its main geometrical characteristics. A useful equation between (7, and wing aspect-ratio for low-speed low
angle of attack flight is given by

2w

Cr. = 14 2/AR

(¢ —a), (2.3.7)
which is valid only for elliptic spanwise loading. Equation 2.3.7 allows the construction of the three-dimensional wing
lift from the airfoil and the geometry of the wing. This equation does not contain the angle of attack; therefore, it
shows as a straight line in the a—C/, graph.

2.3.3 Vortex Lift

One of the sources of non-linearity in the lift equation is the vorzex /ft. At high angles of attack the wing flow is
dominated by two large counter-rotating vortices developing from leading-edge separation. These vortices are always
associated to low pressures on the upper side of the wing, and grow linearly or super-linearly downstream. They are
often associated with secondary flow separation and augment the lift-curve slope in a variety of ways. Whatever the
mechanisms of vortex lift generation, a performance analysis relies on lift curves that can be expressed in a compact
form, such as Eq. 2.3.6. An example of vortex lift on the (7, is shown in Figure 2.3-3 for a A-wing with a 74 degree
sweep. The wing has an aspect-ratio AR = 0.5735. The data show that the leading-edge vortex increases the lift at
a super-linear rate. The resulting (y, increasingly diverges from the “conventional” curve, €, = 2ma. Also, the stall
angle is dramatically increased to about 40 degrees and is more gradual, sometimes yielding a nearly constant lift over
a wider range of incidences. This is not uncommon for this type of wing. Therefore, it is an indication that the aircraft
can maneuver at angles of attack beyond stall. Aircraft capable of maneuvering in post-stall conditions are called super
maneuverable.

Angles of attack that can be sustained by modern military aircraft during high-power climb, turning, and aerobatic
maneuvers can exceed 50 degrees. This is done to obtain a positional advantage during combat, although the
advantage comes at the expense of some energy loss and some stability problems. Calculations under these
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Figure 2.3-3 Vortex lift of a slender A-wing, sweep angle A = 74 degrees at the apex.
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conditions can be done by considering average values of the lift and drag force, for example from tabulated data like
those in Figure 2.3-3.

A relatively simple method, due to Polhamus, allows the calculation of the €}, of pointed A-wings at incidences
below stall, and recovers some of the non-linearities of the vortex lift. The resulting equation is

Cj, = ky sin cos 0% + k, cos sin az, (2.3.8)

where £, and £, are coefficients for the potential flow lift and vortex lift components, respectively. These coefficients
depend on the aspect-ratio of the wing and their calculation has to be done by other means, for example a vortex
lattice method. These coefficients have been calculated by Polhamus, and are shown in Figure 2.3-4. The value of the
coefficients is important, because the calculation of the vortex lift from Eq. 2.3.8 can be done quickly in semi-
analytical form. Therefore, a high-performance aircraft having such a wing would be relatively easy to simulate in
a high-a. maneuver.

The physical phenomena responsible for vortex lift are discussed in some detail by Peake and Tobak, and Delery.
These authors, along with Ashley and co-workers and Gursul give an overview of the problem, mostly at low speeds. A
good discussion of vortex lift at transonic and supersonic speeds is given by Wood and co-workers, which summarizes
the research at NASA. Data for A-wings at supersonic speeds and angles of attack up to 47 degrees have been
provided by Hill. The aerodynamics of the aircraft at high angle of attack is reviewed by Erickson, who discussed
post-stall maneuver, yaw control, longitudinal stability and other problems.

Aerodynamic surfaces that promote leading-edge separation and control the evolution of the separation vortex are
another reason for vortex lift. These additional surfaces are canards, strakes, leading-edge extensions, and double
A-wings. Canard surfaces reach a value of up to 20% of the main wing (Grumman X-29), although they are more likely
to be slightly above 10% (the Eurofighter 2000 has a canard surface less than 5% of the main wing). Wind tunnel and
flight data on strakes and leading-edge extensions (lift and drag polar, longitudinal and lateral stability at angles of
attack) are available in several publications and co-workers.

Figure 2.3-5 shows wind tunnel results of experiments with strakes empirically designed. The €y, curve is
smoother; the performance results in lower (p for a given (. The effect of the strakes includes a change in stability
characteristics, with a positive pitching moment slope, instead of a negative one. This makes the aircraft unable to fly
without proper control.

Example

Consider the pointed A-wing discussed in Figure 2.3-3. The aspect-ratio of the wing is AR = 2 tan A/2, with A the
apex angle. Therefore, AR = 2 x tan 37 = 1.507. The Polhamus coefficients for this case are estimated as £, = 3.20
and £, = 1.82. The corresponding lift curve is shown as a solid line in Figure 2.3-3.
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Figure 2.3-4 Polhamus coefficients for a pointed A-wing.
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Figure 2.3-5 Wind tunnel data for strakes and wing/body combinations at high «.

2.3.4 High-Lift Systems

The term /igh-/ift system denotes all the technical means for increasing lift during the terminal phases of the flight.
Low take-off speeds and high climb-out rates are a general requirement for good airfield performance.
Most of the systems are unpowered, and consist of leading-edge slats and trailing-edge flaps in several segments.

A single-slotted flap is used when the wing system is not capable of supplying a (;, adequate for approach and

landing. If this is still not enough for low-speed control, the landing flap has to be replaced by a double-slotted flap.
Calculation of the maximum (7, obtainable from a high-lift system is a complicated matter. Therefore, most of the

data available rely on practical experiments and on flight testing. An aircraft operating near its (7, s at risk of wing

‘max

stall. For take-off and landing operations there are practical rules that avoid operating at too high (. For safe
operation we have to consider

CL,,,,,,,.,,,,,,,/CL,,,:1-10_1-121 (2.3.9)
and

C L, = 0.7—0. 750[,”%,7 C[WMWN — 0.6—0.656‘1,”””, . (23 1 ())
Therefore,

€1y, =1.3C, (2.3.11)

A summary of high-lift and control systems on current airplanes is shown in Figure 2.3-6, where we have plotted the
maximum (7, against the mechanical complexity of the systems (arbitrary unit). To the left of the shaded bar is
a summary of unpowered systems, which are operated by proper actuators; to the right are some examples of powered
systems, which are operated with energy from the main power plant. The maximum (y, achieved by the unpowered
systems seldom exceeds 3.0, though it is often below this limit. Some data are the following: the Fokker F-28 has
Gy, =3.35; the Boeing YC-14 has (7 =3.57.

In the top right of Figure 2.3-6 there are the high-lift performance data of some experimental aircraft, for example
the NASA/Boeing QSRA (Quiet Short Haul Research Aircraft), flown in the 1980s. This aircraft required only a 300
meter runway. The jet engine exhaust was directed over the wing, which shielded the ground from jet noise during
take-off. Figure 2.3-7 shows a typical (y, polar.

2.3.5 Drag Equation

Drag is a vast subject in aircraft aerodynamics. A typical chart of drag components on the aircraft is shown in
Figure 2.3-8.

The drag equation specifies the functional dependence of the Cp on the main state parameters of the aircraft
(Eq. 2.3.4). A general expression to the second order of the angle of attack is

Cp = Cp, +nCp, 0%, (2.3.12)

where Cp, is the zero-lift drag coefficient (profile drag), 7 is an induced drag coefficient, and « is the angle of attack
in radians. In Eq. 2.3.12 all the coefficients are a function of &, the Mach number. They are generally tabulated in the
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Figure 2.3-6 High-lift systems on current airplanes; QSRA and STOL are experimental airplanes. SSF = Single-Slot Flap,
DSF = Double-Slot Flap, TSF = Triple-Slot Flap.

form Cp,(M),n(M), G, (M). It is assumed that the aircraft operates within the linear range of angles of attack, even
at supersonic speeds. At subsonic speeds a common drag equation is

Cp = Cp, +#CE. (2.3.13)

In this equation the angle of attack does not appear explicitly. This is the preferred drag equation for performance
calculations of low-speed aircraft and commercial jets. In fact, due to the quadratic term €Z, Eq. 2.3.13 yields several
useful closed form solutions. Also, the (y, can be easily associated to the aircraft’s gross weight. Figure 2.3-9 shows
some flight test data for the Douglas DC-10 passenger aircraft. The linear fit demonstrates that the parabolic drag
equation 2.3.13 is valid over a wide range of lift coefficients, as they can be used in ordinary flight conditions.

For an estimate of the induced drag factor # an equation often used from low-speed aerodynamics is

1

8
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oo cToL
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Angle of attack, degs

Figure 2.3-7 Lift coefficient of NASA QSRA compared with that of a conventional aircraft.
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Figure 2.3-8 Contributing factors to overall drag. Nomenclature: (1) subsonic transport; (2) SST; (3) business jet;
(4) fighter aircraft (subsonic); (5) fighter aircraft (supersonic); (6) helicopter; V = viscous/parasite; L = lift-induced;
| = interference drag; W = wave drag; O = other causes.

where ¢ is a factor variable between 0.74 and 0.88 (Oswald factor), which depends on the spanwise load distribution.
For an ideally elliptically loaded wing ¢ = 1. Equation 2.3.14 is useful for checking the validity of the coefficient 4 in
the drag equation.

The (7 and Cp can be plotted against each other in a single graph, to yield the drag polar; for a given aircraft speed
or Mach number. An example is shown in Figure 2.3-10, which is relative to the experimental aircraft Lockheed
YF-16. The relationship between C; and C)p is not linear; therefore, the drag (Eq. 2.3.13) is not suitable for this
aircraft.

2.3.5.1 Zero-Lift Drag

The zero-lift drag (profile drag) of the aircraft is the resistance due to viscous effects and other causes not directly
related to the production of lift, such as the resistance of various subsystems (landing gears, probes, antennas, gaps,
etc.). It depends on a number of factors, the Reynolds number and the surface roughness being the most important

0.75 |-
0.25 |-
0 1 1 1
0 0.0025 0.005 0.0075 0.01
Co

Figure 2.3-9 Drag equation for the Douglas DC-10.
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Figure 2.3-10 Drag polar of YF-16 at Mach numbers up to M = 1.6 (estimated data).

ones. The percentage of this drag on the total drag count depends on the type of aircraft and its operational con-
figuration, and varies from 25-30% for a supersonic jet fighter to 70-80% in the case of a VI'OL aircraft. For
a commercial subsonic jet aircraft the contribution of the fuselage to the zero-lift drag is of the order of 30%. The skin
friction drag of modern large aircraft is close to the theoretical value from turbulent flat plate theory at the corre-
sponding Reynolds number.

The effect of Reynolds number can be evaluated from a number of semi-empirical relationships. At the flight
Reynolds numbers these expressions are equivalent to each other.

Figure 2.3-11 shows the values of the skin friction drag coefficient due to a fully turbulent flow past a flat plate, as
a function of the Reynolds number. The estimated Cp, values of modern aircraft are shown in the box for comparison.
The Reynolds numbers in these cases are calculated using the average wing chord as a reference length, and the air
viscosity at the conditions of the cruise altitude.

0.005
[ I bbb Prandtl-Schlichting
von Karman-Schoenerr
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I~ |
(&)
0.002 -
0.001 |-
0.000 L 1
6 7 8 9
Log(Re)

Figure 2.3-11 Estimated value of zero-lift coefficient of modern subsonic transport aircraft and comparison with theo-
retical values from flat plate theory.
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Figure 2.3-12 Profile drag coefficient of selected aircraft.

The streamlined design of modern aircraft shows that the current values are not too far from the drag obtainable by
a corresponding flat plate at the same flight Reynolds number, which leaves little room for improvement, unless a new
technology is developed (boundary layer control, flow control, etc.). The current values of the zero-lift drag co-
efficient for large commercial jets are of the order of 220 to 250 drag counts (1 drag count = 0.0001), and sensibly
higher for smaller airplanes. By comparison, the Douglas DC-3 of the 1930s had 249 drag counts of skin friction drag —
a very respectable value, which demonstrates that progress in this area has been relatively slow. A historical trend of
the profile drag coefficient for selected aircraft is shown in Figure 2.3-12. The dotted line shows a trend toward the
minimum theoretical value of a turbulent flat plate.

2.3.6 Glide Ratio

This parameter is the ratio between lift and drag; sometimes it is called glide factor or aerodynamic efficiency. The best
glide ratios of current aircraft do not exceed 20, although they are contained within the 14 to 18 range. Some high-
performance gliders with very large aspect-ratio wings have glide ratios in excess of 25. By comparison, the best low-
drag wing section will have a glide ratio of the order of 150. The Z/D values are known to decrease with the increasing
Mach number.

The glide ratios of large aircraft at cruise conditions are not that different from those of the most efficient birds. It
is estimated that the albatross (Diomeda exulans) achieves an L/D = 20. The best glide ratio of the Boeing B-52 is
about [/D = 20, while Concorde struggled to achieve /D = 9; the Wright Flyer had a respectable /D =8.3.
The airfoil Liebeck L-1003 has an optimal /D = 220 at a Reynolds number Re = 10°, e.g. a factor 10 compared to
the Boeing B-52.

The glide ratio is a parameter variable with the speed and the weight of the aircraft, and changes during a long-
range cruise. Table 2.3-1 summarizes glide ratio data for some known aircraft in cruise conditions.

The glide ratio is one of the essential performance parameters; therefore, it is of interest to calculate optimal
values with respect to the aircraft’s mass (weight), speed and flight altitude. By using the drag Eq. 2.3.13, the glide
ratio becomes

L C C
_:T":i‘z? (2.3.15)
D Cp Cp,+ *Cr
and using the definition of (7,
L. a/U? (2.3.16)

Cp Cp, +e/U¥
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Table 2.3-1 Average aerodynamic data for selected aircraft (estimated).
Aircraft L/D M(L/D) M Notes
Boeing B-52G 20.5 16.4 0.80
Lockheed C-5A 18.6 14.5 0.78
Boeing B-707/200 18.2 14.4 0.79
Boeing B-747/100 17.6 14.8 0.84
Douglas DC-9-30 17.2 13.2 0.77
Douglas DC-3 14.7 4.1 0.28 propeller
Concorde 9.0 18.0 2.05
McDonnell-Douglas F-15C 10.0 9.0 0.90 transonic
McDonnell-Douglas F-15C 4.0 6.4 1.60 supersonic
XB-70A 7.55 5.74 0.76 subsonic
XB-70A 5.14 6.22 1.21
XB-70A 8.72 24.35 2.79 supersonic

with ¢; = (2/p) (W/4), and ¢; = ,é(,‘f. To find the speed corresponding to maximum /D, we need to find its derivative
with respect to the speed and set it to zero:

) U _ap2 173
i(‘#) = 2V tell) ~ 30 el7_ (2.3.17)
aU\Cp (Cp, +2U*)

—200U3(Cp, + 2/ UY) = 4(e1 JUH)e, U = 0. (2.3.18)

By further simplification, we find

k(2N ?
Ut=—(—) . 3.19

Another way of expressing Eq. 2.3.15 is in terms of the mass (or weight) at given flight speed. Again, using the
definition of (y, we find:

CL o cym

b= e (2.3.20)
where this time

: 2z . 2

1 :W, KZZK’CI. (2321)

As in the previous case, the glide ratio is optimal at only one mass — for a given flight speed. This can be found from
differentiating Eq. 2.3.20 with respect to the mass and setting the derivative to zero:

J (CL) _e1(Cp, + cam*) — 2eqc,m*
Im\Cp (Cp, +c2m?)?

=0, (2.3.22)

which leads to

~[Cp, 1 [Cp,  pAU* [Cp,
m= . —[1 = 2 i (2.3.23)

It is straightforward to read the results of Eq. 2.3.23: the optimal mass (or weight) of the aircraft decreases with the

increasing speed and flight altitude — all other parameters being constant. The term under square root is an aero-
dynamic factor that will appear again in other optimal expressions.

A parametric study of Eq. 2.3.23 is shown in Figure 2.3-13. The maximum value of /D does not change with the
cruise altitude, but the mass corresponding to its maximum value does. In fact, the mass for maximum £./D decreases
as the aircraft climbs. The mass required for the global optima may well exceed the design mass of the aircraft.

Another parametric study, which will turn out to be useful for the cruise analysis, is shown in Figure 2.3-14. In the
figure we show the estimated /D of the reference subsonic jet as a function of the cruise altitude, for a fixed mass.
Again, the global optimum is achieved at conditions beyond the limits of this aircraft’s performance.
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Figure 2.3-13 Glide ratio versus aircraft mass at different flight altitudes (as indicated), at a cruise Mach number
M = 0.80, aircraft model A.

2.3.7 Glide Ratio at Transonic and Supersonic Speed

The glide ratio at transonic and supersonic speed cannot be expressed in a simple form. In general, the data are
tabulated as a function of the Mach number. We use the lift and drag equation for high-speed flight, Eq. 2.3.6 and
Eq. 2.3.12, and calculate the glide ratio as

C)‘, waa N 1 .
C]) o GDo —+ ’I’]C]‘n o o CDU/C]%O( + na o

fM, ). (2.3.24)

Exact evaluation of Eq. 2.3.24 can only be done numerically. The algorithm is the following.

16
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Figure 2.3-14 Glide ratio versus altitude at fixed weight, cruise Mach number M = 0.80. The graph shows the effects of
gross weight from a nominal value GTOW = 155,000 kg.
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Computational Procedure

e Set the Mach number. Hence, Eq. 2.3.24 is only a function of a.
e The condition of min/max is found from the derivative of Eq. 2.3.24 with respect to o:

3 (C
a@(cj) _o. (2.3.25)

After some algebra, the optimal condition becomes

C C
RO T L 2.3426
nCr, nCr, ( )

e The value of the root « of Eq. 2.3.26 is inserted in Eq. 2.3.24; the corresponding value of (;/Cp is stored in
memory.

e If the value of (;/Cp has increased, then we set the maximum to the current value.
e Increase the Mach number and repeat the procedure, as above, until the maximum Mach number is reached, or
until the (7/Cp starts decreasing.

The result of this algorithm is presented in Figure 2.3-15. The maximum value of (;/Cp = 16 at low Mach number
(M < 0.2), and a cruise angle of attack o = 3.6 degrees. Note the transonic dip at low supersonic speeds. The L/D is
relatively low, and it reaches a value of about 6 at full supersonic conditions (Concorde managed an /./D around 9).
There is a small recovery at high supersonic speeds. This behavior of the glide ratio as a function of the Mach number
is characteristic of many high-speed vehicles, as demonstrated by Kiichemann.

2.3.8 Practical Estimation of the Drag Coefficient

The aerodynamic performance of most aircraft is not widely advertised. Nevertheless, there are methods that allow
for a practical estimation of the drag characteristics. The values of the lift are not as interesting as the drag. In fact,
the lift is mostly depending on the weight. The drag depends on both the weight and the type of aerodynamic
surface. We consider as a reference a subsonic jet aircraft, although the following considerations are valid for other
fixed-wing aircraft whose drag equation is parabolic.

The glide ratios are known from statistical data. In the present context we will work with C7/Cp = 18, which is
neither the best nor the worst in its class (see Table 2.3-1). If the weight of the aircraft is /] then the lift coefficient is
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Figure 2.3-15 Glide ratio versus Mach number for the supersonic aircraft in baseline configuration.
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found from Eq. 2.3.2. For example, if the AUW of the aircraft is 160,000 kg, the (, at cruise conditions (Z = 11,000 m,
M = 0.80) is estimated at =0.558.

The aircraft drag will be Cp = (L/D)(y, = 0.031, a relatively high figure, although not far off the true value. The
next problem is to find the contribution of the zero-lift drag and the lift-induced drag. One possibility is to use the
equation

Cp, = ¢Crduer,

which requires the knowledge of the total wetted area, Ay, and the average skin friction coefficient, af' These data
are not easily found. There are practical methods to estimate the wetted area of an aircraft the average skin friction is
an integral quantity. The other idea is to use again statistical data; for a modern airliner the profile drag will not be too
far from 230 drag counts, e.g. Cp,=0.0230. The factor # is then found from

Cp, +#C5=0.031 = £=0.0257.

These data can be further refined. If the glide ratio were 18.5, then £=0.0230, a 10% reduction over the first es-
timate. If, instead, we improve the Cp, down to 220 drag counts (a lower limit at the current technology level), then
with the initial estimate of /D we find #=0.0289.

Another method is to use the engine thrust data. For example, an aircraft at cruise conditions will have a mea-
surable fuel flow. From the fuel flow we could extract the effective engine thrust, by using the charts of the specific
fuel consumption provided by the engine manufacturer, and hence the aircraft drag. From Eq. 2.3.1 the calculation of
Cp is straightforward.

2.3.9 Compressibility Effects

As the free stream Mach number is increased beyond M = 0.4 — 0.5, some compressibility effects start to appear on
the lifting surfaces. These effects are compounded by local accelerations and angles of attack. Systems that are
particularly affected are the propellers and rotors. A full compressible flow theory is not necessary until transonic
Mach numbers are achieved. Semi-empirical corrections are applied to the aerodynamic characteristics to take into
account some of these effects. A number of corrections for lift, drag, pressure and pitching moment coefficients exist
to deal with flows at speed range. Prandtl-Glauert, Karman—Tsien, Chaplygin, Busemann, and others provided rel-
atively simple expressions for the correction of the two-dimensional airfoil characteristics. These correction formulas
can be found in most books on applied aerodynamics. The Prandtl-Glauert formulas represent a first-order
correction, and are given by

Cp ar

=L = e
P T vioae

At full supersonic conditions this correction can be replaced by Ackeret’s linearized flow theory. In this case the

(2.3.27)

aerodynamic coefficients of the wing, corrected for three-dimensional effects, are
4 1

C = 1— LGy =Cra 2.3.28)
LEUME Il 2ARVIE — 1 b= (

These expressions are valid only when there is no interaction between the Mach cones arising from shocks at the

wing tips. The transonic regime, being highly non-linear, is not covered by corrective factors. There exist a number of
theories to calculate the lift-curve slope of thin wings at supersonic speeds, for example wings with subsonic leading
edges and supersonic leading edges.

2.3.10 Transonic Drag Rise

At Mach numbers beyond the validity of the compressibility correction a number of non-linear transonic phenomena
start to occur. These phenomena are reflected in Eq. 2.3.12 by the functional dependence of the coefficients from
the Mach number. For reference, the beginning of transonic drag rise is set by the divergence Mach number, which is
conventionally defined by the point where the derivative

aC)
a0 (2.3.29)

The Mach number at which this occurs is a complex function of the aircraft configuration and operational conditions
(angle of attack, lift coefficient, altitude). For subsonic commercial jets it is of relatively limited implication, because
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Figure 2.3-16 Zero-lift drag coefficient for three different configurations. Configuration A is the baseline.

both the operating angle of attack and the cruise speed vary over a narrow range. For a high-performance fighter jet
the issue is more complex, because it depends strongly on its configuration. An example is reported in Figure 2.3-16,
for the reference supersonic aircraft model C. The graph is indicative of some operational configurations. The drag
reaches a maximum somewhere between M = 0.8 and 1.2, then it decreases and settles to a level higher than the
value before the transonic drag rise. Therefore, having an engine powerful enough, the aircraft can go past the sonic
barrier and fly at supersonic speeds.

The penalty to be paid in supersonic flight is sometimes quantified by the transonic drag jump; this is the drag
increase between two reference speeds, which are M = 1.2 (supersonic) and M = 0.8 (subsonic). The corresponding
transonic drag penalty is plotted in Figure 2.3-17, for a number of fighter and experimental aircraft. On the horizontal
axis there is the fineness ratio /7' A clean configuration has a lower drag penalty. Also, more modern aircraft are less
sensitive to the transonic flight conditions. For reference, also the drag discontinuity of a Sears—Haack body is
plotted.
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Figure 2.3-17 Transonic drag rise for some aircraft.
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The Sears—Haack body is a body of revolution pointed at both ends, having the minimum supersonic drag or given
length and volume. It represents an ideal situation, to which an aerodynamic performance should tend. A full discussion
of the Sears—Haack body is given in some good textbooks of aerodynamics, for example that of Ashley and Landhal.

2.3.11 Lift and Transonic Buffet

The transonic effects on the lift can be considerable. The loss of lift is due to aeroelastic response under unsteady
aerodynamic loads. A loss of lift due to wing buffet is called #ransonic dip, and sometimes skhock stall. Figure 2.3-18 shows
the transonic dip at the inception of wing buffeting. One of the first military jet aircraft, such as the North American
F-84, suffered badly from loss of lift at transonic speeds. A 10-year older design, such as the North American F-100
Super Sabre, quickly recovered the lift, although it showed some decrease in the transonic lift.

Another effect of the Mach number is on the maximum lift coefficient of the aircraft, 7, . For a subsonic transport

max

aircraft (7, is nearly constant up to the drag divergence point, then it is gradually reduced. The angle of attack

max

corresponding to C, also decreases. For a supersonic fighter jet aircraft the function €y, (M) is more complicated

and shows a transonic dip with a partial supersonic recovery. Its value at supersonic speeds can be considerably lower
than that at subsonic speeds. These effects are discussed in detail by Abbott and von Doenhoff for NACA airfoil
sections, and in the NACA publications reported in that book.

The behavior of ¢y, (M) is important in high-performance maneuver. The values of (,,are often approximate,

and a satisfactory evaluation of this parameter is difficult.

2.3.12 Aero-Thermodynamic Heating

Heating due to the aecrodynamics of high-speed flight is due to the conversion of kinetic energy of the flow into
thermal energy. The amount and intensity of this exchange is dependent on the free stream Mach number and on the
local geometry. It is highest at the stagnation points of the aircraft. This temperature increase is due to the difficulty
of transferring momentum to the outside flow domain, therefore the momentum is dissipated in heat. From su-
personic aecrodynamic theory at moderate Mach numbers (M < 3), the temperature rise at the stagnation point can
be found from the energy equation

1
G, T + ZU2 =G, T, (2.3.30)

which is valid for an iso-entropic transformation; 7" denotes the absolute temperature, (), is the specific heat at
constant pressure, and “o” denote stagnation conditions. The temperature rise at the stagnation points is found from

U 1aME 1 YRTM?

AT =~ =
26,2 ¢, 2 ¢

(2.3.31)
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Figure 2.3-18 Transonic dip for three reference jet aircraft.

www.cargeek.ir


http://www.cargeek.ir/
http://www.cargeek.ir/

www.cargeek.ir

Aerodynamics 51

Table 2.3-2 Aero-thermodynamic heating at stagnation points (estimated data).

Aircraft M Max temp., K
Concorde 2.0 380
Convair B-58 2.0 420
XB-70 3.0 550
X-15 6.0 900
Waverider 6-8 1,000
Space shuttle 10-12 1,500
ICBM 20-25 6,000

where in this case v is the ratio between specific heats and is taken equal to 1.4 (approximation valid at temperatures
below 900 K). This heating will have consequences on the flight envelope of the aircraft. A summary of estimated
stagnation point temperature for some high-speed flight vehicles is reported in Table 2.3-2.

Figure 2.3-19 shows the map of aero-thermodynamic heating at the stagnation point for supersonic speeds in
atmospheric flight, as deduced from Eq. 2.3.30. The problem of hypervelocity vehicles (waveriders, re-entry vehicles
and missiles) is complicated by the fact that the flow does not obey the law of ideal gases, and the aero-thermo-
dynamic heating has to be calculated using real gas relationships. A discussion can be found in specialized studies on
hypersonics and missiles and planetary entry flight mechanics.

Example

The actual skin temperature will be the value shown minus the difference between altitude and sea level tem-
perature. For example, the estimate for Concorde would be about 173 degrees above the local temperature.
Therefore, the sea level temperature would be about 173 — (56 + 15) = 102°C. The actual temperature found in the
technical publications on Concorde report most of the nose above 100°C, the leading edge of the wing at a tem-
perature of about 100°C and most of the fuselage at temperatures of 90 to 97°C. Therefore, the approximation is
acceptable.

2.3.13 Aerodynamic Penetration and Radius

We define two parameters (flight mechanics and design quantities) that have the dimensions of a length. Consider
a rigid-body aircraft of mass 7 at a flight speed U without engine thrust, and subject to a drag force D. The equation of
motion in the flight direction is

30 \ \
i SR-T1
Iso-temperature L F
25 Fabove local atm a IS
5 \ 3
. | RIRIEEY
[=3 Concorde
E = 0 ¢ |
x ‘ S
5y o
] «
3 15 ‘ ‘
ﬁ Subsonic jet aircraft F-15E
e /
10
5 o
2 o
| / o? 4
oL ¥
0.5 1 1.5 2 2.5 3

Mach number

Figure 2.3-19 Stagnation point temperatures above local atmospheric temperature.
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D
a=——, (2.3.32)
m
or
U AU  pACHU?
= =—=—" .3.33
= v Ox 2m (2 )
Further simplification of this equation leads to
dU  pACpU?
— = 3.34
v- o @ (2.3.34)
The factor
2m
. - 3.3
SD Gy (2.3.35)

is called aerodynamic penetration and represents the distance that the aircraft of mass 7 can travel at constant density-
altitude if subject to a drag force that is proportional to the speed squared. Therefore, if Cp is constant, the solution
of the equation above is

U

Uyt

— gx/s"n7 (2336)

where U,ris a reference speed. Now assume that the aircraft is accelerated in a direction normal to its flight path by
lift alone. The equation of motion along the flight path is

dy U* pAC, 2
U—-=—= U 3.3
a X 2m ' (2.3.37)

where ¥ is the radius of curvature of the flight path, and 7 is the local attitude. This equation can also be written as

1 1 pdCy,

. (2.3.38)

st X 2m
"The aerodynamic radius is the radius of curvature of the flight path due to lift. This parameter will be called §7 = .
These concepts were first introduced by Larrabee to describe several problems in atmospheric flight and atmo-
spheric re-entry. They both have the dimension of a length. They can be used for the solution of Lanchester’s
phugoid. Additional applications of these concepts include the wind drift and the lateral maneuver. Wind drift is
important in ballistics, parachute drops and unguided atmospheric re-entry. Lateral maneuver is important in air-to-
air missiles and combat aircraft.

2.3.14 Aircraft Vortex Wakes

When the fixed-wing aircraft generates lift from its lifting surfaces, it creates a complex vortex system (tip vortices,
flap vortices) that travels downwards (down-wash). The strength and shape of these vortices depend essentially on
the main wing parameters. The downward mass flow depends on the weight of the aircraft. In fact, it is possible to
prove that the downwash @ creates a downward mass flow rate 7zoc W /4. From low-speed aerodynamic theory, under
the approximation of large aspect-ratio and elliptic wing loading downwash, the mass flow rate is

= pA,;o = % % (2.3.39)
We have assumed that the reference area 4,,s behind the aircraft is 4,y = Axb = Ar Ub = Ub in the unit of time*. This
flow rate is not dependent on the flight altitude. Therefore, for a Boeing B-747 at a cruise speed M/ = 0.80 with an
AUW = 350 tons, we have 7~ 5,400 kg. At a density altitude ¢ = 0.29 this corresponds to about 15,200 m® of
downward flow every second, at an average downwash speed of @ = 6 m/s. If a small airplane of the same class as the
Piper 28 flies just below the B-747 at an average speed of 120 kt (222 km/h), the downwash reduces the inflow by
about 5.5 degrees — a potentially catastrophic effect.

* Note that /Wis a weight and 7 is a mass flow. The discrepancy in units is only due to the choice of the reference area. To avoid
confusion, express all the quantities in SI units.
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Figure 2.3-20 Vortex trails in the sky: trails intersecting at various degrees of dissipation.

The vortex system creates a hazard for vehicles following at a short distance, or below. This problem is of interest in
congested air spaces and around airports with large volumes of traffic. Research in this field has been buoyant, in the
attempt to reduce flight hazard and separation times between take-off and landing operations. Some research now
focuses on two broad areas: (1) the technical means and design solutions to diffuse the vortex system, and (2) on the
optimal flight paths that would reduce the runway occupation time. For example, the shortest method to fly away from
a trailing vortex is to follow a curved path (by a banked turn). Rossow suggested that with individual flight corridors,
created by small changes of operation, the time interval between take-offs can be reduced to the order of seconds.

The air traffic control authorities prescribe separation distances based on the weight of the leading and trailing
aircraft. For example, an airplane with a gross weight /= 100,000 kg following a larger aircraft with mass of the order
of 300,000 kg must be flying at least 5 nautical miles behind.

The increase in weight of some aircraft brings them up in the separation distance. Obviously, the problem becomes
more urgent for the very large aircraft. The Airbus A-380, with a gross weight that is 50% higher than the Boeing
B-747, is one of the most recent cases.

There are different separation distances: the vertical separation is obtained by assigning different cruising altitudes;
the Jateral separation is obtained by maintaining a distance between the flight paths of two airplanes; the longitudinal
separation is the distance between the leading and trailing aircraft, if these were to follow the same flight path.

Similar considerations will have to be made for the helicopters, although helicopter wakes are considerably more
complicated than the wakes from fixed-wing aircraft. The strongest helicopter wakes occur when the helicopter is
operating at low speed (less than 80 km/h).

Another problem, mostly environmental, is due to aircraft contrails. These are condensation trails left behind by
the jet engines. As the contrails dissipate, they tend to assume the shape of some clouds, Figure 2.3-20. The contrails
often turn into cirrus clouds and are a sign of changing weather. The environmental conditions required for contrail
formation and persistence are discussed by Jensen and co-workers, and Schumann. Detwiler and Jackson treated the
contrail formation under standard atmosphere, with focus on the engine cycle. The IPCC estimated that contrails
covered about 0.1% of the Earth surface in 1992, and that this figure is set to rise to 0.5% by 2050.

2.3.15 Aerodynamics and Performance

For details on aerodynamics we invite the readers to consult the vast literature on the subject. We recommend, by
increasing order of complexity, the books of Bertin, Kuethe and Chow, Ashley and Landhal, and most of the volumes of
the Princeton Series in High Speed Aerodynamics and Jet Propulsion™*. The book of R.T. Jones is a classic on wing theory.
Katz and Plotkin published a focused book on panel methods and lifting surface methods. These methods are rapid in
generating acrodynamic characteristics and stability derivatives of complex wing systems and of the full airplane.

The theoretical foundations in relation to aircraft shape, aerodynamics and performance have been analyzed by
Kiichemann and Weber. A more applied approach to the acrodynamics of the airplane has been extensively discussed

in the literature.
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Some of the aircraft flights discussed in this book include non-steady flight. Aircraft maneuvering is simulated
with steady state aerodynamics. This approximation is adequate for moderate accelerations on a straight flight path.
There is scant research in this area. At the very low end of the speed range (pertinent to birds’ flight), experimental
results indicate that sudden accelerations increase the lift to values considerably higher than steady state. For
accelerations past the speed of sound, the main difference in aerodynamic response is in the transonic area.

The accelerations involved in some maneuvers, such as free roll, turning, and V/STOL operations, occur at high
angles of attack and high lift. In these cases accurate unsteady acrodynamics is required. Rom’s book is one of the few
comprehensive publications on aircraft acrodynamics at high angles of attack.

Aerodynamic performance data for airfoils or wing sections are abundant in the specialized literature. More
advanced wing sections include the double wedge (Lockheed F-117 A), segmented (North American XB-70) and
biconvex wings (Lockheed F-22A, Grumman F-104). All the high-speed aircraft have a supercritical wing section.
The problem of estimation of the aircraft aerodynamics from flight testing is discussed in detail by Klein.

The current technology level requires wing sections and planforms to be designed ad hoc, using appropriate
numerical and optimization methods. These methods include constraints on geometry and acrodynamics; they may
include multipoint design, and off-design analysis.

Aircraft manufacturers are not likely to venture to the public and show their best aerodynamic data. Nevertheless,
some aerodynamic performance data of engineering interest are sometimes found in specialized publications. For
example, data on the Douglas DC-10, Lockheed 1.-1011, and Lockheed YF-16 are found in AGARD CP-242. Data are
available for the Boeing B-737-100, B-747-100, Boeing B-707 (AGARD LS-67), Lockheed C-141B and C-5A in
AGARD R-723; data for the Fokker 50 and 100 can be found in AGARD CP-515. Data for the North American F-100,
Boeing B-707, Convair B-58, the Bell X-1, and NASA X-15 were published by Seckel. Data for the trainer aircraft
Northrop T-38 have been provided by Brandt and co-workers Heffley and Jewell provide data for the Northrop F-4C
and the North American XB-70.

Problems

1. A supersonic aircraft is to accelerate from a cruise speed of M = 0.8 through the speed of sound. During the
acceleration, there can be a change in aerodynamic response from the lifting surfaces, including a loss of lift and
a drag rise. Past the speed of sound, at fully developed supersonic flow, another problem appears: the center of
pressure moves aft. Investigate how the transonic dip and the drag rise problems are solved. Then investigate
the nature of the shift in the center of pressure, and consider solutions to the stability problem that minimize
the trim drag (problem-based learning: additional research is required).

2. The aerodynamic drag is one the most important performance parameters of an aircraft. Discuss how this force
is affected by (1) the speed and the Mach number; (2) lift and gross weight; (3) angle of attack; (4) cruise
altitude; and (5) configuration at landing and take-off.

3. Calculate the aero-thermodynamic heating at stagnation points of an aircraft having a A-wing with a sweep A =
55 degrees. The aircraft is flying at a supersonic speed M = 1.8 at an altitude 4 = 9,000 m. Consider
as stagnation points the nose of the aircraft and the leading-edge line of the A-wing. (The heating is to be
considered as an equilibrium temperature above the atmospheric temperature at the flight altitude.)

4. A generic aircraft has a zero-lift angle of attack «, inclined over the horizon by +2 degrees. The aircraft is on
a steady level flight with an angle of attack & = +3 degrees. Sketch the direction of the lift and drag forces.
o If the aircraft rotates around the CG by o = +1, how do the lift, drag, normal and axial forces change?

e Now assume that the aircraft starts a climb, and assumes a constant angle of climb y = +4 degrees. Sketch
the direction of the aerodynamic forces and indicate the relevant flight angles (angle of attack and climb
angle).

5. Estimate the maximum temperature at stagnation points due to aerothermo dynamic heating for aircraft C by
using Eq. 2.3.31. Assume hat the aircraft is flying level at altitude # = 12,000 m and find the corresponding
values of the standard atmosphere. Discuss the approximation of the results obtained, and how the heating will
be affected by changes in atmospheric conditions.

6. Calculate the mass of airplane model A to cruise at an altitude # = 11,000 m with maximum glide ratio Z/D.
Also, calculate the change in optimal mass if the aircraft drifts down to an altitude 4 = 10,000 m.

7. Prove that the maximum glide ratio Z/D for a given jet-driven airplane does not depend on the cruise altitude
(refer to the discussion and results of Fig. 2.3-13).

8. Discuss methods for increasing the lift coefficient of a high-performance fighter jet. Make sketches to explain
your ideas.
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10.

11.

12.

. Discuss the reasons why the maximum lift coefficient, Cy,

..., Of an aircraft is difficult to estimate, and which
methods can be used for its evaluation. Also, how do the pilots find out that they are operating the aircraft at
(nearly) maximum (7?2

Calculate the speed U corresponding to a minimum of the ratio CD/Cz/z. Consider a parabolic drag equation,
with Cp, = 0.023, k = 0.034.

Assume that the subsonic jet transport in cruise conditions has a zero-lift drag equal to 50% of the total drag.
The lift-induced drag is estimated at 35% of the total drag. The remaining drag is due to interference,
compressibility effects, excrescences and gaps. Calculate the Cp, and the coefficient £ in the parabolic drag
equation. Consider an aircraft mass equal to 145,000 kg at cruise conditions. The cruise thrust is 7' = 45 kN.
You are required to provide a performance analysis of a certain aircraft. You start from wind tunnel aecrodynamic
data for the drag. You know that the aircraft model was tested in the wind tunnel as a 1:5 scale, and that the
Reynolds number used, Re = pU//u, matched the actual flight conditions (this does not happen very often).
The wind tunnel used was of the variable-density type, with average density at the test section equal to 2 bar.
The laboratory conditions were standard atmosphere. The total drag force in the wind tunnel had a value D.
Calculate the ratio between the drag force of the actual aircraft and the wind tunnel value.

www.cargeek.ir

55


http://www.cargeek.ir/
http://www.cargeek.ir/

www.cargeek.ir

Aerospace Engineering Desk Reference; ISBN 9781856175753
Copyright © 2006, Antonio Filippone. Published by Elsevier Ltd. All rights reserved.

24
Engines

Antonio Filippone

A new impetus was given to aviation by the relatively enormous power for weight of the atomic engine; it was at last possible to
add Redmaynes’s ingenious helicopter ascent and descent engine to the vertical propeller that had hitherto been the sole driving
force of the aeroplane without over-weighting the machine ...

H.G. Wells, in The World Set Free, 1914

In this chapter we will look at the engine/airframe as a single system. When an engine is mounted on the airframe, it
becomes an integral part of the aircraft. The performance parameters considered are the thrust, power, specific fuel
consumption, fuel flow, and the free parameters needed to evaluate them (flight speed, altitude and throttle
position). Additional parameters are involved in propeller propulsion. These are the propeller’s geometric config-
uration and its rotational speed. For variable throttle settings, the engine response will be considered instantaneous.
Therefore, there will be no time lag between throttle and power or thrust.

We will not provide details on how a gas turbine or a reciprocating engine functions. Data and performance on aero-
engines are published regularly by Jane’s Information Systems. Chart performance, if not already available in the
open literature, is almost impossible to obtain from the manufacturers — unless you buy an engine from them. Some
basic concepts will be reviewed in this chapter, with the scope of providing means of calculating some propeller and
helicopter performance.

It would not be exhaustive to talk about aircraft engines without emphasizing the extraordinary progress that has
been made since the beginning of powered flight, and the technological advances that continue to be made. The
words of H.G. Wells quoted above were written in 1914 and imagined the world of aviation in the 1950s. Today, the
atomic engine is not a reality, and not even an option. Nevertheless, the progress in aircraft propulsion has been
extraordinary — thanks to the jet engine.

2.41 Gas Turbine Engines

The term gas rurbine is associated with a jet engine consisting of a compressor, a combustion chamber, a turbine and an
exhaust nozzle, although the name refers to both jet thrust engines and shaft power engines. The main types of gas
turbine engines are the turbojet, the turbofan and the turboprop. The gas turbine is the core of the engine. However,
there are other parts whose function is essential (inlet, fuel lines, fuel nozzles, sensors, collectors, thrust reverser).

The turbojet belongs to the first generation of gas turbine engines™. It consists of a single gas flow. The operation
of the engine requires a number of aero-thermodynamic stages: (1) compression of the inlet flow via a number of axial
compressor stages; (2) the transfer of the compressed air into the combustion chamber, where it is mixed with fuel;
(3) combustion in radially spaced combustion chambers; (4) discharge into a multistage turbine, rotating on the same
shaft with the compressor; and (5) ejection of all the exhaust gases as a high-speed hot jet through the nozzle (jet
speeds at M = 2 and above). The scheme of the engine is shown in Figure 2.4-1a. The air is captured by an inlet,
whose other function is to provide pre-compression by an aero-thermodynamic mechanism called ram compression.
'This is an adiabatic compression in the engine inlet due to flow deceleration.

The main function of the turbine downstream of the combustion chamber is to operate the compressor. A con-
siderable amount of power is generally required by the compressor. The rest of the thermal and kinetic energy as-
sociated with the mass flow is transformed into a high-speed, high-noise jet released from the nozzle.

The very first turbojets had centrifugal compressors, but as the engines became better understood, they were
replaced by more efficient axial compressors. As the thrust requirements increased, the compressor’s architecture
became more complicated, with low- and high-pressure units, each with several rotor stages. The exhaust gas leaving
the combustion chamber has a high temperature (about 1,000°C). When the compressor and the turbine are
connected to the same shaft, their rotational speed is the same. This coupling is referred to as spoo/.

* Officially, the first flight of a jet-powered aircraft took place on August 24, 1939. It was the Heinkel He-178, powered by an
engine designed by Hans von Ohain.
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Figure 2.4-1 (a) Turbojet; (b) turbojet with after-burner.

Figure 2.4-2 Low by-pass jet engine P&W F-100, with after-burner (McDonnell-Douglas F-15, Lockheed F-16). By-pass
ratio 0.36; pressure ratio 32.0; max thrust about 130 kN (sea level, ISA, with after-burner), max diameter: 1.18 m; gross
weight: 1695 kg. (Source: Pratt & Whitney.)

"This basic design was applied to engines that powered the early jet airplanes (the Douglas DC-8, the Boeing B-707,
the British Comet, and the French Caravelle); it included the ] T8D, by most accounts one of the noisiest engines ever
to fly. All other engines, leading to the modern high by-pass ratio engines, are derivatives of this basic idea.

The gas turbine can have an additional combustion stage (reheat, or after-burning). Fuel is injected after the
primary combustion for the purpose of increasing the engine thrust. After-burning uses the excess air (about 75%)
that does not support the primary combustion.

Gas turbines with this capability operate without reheat most of the time, because the increase in thrust is derived
at the expense of considerable fuel consumption. Their application is limited to some military jet aircraft, due to the
large fuel consumption by the reheat stage. One exception in the commercial arena is the Rolls-Royce Olympus 593,
which powered Concorde.

Figure 2.4-2 shows a cutaway of the military engine P&W F-100, a low by-pass engine with after-burning thrust.
Note the length of the engine and the length of the reheat section.

A turbofan is another derivative of the turbojet. In this engine the excess air that does not support the combustion
is channeled through an external annulus, and by-passes the combustor. The y-pass ratio (BPR) is the ratio between
the by-pass flow rate and the core flow.

"This ratio has been increasing over the years, from about 1.1 to values above 5 in modern engines (although the
General Electric GE-90 has a BPR = 8.4, and the P&W GP-7000 series has a BPR = 8.7). This results in engines of
considerable size, as shown, for example, in Figures 2.4-3 and 2.4-4. This is one of the engines that powers the Airbus
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Figure 2.4-3 High by-pass turbofan engine P&W GP-7270, that powers the Airbus A-380. By-pass ratio 8.7 (cruise);
pressure ratio 45.6 (climb); take-off thrust 311.4 kN (sea level, ISA), flat rated to 30°C; fan tip diameter: 2.95m; max
diameter: 3.16 m. Noise level: 25.6 EPN dB margin to ICAO Stage 3. Combustion emissions: NOx = 0.0509 kg/kN, CO =
0.0227 kg/kN. Other data: single annular combustor. (Source: Pratt & Whitney.)

Figure 2.4-4 Medium by-pass turbofan engine P&W PW-6000 (Airbus A-318). By-pass ratio 4.9 (cruise); pressure ratio
28.7 (max); max take-off thrust 10.88 kN (sea level, ISA), flat rated to 32.5°C; fan tip diameter: 1.435 m. (Source: Pratt &
Whitney.)

A-380. The other difference, compared to the basic engine, is a large-diameter fan placed in front of a multistage axial
compressor. The function of the fan is to increase the capture area of the inlet, and to channel the by-pass flow
through the annulus of the engine. The fan is powered by the engine itself, either on the same shaft as the com-
pressor, or on a separate shaft (dual compressor engine). The advantages of this engine are that the exit flow has lower
speed, lower average temperature, and produces far less noise.

A turboprop is an aero-engine consisting of a gas turbine unit coupled with a propeller, Figure 2.4-5. The thrust can
be derived both from the jet engine and the propeller, although in practice most of the useful thrust is imparted by
the propeller. Due to the different speed between the gas turbine and the propeller, these engines have a reduction
gear. A gas turbine rotates at speeds of the order of 10,000 rpm, while the propeller’s speed is less than one-third of
this, as limited by the tip Mach number.

Jet engines for helicopter applications are a variant of the turboprop, and consist of one or two gas turbines,
a reduction gear of considerable size and a rotor shaft. The reduction in rotational speed is higher than the turboprop,
because helicopter rotor speeds rarely exceed 350 rpm.

The subject of aircraft engines is a specialized one and goes under the field of aerospace propulsion or gas turbines.
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Figure 2.4-5 Basic scheme of turboprop engine. In general, the engine has a gear group between the main shaft and the
propeller shaft.

2.4.2 Internal Combustion Engines

These engines, also called reciprocating or piston engines, dominated aviation in its first half century. Today their
application is confined to small aircraft and small helicopters. They account for over 60% of the airplanes flying at the
present time. At the low end of the propulsion envelope, they are more flexible, lighter and cheaper than gas turbine
engines. These engines are always coupled to a propeller; therefore, their limitation is compounded by the limits on
propeller propulsion.

Over time, the reciprocating engines grew to deliver shaft power in excess of 3,000 kW. The first engine to
be employed for aircraft propulsion was the Wright Brothers six-cylinder, 12 kW, 3.5 liter engine, capable of
running continuously at 850 rpm for up to 15 minutes, after which it would melt because of poor cooling
capabilities. The engine weighed 82 kg, and therefore it delivered power at a rate of about 0.15 kW/kg. By
comparison, this power loading increased to 0.6 kW/kg by the early 1950s, and engines such as the Pratt &
Whitney R-4360 Wasp delivered a maximum power of about 3,200 kW, with a total displacement of 71.4 liters
from 28 cylinders (four banks of seven). This engine powered a variety of aircraft, from the Boeing B-29 to the
Lockheed Constitution.

Reciprocating engines have the advantage of being consistent in terms of efficiency, which does not change much
with air temperature or rpm. The most significant factor affecting the efficiency is the throttle setting. A given
amount of power can be produced by an infinite number of manifold pressure and rpm combinations, although the
engine will be more efficient at higher manifold pressure and lower rpm combinations.

Flight speeds and altitudes can be increased by using turbo-chargers. Turbo-charging can be done by direct
coupling of a turbine to the crankshaft (turbo compound), or by supercharging of the intake air. However, the turbo-
charger also tends to increase the engine’s temperature, because the inlet air is heated by compression. For this
reason, above some critical altitude the engine will overheat, unless some preventive action is taken.

For an aspirated reciprocating engine, the brake horsepower decreases with increasing altitude. A turbo-charger
maintains the power with altitude until a critical altitude is reached, after which point the power decreases. One of
the main differences between automobile and aviation engines is that aviation engines operate at relatively high
power most of the time, and at full power at every take-off. Figure 2.4-6 shows the altitude performance of the
Lycoming 10-540, a six-cylinder reciprocating engine for light aircraft. For this engine, a cruise setting of 65% power
at 2,400 rpm is recommended.

Generally, curves of this type include lines of constant engine manifold pressure (which are nearly vertical) and
correction details for difference in temperature for the inlet air.

Large-diameter propellers are affected by Mach number effects, noise emission, and vibration; hence, large
step-down gearshafts have to be used, which add to the mechanical complexity and weight of the engine.

2.4.3 Engine Flight Envelopes

Like the aircraft they power, aero-engines have a flight envelope. This is an enclosed area in the altitude-Mach
number space where safe and efficient operation is guaranteed. Another way to characterize the flight envelope of the
engine is to use the concept of specific impulse.

First, let us consider the comparative flight envelope of various propulsion systems, as shown schematically in
Figure 2.4-7. The lines in the graph show the limits of operation of each engine configuration.
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Figure 2.4-6 Lycoming 10-540 performance curves at altitude.
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Figure 2.4-7 Schematic operation envelopes of different aircraft engines.

The lower speeds and altitudes are exclusively the domain of the reciprocating engines. Essentially, this type of
engine has a low altitude limit, due to the air breathing requirements. Turbo-charged engines provide relatively
constant power output up to a critical altitude, P/P, = 1 for # < /4. The power then decreases according to the
following semi-empirical relationships

P o \0.765
—= ( ) gy < A< 11,000 m. (24.1)
P, Ocrit

Reciprocating engines provide very limited power above the troposphere.

There is not a single power plant configuration capable of taking the aircraft from take-off to hypersonic speeds.
For this reason current research focuses on hybrid engine configurations that include two different power plants. For
example, when in the 1960s NASA worked on hypersonic flight with the experimental aircraft X-15, it used the
Boeing B-52 as a carrier (under the wing). The X-15’s rocket engine was ignited at the cruise speed and altitude of
the Boeing B-52.

SpaceShipOne, the first suborbital aircraft to take off from a paved runway (2004) and to land as an airplane, has
a hybrid engine system. This consists of a jet engine and a hybrid rocket motor. The carrier aircraft climbs by jet
propulsion to about 16,500 m (54,133 ft) with a Mach number M = 0.85, then it shifts to a gliding flight and releases
the space ship. The ship fires the rocket motor and accelerates to M = 3.5 in a steep climb to about 100 km of altitude.

www.cargeek.ir


http://www.cargeek.ir/
http://www.cargeek.ir/

www.cargeek.ir

Engines

2.4.4 Power and Thrust Definitions

Engine and aircraft manufacturers, as well as the aviation regulations, refer to a variety of power and thrust ratings.
The term wuninstalled power/thrust refers to the engine before the integration with the airframe. The installed power
and thrust refer to the air-frame/power plant combination, and are more pertinent to performance calculations. When
doing performance calculations, we call thrust the #e thrust, i.e. the effective thrust delivered by the engine, which
accounts for the intake drag and air bleed.

The shaft power usually refers to a propeller engine, and denotes the mechanical power delivered by the engine, not
accounting for the efficiency of power conversion and the airframe/engine integration. The installation losses include
inlet losses, the exhaust gas losses, and the extracting bleed air.

The equivalent shaft power is a parameter applied to turboprops, and refers to the sum of the shaft power delivered to
the propeller and the power due to the jet of the exhaust gases from the gas turbine, through the nozzle.

The power output of a gas-turbine engine depends on the thermal stresses it is capable of withstanding, e.g., the
maximum temperature at any part of the engine. For this reason the manufacturers quote a maxinum continuous power.
This is the engine power level that can be maintained indefinitely, without compromising the thermal and structural
integrity of the engine. The maximum emergency power is the engine power that can be delivered by the engine for
a short time. This includes events such as One-Engine-Inoperative (OEI) and take-off. The maximum continuous
power is lower than the emergency power. Take-off power and maximum emergency power are sometimes the same.
Otherwise the take-off power rating refers to a time of 5 minutes, or 10 minutes in case of OEL. The mtermediate power
rating is a power that can be maintained over a brief to medium time (less than 30 minutes), and is used for
emergency situations.

Since most aircraft require additional power for auxiliary units (cabin pressurization, air conditioning), some air can
be extracted from the compressor (bleed air) to provide the auxiliary services. This, in turn, reduces the engine’s
useful power, because the mass flow into the engine and its combustor is reduced. Some engine charts show the
effects of bleed air on the power output. These effects appear as discontinuities in the power curve.

For helicopter applications the manufacturers refer to a maximum transmission power. 'This is a power limited by the
maximum torque on the transmission system (shaft, gear and hub). Increasing the engine power normally requires
re-engineering of the transmission system.

The engine thrust, like the power, is dependent on aircraft speed, flight altitude and rpm. The szazic thrust is the
thrust at zero aircraft speed. For a military aircraft flying without the optional after-burning, the maximum thrust is
sometimes called wulitary thrust.

Sometimes engines must be run at part-throttle, to avoid exceeding a maximum rated thrust. In such cases, they
are called flat-rated engines. For example, the CFM56-3 engine is flat-rated at ISA 4+15° (or +-30°). This means that
the engine is guaranteed to give the rated thrust at full throttle when the ambient temperature is below ISA 415°.
Above this temperature, the engine will give less thrust because the air has lower density.

For aircraft powered by jet engines, a performance parameter is the specific thrust T/W (also called thrust-ratio); for
the propeller-driven aircraft the corresponding parameter is the power loading, P/W (or its inverse). These parameters
give an indication of the amount of power or thrust available for a given aircraft gross weight. The values of these
parameters vary with the flight altitude and Mach number; one therefore has to be clear as to the conditions at which
they are taken: sea level or specified altitude; static (U = 0) or in flight conditions. The data quoted by the man-
ufacturers (when reported at all) generally refer to static thrust at sea level. Useful data, including historical trends,
have been published by McCormick.

Another performance parameter, more related to the engine itself than the aircraft, is the engine’s specific weight, i.e.,
the weight of the engine per unit of power (or thrust). The engine’s specific power is the power delivered per unit of
weight of the engine. However, as engines become bigger, also the installation and integration requirements on the
airframe change. This means that the nacelles have to be strengthened to sustain the increased engine weight, and
the engine’s auxiliary systems have to scale up as well. The weight of engine mounts, pylons, thrust reversers and
nozzles are roughly proportional to the engine’s thrust. On the other hand, the increase in weight due to accessories
(fuel controls, sensors, etc.) grows less rapidly.

The use of the concept of power loading and thrust-ratio for propeller and jet aircraft makes the comparison
between the two power plants not completely obvious. The specific thrust is a non-dimensional number (thrust force
divided by weight); the power loading is a dimensional number, given in kW/kg or kW/N. A jet engine fixed on the
ground does not do any useful work, although it burns fuel and delivers an amount of thrust. However, a useful power
can be deduced from a flight condition at speed U, P = TU. This expression can be compared to the shaft engine
power of the turboprop engine. By this analysis we find that the installed engine power of the Airbus A-380 is a factor
8,500 of the Wright Brothers Flyer.
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Figure 2.4-8 Fighter jet aircraft thrust-ratios versus MTOW. Dotted line is a least-squares fit of the available data.

Extrapolating from a large number of data, we found that the average thrust-ratio of subsonic commercial jets is about
T/W ~0.2 to 0.4; for a fighter jet aircraft these data double, and become even larger if after-burning is used. From the
data in Figure 2.4-8 there is no clear relationship between the thrust-ratio and the MTOW. The complication of the
chart also arises from a combination of configurations (external loads, combat mission, use of after-burning).

Example

Let us now take a brief look at the power/weight ratio of some engines. Consider the Wright Flyer’s reciprocating
engine. Although it was not the best engine of its time, it represented about 20% of the aircraft weight. By com-
parison, each of the engines on the Airbus A-3 80 delivers a maximum sea level static thrust of 311.4 kN, or 70,000
pounds®. The weight of the GP-7000 engine is estimated to be 4,500 kg, which leads to a total engine weight at
MTOW equal to less than 3.5%.

2.4.5 Generalized Engine Performance

The jet engine operation depends on the rotational speed (rpm), the air speed U and the flight altitude /4. At [SA
conditions the altitude defines the local values for pressure, density and temperature of the inlet flow. The mass flow
rate 7ty and the thrust depend on the inlet diameter & Therefore, the propulsion parameters are the thrust 7,
rotational speed, the air speed U (or Mach number M), the temperature 7, the pressure p, the fuel flow 7z, and the
diameter & Since this is a relatively large number of parameters, the engine performance is described by a reduced
number of non-dimensional or engineering quantities.

The essential parameters in engine performance are the forward speed, the rotational speed, the thrust 7, mass
flow rate 727, and specific fuel consumption f;. Therefore, a normalization of these parameters is performed by using
the remaining three quantities (7, p, &).

First, the speed U can be replaced by the Mach number (dimensionless) by means of M = Ula. The speed of sound
is derived from the flight altitude. Second, the rotational speed of the engine is normalized with #/d, to yield the
parameter rpm d/a. Third, the thrust 7'is replaced by the parameter T/paf2 (pressure x length2 = force). Finally, the
mass flow rate 7 is replaced by the dimensionless parameter n'zf/(p/z’z/zz) = 1y alpd 2. A further step is required for
some parameters. By using the relative pressure 0 from Eq. 2.4.33

T T 1 T
— = —— = . 4.
pd* 0 pd® 0 (242)
where p, is the standard atmospheric pressure at sea level. With the definition of speed of sound, « = \/YRT, we
have

*This performance is set to increase to above 80,000 pounds in later versions.
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Figure 2.4-9 Corrected thrust versus corrected TSFC for the turbofan engine CF6-50 (estimated). Units for corrected
TSFC are kgf of fuel flow per hour per kN of engine thrust.

ipmd  pmd  rpm  d

— [ 4.3
@« JART VT ViR (2:43)

nya g JYRT VT /¥R
pd? pdt 0 pd?

(2.4.4)

Instead of using dimensionless parameters, it is a practice in engine performance to use the corrected thrust,
rotational speed, and mass flow rate

T m VT
5 VT 0 (2.4.5)

along with the Mach number M. The remaining factors in Eqs 2.4.2 — 2.4.4 are all constant. The parameters in Eq.
2.4.5 have dimensions. The corrected thrust, the rotational speed and the mass flow rate maintain their physical
dimensions. Thrust and mass flow rate are the parameters most widely used in aircraft performance simulation. The
rotational speed is generally not given, and calculations are performed at fixed throttle settings, but variable Mach
numbers. However, the general dependence of the corrected parameters is

T rpm) 1T ( rpm)

Z=flM=E=), =fHlM==). (2.4.6)
r=h(mR) L =a(n

Figure 2.4-9 shows the CF6 corrected engine performance at constant (full) throttle, at Mach number up to 0.9, and

altitudes up to 14,000 meters (about 45,931 ft). Figure 2.4-10 shows the estimated thrust specific fuel consumption

('T'SFC) of the F-100 engine (Figure 2.4-2) versus Mach number at selected altitudes. The TSFC was normalized with
the static value at sea level. The results of the analysis show that the T'SFC is slightly increasing at cruise altitudes.

2.4.6 Fuel Flow

The fuel flow is the rate at which fuel is burned by the engines. It is given in units of mass (or weight or volume) per
unit time. For a jet engine the fuel flow is proportional to the thrust. The constant of proportionality is the TSFC
dm
iy ==L = TSFC-T. (2.4.7)
dr
Here a word of caution is needed, because generally engine manufacturers, textbooks, flight manuals and technical
publications quote the most extravagant units for the T'SFC, including kg/kg/h, kg/kN/h, kg/N/h, gr/N/s, mg/N/s,
Ib/Ib/h (where kg and gr are units of force!). Sometimes the units are missing, which leaves the figures open to
interpretation. In fact, it is not unusual to find wrong data. If one uses international units, the TSFC will be
expressed in N/N/s, e.g. newton of fuel weight per newton of engine thrust per unit of time (seconds). While this
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Figure 2.4-10 Relative TSFC versus Mach number for the F-100 engine model (military thrust).

seems rigorous, the unit N/N/s is hardly a useful figure. Similar confusion exists on the fuel flow data (Ib/h, 1/h and
gallons/h, where the gallon is sometimes the US gallon and other times the Imperial gallon).

Part of the confusion stems from the fact that from a practical point of view one wants to know how much fuel is
burned in one hour; and part of the confusion is due to outdated engineering units (pounds, shaft horsepower);
and finally there is the confusion between mass, weight and force. One justification for the use of the units 1b/h/lb
(or N/h/N) is that the SFC is of the order of unity for all jet engines.

It is always a good idea to check the data provided with the gross thrust of the engine. Divide the fuel flow by the
engine thrust and make sure that all the units are coherent. Some engine fuel consumption data are provided in Table
2.4-1. Further fuel consumption data and engine efficiency, with historical trends, are given by Babikian and
co-workers.

The fuel flow is dependent on the aircraft speed. In fact, from Eq. 2.4.7, at level flight conditions we have

My
D=T = (2.4.8)

If the TSFC is constant, then the speed of minimum drag is also the speed of minimum thrust and speed of

minimum fuel flow. The specific fuel consumption is inversely proportional to the thermal efficiency of the engine,
and for propeller propulsion it is also inversely proportional to the propulsion efficiency, 7.

The specific fuel consumption of gas turbine engines has been decreasing since their first inception. The chart
shown in Figure 2.4-11 was elaborated from data obtained from Rolls-Royce. The datum at the far right of the chart is
the 2020 target. The 7-8% improvement on the TSFC is a considerable gain, when one considers the amount of fuel
that is burned by an aircraft during one year of operation or during its lifetime in service.

Technical information on aviation fuels has been provided by Goodger and Vere, in addition to some reports on
standards. Table 2.4-2 shows some basic data of aviation fuel useful for performance calculations. The stoichiometric
ratios are between 0.0672 and 0.0678.

Table 2.4-1 Basic jet engine data.

Engine SFC, S/L kgm/s/N BPR my kgm/s Tio kN
GE-90 1.051 - 107° 8.4 1,350 70.0
CF6-50C2 1.051 - 10°° 5.7 590 50.3
CF6-80C2 9.320 - 107° 5.1 800 50.4
RR RB-211-524G/H 1.595 - 107° 4.3 730 52.1
RR Trent 882 1.566 - 107° 4.3 730 72.2
P&W JT-9D-7R4 1.566 - 10°° 5.0 690 176.3
P&W JT-8D-17R 2.337 - 107° 6.6 470 30.8
CFM-56-5C2 1.606 - 10°° 1.0 150 18.9
V-2500 1.629 - 10°° 54 355 21.6

www.cargeek.ir


http://www.cargeek.ir/
http://www.cargeek.ir/

www.cargeek.ir

Engines

0 G RR Trent 895

"ELRR Trent 500

@ RR Trent 900

extrapolation

TSFC reduction (%)
|
<
T

-15- g
Rolls-Royce Target

20 ! ! 1 ! !
2000 2005 2010 2015 2020

Year

Figure 2.4-11 Specific fuel consumption reduction from technological advances on the Trent series of aero engines (data
from Rolls-Royce).

Table 2.4-2 Characteristics of aviation fuels at 15°C. Data are averages.

Fuel Wide-cut Kerosene AV gas

Specific weight 0.762 kg/I 0.810 kg/I 0.715 kg/I
Specific combustion heat 43.54 MJ/kg 43.28 MJ/kg 43.71 MJ/kg

The thermal efficiency is a measure of the effectiveness of the conversion of the thermal energy of the fuel by
combustion to useful power. This efficiency is less than unity and reflects the inability to use the heat of the exhaust
gases, and presence of other losses associated to the engine cycle, such as the losses in compression, combustion, and
expansion.

The specific impulse is defined as the ratio between the thrust and the specific fuel consumption,

T
CSFC

Iy (2.4.9)

It represents the time that a given engine could operate by burning the amount of fuel with a weight equal to the
thrust. Sometimes the specific impulse is defined as the amount of time a unit of mass of propellant will last for a unit
thrust delivered. This index is useful when comparing different types of propulsion systems (propellers, jets and
rockets).

The physical dimensions of the specific impulse are that of speed (force/mass flow rate = N/(kg sTh = (kg ms~ %)/
(kg s™h = m/s), although it is sometimes given in seconds. Power plants that deliver large amounts of thrust have
a large specific impulse. A map of specific impulse for various types of thrust-producing vehicles is shown in
Figure 2.4-12. The specific impulse varies from about 70,000 seconds for a conventional helicopter to 3,500 seconds
(one hour) for a pure jet engine with after-burning.

Table 2.4-3 summarizes some fuel flow data for well-known aircraft, taken at their average take-off gross weight.
The engines are classified according to the Federal Aviation Administration (FAA), in terms of number of engines and
type of airframe.

Example

Below is an example of a calculation of fuel flow and specific fuel consumption at cruise conditions for the airliner.
The flight altitude was set at # = 10,500 m. We have calculated the net thrust from the drag force, and the drag force
from an estimated Cp at cruise conditions. The TSFC is then found from solving Eq. 2.4.8.
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Figure 2.4-12 Specific impulse /s, of various propulsive systems.

Table 2.4-3 Selected aircraft data and applications statistical value.

Aircraft Type Engines TOW, kg nte, kg/h
Boeing B-747/100 wide body 4 340,200 13,770
Boeing B-747/400 wide body 4 394,630 15,208
DC-8-63 narrow body 4 158,900 8,641
MD-11 wide body 3 277,930 9,319
Boeing B-727-200 narrow body 3 95,030 6,980
Airbus A-300/600 wide body 2 161,030 6,351
Boeing B-777 wide body 2 248,570 8,012
Boeing B-737/500 narrow body 2 60,240 2,827
MD-80 narrow body 2 67,810 3,531
Canadair CL-601 regional jet 2 19,550 1,317
Fokker F-100 regional jet 2 44,450 2,748
SAAB 340 regional prop 2 12,700 488
Embraer 120 regional prop 2 11,500 608

Aircraft mass at start
mi = 150000.0 kg
fuel mass = 45000.0 kg
fuel ratio = 0.30
Estimated cruise drag
CD = 0.02988
Drag = 85.156 kN
Estimated TSFC TSFC = 0.161E-03 N/s/N
0.164E-04 kg f/s/N
0.0589 kg_f/h/N
0.5781 1bf/h/1bf
Estimated Fuel Flow ff = 13.674 N/s
5018.002 kg_f/h
11062.617 1b_f/h

Estimated endurance, full tanks E 9.76 hours
Estimated endurance w/ actual fuel 8.97 hours
Glide ratio at start, L/D = 17.280
Figureof Merit at start M (L/D) = 13.824
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The program includes a few lines to perform basic unit conversions. The estimate for the endurance (flight time
with the available fuel) and glide ratio are also useful to validate our assumptions.

2.4.6.1 Aspects of Fuel Consumption

In 1998, worldwide consumption of aviation fuel was about 680 million liters per day, an increase of 13% from 1990.
"This consumption is now expected to be in excess of 700 million liters/day. Every year air travel releases 600 million
tons of CO; into the atmosphere.

It was previously mentioned that fuel may be jettisoned in emergency situations. The fuel evaporates quickly and
does not reach the ground if the altitude of release is 1,500 feet (457 m) or above. Although this practice is dis-
couraged, some data indicate that civil aviation jettisons about 0.01% of the fuel consumed. At the current levels of
consumption, this corresponds to 17,000 liters/day (5,000 tons/year) — hardly a negligible amount. Clevell also
reported that fuel is jettisoned about 1,000 times a year by the US military, for a total of 7,000 tons. Regulations for
civil aviation require that fuel is jettisoned at sea, from altitudes above 10,000 ft.

2.4.7 Propulsive Efficiency

For an engine flying level at speed U, the one-dimensional equation for the mass flow through the engine is found
from the energy equation (or first law of thermodynamics) applied to a control volume of the flow into the engine. We
consider the control volume limited by the stream tube through the inlet section, as shown in Figure 2.4-13; we also
assume that the flow is in the axial direction.

If O is the heat transferred per unit of time to the air by combustion of the fuel (thermal energy transfer rate), and
JW is the work done on the air, then the energy balance reads:

0—W =nm, {(1 +£) (/ze +%(Ug - U)Z) — hy — E(ﬁf +UTZ)] (2.4.10)

where the subscript ¢ indicates the exit conditions, « indicates the air and £ is relative to the fuel; § = tity [, is the
fuel air mixture; /4 is the enthalpy per unit mass of the flow; and U is the air speed. The work done on the system is

W =—[TU = (p — pa) ], (2.4.11)

where 7'is the thrust, p, is the pressure at the exit of the control volume, p, is the air pressure at the inlet of the
control volume and 4, is the cross-sectional area of the exit. The first term in Eq. 2.4.11 denotes the work done by the
thrust; the second term is the work done against the static pressure. By combining Eq. 2.4.10 and Eq. 2.4.11, after
simplification the thrust equation becomes

T =it [(1 4+ EVU, = Ul + (pe — pa)Ae- (2.4.12)

Equation 2.4.12 shows that the engine thrust is proportional to the mass flow rate into the engine.
The propulsive efficiency of the jet engine is defined as the ratio of the thrust-power (power generated by the
thrust force 7'at a speed U) and the rate of production of propellant kinetic energy. This ratio can be written as

_ U
(1 +E)U2/2 - U2)2)

7, (2.4.13)

Streamlines of intake Engine
Streamlines of exhaust

Air intake Nozzle exit

Control volume

Figure 2.4-13 Control volume on the jet engine.
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The fuel-to-air mixture ratio is much less than 1 (in fact, £ = 0.067). Often it is appropriate to neglect the pressure
term, because p, = p,, e.g. the exit pressure is nearly equal to the local atmospheric pressure (fully expanded jets).
With these two approximations, from Eq. 2.4.12 and Eq. 2.4.13, the propulsive efficiency becomes

1

T TU + (U2 — U2))2 (2.4.14)

My

Equation 2.4.14 shows that the propulsive efficiency is less than 1 and increases as the jet velocity tends to the engine
velocity. The difference (U? — U?)/2 is the residual kinetic energy per unit mass of the jet. It is worth noting that
low jet speeds are not only necessary for high propulsive efficiency, but also for engine noise reduction. One way to
reduce the residual kinetic energy of the jet is to increase the mass flow, and this is in fact achieved by the high by-
pass ratio turbofans.

2.4.8 Thrust Characteristics

In order to find an expression for the thrust as a function of the throttle setting, it is important to know how the mass
flow rate into the engine is dependent on the pressure ratio and the rotational speed of the engine. The mass flow
rate is

i, = pUA = (pUA),, (2.4.15)

where the subscript “c” denotes the flow conditions at the exit of the compressor. The cross-sectional area 4, is fixed.
If we use the definition of compression ratio and apply the equation of the ideal gas to the compressor flow, we have

: e\ (T
md = p;lJ(AL = pp—ﬂUﬁA[poo = (pp—) <T ) U[A('pco

, * (2.4.16)
=prpApaT =,
where p, is the compression ratio. This can also be written as
]%:p,—lzpwgz. (2.4.17)

Therefore, we conclude that the engine thrust is proportional to the mass flow rate, to the pressure ratio, and the
square of the rotational speed. A useful approximation is

m 2
,1*,: (g> ) (2.4.18)

with 7, denoting the maximum power and €, the maximum rotational speed. The axial compressor is designed to
perform at its best over a narrow range of speeds, usually close to the maximum 7pm.

As far as the speed is concerned, the mass flow into the engine is obtained through a convergent nozzle. From
compressible aerodynamic theory we know that the flow can be accelerated through a convergent nozzle up to the
sonic speed, where the mass flow rate is maximum (for a given cross-section and atmospheric conditions). An increase
in the speed of the engine will not increase the speed of the inlet mass flow, and the engine becomes chocked. The
chocked mass flow rate can be calculated starting from the St Venant equation

My _ 2y » 2/y (P Y=1/v
A - pa\/,Y _ 1p0p/} (P()) 1 ) ) (2419)

where the subscript “0” denotes stagnation conditions. Sonic conditions at the throat of the nozzle lead to the

chocked mass flow rate
m
7= 1.88654/p,p3. (2.4.20)

In fact, to have chocked conditions, the low must reach a sonic speed at the throat of a convergent-divergent nozzle.
In this case, M = 1 and p/p, = 1.893, as we find from aerodynamic theory.
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In first-order performance calculations the jet engine thrust is assumed to be independent of the speed, and
variable with the altitude according to the equation
T

7= oI, (2.4.21)

with the power 7 = 0.7-0.8, as found from the statistical analysis of several engines. The movement of the throttle
commands the opening and closing of the fuel valve. The valve controls the fuel flow into the engines, and hence the
thrust and power delivered. Since excessive fuel flow can create temperature surges in some sections of the engine
(combustion chamber, turbine, and nozzle), modern engines have means for overriding excess fuel flows at full-
throttle condition.

[t is important to mention that most performance calculations are done by assuming either a constant throttle, or
an impulsive response of the engine to changes in the throttle settings. More elaborate analysis would require to take
into account the time lag between control inputs and engine rotor speeds. Such an analysis may be required in
helicopter maneuver, and is discussed in some detail by Newman.

2.49 Propeller Characteristics

Aircraft propulsion by propeller is still the most widespread method of converting engine power into useful thrust,
and hence aircraft speed. The mechanism of generating thrust and torque from a propeller is the subject of propeller
aerodynamics; therefore, we cannot go into details in this context, except for some basic axial momentum theory. The
essential theory has been provided by Glauert and Theodorsen.

Data and propeller charts, for the purpose of basic performance calculations, can be found in some old NACA
reports, such as those by Biermann and Hartman and Theodorsen and co-workers. In these reports the reader can find
performance data of propellers with two to six blades. More advanced concepts, broadly related to other problems in
aircraft performance, are available in AGARD CP-366.

To understand propeller performance, we need to identify the relevant parameters of operation. These parameters
are the advancing speed U, the rotational speed, and the tip Mach number My,. In addition, there are several
geometrical quantities that depend on the propeller: the number of blades, the diameter 4, the pitch 6, the type of
blade section, the chord distribution along the radius, the tip geometry, and the hub geometry.

The pitch is a measure of the orientation of the propeller on a plane normal to the axis of rotation, as shown in
Figure 2.4-14. The reference line for the calculation of the pitch is the chord. Figure 2.4-14 shows how the local mflow
angle is calculated. If the blade section is at a radial position 3, the total inflow velocity is 1/ U2 + (Qy)z. The direction
of the resulting vector velocity is inclined by an angle « on the chord line: this is the local inflow angle, or angle of
attack of the blade section.

The thrust generated is the resulting aerodynamic force in the direction of the forward flight. The lift and drag of
the blade section are oriented in different directions to the aircraft’s global forces. The aircraft’s drag is parallel to the
thrust element and has opposite direction.

Rotor plane

Total force
Lift

Blade section

Thrust «———\" <.

Effective
velocity

Qy
Pitch 6

Figure 2.4-14 Nomenclature of forces on blade section.
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The solidity o is the ratio between the blade area (projected on the rotor disk) and the rotor disk*
N¢
0g=2—, 2.4.22
o’ ( )
where N is the number of blades and ¢ is the mean chord. The solidity is an important design parameter; in fact, the
rotor coefficients are often normalized by @, to express the notion of effective disk loading.
"To make the data more useful from an engineering point of view, we need a measure of performance. This is the
efficiency, or the ratio between propulsive power and power at the shaft

_w

P (2.4.23)

The propulsive efficiency expresses the ability to convert power from the engine (or power at the shaft) into useful
power to fly at a speed U. The functional dependence of the efficiency from the other parameters is expressed as

n=/f(U,ipm,d,0,-). (2.4.24)
If the aircraft is stationary on the ground, the conversion efficiency is zero, and all the shaft power generated from

burning fuel is lost. The energy £ is dissipated at the blades and transferred to the slipstream, which has an axial and
rotational velocity. In general terms, the shaft power is

P=TU+E. (2.4.25)

By using the dimensional analysis, the forward speed, the rotational speed and the diameter are replaced by another
dimensionless group, the advance ratio

U
= . 4.26
rpm d (2.4.26)
Equation 2.4.26 is just one possibility. Another definition for J is
U
Ji === 4.
"TOR (2.4.27)
The two values of the advance ratio are proportional to each other. The scaling factor is
60
Ji = ?j, (2.4.28)

The advance ratio is a measure of the advancement of the propeller in one revolution, measured in number of di-
ameters. The advance ratio is also a scaling parameter, indicating that all the propellers with the same J, and geo-
metrically similar; have the same performance index. In other words, a propeller with a diameter of 2 m, operating at
2,000 rpm, and a forward speed 70 m/s (J = 0.33), has the same performance as a scaled-down propeller of 1.5 m
diameter rotating at a speed of 3,000 rpm, and advancing at the same speed.

Finally, a parameter of interest is the tip speed ratio, e.g. the ratio between the propeller’s speed and the tip speed:

U
A= R (2.4.29)

For conventional acronautic propellers, the tip speed Uy, = QR is restricted to subsonic values, in order to keep wave
drag losses, noise and vibrations under acceptable limits. If we introduce the Mach number, then

Up 1
My ===\ U2 + QPR2. (2.4.30)

a a

In principle, to keep the tip Mach number to subsonic values, one can operate on the aircraft speed, on the rpm and
on the propeller’s radius R.

The blade’s Activity Factor (AF) is a non-dimensional parameter that measures the power absorbed by a propeller
blade,

11p 3
T A G
A =10 J,-o,,fR<R> [/(R)' (2.4.31)

* Unfortunately, this is the same symbol as the relative density of the air. We maintain the convention currently used in propeller
and helicopter analysis and use ¢ for the solidity. Therefore, to avoid confusion, either p, p/p, or 61 will be used for the air density.
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The factor 10° is used to keep the value of the AF within unit values. The Total Activity Factor (TAF) is defined as
the product between the number of blades &V, and the single blade’s activity factor,

TAF =N AF. (2.4.32)

Among the parameters that are most effective in setting the value of the efficiency, the propeller pitch deserves
special mention. One often finds propeller charts in the form of Figure 2.4-15, where the efficiency is plotted versus
the advance ratio for a fixed value of the pitch. The maximum value of 1 depends on the advance ratio (a quantity
easily measurable). As the pitch decreases, the advance ratio corresponding to maximum propulsion efficiency
decreases. At all pitch settings there may be two values of the advance ratio that yield the same value of the
propulsion efficiency, one below and one above the optimal advance ratio. This does not mean that the low condition
past the blades is the same. On the contrary, the point of operation past the optimal propulsion efficiency is char-
acterized by unsteady flow separation on parts of the blade sections. This is a condition of blade stall, in a similar
fashion to the elementary wing section.

The curves in Figure 2.4-15 indicate that the efficiency increases up to a maximum, then it decreases sharply; in
some cases it almost plunges to zero. This is often an indication that the propeller has stalled.

Propeller charts, where the parameter is the pitch angle of the blades, are to be used in the calculation of the range
and the endurance of propeller-driven airplanes. For given flight conditions, it is required to determine the rotational
speed that gives the maximum ratio of the propulsive efficiency to the specific fuel consumption.

A number of other dimensionless coefficients are defined, and propeller charts can be found with these param-
eters, which are the power, thrust and torque coefficients:

T P 0
r=—1— P=——"—=

pA(QR)? pAQR YT pA(QR)R (2:433)

Large values of these coefficients are an indication of large thrust, power and torque absorption by the propeller.
A useful relationship between the efficiency and the advance ratio involves some of the parameters in Eq. 2.4.33,

n=J-L. (2.4.34)

One type of propeller chart is shown in Figure 2.4-16. This is the advance ratio J versus the power coefficient Cp, at
different values of the average (7. One curve is the optimum propeller performance. This can be thought of as the
envelope of optimal performance in the range of useful advance ratios. For a given advance ratio (e.g. operational
conditions), the corresponding power coefficient is read on the vertical axis, if the blade’s (7 is known.

Propeller efficiency

0 0.5 1 15 2 25 3
Advance ratio, J

Figure 2.4-15 Propeller chart: four-bladed propeller at different pitch angles (as indicated); J versus 7 (data from
Hamilton Sundstrand).
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Ce

Figure 2.4-16 Propeller chart: four-bladed propeller at different design C; (as indicated); Cp versus C;/Cp (data from
Hamilton Sundstrand).
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Figure 2.4-17 Propeller chart: four-bladed propeller’s best efficiency in the plane J—Cp (data from Hamilton Sundstrand).

Another type of chart is shown in Figure 2.4-17. The reference axes are the same. These lines of constant propeller
efficiency are plotted. From Eq. 2.4.34 it is found that for a constant 7, J/ and C'7/Cp are inversely proportional. Since
Cris positive, curves of constant efficiency have a positive slope on the plane J—Cp. If also (7 is constant (a rea-
sonable approximation over a reasonable range of advance ratios), the 1 = constant curve is a straight line. Operation
at maximum 7) requires operation over a limited range of advance ratios.

Although of great importance for analyzing the propeller performance, the coefficients given by Egs 2.4.33 are not
useful for determining the engine power required to fly at a given air speed, altitude and gross weight. In fact,
propeller operation is analyzed either at a constant rotational speed, or at constant pitch. Operation with a mix of
rotational velocities and pitch angles is also possible (see Figure 2.4-18).

For this purpose, it is necessary to have propeller data that do not depend on the rotational speed, as in
Figure 2.4-15. If the pitch setting is unique, then the efficiency is a single curve, that can only be changed with the
advance ratio, i.e. by a combination of rotational and forward speed.
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0.08

0.06

o
& 0.04

0.02

Advance ratio, J

Figure 2.4-18 Propeller chart: four-bladed propeller performance. Solid lines are performance indicators at constant
pitch angle (as indicated, calculated at 3/4 chord); dotted lines are lines of constant efficiency in the J versus Cp plane
(data from Hamilton Sundstrand).

2.4.9.1 The Axial Momentum Theory

The most elementary theoretical mechanism for converting the rotating power of a propeller into useful thrust is
based on the one-dimensional momentum theory for the flow that passes through the propeller disk (Rankine-Froude
momentum theory). This theory is conceptually and practically important. First, it provides a first-order estimate of
the power and thrust of an open air screw; second, the method is general and can be applied to the thrust generation
from a helicopter rotor (Chapter 2.5). There is a unified theory for propellers and helicopter rotors that is useful for
a wide range of performance calculations. This method is so powerful that one often forgets its shortcomings, namely
the lack of reference to the blades’ geometry and the rotational speed.

According to the basic momentum theory, the propeller is reduced to a rotating disk that imparts axial momentum
to the air passing through it. For the purpose of this discussion the air is incompressible. For reference, consider
sections 0 (far upstream), 1 (just upstream the disk), 2 (just downstream the disk) and 3 (far downstream), as shown
in Figure 2.4-19. The subscripts will refer to quantities at these sections.

/

/

Propeller disk

=<

y
y
y

|

2 Stream tube

’

Figure 2.4-19 One-dimensional axial flow model of airplane propeller.
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The theory assumes that there is no flux along the limiting streamlines and that the velocity is continuous through
the propeller disk. The free stream velocity is equal to the propeller’s speed U = U,. The continuity equation written
for the incompressible mass flow rate within the stream tube is

Au = const. (2.4.35)

The propeller thrust is equal to the rate of change of axial momentum at the disk,
T =A(p; — p1). (2.4.36)

Now we can apply the Bernoulli equation between sections 0—1 upstream and 2-3 downstream of the propeller,
Figure 2.4-19,

1 1 1 1
Do+ 5pU% =pr+5pUL, py+5pus = p2 +5pUf. (2.4.37)
The difference between the two equations yields the pressure jump through the propeller
1
b2 =pr=5p(5 = U%), (2.4.38)

because from the continuity equation the velocity is continuous at the rotor disk, e.g. #; = #;. From Eq. 2.4.36 the
thrust generated by the propeller becomes

o1
T = EpA(u§ — U?) = pAsus(uz; — U). (2.4.39)
The total power is

1 1 1
P =T +U) = + U)? — En'zUZ = 5 s (w3 + 20), (2.4.40)

that is obtained by substituting Eq. 2.4.39. The energy imparted to the slipstream is
1
E= §A3pu3(u§ - U%). (2.4.41)

This energy is minimal when the slipstream velocity is equal to the propeller velocity. The total power is found from
summing up Eq. 2.4.41 and Eq. 2.4.40. The slipstream velocity far downstream, #3, can be related to the velocity at
the disk #y and the free stream velocity U. In fact, the power absorbed by the propeller is

T = ti(uz + U) — il = rius, (2.4.42)

By combination of Eq. 2.4.40 and Eq. 2.4.42, we have
1

wm = Eu;. (2.4.43)

In conclusion, the air speed at the rotor disk is the average between the propeller’s speed and the speed far
downstream. Also, the far downstream velocity is twice the induced velocity disk. For a static propeller this re-
lationship provides the value of the mnduced velocity at the rotor disk:

1

U =v; = 2”3' (2.4.44)

The corresponding induced power is P; = Tv;. The thrust becomes
T'=2pA(U + v;)oi, (2.4.45)

where pA(U + v;) is the mass flow rate through the disk, and 29; is the total increase in velocity. The corresponding
power is the product between the thrust and the velocity through the disk

P =T(U+v;) =2pA(U 4 v;)*v;. (2.4.46)
"This power expression contains two terms: (1) a useful power 7U and (2) an induced power 7o; which is a loss due to
the kinetic energy imparted to the flow. The propulsion efficiency is

o w v
_P_T(U-i-vi)_U—O—v/

(2.4.47)
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Therefore, the propulsion efficiency decreases as the induced velocity increases. The induced velocity in terms of
the thrust is found from Eq. 2.4.45, which is quadratic in v;. The only physical solution of Eq. 2.4.45 is a positive vj,

/ 2T
- 2 0
U+ U+pA

Under static conditions, U = 0, we have

[T |73
o=\zi 5=\ (2.4.49)

These expressions will be useful for rotorcraft calculations (Chapter 2.5).

. (2.4.48)

Z/,'ZE

An important aspect of this elementary theory is the behavior of the pressure. For points upstream or downstream
of the propeller, there is a conservation of total pressure (sum of the static pressure and dynamic pressure, ¢ = pUZ/Z).
The total pressure is given by the Bernoulli equation, Eq. 2.4.37. The engine power is used to increase the kinetic
energy of the air passing through the disk. Therefore, we conclude that the theory involves a sudden increase of
pressure through the propeller disk, while the velocity of the air in the stream tube is continuous. The flow
undergoes an acceleration; therefore, the slipstream must contract, according to the continuity in Eq. 2.4.35.

Obviously, various advancements and refinements can be done from the above assumptions. With respect to the
non-uniform axial inflow, one needs to integrate the change of axial momentum over the propeller disk, and the
result is

T= J pus(uz — U)dA, (2.4.50)
A

A similar expression is obtained for the loss of energy:

E= %J pus (a5 — U?)dA. (2.4.51)
A

An essential hypothesis is that of axi-symmetric flow through the disk, which is quite reasonable for a propeller in
axial flight. This hypothesis leads to a slightly modified theory.

Consider an annulus of width ¢, corresponding to an area d4 = 2mydy. The element of thrust generated by the
mass flow is

= p(U +v;)dA, (2.4.52)
through this annulus is

dT = 2p(U + v;)vidAd = 4mp(U + v;)v;ydy. (2.4.53)
We define the following induced velocity ratio
U+o Q (%

QR Q) QR \U,

.)\:U+?J;

)r = tan@ r, (2.4.54)

where U, and U, are the velocity components normal and tangential to the rotor plane, ¢ is the inflow angle. In
general, U, < Uy therefore, we can make the approximation

tan p=¢ = %’; = é (2.4.55)

If we introduce the inflow velocity ratio, Eq. 2.4.54, we find

_ U+ (v 2, , 2
with A; = 9/QR. Note that }; is the induced velocity ratio in the absence of axial flight velocity. It can also be written
as
o U o U U U o U o
h=ar~ortar R~ oMM (24.37)
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with A, = U/QR. The resulting thrust is found from integration of Eq. 2.4.56,

R
- 47rp(QR)2j Mhaidy. (2.4.58)

0

The element of power is ZP = d1v;; therefore,
R
P = 4mp(QR)° J Ny (2.4.59)
0

These integrations can only be done if the radial distribution of induced velocity is known; therefore, the problem is
not closed. A solution can be found by combining the results of the blade momentum theory (next section). Various
further advancements have been achieved over the years, and it is now possible to model the case of a propeller/rotor
disk inclined by any angle on the free stream, with almost any load distribution on the rotor.

2.4.9.2 The Blade Element Method

The axial momentum theory provides integral quantities, such as thrust and power. These characteristics do not
seem to depend on the propeller’s geometry, which is clearly a shortcoming. In the blade element method, these
details are yanked back into the theory. In this framework, the blade sections are supposed to operate like two-
dimensional sections, with the local inflow conditions derived by appropriate means in the rotating environment, see
Figure 2.4-14. Although the definition of this inflow is not obvious, and the interference between elements on the
same blade and between blades is not taken into account, the method is otherwise extremely powerful. It allows the
calculation of basic performance from the geometrical details and the two-dimensional blade section aecrodynamics.
The method described below applies to the helicopter rotor blades as well, though with some small changes.
The relationship between inflow angle, pitch angle and angle of attack is

a=0-¢. (2.4.60)

The pitch is a geometrical setting, whilst the angle of attack of the blade section and the inflow velocity are op-
erational free parameters. The lift and drag forces on this section are

dl. = %pch U%dy, (2.4.61)

1
dD = Epch U%dy. (2.4.62)

These forces, resolved along the direction normal and parallel to the rotor disk give the contributions to the thrust,
torque and power for the single blade

dT = dlL. cos ¢ — dD sin ¢, (2.4.63)
dQ = (dL sin ¢ + dD cos @)y, (2.4.64)
dP = (dL sin ¢ + dD cos ¢)Qy. (2.4.65)

These elements can be written in non-dimensional form, using the definition of coefficients given by Eq. 2.4.33. The
total thrust, torque and power for NV blades will require integration of the above expressions from the inboard cut-off
point to the tip.

The integrals are, in fact, not solved directly, but numerically. If we divide the blade section into a number # of
elements, each having a radial width #y; then

n
T'=N (dLj cos§; —dD sin ¢,), (2.4.66)
j=1
n
Q=N (dL; sin§;+dD cos ;)ydy;, (2.4.67)
j=1
P=N) (dL; sin¢; +dD cos §;) Qydy;, (2.4.68)

J=1
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with the forces evaluated from Eq. 2.4.61 and Eq. 2.4.62. All the quantities appearing in the aecrodynamic forces
change with the radial position, including the chord (for complex geometries), the density (for high-speed flows),
and the €7 and (p (depending on local angle of attack o, Reynolds number Re and Mach number M/). The problem is
to find the inflow angle @, the resultant angle of attack a and the actual inflow velocity U at each blade section.
For the solution of the problem we still have too many unknowns and too few equations. One way of finding the
induced velocity ratio is to introduce the axial momentum theory. This combination eliminates the unknowns
discussed above, namely the radial distribution of induced velocity o;.
With the approximation introduced by Eq. 2.4.55, the element of thrust can be written as 7" = L. Since the
results of both theories must be the same, we are led to the equivalence between Eq. 2.4.56 and Eq. 2.4.61
dl. = Qprzc’/‘ UPdy = N pcCr aU%dy = dT
”2 2 (2.4.69)
= EPJCL,X‘XUZdJ’ = 41PN (QR)?yddy.

Now simplify Eq. 2.4.69, by using: U = Qy, Eq. 2.4.60 (definition of angle of attack), Eq. 2.4.55 (small inflow angle
approximation), and Eq. 2.4.22 (definition of solidity). After this algebra, the result (Problem 8) is

%ocLa Br—2) = A=), (2.4.70)

Equation 2.4.70 must be solved for the unknown inflow velocity ratio A. It is a quadratic equation with a positive and
a negative root. The meaningful solution is

1/2
- O-CL,X Ar 2 O'CL,X O'CLa /\[
S (G 0 eam

16 2
The calculation of the rotor power is done in the same way. All the quantities are known from the previous discussion,

and the power can be calculated alongside the thrust, from the equation

P=N

(@L;¢; +dD) Qydy;. (2.4.72)
J=1

Computational Procedure

1. Read propeller’s geometry (radius, chord, twist distributions).
2. Read operational parameters (rpm, U, density altitude).
3. Read the two-dimensional Cp, and Cf,Cy,,, distributions.
4. Divide the radius in a number 7 of blade elements.

5. Set the radial position (szart loop).

6. At current 7 solve Eq. 2.4.70 to find A, Eq. 2.4.71.

7. Solve Eq. 2.4.55 to find ¢.

8. Solve Eq. 2.4.60 to find w.

9. Solve Eq. 2.4.69 to find the thrust Z1
10. Update the thrust.
11. End loop.

A correction is usually applied to the above procedure, because it implies that the acrodynamic flow around the
blade section follows that of the airfoil. However, both the tip and the root are affected by three-dimensional effects,
which lead to loss of lift, and hence loss of thrust. One of these corrections is due to Prandtl, and is written as

k(r) = (7%_) cos e 1), (2.4.73)
with
N1—r
fr) = 7 (2.4.74)

The corrected thrust will be @7%(r). A plot of #(r) shows that it is equal to one for most of the span, but it tends
rapidly to zero near the tip, with a rate depending on the number of blades and the inflow angle. The alternative to
this method is to consider an effective blade radius R, < R, and proceed with the calculations as described above.

www.cargeek.ir

77


http://www.cargeek.ir/
http://www.cargeek.ir/

78

www.cargeek.ir

Engines

The procedure described neglects a number of difficulties. These are related to the format in which the aero-
dynamic data are available. Ideally one would have data like Cp = Cp(a, M), €, = Cr(a, M) in a matrix form.

From the performance point of view, it is important to know how to operate the propeller engines, so as to
minimize losses and increase fuel efficiency. For a given propeller installation, the parameters that can be changed are
the pitch, the rotational speed and the flight speed. Other important aspects of propeller performance are the

174,175 176,177

interaction with the wing and the fuselage , compressibility effects , and the propeller noise.

Problems

1. A turbofan engine has a specific fuel consumption between 0.368 and 0.385 Ib/Ib/h. Convert these data into
units kg/N/s. Is this a conversion into international units? Finally convert the data into kg/kIN/s.

2. A certain aircraft has a fuel flow at cruise conditions estimated at 1,400 US gallons per hour. Convert this data
into NV/s. Also, assume that the aircraft has two engines, and that the total thrust delivered at cruise conditions is
T = 210 kN. What is the specific fuel consumption of the engines in N/N/s? (For aviation fuel use the data in
Table 2.4-2).

3. The Boeing 747-400 is known to burn fuel at the rate of about 3% of its take-off gross weight every hour.
Calculate the amount of fuel in metric tons per hour, in liters per hour, and the number of liters required to fly
1 km at a cruise altitude # = 11,000 m.

4. Discuss the parameters affecting the mass flow rate into a jet engine. Provide some qualitative plots of mi, as
a function of flight altitude, Mach number, engine diameter, and rpm. Use the St Venant equation to calculate
the chocked mass flow rate per unit nozzle area as a function of flight altitude.

5. The Boeing B-747/400 has its power plant re-engineered. As a result, its TSFC is decreased by 3%. The other
characteristics of the aircraft do not change significantly; therefore, its weight can be considered constant. The
aircraft is to have an annual block time of 700 hours. Calculate the saving in fuel consumption over the year. Also,
considering that the fuel consumption represents 9% of the direct operating costs of the aircraft, calculate the
money that can be saved by the improved engines. Consider constant aviation fuel price, equal to 0.70 US
dollars/liter. Repeat the analysis for the SAAB 340, and draw a conclusion regarding the effects of fuel efficiency
on the operation of the two aircraft. (Please note that aviation fuel prices change greatly over short times, and depend on the
airport and the quantity purchased.)

6. As an example of pollution created in the high atmosphere by commerecial air traffic, we want to calculate the
heat released per unit of time by aircraft model A flying at its cruise altitude (10,800 m) at its cruise speed
(M = 0.80) at ISA conditions. The Mach number of the jets from the nozzle of its two jet engines is M = 1.3, and
the nozzle cross-sectional area is 4, = 1.8 m?, and the average jet temperature is estimated at 7; = 850 degrees.

7. Consider a four-bladed propeller, whose performance charts are given in Figures 2.4-14 and 2.4-15. This pro-
peller has a diameter = 1.8 m, and is coupled to an engine that delivers a maximum shaft power P = 300 kW.
Its maximum tip Mach number at sea level is M, = 0.70. Determine if this propeller can be operated with an
efficiency 7 = 0.90.

8. Derive Eq. 2.4.70 from Eq. 2.4.69 and calculate its only physical solution, Eq. 2.4.71.
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2.5
Rotorcraft

Antonio Filippone

Whereas the airplane was developed by young men not previously known as inventors ... the fortunes of the helicopter have
been more in the hands of those with reputation previously acquired elsewhere.

E.P. Warner, 1922

This chapter introduces the direct-lift vehicles, e.g. vehicles that generate lift by the action of one or more rotors.
This category includes helicopters, autogiros and con-vertiplanes.

The flight conditions of a conventional helicopter include hover, axial climb and descent, forward (inclined) climb
and descent, level forward flight, sideways, backward and yawed flight, turning and maneuvering, autorotation, and
flight conversion. The flight condition between hover and level flight at moderate speeds is called flight z7ansition.
Besides these conditions, we must consider off-design flight operations, such as the vortex ring state, autorotation
and cornering flight. Therefore, the number of possible flight conditions of a rotary-wing aircraft exceeds that of
a fixed-wing aircraft.

A full performance analysis, aimed at selecting or designing a helicopter, planning a mission, or upgrading a vehicle,
must include at least range, endurance, hover in- and out-of-ground, climb rates at full power and one engine
inoperative (OEI), fuel consumption, and performance in non-standard atmosphere (cold or hot day).

2.5.1 Fundamentals

It often happens that the rotor technology dominates any discussion on the helicopter. Indeed, some essential
geometrical parameters, such as the airfoil section, the shape of the blade tips, the blade twist, and the articulation of
the hub, are very important in terms of overall rotorcraft performance.

Rotary-wing vehicles are far more complex than fixed-wing aircraft, because of the presence of rotating parts, their
aerodynamics and the interference with the airframe. There are additional stability, control, vibration and noise
problems, and a variety of flight conditions peculiar to the rotary-wing aircraft. Furthermore, the blades are highly
flexible, and are required to perform complicated movements as they travel around the hub (flapping, pitching/
feathering, lagging).

The original idea of the helicopter pioneers was to develop a direct-lift aircraft that would be able to hover and to
convert its flight from vertical to horizontal, and vice versa. This concept, simple as it looked, required over 30 years
of experiments by engineers and scientists around the world. The history of the development of the practical
helicopter is one of the most fascinating and controversial subjects in aviation. One of the contentious issues is
whether stable hovering is enough to grant anyone the right to the invention. Individuals who have claimed to have
invented the helicopter include a7 /east Etienne Oehmichen, Louis Breguet, Corradino D’Ascanio, Nicolas Florine,
Anton Flettner, Heinrich Focke and Igor Sikorsky. However, the helicopter was at a dead end until Juan de la Cierva
invented the cyclic pitch control. His system provided the means for handling the structural loads, and was a major
step forward in the development of both the helicopter and the autogiro.

Maneuverability takes forms not seen in any other flight vehicle. The helicopter can turn around itself on the spot,
pull up, do a split-S maneuver, and fly backward and sideways at great speeds. For example, the Kamov Ka-52 Alligator
claims a maximum backward speed of 90 km/h, and the Boeing-Sikorsky RAH-66 Comanche would be capable of
a backward speed of 130 km/h. Therefore, the helicopter is a highly versatile flight vehicle that has reached
phenomenal levels of sophistication.

For reference, Jane’s publishes detailed listings on all helicopters in service, under development and upgrading,
with plenty of technical data. A wealth of information is made available by the FAA/JAA to support the helicopter
certification standards and procedures (FAR 29 of the Airworthiness Standards: transport category rotorcraft). These
standards are becoming increasingly important, because they are used also for the certification of military helicopters.
The proof of compliance is specified by FAR.
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2.5.2 Helicopter Configurations

Before introducing a general description of the helicopter types we need to address a fundamental flight problem:
torque reaction. As the rotor spins in one direction, it does work on the air, and needs a torque to drive it. This torque
is provided by the engine, and it must be reacted by the airframe. Torque reaction causes the airframe to spin in the
opposite direction, unless the torque is balanced by other means: a direct moment or a force through an offset with
respect to the rotor shaft. In the first case a counter-rotating rotor is required; in the latter case full control is achieved
with a tail rotor, as shown in Figure 2.5-1.

Helicopters are primarily classified on the basis of their rotor system, on their gross weight and the type of
operation they perform (civil, commercial, military). There is also a convention regarding the weight of the aircraft.
A light helicopter has a maximum take-off weight (MTOW) below 12,000 1b (5,450 kg); a medium helicopter has an
weight up to 45,000 Ib (10,000 kg), although this category includes several heavy helicopters; heavy-lift helicopters
have an MTOW above this value. It is estimated that 95% of the helicopters operating worldwide are light heli-
copters; most of them have the conventional tail rotor configuration, as in Figure 2.5-1.

Figure 2.5-2 shows the most common configurations. Most helicopters have a single main rotor, slightly inclined
forward, and a tail rotor, as illustrated in Figure 2.5-1. This is nearly vertical and nearly aligned with the longitudinal
axis of the airframe for torque balance, stability, control and maneuver. Under this class there are all the general utility
vehicles, heavy-lift vehicles, light helicopters and most of the high-performance military helicopters.

Another class of vehicle is characterized by two main rotors: these can be coaxial and counter-rotating, tandem
(two separate axes), and intermeshing (with the rotor disks partially overlapping and the shafts inclined outward).
Other helicopters may lack the tail rotor and owe their control and stability to other technologies, such as NOTAR,
which is based on jet propulsion. Table 2.5-1 is a summary of helicopter types based on the torque reaction system.

For all types of helicopters vertical control is achieved by means of the rotor thrust. Longitudinal control is
achieved with the collective pitch. Lateral control is achieved by a combination of cyclic pitch and tail rotor thrust.
A summary of control systems is reported in Table 2.5-2.

There are other types of helicopters, mostly of experimental nature, but these will not be discussed here. These
include the compound helicopter, which derives part of its lift from conventional fixed wings. Compound aircraft that
have been designed, tested and built include the McDonnell XV-1 (1954), the Fairey Rotodyne (1957), the Hiller X-18
(1959), the Lockheed AH-56 Cheyenne, the Kamov Ka-22 and more recently the Sikorsky-Piasecki X-49. See Deal and
Jenkins*! for some flight research on this type of aircraft, and Stepniewski and Keys1 Vfora preliminary design analysis.

Figure 2.5-3 shows NASA’s research aircraft RSRA (1980s). The aircraft was designed to study the effects arising
from stopping the main rotor in flight. The lift would then be provided with the conventional wings mounted low on
the fuselage. This concept gave the aircraft the vertical stability of a helicopter, and the horizontal cruise capability of
a fixed-wing aircraft, as documented by Erickson and co-workers. A critical problem in flight stability and vibration is
the off-loading of the rotor and the reduced tip speed.

Thrust

e— ]

Tail rotor

Torque reaction /

“>._ (acceleration of airframe)

Figure 2.5-1 Torque reaction phenomenon; torque reaction is in the opposite direction.
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Figure 2.5-2 Helicopter configurations, with various anti-torque systems: (a) conventional helicopter; (b) tandem;
(c) NOTAR,; (d) coaxial; (e) intermeshing.

Table 2.5-1 Summary of main helicopter configurations, based on yaw control

systems.

Vehicle Rotor type Tail rotor
Eurocopter EC-365 Single rotor Fenestron
Sikorsky S-76 Single rotor Yes
Boeing CH-47 Tandem No
Kamov Ka-52 Counter-rotating No
Kaman K-max Intermeshing No
Boeing-Sikorsky V-22 Tiltrotor No
Boeing MD-500 NOTAR No

Table 2.5-2 Summary of helicopter control methods; p, g, r are pitch/roll/yaw rates, respectively.

Configuration X y z P q r

Single rotor MR tilt MR tilt MR thrust MR tilt MR tilt TR
fore/aft lateral collective fore/aft lateral thrust

Tandem Rotors tilt Rotor tilt Rotor thrust Rotors Tilt Rotors
fore/aft lateral collective differential lateral differential

Coaxial Rotors tilt Rotor tilt Rotor thrust Tilt Tilt Rotors
fore/aft lateral collective fore/aft lateral differential

Intermeshing Rotors tilt Rotor tilt Rotor thrust Tilt Tilt Rotors
fore/aft lateral collective fore/aft lateral differential

The autogiro is another hybrid vehicle that derives its lift from a rotating blade and its forward thrust from
a conventional propeller. This type of aircraft (the original idea of Juan de la Cierva) has some flaws, and it has never
been successful beyond the realm of aviation enthusiasts. Nevertheless, the autogiro continues to stir attention
in the aviation community. For a given GTOW, modern autogiros require the same power levels as conventional
helicopters at intermediate flight speeds.

2.5.3 Mission Profiles

The mission profiles of the helicopter include many of the operations of the fixed-wing airplane. Due to its peculiar
flight characteristics, the helicopter can carry a wide range and type of payloads. This is true both in the civil and
military arena. Civilian operations include: scheduled flight services between airports and heliports, search and rescue,
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Figure 2.5-3 NASA’s RSRA compound helicopter configuration.

disaster relief, traffic monitoring, policing, and executive services. A review of the roles of the civil helicopter has been
provided by Fay.

Many civil helicopters are approved for operation from/to challenging heliports, such as off-shore platforms (even
in severe weather conditions), aircraft carriers, and rooftops of buildings. They are allowed to fly over areas where
there are no emergency landing sites (Category A). For such operations the helicopter must be able to take off with
OEI, and achieve at least a 100 feet-per-minute (0.5 m/s) rate of climb. Helicopters that do not fall under this
category are certified to operate in safer areas, where landing is always possible (Category B). In any case, the cer-
tification authorities (see, for example, FAR Part 29) require a height/velocity diagram, both with single and dual
engine operation, to be included in the flight manual. The height/velocity diagram is a flight envelope in which the
operation of the aircraft is possible and safe. Take-off operations are affected by the atmospheric conditions, helipad
size and position, and community constraints.

Many helicopters currently operate within large metropolitan areas and have access to a good network of helipads.
Back in 1951, when the first helicopter operations started at the heart of Manhattan, the press was stunned by
helicopters “taking off and landing from 16-storey skyscrapers”.

Manufacturers offer different helicopters in the same nominal series, depending on applications. Each of them has
slightly different performance charts and different flight manuals. An example of this is the Sikorsky S-76C, available
in utility/off-shore configuration, or executive configuration.

Helicopters for sea and naval operations include Anti-Submarine Warfare (ASW), anti-surface ship warfare, medical
evacuation (medevac), logistics, search and rescue, and mine-sweeping*. Other military operations include long-range
missions in hostile territory, to be conducted day and night, in adverse weather, and extreme environments.

Mission planning for commercial and passenger traffic can be slightly more complicated than a flight mission of
a fixed-wing aircraft, essentially because helicopters tend to fly at lower altitudes around congested and built-up
corridors. Flight planning in these cases needs permission to fly over these areas. In addition, it may require studying
different flight corridors to minimize community noise, which depends heavily on local weather conditions. The
flight altitude for each segment should be the maximum allowed by the ATC, in order to minimize noise disturbances
and maximize safety. In London this altitude is 2,500 ft (770 m).

2.5.4 Flight Envelopes

The flight envelopes circumscribe the entire issue of rotary-wing performance. All the rotary-wing aircraft in
Figure 2.5-2 are capable of vertical take-off and landing; they are also capable of transitioning to low-speed forward

*The US Army has different designations for the same class of vehicles: OH is an observation helicopter; UH is a general utility,
CH is a cargo/heavy-lift helicopter; and AH is an attack/combat helicopter.
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flight and to turn around themselves. Therefore, the helicopter represents a unique flight vehicle that extends the
spectrum of powered flight possibilities, although it is not in direct competition with the fixed-wing airplane, as far as
speed is concerned.

In 1987, Drees wrote that speed will certainly be increased to the 450 kt level. 'That has not happened vet, nor does there
seem to be serious attempts at reaching these flight performances with a rotary-wing aircraft. Nevertheless, research
has continued at various institutions. An exhaustive report at Sikorsky concluded that for commercial transports, tilt-
wings and variable diameter tilt-rotor concepts have a better performance. For a military/attack role, the variable-
diameter helicopter was best. A design speed of 375 to 425 kt was found to be the maximum desirable for transport
missions. Research in high-speed rotorcraft at McDonnell-Douglas is documented by Rutherford and co-workers.
These authors discuss options for rotorcraft speeds in the range of 450 kt with rotor-wing and tilt-wing options.
Alternative configuration options have been provided by Talbot and co-workers. It was concluded that, with the
exception of autorotative performance and the large download at low speeds, the compound helicopter has several
advantages at high speed.

The level flight speed record is owned by the Westland Lynx helicopter, with 400.87 km/h (216.3 kt), thanks to
a combination of installed power and the helicopter’s stability at high speeds. The actual speeds of the common
helicopter are considerably lower, in the range of 250 to 280 km/h (e.g. up to 150 kt).

The maximum speed is limited by a large number of factors, not directly related to the installed engine power.
These factors include the tip speed, the dynamic stall, vibration, stability, maximum transmission torque, noise
emission, etc.

At present, high-altitude helicopter flight has a limited commercial market, although it is of some interest for
mountain rescue operations, for military operations and atmospheric research. In fact, most helicopter flights take
place at low altitudes, up to 1,000 m (3,000 ft) from ground level.

2.5.5 Definitions and Reference Systems

"To properly understand the operation and performance of the helicopter, it is necessary to explain the nomenclature
and the reference systems commonly used. Figure 2.5-4 shows the nomenclature in the conventional symmetry plane
of the aircraft, x—=z. We note that the aircraft is generally not symmetric on this plane for several reasons (presence of
tail rotor, asymmetric tail planes and control surfaces, blade orientations, windows, probes, etc.). To start with, we will
have a reference system that moves with the helicopter. This system is centered at the center of gravity (CG), which
is a variable point. The x axis is on the symmetry plane, and runs from the tail to the nose of the aircraft. The y axis is
at 90 degrees with the y axis and pointing to starboard (from the point of view of the pilot); the z axis forms
a right-hand orthogonal reference with x and .

-z
Rotor
axis Rotor blade Tail rotor
| Fin
: »~_____-- Control surfaces * __
| Che R D
» Tail boom I
y .

Bl

Figure 2.5-4 Helicopter nomenclature and conventions.
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Figure 2.5-5 Tip Path Plane (TPP), or rotor disk.

Separate reference systems are required for the rotors. The main rotor is mounted on a shaft, slightly tilted
forward. The tilt angle (or mast angle), calculated with respect to the vertical axis on the ground, is called az: As they
rotate, the blade tips travel along a flight path that lies on a plane, generally called Tip Path Plane (TPP). There can
be considerable differences between the TPP and the rotor disk. However, in the performance calculations the TPP
is assumed to coincide with the rotor disk plane. Figure 2.5-5 shows the plane traced by the blade tips in their
rotation around the shaft.

Another important plane from the control point of view is the swashplate plane. This is the reference plane for the
cyclic pitch commanded by the pilot. The swashplate is a mechanical system consisting of two disks placed as
a sandwich between some roll bearings. The upper disk rotates around the lower disk, and both can assume an
arbitrary orientation, commanded by some actuators; the vertical movement of the swashplate commands the cyclic
pitch of the blades via a series of pitch links.

The rotor blades are flexible and are subject to periodic loads that create lead/lag, flapping and torsion. For
reference, in normal operations these movements are of the order of a few degrees, and are important for the blade’s
dynamics. In addition, there can be a complex hinge system (in articulated rotors), as sketched in Figure 2.5-6, that
allows for a number of degrees of freedom.

Rotation axis
Flap hinge

Lead/lag hinge

»

Lead

Torsion

Lag Pitch axis

Flap down

Figure 2.5-6 Articulated rotor with flap and lead hinges. The actual sequence of hinges depends on the particular
rotorcraft.
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The tail rotor is nearly vertical, and nearly aligned with the conventional symmetry plane. In fact, the rotor plane is
inclined forward and upward by a small angle. A separate reference system centered at the hub of the tail rotor is
required for detailed tail rotor calculations (aecrodynamics, aeroelastic response, noise emission).

The balance of forces and moments is a more complex matter, since the main rotor thrust does not act at the CG.
Furthermore, there is a set of moments acting on the aircraft, namely the rolling moment and the hub moment;
additional global forces are created by the horizontal tail plane. The full balance equations and the practical means to
achieve the balance in flight is called #77m. Figure 2.5-4 shows the relevant distances required for preliminary
performance and stability calculations.

2.5.5.1 Rotor Parameters

The nomenclature used for the blades and blade sections is similar to the propellers. In particular, the blade pitch
8, blade chord ¢, rotor solidity g, tip speed Uy, and tip Mach number M, have the same definition. The definitions of
thrust, power, and torque coefficients are, respectively,

T P 0

Cr = L Cp= Gy = .
" pa@r? " T pa@RT YT pAQR)R

(2.5.1)

Since the power is P = QQ, from the definition it follows that €y = Cp. Parameters that are specific to the helicopter
include: the blade azimuth ¥, the coning angle §, the advance ratio u, and the weight coefficient €. This parameter
is defined as

w
Cy = pA(QR)Z’ (2.5.2)
This is a normalized weight, just as the €7, is a normalized lift force. The azimuth angle Y is required to identify the
position of the blade during its rotation, and the corresponding loading. A blade oriented along the principal axis of
the aircraft, from nose to tail, will have zero azimuth. After 90 degrees, it will be in the so-called advancing po-
sition; at Y = 180 degrees it will be aligned with the longitudinal axis, tail to nose; at Y = 270 the blade will be
retreating.

The coning angle B is the angle between the blade’s mean line and the rotor plane. Coning is due to a cross-
combination of geometric settings, flapping and pitching of the blades. The coning angle changes as the blades
rotate, because the equilibrium between centrifugal forces and aerodynamic forces is a differential equation
depending on the azimuth angle.

The angle of attack « in forward flight is the angle between the rotor disk and the free stream velocity. The angle of
attack of the fuselage is defined in the same way as an airplane; this can be different from the rotor’s angle of attack,
depending on flight conditions. The angle —ayis the angle of inclination of the thrust in the direction of the force of
gravity.

"T'he advance ratio is the ratio between the air speed parallel to the TPP and the tip speed, i.e.

~Ucosa Ucosa Ur

U, QR QR (2.5.3)

where Uy = U cos « is the in-plane velocity component and « is the angle of attack of the rotor. The effective rotor
loading is defined in terms of the blade loading coefficient (y/0,

¢ 1 2T
“r_ 2 - (2.5.4)
a a pAUl A
This is an average measure of blade loading. A parameter that influences the stall limit is the propulsive force
coefficient,
¢ 1 2D
tp, 1 ez ’ (2.5.5)
[ [ pA U4

tip

where D, is the effective drag in the flight direction, and Cjp, is the effective drag coefficient. Estimated values of the
rotor solidity are shown in Figure 2.5-7. These have been elaborated for sets of rotor data. These data can also be
plotted as a function of the MTOW. We conclude that most values of ¢ fall within the range 0.04 and 0.14.
Helicopter rotor rpm are constant. The main reason why the rpm is kept constant is that even a small change over
the design rotational speed can lead some subsystems into resonance problems. In fact, it can be proved that there is
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Figure 2.5-7 Estimated rotor solidity for selected helicopters. Note the scatter among various helicopters.

only a narrow range over which the rpm can be varied without operating within the natural bending and flapping
frequencies of the blades. Until effective methods for avoiding resonance are found, constant rotor speeds will be
commonplace in helicopter engineeringt'.

2.5.6 Non-Dimensional Parameters

An effective method for first-order analysis of helicopter performance is the use of a few non-dimensional parameters,
as first proposed by Knowles. Cooke and Fitzpatrick use extensively this method for flight test analysis. The power
required by the helicopter in any flight condition is a function of a number of parameters, namely

P:f(W7 R’ 7)7 Z}m /l7 p7 7—7 Q)7 (256)

with the usual meaning of the symbols. Helicopter performance must be calculated and tested over a range of
weights, rotor speeds, forward speeds, climb rates, altitudes and atmospheric conditions. Therefore, the parametric
space is large.

The non-dimensional rotor speed will be w = /Q,,, with Q, the nominal rotor speed. The relative temperature is
0 = T/T,, and the relative density is 01 = ;0/,0,).i One suitable normalization for the power is

[ S S ;
pAUR,  pAQ’RS  p,omQ W3R 010°RY

(2.5.7)

Note that the non-dimensional power in Eq. 2.5.7 (also called referred power) is proportional to the (), defined in
Eq. 2.5.1. The weight W can be normalized according to

wo_ W W W
pAUZ,  pAQPR?  prQPR* TR

(2.5.8)

Note that the non-dimensional weight in Eq. 2.5.8 (also called referred weight) is proportional to the €, defined in
Eq. 2.5.2. For a helicopter with a fixed rotor radius, the parameter R can be dropped from the functional in Eq.
2.5.6. The forward speed can be normalized with the tip speed, to yield the advance ratio. However, another
expression is often used in flight performance analysis: U/ QR « U/w. The same normalization is carried out for
the climb rate o,.

T As a matter of fact, the rppm does change within a limited range, due to engine power transients. These changes, however, are
usually contained within 10 rpm.
#We use ¢y in place of the standard ¢ to avoid confusion with the symbol used earlier in the fixed-wing aircraft analysis; f is not to
be confused with the blade pitch.
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In summary, we have
P w U o,
——=fl=— =5 40 . .59
0103 f(olwz’w’w’ n w) (2:5.9)

The parameters U/w and v,/w are called referred true air speed and referred clhimb rate, respectively. Since the direct
measurement of density is not possible, 0y is generally replaced by 0/f. An alternative expression of the referred
weight is

P (Kﬁ%;,ﬂ)
6/\/97 67(1)70\)77\/9‘

The parameter w/\/ﬁ gives the effects of the air temperature on the rotor speed. In conclusion, the helicopter

(2.5.10)

performance can be referred to a limited number of non-dimensional parameters. Not all of them will be present at all
times. For example, the hovering analysis requires that U/w = v,/ = 0. For a forward flight analysis v,/w= 0. A forward
climb flight will depend on all the parameters. A flight procedure requiring a constant referred weight /0 requires
aircraft to climb as fuel is burned. In fact, as the weight decreases, a constant referred weight is achieved by climbing
to a lower pressure altitude.

2.5.7 Methods for Performance Calculations

The fundamentals of propulsion and aerodynamics of the rotor are discussed in a number of textbooks. Glauert was
one of the first to treat the aerodynamics of the air-screw from a general point of view, followed by Theodorsen,
although the original ideas go back to Rankine (1865) and Froude (1889). Since the publication of Glauert’s theory,
a number of other developments have taken place. For example, a comprehensive treatment of the momentum
theory for helicopter performance (hover, climb, descent, forward flight, flight restrictions) was published by Heyson.

The first relevant studies on helicopter performance were due to Bailey and Gessow and Tapscott. These authors,
along with Tanner and others, show the rotorcraft performance in terms of the rotor’s non-dimensional coefficients.
Gessow and Myers have included chapters on performance in their classic book on helicopter aecrodynamics, and they
are the authors of several technical papers on the subject, dating from the 1940s. More modern books on the subject
include those by Stepniewski and Keys, Prouty and Leishman. All of these textbooks are geared in part toward ro-
torcraft performance. Cooke and Fitzpatrick include a discussion on helicopter performance in their book devoted to
helicopter test and evaluation. Stepniewski and Keys extensively discuss a case study of helicopter preliminary
design and performance analysis. This code uses a six-degree of freedom model for the aircraft, with rigid-body
airframe and rotor dynamics. The rotor acrodynamics are modeled with the blade element theory. A similar approach
is followed by Eurocopter’s STAN flight mechanics code. Some standard methods for the calculation of helicopter
performance are available in the ESDU publications, particularly on hover and forward flight.

Since all the calculation methods are necessarily complicated by the unsteady effects of the rotating blades, and by
the interference between various components, we need to address a key point regarding suitable methods for the
evaluation of the rotorcraft performance. We will show how simple methods based on the combined momentum and
blade element theories yield steady state solutions suitable for most performance calculations. Obviously, we can
improve on these methods, but the step forward requires taking into account the unsteady aerodynamics of the rotor,
the full rotor dynamics, the aeroelastic response, and the interaction between rotors and airframe. Therefore, we find
it appropriate to start with the basic momentum theory to calculate the vertical flight performance of the helicopter.

Problems

1. A helicopter rotor in hover encounters aecrodynamic forces that oppose its rotation. When a torque is applied
from the engines to maintain a rotation at a constant speed, the airframe starts rotating in the opposite
direction. Describe methods to counteract this torque and sketch the forces and moments involved in the
control of the helicopter.

2. In a conventional helicopter stability control can be achieved with both a pusher or a tractor tail rotor. A pusher
tail rotor produces thrust away from the vertical fin; a tractor rotor produces thrust against the fin. Discuss, by
further investigations, the merits of each configuration problem-based learning: additional research is required.
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2.6
V/STOL

Antonio Filippone

An efficient, operational VISTOL aircraft has proven to be an elusive target over the last thirty years.
B. McCormick, 1978

V/STOL is an acronym for Vertical/Short Take-off and Landing Aircraft. This category includes aircraft that are
capable of performing most of the flight conditions of fixed-wing aircraft. However, take-off, landing and ground
performance can be considerably different from CTOL aircraft. Other peculiar problems of V/STOL vehicles are lift
augmentation in the terminal phases, transition from vertical to forward flight (and vice versa), operation at high
angles of attack, and engine installation. There are, of course, additional performance requirements on aecrodynamics,
propulsion, structures and flight control systems.

V/STOL aircraft make up the most exotic and unfortunate category of flight vehicle, including several aircraft that
never took off, many that flew only experimental tests, and a handful that have entered production. According to
McCormick the history of V/STOL aircraft is full of disillusionment.

This chapter will only focus on those peculiar performance indices of real-life V/STOL aircraft, and a few essential
concepts for the future. It will not be possible to review the various design options in this class of vehicle. Essential
concepts in V/STOL performance are available in AGARD R-710. In addition, McCormick published an interesting
short history of V/STOL flight research, and a book on the aerodynamics of V/STOL. Hirschberg published another
historical account of V/STOL research. Maisel and co-workers reviewed the research on V/STOL leading to the
experimental tilt-rotor XV-15 (precursor of the modern Boeing-Sikorsky V-22). The analysis of some modern design
concepts is discussed by Talbot and co-workers. The effects of small vector/thrust angles and their optimal values on
subsonic commercial jets were discussed by Gilyard and Bolonkin.

2.6.1 Hover Characteristics

There are two types of hover used by a V/ISTOL: by the action of a rotor/propeller, or by the action of a jet. The
methods presented for estimating hover performance (thrust, power, end endurance) are essentially the same.
Transition to airplane mode is different and requires unsteady aecrodynamic analysis.

The second case, pertinent to some V/STOL aircraft, is hover capability by means of one or more jets (for example,
BAe Harrier, Lockheed Joint Strike Fighter (JSF), and a number of experimental airplanes). This capability, and the
related stability and control issues, are strongly dependent on the ground effect. The technical means for producing
these jets and the aerodynamic problems associated with propulsion are the subject of V/STOL aerodynamics and
aircraft design.

For an aircraft out of ground, lift is created by a free jet flow into stationary surroundings. A single jet flow spreads
out according to physical mechanisms that depend on the Reynolds number and on the turbulence entrainment.
Substantial research exists in this area. The reader can start with Donaldson and Snedeker and Krotha-palli and
co-workers, where some fundamental experiments and correlations are shown. Various semi-empirical formulas exist
for estimating the jet development (diameter, average speed, turbulent development).

From our point of view, the jet flow must generate enough thrust to overcome the aircraft’s weight. The jet must
produce a thrust equivalent to the weight to maintain a stable hover condition. With a one-dimensional analysis, if U; is the
average speed of the jet at the engine nozzle and 7 is the jet mass flow rate, then the resulting thrust equation must be

T =W=(mU),, =2(pAU%),,. (2.6.1)

The thrust required is generated by a suitable combination of high mass flow rate and high jet speed. The amounts
required can be easily calculated. For a GTOW = 10,000 kg, and a jet Mach number limited to M/ = 1.5 at sea level, the
mass flow requirements are about 195kg/s, or 160 m?/s of air at atmospheric conditions. This mass flow has to
be drawn from the surroundings of the aircraft, as shown in Figure 2.6-1. The corresponding disk loading (defined as
the weight of the aircraft divided by the total area of the nozzles) is at least two orders of magnitude higher than the
conventional helicopters. A maximum disk loading of about 22,000 kg/m2 is estimated for the BAe Sea Harrier.
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Figure 2.6-1 Single-jet V/STOL aircraft hover in ground effect.

Another way to look at direct lift is to consider the thrust requirements on the engine. Clearly, an OGE hover
requires 7/W > 1, albeit not much higher than 1. This is called #4rust margin. By comparison, a CTOL jet aircraft can
operate with 7/ = 0.20.

The jet speed has to be limited for several reasons, including noise, vibrations, and heat fatigue. Equation 2.6.1
gives only a rough estimate of the thrust generated by a vertical jet. Thrust requirements for hover are in excess of the
aircraft gross weight, due to losses in lift attributable to a number of factors. The most important are: (1) jet-induced
losses; (2) hot gas reingestion; and (3) margins required for maneuver and acceleration. These losses depend on the
relative ground clearance, and are greater in proximity to the ground. The US Military standards require
a minimum 0.1g vertical acceleration capability with a 7/l = 1.05. Therefore, the installed thrust must be 5% in
excess of the gross weight. In this context, mstalled thrust is the difference between the gross thrust and the
jet-induced losses.

2.6.2 Jet-Induced Lift

The effects created by impinging jets on V/STOL vehicle performance are significant, and potentially dangerous if
not properly understood. Skifstad reviewed the physics of the jets for V/STOL applications and highlighted several
aerodynamic aspects, including the induced aerodynamic field, the free jet, the impinging jet and the multiple jets.
Consider first the case of a single-jet V/STOL aircraft. The jet-induced losses are due to a downwash created by the
jet, because this draws air from the surroundings. This field of velocities creates a further downward push,
particularly around the wings, which are most exposed. Jet nozzles under the wings compound this problem.

The presence of the ground changes the characteristics of the flow, because impingement is followed by lateral
spreading of the jet, rising of hot gases, and return of the gases back onto the airplane. One such case is sketched in
Figure 2.6-1. Depending on various geometrical conditions between the aircraft and the ground, three main cases are
identified:

1. The jet spreads radially as a thin sheet with rapidly decaying speed; the reduced pressure creates a suck-down
effect. Clearly, this is to be avoided. Calculation of the spreading depends on a number of factors, including the
aircraft configuration, the geometry of the jet, and the position of the aircraft above the ground.

2. The jet spreads radially and creates a peripheric vortex ring. The vortex ring augments the jet lift. This is the
hovercraft principle.

3. The jet spreads out, but it creates an upward radial flow bouncing off the ground (fountain effect), which may
either be favorable (cushion) or adverse (suck-down). The conditions under which these events occur depend
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Figure 2.6-2 Twin-jet V/STOL aircraft hover in ground effect showing the fountain effect.

on the geometry of the aircraft. They can be controlled by using strakes (BAe Sea Harrier) at appropriate po-
sitions. The cushion effect cannot be used to reduce the engine thrust installed, because the thrust margin must
always be based on the worst possible scenario.

A strong suck-down effect is likely to occur in the single-jet V/STOL, while a twin jet, with closely spaced jets
(Figure 2.6-2), reduces this effect to a few percent of the total thrust. Properly configured twin jets produce favorable
fountain effects that almost cancel the suck-down. A detailed investigation on side-by-side jets has been provided by
Louisse and Marshall.

Hot-gas reingestion arises from the fact that exhaust gases bouncing off the ground and spreading around the
aircraft mix with the surrounding area thanks to the buoyancy effect. They increase the local temperatures (by a few
degrees) and may return to the engine’s inlets reducing the engine efficiency. This leads to a thrust loss of about 4%
on the BAe Sea Harrier. Another phenomenon is the hot-gas fountain, similar to the one described, in which the
mixing of hot gases with the surrounding air is more limited; the engines may breathe more polluted air, with
temperatures considerably higher than the ambient temperature. Thrust losses in this case can be as much as 8%.
A typical example of jet lift losses due to the various causes is shown in Figure 2.6-3, elaborated and adapted from
a number of publications (AGARD CP-242, AGARD R-710).

"Two cases are shown in Figure 2.6-3: a case of c/ean aircraft: and an aircraft with strakes. The use of strakes below
the aircraft, at appropriate locations, can inhibit some of the processes discussed. The strakes are capable of limiting
the overall lift loss to about 2% of the engine thrust. For lower hover positions of the aircraft, there are jet flow
instabilities that are responsible for the non-linear effects indicated by the lift curves. The maximum losses are
limited to 4% or 5%, and are gradually reduced to about 1.5% in OGE operation. Therefore, a thrust margin of 5% is
required, as indicated earlier.

2.6.2.1 Estimation of Jet-Induced Fountain Lift and Suck-Down

According to Bellavia and co-workers, the total loss of lift, relative to the net thrust, can be estimated from an
expression like
AL B AlLger ALy ALy AL,
T T T T T’

(2.6.2)
where ALggg is the loss of lift out-of-ground effect (free air), ALy is the fountain lift, and ALy and AL, are the

forward and rear suck-down lift, respectively. The expressions for these losses depend on a number of semi-empirical
parameters, in addition to several specific parameters, such as the jet diameters, the distance between jets, and the
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Figure 2.6-3 Jet lift loss due to ground interference, for two aircraft configurations.

planform area. Various models exist for the evaluation of the terms in Eq. 2.6.2, as summarized by Walters and
Henderson.
For an aircraft with two jets, the loss of OGE lift can be written as

AL 4y (2md\' )
Sy A_/( de) o712, (2.6.3)

where 4, is the planform area of the aircraft, 4; is the cross-sectional area of the jet at the exit of the nozzle, Zis the jet
diameter, &, the equivalent diameter, p, is the pressure ratio of the nozzle; finally, #= 10~*is a constant. Plotting of
this function reveals that the OGE jet-induced losses are in the range of 0.5% for realistic values of the nozzle
pressure ratio (p, = 2 to 6).

2.6.3 Lift Augmentation

Circulation control technology is a means of increasing the lift without flaps and slats, and is particularly useful for
V/STOL operations of conventional aircraft. One such control is a jet flap. This is a stream of air injected near the
trailing edge to energize weak boundary layers prone to separation. Basically, the jet flaps simulate the effect of the
flap, without the external mechanisms of the flaps.

The use of a conventional jet diverted downward is an intermediate case between pure jet lift and propeller lift. It
is aimed at improving the ground performance of the aircraft in conjunction with aecrodynamic lift. The methods
giving a lift augmentation by diverting the jet are called vectored-thrust systems. In Chapter 2.3 we briefly discussed
a number of high-lift systems, which are used for augmenting the lift during the terminal phases and maneuvers of
the aircraft. These systems, and other more complex powered systems, can be an integral part of the aircraft, and
provide better performance near the ground.

Lift augmentation by deviation of the engine thrust is a common mea