1 I ntroduction

1.1 Aircraft Systems General

What are Aircraft Systems?

Broadly speaking, an aircraft can be subdivided into three categories:

1. thearframe (the aircraft structure)

2. the power plant (the engines)

3. thearcraft systems (the equipment).

This section will ded with the last of these categories Aircraft sysems Aircraft systems
comprise dl the many mechanica, dectricad, and dectronic items, devices and components,
which are ingtdled in an aircraft for the various purposes.

The airframe provides the arcraft with its (rdative) rigidity. It dso enables the generation of
lift through its aerodynamic shgpe. A power plant is necessary to produces thrust to overcome
the drag. In thisway, weather independent sustained leve flight becomes possible.

The arframe and power plant might seem to be dl that is needed, but this is not so. Even the
earliest aircrafts needed more. Some means to steer the aircraft (flight controls) and to handle
it on the ground (anding gear) were needed. These arcraft systems play a key role today and
must be consdered in the very early stages of arcraft desgn. A fuel system was aso needed
from the beginning of the higory of powered flight. With arcraft flying longer distances,
navigation and communication systems became important; with arcraft flying higher and
taking passengers on board, cabin systems like air conditioning and oxygen systems were
introduced.

The above gives a generd idea of what arcraft sysems are. A more rigorous definition of the
term will be given below.

Significance of Aircraft Systems

Aircraft sysems accounts for one-third of the arcrafts empty mass. Smilaly, arcraft
sysems have a high economic impact: more than one-third of the development and
production costs of a medium-range civil transport craft can be dlocated to arcraft systems,
and this ratio can be even higher for military aircraft. The price of the arcraft is driven in the
same proportion by arcraft sysems. Aircraft systems account for roughly one-third of the
Direct Operating Costs (DOC) and the Direct Maintenance Costs (DMC).
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Historical Trends

Aircraft dlhouettes and generd design concepts have been dable snce the 1960s.
Nevertheless, remarkable progress has been made since that time. Just as aerodynamics,
structures, and power plants have been optimized, arcraft sysems have been gradudly
improved in economics, reiability, and safety. This has been made possble by a congtant
evolution and optimization through in service experience, research, and development and by
employment of new technologies.

Probably the most important factor in the changes has been made by digitd data processng.
Today computers are part of dmost every arcraft system in larger arcraft. Computers aso
play a key role in the desgn and manufacturing process of arcraft sysems. The evolution of
arcraft systems has not come to an end yet. Modern achievements in computer technology
will continue to make their way into arcraft.

Striving for improved safety, economics, and passenger comfort will demand even more
sophigticated technologies and complexity. The airlines have been rductant to accept the
ever-increasng complexity, since it does not make trouble-shooting the arcraft any esser.
The avidion indusry has taken the gpproach that technology has to "buy its way onto the
arcreft” — i.e, only if new technologies can prove their overal benefit will they be consdered
in new arcraft desgn.

The separate tasks of the dtructure, the engines, and the systems are being more and more
integrated to handle the tasks together. Here are some examples:
Electronic flight control systems dabilize a fighter arcraft with an undable layout or
stabilize arcraft structura or rigid body modes.
A gus load dleviation sysem as pat of the flight control sysems hdps reduce the
design loads for the wing structure.
A highly reiable yawv damper sysem endbles the arcraft to be built with a fin smdler
than would otherwise be required.
Engine parameters are changed in accordance with air conditioning demands.
To achieve an overdl optimum in arcraft desgn, it is no longer possble to look a the
structure, the engines, and the arcraft systems separately. Today's chalenge lies in the task to
optimize the aircraft as awhole by means of Multidisciplinary Design Optimization (MDO).

Thelndustry

Aircraft sysems are defined by the arcraft manufacturer. This commonly takes place in
joined teams with engineers from specidized subcontractors. The subcontractors work on the
find desgn, manufecture the sysem or component, and ddiver ther parts to the arcraft
manufacturer's find assembly line. The trend is for arcraft manufecturers to sdect magor
subcontractors who are made responsble for designing and manufacturing a complete arcraft
system. These subcontractors may even become risk-sharing partners is the aircraft program.
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Aircrafts are maintained by dedicated maintenance organizations. Maintenance is done on and
off arcraft. Off-arcraft maintenance is peformed on arcraft components in specidized
shops.

I ntention and Scope of this Text

The intention of this text is to provide background information (Section 1) and to describe the
general principles of transport category arcraft sysems. The Airbus A321 (Figure 1.2) from
the family of Airbus narrow-body aircraft is used to provide an example for the systems under
discussion. At no time should the information given be used for actual aircraft operation or
maintenance. The information given is intended for familiarization and training purposes
only. Not dl arcraft system are covered in depth. For some arcraft systems presently only the
definition is given. For other arcraft sysems the definition is given together with sdected
views on the Airbus A321. An emphasisis put on sdected mgor mechanical aircraft systems.

The Bibliography includes references and hints to further reading.
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1.2 Definitions

The term system is frequently used in engineering sciences. In thermodynamics, for example,
a sysem is characterized by its defined boundary. The definition of the term system with
respect to arcraft is a little more specific. The World Airlines Technical Operations Glossary
(WATOG) defines.

System: A combination of inter-related items arranged to perform a specific
function. (WATOG 1992)

Subsystem: A mgor functiond portion of a sysem, which contributes to
operationa completeness of the syslem. (WATOG 1992)

WATOG ds0 gives an example together with further subdivisons of the sysem and
ubsystem:

system : auxiliary power unit
subsystem power generator
component  : fud contral unit
Subassembly vave

part ; Sedl

Note that these definitions refer to civil arcraft. With respect to military arcraft, (civil)
arcraft systems are cdled aircraft subsystems In the example above, the auxiliary power unit
would hence be consdered an aircraft subsystem in military terms.

In dedling with arcraft systems, dl categories of arcrafts would need to be consdered. ICAO
defines

Aircraft: Any mechine tha can derive support in the atmosphere from the
reaction of theair. (ICAO Annex 2)

Aircraft category: Classification of arcraft according to specified badc characterigtics,
e.g. agroplane, glider, rotorcraft, free balloon. (ICAO Annex 1)

Combining the above definitions, a definition for aircraft systems may reed:

Aircraft System: A combination of inter-related items arranged to peform a specific
function on an arcraft.

This section deds with arcraft systems in powered heavier-than-ar arcraft i.e. on aeroplanes.
Although aircraft sysems of gliders, rotorcrafts, and free baloons have to take account of the

Prof. Dr. Dieter Scholz university of applied scienceshamburg AUTOMOTIVE AND AEROSPACE ENGINEERING




I ntroduction 1-5

specifics of their respective categories, they are not fundamentaly different from arcraft
systems on aeroplanes.
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1.3 Breakdown

Aircraft systems are diginguished by function. It is common practice in civil aviation to group
arcraft systems according to Specification 100 of the Air Trangport Association of America
(ATA). This specification's am is to thoroughly structure aircraft documentation According
to the ATA Specification100 (ATA 100)!, arcraft equipment is identified by an equipment
identifier congging of three dements of two digits each. The identifier 29-31-03 points to
gysem 29, subsysem 31 and unit 03. The arcraft sysems — or in ATA-teems airframe
systems — are liged in Table 1.1 together with their system identifiers. It is common practice
to refer jus to the sysdem identifier ATA 28, indead of refaring to the "fud system'.
Furthermore, Chapter 28 is often refereed to, because that is the chapter alocated to the fuel
sysem in any arcraft documentation showing ATA conformity.

Table 1.1 Aircraft systems® (ATA 100)
identifier name of system
21 air conditioning
22 auto flight
23 Communications
24 electrical power
25 equipment / furnishings
26 fire protection
27 flight controls
28 Fuel
29 hydraulic power
30 ice & rain protection
31 indicating / recording systems
32 landing gear
33 Lights
34 Navigation
35 Oxygen
36 Pneumatic
38 water / waste
49 airborne auxiliary power

a Not included in this table are Chapter numbers 37, 41, 45, and 46 from ATA 100, which
are not of relevance here. Also not included here are new Chapters 44 and 50 from
ATA 2200.

Autopilot, communications, navigation, and indicating/recording systems (ATA 22, 23, 34, 31
[44, 45, 46]) ae dectronic systems, know in aviation as avionic systems and are
characterized by processing information (compare with SAE 1998).

Other systems provide fuel, power, and essentid comfort to crew and passengers. These
nonavionic sysems are the general or utility systems Today there is an increase in the

! Recently ATA 100 became part of the new ATA 2200. ATA 2200 hasintroduced also minor changes and
updates to the definitions of aircraft systems. This text uses the well-established ATA 100 and presents
differences to ATA 2200 in footnotes.
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number of dectronic control units within the utility sysems, neverthdess the primary
purpose of these systems remains some kind of energy transfer. (M oir 2001)

Secondary power systems include the nonpropulsive power generation and transmisson. They
include eectrica power, hydraulic power, pneumatic, and auxiliary power (SAE 1998) (ATA
24, 29, 36, 49). Secondary power systems provide power to other arcraft sysems.

The environmental control system (ECS) is an enginearing sysem, tha mantans the
immediate environment of an organism within defined limits of temperature, pressure, and
gaseous compodtion suitable for continuance of comfort and eficiency (AGARD 1980). The
ar conditioning system and the oxygen system (ATA 21, 35) are assigned these tasks.

Other aircraft systems are grouped and assigned a specific name often without a formd
definition:

Hydraulic systems comprise al sysems that apply hydraulic power. In generd, these ae
hydraulic power, flight controls, and landing gear (ATA 29, 27, 32).

Electric systems comprise adl systems that apply dectric power. In generd, these are dectric
power (ATA 24) and dl sysems with mgor eectricad consumers. Electricd sysems are
characterized by dectricd power generation, digtribution, and consumption and are to be
digtinguished from avionic systems.

Pneumatic systems comprise dl sysems that gpply pneumatic power. In generd, these are
pneumatic and other systems with pneumatic components (ATA 36, 21, 30).

Cabin systems” comprise dl systems with an impact on the cabin of the aircraft and hence
with an influence on the passenger (ATA 21, 25, 35, 38 and partialy 23, 26, 31, 33).

These groupings depend to a certain extend aso on the system technologies gpplied in the
arcraft being consdered.

2 Following the new ATA 2200, "Cabin Systems (ATA 44)" are defined as "Those units and components
which furnish means of entertaining the passengers and providing communication within the aircraft and
between the aircraft cabin and ground stations. Includes voice, data, music and video transmissions..."
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1.4 Certification

After one or several prototype arcrafts are desgned and manufactured, they go through a
series of certification tests in order to show compliance with the certification requirements.
Compliance with the requirements may be shown by andyss, ground, or flight ted,
depending on the requirements or negotiations with the aviation administration. System test
are subgtantid part of the certification program. In Europe, cetification of large agroplanes is
based on the Joint Aviation Requirements (JAR-25), and in the United States it is based on
the Airworthiness Standards. Transport Category Airplanes (FAR Part 25). Large aeroplanes
ae those arcraft with a maximum takeoff mass of more than 5700 kg. JAR and FAR ae
very smilar, the basc code for JAR-25 is FARPart 25, and further harmonization of the
requirements is in progress. The certification of one or severa prototype arcraft leads to a
type certificate being issued. Aircraft in series production have to show airworthiness and
conformity with the prototype aircraft. In service the arcrafts have to be mantained
according to an agreed maintenance schedule to prove continuous airworthiness.

JAR-25 and FAR Part 25 are grouped into several subparts (the following is based on JAR-
25). Subpat F, "Equipment”, contains many requirements for arcraft systems. Subpat E,
"Power Plant", contains requirements for power plant related systems. Also Subpart D,
"Desgn and Condruction”, contains requirements for arcraft sysems. Subpat J, "Gas
Turbine Auxiliay Power Unit Inddlation”, contans requirements for arborne auxiliary
power —i.e., the auxiliary power unit (APU).

Generd information on arcraft sysems can be found in section 1301 "Function and
indalation” and section 1309 "Equipment, systems and inddlations' of JAR-25 and FAR
Pat 25. Section 1309 provides information on safety requirements, loads, and environmentd
conditions. Table 1.2 provides access to the certification requirements for large arplanes
when specific information related to a particular aircraft system is needed.
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Table 1.2 Selected certification requirements for aircraft systems based on JAR-25
Identifier applicable sections
name of system
21 831 - 833: Sections under the heading "Ventilation and heating"
air conditioning 841 - 843: Sections under the heading "Pressurisation”
1461: Equipment containing high energy rotors
22 1329: Automatic pilot system
auto flight 1335: Flight director systems
23 1307: Miscellaneous equipment (radio communication)
communications 1457: Cockpit voice recorders
24 1351: General
electrical power 1353: Electrical equipment and installations
1355: Distribution system
1357: Circuit protective devices
1359: Electrical system fire and smoke protection
1363: Electrical system tests
25 771 - 793: Sections under the heading "Personnel and cargo
equipment / accommodations"
furnishings 819: Lower deck service compartments (including galleys)
1411: General (under heading safety equipment)
1413: Safety belts
1415: Ditching equipment
1421: Megaphones
26 851 - 867: Sections under the heading "Fire protection”

fire protection

1181 - 1207: Sections under the heading "Powerplant fire protection”
1307: Miscellaneous equipment (portable fire extinguishers)
A1181 - A1207: Sections related to APU fire protection

27 671 - 703: Sections under the heading "Control systems"
flight controls
28 951 - 981: Sections under the heading "Fuel system"
fuel 991 - 1001: Sections under the heading "Fuel system components"
A952 - A999: Sections related to the APU fuel system
29 1435: Hydraulic systems
hydraulic power
30 1307: Miscellaneous equipment (including: windshield wiper)
ice & rain protection [ 1416: Pneumatic de-icer boot system
1419: Ice protection
31 1303: Flight and navigation instruments
indicating / recording | 1305: Powerplant instruments
systems 1321: Arrangement and visibility
1331: Instruments using a power supply
1333: Instrument systems
1337: Powerplant instruments
32 721 - X745: Sections under the heading "Landing Gear"
landing gear
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Table 1.2 continued Selected certification requirements for aircraft systems based on JAR-25

Identifier applicable sections
name of system
33 812: Emergency lighting
lights 1322: Warning, caution, and advisory lights

1381: Instrument lights

1383: Landing lighs

1385, 1387, 1389, 1391, 1393, 1395, 1397: Position lights
1401: Anti-collision light system

1403: Wing icing detection lights

34 1307: Miscellaneous equipment (radio navigation)
navigation 1323: Airspeed indicating system
1325: Static pressure system
1326: Pitot heat indication system
1327: Magnetic direction indicator
1459: Flight recorders

35 1439: Protective breathing equipment
oxygen 1441: Oxygen equipment and supply
1443: Minimum mass flow of supplemental oxygen
1445: Equipment standards for the oxygen distributing system
1447: Equipment standards for oxygen dispensing units
1449: Means fo determining use of oxygen
1450: Chemical oxygen generators
1451 Fire protection for oxygen equipment
1453: Protection of oxygen equipment from rupture

36 X1436: Pneumatic systems - high pressure
pneumatic 1438: Pressurisation and low pressure pneumatic systems
38 1455: Draining of fluids subject to freezing
water / waste X799: Water systems
49 Paragraphs in Subpart J - Gas turbine auxiliary power unit installations
airborne auxiliary
power

Interpretative materia to most paragraphsis provided:
FAR: Advisory Circulars (AC) (especidly in AC 25-17 and AC 25-22)
JAR: Advisory Circular Joint (ACJ) (ACJ-25) ad
Advisory Materid Joint (AMJ) (AM J-25)
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15  Safety and Reliability

Safety and reliability condderations of arcraft systems are an integra pat of the safety and
relidbility condgderations of the whole arcraft. Modern sophisticated aircraft depend very
much on the proper functioning of ther arcraft sysems, 0 tha safety and rdidbility
condderations of arcraft sysems have become highly important in ther own right. For this
reason an arcraft systems- specific gpproach to the topic is presented.

Safety is a date in which the risk is lower than a permissible risk. The risk is defined by the
probability of afailure and the expected effect.

The effect of afailure describes the consequences of the failure (damage or injury).

The probability of failure, F(t) is equa to the number of falures within a given period of time
divided by the tota number of partsin ates.

Table 1.3 Safety requirements for large aeroplane's systems ACJ No. 1 to 25.1309 (ACJ-25)
effect on normal nuisance operating significant large reduction in multiple deaths,
aircraft limitations reduction in safety margins usually with loss
and safety margins of aircraft
occupants emergency crew extended
procedures difficult for crew because of

to cope with workload or

adverse environmental

conditions conditions

passenger serious injury or

injuries death of small

number of
occupants

category of minor minor minor major hazardous catastrophe
effect
probability of frequent frequent reasonably remote extremely remote extremely
a failure probable improbable
according to 10° ... 10 10%..10°  10°..10° 10° ... 107 107 ... 10° <10°
JAR 25
(per flight hour)

The safety requirements for arcraft sysems are stated in section1309 of the certification
requirements JAR-25 and FAR Part 25 and are listed here in Table 1.3. The probability of a
falure in a sygem increases with the time period of operation and is specified for an
operation time of one flight hour (FH). Obvioudy, the higher the effect of a falure is on
arcraft operation, passengers, and the arcraft itsdf, the lower the permissble probability of
such afallure hasto be.

The reliability is the probability of survivd, R(t). It is an item's ability to fulfill defined
requirements for a specific period of time under specified conditions. A statement referring to
the reliability of asystem can only be made if the fallure criteria are precisely defined.
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The religbility or probability of survival, R(t) can dso be defined as the number of parts
surviving within a given period of time divided by the total number of partsin ates.

R(t)+F(t) =1

Although referring to the rdiability R(t), modtly the vaue of the probability of falure F(t) is
given (10 ") because the reliability yields values more difficult to handle (0.9999999).

The hazard rate function, z(t) is a measure of the probability that a component will fal in the
next time intervd, given tha it has survived up to the beginning of that time intervd. If the
hazard rate function is congant (which is often assumed), it is cadled the failure rate | . Falure
rates of mechanica components are listed in Rome 1985, and fallure rates for dectric and
electronic equipment can be edimated usng MIL-HDBK-217. The falure rae has units of
1 per flight hour (/FH). The inverse of the falure rate is cdled the mean time between
failures (MTBF) is often used in reliability and maintenance circles.

MTBF =1/1

The failure to removal ratio (FTRR) is a maintenance quantity. It shows the ratio of faults
found in a component during a shop vigt divided by the number of component removas.
Unfortunately, the FTRR is especidly low in case of dectricd components (0.6 ... 0.7) and
electronic components (0.3 ... 0.4). Hydraulic components (0.8 .. 0.9) and mechanical
components (1.0) show better vaues. The product of MTBF and FTRR vyidds the
maintenance cost driver, the mean time between unscheduled removals (MTBUR).

MTBUR =MTBF ¥TTR
The rdiability and the probaility of falure can be caculated from the fallure rate.
Rt)=e'", F(t)=1-¢e'"

For low falure rates, which are common in aviation, the probability of falure cdculated for a
period of one hour (F(t)/FH) equas dmost exactly the falureratel .

Sysems are a combinaion of many components either in pardld, in series, or a combination
of both. The rdiability of aseries system is equd to the product of is component values.

Rs(t) = R (1) R,(t) Ry(t) ...

The falure rate of a series system is gpproximately the sum of the failure rates of its (reliable)
components.
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Fg»l +1,+1 5.
The probability of fallure of aparallel system isequa to the product of is component values.
Fo(t) = R (1) R () Fs(t) ...

The falure rate of a pardld sysem is gpproximatdy the product of is (reliable) component
values.

Systems can be depicted by reliability block diagrams (RBD). The andyss of large systems
is carried out in successve sages. At each stage a amdl number of components connected
gther in padld or in series is combined with equations as shown above. In this way the
complexity of the sysem can be reduced step by step. The fault tree analyses (FTA) is an
dternative method to ded with complex systems. Pardlel system are combined by an OR gate
symbol. Series systems are combined by an AND gate symbol. Top events are shown in a
rectangle and badic fallure causes are shown in circles. Software tools exist that support a
FTA or the andyss of a RBD. Sysems might show cross-linkages so that some units are in
more than one subsysem. One way of deding with this problem is to use a theorem on
conditiona probability or to apply atruth table (Davidson 1988).

These gpproximate equations for series and pardld sysems are quite useful in day-to-day
busness. The last equation aso shows the ability of pardld sysems to achieve low failure
rates and thus high reigbility. For example, three components combined in pardld with a
falure rate of 10° 1/FH each, yield an overdl failure rate of 10° 1/FH. This is a failure rate
that could not have been achieved by a sngle component no matter how careful this
component was manufactured and tested. This thought leads us to the concept of redundancy,
which isso typicd in safety criticd arcraft sygems.

Redundancy is the exigence of more means for accomplishing a given function than would
samply be necessary. It is distinguished between

homogeneous redundancy (the multiple means are identical) and

inhomogeneous redundancy (the multiple means are of different type)

- dissmilar redundancy or

- diverstary redundancy.
Safety-critical arcraft systems often show triplex subsysems. The system architecture of
safety-critical computers may be even of quadruplex or duo duplex type.

The subsystems of a sysem with built-in redundancy may dl work together. If one subsystem
fals, the others will just have to cope with a somewhat higher load. These systems are cdled
active-active sysems. Other syssems may be of the active-standby type and need to perform a
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changeover in case of a falure. If the standby subsystem is congtantly waiting to be activated,
it ison hot standby; otherwise it is on cold standby. The changeover should not be dependent
on a changeover unit because this unit with its own limited reigbility might fal and prevent
the changeover. If an active-standby concept is applied, the subsystems should take turns
doing the job. This coud be achieved with a planned changeover before every takeoff. If the
same subsystem days in sandby dl the time, it might show an (undetected) dormant failure
and hence will not be adle to take up the job in case of falure of the first subsystem. Systems
with apotentid of dormant failures need regular maintenance checks and should be avoided.

An assumption has been made in the cdculaion of padld sysgems that the falures of
individua subsystems are independent of each other, that is, that two o more subsystems do
not fal smultaneoudy from precisdy the same cause (except purdy by chance). However,
most sysems have the potentid of having more than one falure due to a common cause
These fallures are cdled common cause failures (CCF). They tend to arise from errors made
during design, manufacture, maintenance, operation, or environmenta effects. For example,
loss of power supply could cause both a running and a standby pump to fal (design error), or
an empty fue tank could cause dl engines to quit (error in operation). Because these failure
modes may appear to be outside the system being assessed, they can easily be overlooked,
leading to too-optimigtic assessments. Methods to avoid common cause failures in the design
stage are the application of
- inhomogeneous redundancy (see above)

segregation in the rooting of redundant wires, pipes, and ducts.

separation of redundant components

placement safety-critica componentsin safe areas

desgn of redundant components or software programs by independent teams with

different (software) tools.

An arcraft should not only be safe to fly, it should dso show very few errors that need the
atention of mantenance personnd. In this respect we face a problem with high safety
requirements. High safety requirements lead to the gpplication of redundancy and hence more
subsystems. The probability of a falure leading to the loss of the overdl function can be
reduced by redundancy, but the probability for the occurrence of any falure anywhere in the
system is increased. Two subsystems with a failure rate of 10° 1/FH each yidd an overal
probability of falure of about 10° and a probahility of any failure of 2107 (based on a one
hour operation). Three subsysems yidd an overdl probability of falure of 10° and a
probability of any failure of dreedy 3103 The levd of safety during flight can only be
achieved if al subsystems work properly before takeoff, but, as we have seen, the probability
for any failure increases with an increased number of subsystems. These thoughts lead to what
is cdled availability and digpetch ridbility.

The steady state availability is defined as the probability that a sysem will be available when
required, or as the proportion of totd time that the system is available for use. Therefore, the
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avalability of a sysem is a function of its falure rate | and of its repair rate m= /MTTR,
where MTTR isthe mean time to repair

A= MTBF m
MTBF +MTTR | +m

Theinstantaneous availability, or probability that the sysemwill be avalldble & timet is

A — m + l e (I+mt

| +m | +m

Often it is more reveding to condder sysem unavailability U =1—-A . The indantaneous
availability of an arcraft & the moment of digpatch from the gate is cdled dispatch reliability.
Dispaich rdiability, for technicd reasons, primaily depends on the combined digpaich
religbility of the arcraft sysems The arlines monitor ther flests dispaich rdigbility very
caefully because high dispatch unreliability leads to delays and cancdllations of flights and
incurs dday and cancdlation costs (see below). Dispatch rdiability depends on the maturity
of an arcraft program and is in the order of 0.99. A method to increase digpatch reliability is
the introduction of built-in test equipment (BITE) into eectronic sysems. Though this adds
complexity and might result in spurious falure indications, it can grestly reduce maintenance
times by providing an indantaneous indication of falure location. Ancother method is to
provide extra redundancy above the leve required for safety reasons. This would than alow
to digpatch with one subsystem inoperative. Components that are not needed for takeoff may
be known as flying spares. The pilot gets a clear indication about which subsystems or
components need to be avalable a takeoff from the minimum equipment list (MEL) written
by the arline on the basis of the master minimum equipment list (MMEL) provided by the
manufacturer and gpproved by the authorities.

The rdiability assurance during the aircraft sysem dedgn aoplies a couple of different

methods, including:

- Drawing a fault tree for a fault tree analysis (FTA) (see above) starts from consideration
of system failure effects, referred to as top event. The analyss proceeds by determining
how these can be caused by lower-levd falures. In thisway it isatop-down approach.

The reliability apportionment bresks an overdl system rdiability requirement down to
individud subsysem rdigbilities This is common in large sysems when different design
teams of subcontractors are involved. Clearly it follows atop-down approach.

In contradt, the failure mode, effects, and criticality analysis (FMECA) US MIL-STD-
1629) follows a bottom-up approach. It consders each mode of falure of every
component of a system to ascertain the effects on system operation and defines a failure
mode criticality number.
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The zonal safety analysis (ZSA), rather than looking a an arcraft not from a functiond
point of view, looks a the components location. The ZSA checks ingdlation rules and
checks the effects of events originating within the zone, in other zones, or on the outside.

Software defies the above caculations and methods. However, information can be drawn
from RTCA/DO-178B, which deds with software considerations in arborne sysems and

equipment. Environmental conditions for arborne equipment are presented in RTCA/DO-
160D.
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1.6 M ass

Mass esimation of arcraft sysems is pat of the mass (or weight) estimation of the whole

arcraft.

The mass of dl the arcraft sysems mg,, amounts to 23% ... 40% of the arcraft's empty mass
Mye, Where my. is the mass related to the Operationd Empty Weight, OEW. The figure 23%

is true in case of a modern long-range airliner, whereas 40% is about right for a smaller

arcraft like abusness jet. Hence, for civil jet trangport we may write

Msrs 4 0.23...0.4

Moe

On average this ratio comes to 1/3, as dsated above. Taking into account the ratio of the
arcreft's empty mass m,. to the maximum tekeoff mass m,,,,, which is the mass related to

the Maximum Takeoff Weight (MTOW), we obtain

50000

45000

40000

35000

30000

in kg

25000

20000

15000

mass of aircraft systems

10000

5000

Figure 1.1

Mss 0.11...0.23

Myro

50000

100000

150000

maximum takeoff mass

in kg

200000

250000

300000

350000

Mass of aircraft systems of selected civil jet aircraft plotted against their maximum

takeoff mass

Prof. Dr. Dieter Scholz university of applied scienceshamburg AUTOMOTIVE AND AEROSPACE ENGINEERING



I ntroduction 1-18

Figure 1.1 shows the mass of arcraft systems of sdected civil jet arcraft as a function of their
maximum takeoff mass. We follow a top down approach and fit a curve to these data to
obtain

85

My =0.92m,,.” for mys and m,, inkg.

This function is shown in Figure 1.1. The average relaive mass of the individud systems of
avil jet arcraft isgivenin Table 1.4.

Table 1.4 Average relative mass of aircraft systems of civil jets
identifier  name of system average relative
mass of system
21 air conditioning 6%
22 auto flight 1%
23 communications 204
24 electrical power 10%
25 equipment / furnishings 24%
26 fire protection 1%
27 Flight controls 8%
28 Fuel 3%
29 hydraulic power 7%
30 ice & rain protection < 1%
31 indicating / recording systems < 1%
32 Landing gear 27%
33 Lights 204
34 Navigation 3%
35 Oxygen 1%
36 Pneumatic 204
38 water / waste 1%
49 Airborne auxiliary power 204

Some arcraft sysems, like the landing gear sysem (ATA 32) and the equipment and
furnishings (ATA 25), account for a large percentage of the total arcraft sysem mass. The
avionic sysem rddive mass is 6% on average, but this figure depends on arcraft size
because the amount of avionics needed in jet arcraft tends to be nearly congtant. For this
reason, the relative mass of avionic sysems of business arcraft may be as high as 14% and as
low as 5% in case of alarge civil trangport. As can be seen in Table 12.4, a number of systems
are of minor importance for aircraft system mass predictions.

Alterndively, it is dso possble to follow a bottom up approach. This datigicd technique
uses system parameters to predict the mass of the sysem. Equaions are given in Raymer
1992, Roskam 1989, or Torenbeek 1988. In addition, the knowledge gathered in papers from
the Society of Allied Weight Engineers should be tapped (see SAWE 2002).
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Satistics of arcraft sysem mass have to take as many arcraft into account as possble in
order to broaden the datisticad base. This, however, is redly possble only if mass data are
based on comparable and detalled mass breskdowns. Unfortunately, there are many quite
different breskdowns in use, and it is found that system boundaries overlap from one method
to another or are not well defined in the firg place. So in the present dtuation it is very
difficult to use and compare mass data and mass equations based on one of these breskdowns
in another setting. This Stuation adds to the difficulties that exis with datisicadl methods
anyhow and explains why datisticad mass equations for systems or subsystems do not provide
particularly relidble data.

Boeing has used a breakdown format cdled Weght Research Data 1 (WRD1). In the
literature, breskdowns very dmilar to WRD1 can be found. Airbus uses so caled Weght
Chapters. Another approach is given with MIL-STD-1374. Above we have used a mass
breskdown according to the ATA 100 Chapter numbering. ATA 100 aso includes a widdy
accepted mass breskdown for weight and balance manuas. This breskdown, however,
provides only as much detall as needed in arcraft operation but not enough detal for arcraft
system design.

Note that arcraft system mass predictions deteriorate in accuracy when the level of detal is
increesed.  For its old class | weight prediction method, Boeing estimates the prediction of
angle sysems to be off by as much as £90%. In contrag, the resultant mass of dl sysems
combined is clamed to be off by not more than +£16% [Boeing 1968). This is because many
inaccuracies combined fortunately cancel out to a certain extend.

Detailed system mass predictions are dso necessary for Center of Gravity (CG) cdculation
for the arcraft. The man landing gear accounts for about 87% and the nose landing gear for
the remaining 13% of the complete landing gear mass. With known postions of nose and
main landing gear, this information can be fed into the CG cdculation of the arcraft. The CG
of the other systems can roughly be assumed a a point 40% ... 50% of the fusdage length &ft
of the aircraft nose.

Practical mass predictions will look like this In the early design stage, dtatistica methods are
used. The arcraft manufacturer can dso use the information contained in the mass database of
older arcraft for the new desgn. In a later desgn stage a subcontractor will offer a system or
an item of equipment. The subcontractor probably has quite a good idea what the item's mass
will be from a comparison with smilar items dready built. If the required sze of equipment is
different from an older one, a mass edimate may be obtained from scaing. In the find
development stage, mass accounting can be based on the actud mass of components that are
dready ddivered to the manufacturer.

There is another virtue in mass predictions: The system mass has been used for rough cost
calculations. This is possble when, from datistics, costs per unit mass are known and costs
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are assumed to be proportiond with mass. Evidently, the concept of caculating cogts from
mass fals if expendve mass reduction programs are being applied. The concept dso falls if

highly sophisticated technologies are gpplied to reduce mass that are not consdered in the
established cost per unit mass.
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1.7 Power

Gliders use the energy of up-currents, while solar powered vehicles use the energy from the
sun. Human-powered flight has aso been demonsrated. Propulsive power for any other
"down to eath' flying depends on fud. This fud is used in the arcraft man engines
Secondary power systems (hydraulic power, dectricd power, pneumatic power) in turn draw
on engine power to supply ther dient sysems with nonpropulsive power in al those cases
where functions are not directly actuated by the pilot's muscles. This is the Smple picture of
the aircraft power management. However, there is more to it, due to safety requirements and
the need for autonomous operation of the aircraft on the ground with engines shut down.

Various secondary power sources are available in the ar and on the ground. Secondary power
loads may be grouped into two mgor categories. Power conversion transforms secondary
power from one form into another.

An auxiliary power unit (APU) (see Section 15) is used to produce power from fue
independent of the main engines. An APU is a gas turbine engine. Mogt often it produces
electricd power and pneumatic power. A ram air turbine (RAT) (see Section 8) is used to
produce hydraulic or eectricd power from the kinetic energy of the ar passing by the
arcaft. This is possble even without fud and without the main engines running — at least as
long as the arcraft soars down consuming its potentidd energy. Except from the pilot's own
energy, the air craft batteries are the last and very limited source of energy on board.

Ground power may be available on the gpron or in the hangar. The aircraft may be supplied
directly with dectricity, high-pressure hydraulic fluid, pressurized ar, and/or ar conditioned
ar. Human power could work a hand pump in the hydraulic sysem. If only eectricd ground
power is avalable, the arcraft depends on its secondary power conversion cgpabilities to
activate the hydraulic and pneumaic system. Without ground equipment and with engines
shut down, the arcraft may operate autonomoudy if it is equipped with an auxiliary power
unit (APU).

Firg of dl, secondary power loads may be grouped into:
technical loads consumed by equipment required to operate the aircraft safely
commercial loads consumed by equipment required to increase passenger comfort and
sidfaction, given the airline's need to provide these services.
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Power conversion among different® secondary power systems is used to incresse overdl
system reiability. If we consder eectrica power, hydraulic power, and pneumatics:
Sx different unidirectional conversions are possble. Examples are;

0 eectricd to hydraulic power converson: €l ectric motor-driven pump
0 pneumdtic to hydraulic power conversion: ar turbine motor-driven pump
0 hydraulic to eectrica power converson: hydraulic motor-driven generator.

Three different bidirectional conversions are posshilities tha dlow a two-way power
conversion among two different secondary power systems within one conversion unit.

For many years hydraulic, pneumatic, and eectricad power supply in commercia arcraft had
been sufficient to meet the demands from technicd and commercia loads. System design
emphasized religble, lightweight solutions. From fud input to sysem output, very low overall
efficiencies were accepted in exchange.

In recent years it has been observed that arcraft face increasing technical loads. Also,
market trends together with incressing flight durations have resulted in higher commercial
loads, caused, for example, by today's standards in in-flight entetainment. Posshilities for
power off-takes do not increase proportiondly with arcraft Sze. Large modern civil arcraft
are therefore likdy to face limitations of cost effectiveness, geometry, or weight with present-
day technologies in an atempt to meet these new power load levels. The aerospace industry
has identified a potentid deadlock, where power needs will exceed the maximum avalable

power supply.

In the future, a move towards electrica power as a single source to meet secondary power
demands is expected to be a solution to the problem. The last arcraft generation brought
steering by wire. The next generation of arcraft might bring power by wire.

Power conversion is even applied within one type of secondary power system: the hydraulic system.
Transport category aircraft apply several independent hydraulic systems. Among pairs of these hydraulic
systems unidirectional or bidirectional hydraulic power transfer without the interchange of hydraulic
fluid can be desirable. For this purpose, power transfer units (PTU) (ARP 1280) are used. They are built
by coupling a hydraulic motor and a hydraulic pump via a connecting shaft.
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1.8 Costs and Trade-off Studies

Trade-off studies play an important roll in the arcraft sysem design. Trade-off studies try to
find the bet among severd system design proposals. Safety aspects adlow no compromise
because certification regulaions have to be closdy followed. Also, performance aspects leave
littte room because usudly only as much peformance as necessary to do the job will be
dlowed for. More powerful arcraft sysems will unnecessarily produce costs that add to the
overd| costs of the arcraft. Clearly, costs need to be reduced as much as possible to come up
with a viable product. Therefore, it is the costs aspect that is usualy decisive in trade-off
gudies of which system design will get on board the arcraft.

At the arcaft sydem leve, evaudions are done in the early desgn dage by looking
Separately at various aspects:
- mass

maintainability

reliability

system price
- other specific criteria depending on the aircraft system in question.
Based on these separate evduations, the smplest way to come up with one sngle figure of
merit for a proposd is to define subjectively a weighted sum of the results based on the
individual criteria.

In contrast to the above approach, at the arcraft levd an evaudion is traditiondly based
primarily on one snde figure the Direct Operating Costs, DOC. DOCs take account of
criteria such as mass, mantanability, and arcraft price, but combine these separae
paameters  unambiguoudy by cdculaing ther economicd implications.  Subjective
manipulations of the results are largely avoided in this way.

Unfortunately, aircraft DOC methods cannot be taken "as is' for goplying this advantage to an
arcraft system evauation. In contrast to arcraft DOC methods, a DOC method on the
sysems leved must incorporate many system-specific parameters. Therefore, a DOC method
for aircraft systems called DOCsys has been developed (Scholz1998) which follows the
principles of arcrat DOC methods as closdy as possble while taking arcraft system
peculiarities into account as much as necessary.

C:DOC,QS = C:DEP +CF +CM +CDEL +CSH

Coep depreciation of the system (afunction of system price)
Ce fudl costs caused by the system

Cu direct maintenance costs caused by the system
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CoeL delay and cancellation costs caused by the system
Cq, capital costs caused by necessary system spare parts on stock (gpare holding)

Thefud cogts, C. , are dueto:
trangportation of the system's mass (fixed or variable during flight)
(taking into account the lift-to-drag ratio of the aircraft and the specific fuel consumption
of the engines)
power off-takes from the engines
(by eectrica generators or hydraulic pumps)
bleed air off-takes
(for the pneumétic system)
ram air off-takes
(eg., for the air conditioning system)
additional drag caused by the presents of arcraft systems, subsystems, or sngle parts
(e.g., dueto drain masts).

In contrast to Scholz 1998, who combines various system aspects to U.S. dollars, Shustrov
1999 combines system mass effects and effects related to the system's energy consumption to
aquantity caled starting mass.

Proprietary methods for the evauation of arcraft sysems are in use a arcraft manufacturers
and subcontractors.
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Figure 1.2 The Airbus A321 is used throughout this section to provide aircraft system examples.

186 passengers in two-class layout, MTOW: 83000 kg, Myo = 0.82, max. FL 390
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