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Abstract

It is getting more and more important for an aircraft manufacturer to recognize the operators’
profit to achieve good products. As part of the Cost Efficient Aircraft studies in Airbus, this
thesis will investigate the causes of Direct Operating Costs due to a Fuel System.

The Fuel System Architecture of a Long Range Aircraft with two engines has been used, to
represent an example of the components needed to achieve the main functions required
from a Fuel System.

System specific parameters such as price, weight, maintenance costs and power
consumption have been used to evaluate the operating costs in accordance with DOCgys, a
method to estimate Direct Operating Costs of aircraft systems.

The risk analysis tool DecisionPro™ has been used to evaluate the impact of uncertain input
data on the system Direct Operating Cost, using the Monte Carlo Simulation function
available.

Direct Operating Cost breakdowns were produced using DOCjsys in DecisionPro™, down to
component level. This emphasized, which costs or components are the main drivers of Direct
Operating Costs of a Fuel System and could be used to focus future efforts to reduce such
costs.
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FACHBEREICH FAHRZEUGTECHNIK UND FLUGZEUBAU

Direct Operating Costs of Aircraft Fuel Systems

Aufgabenstellung zur Diplomarbeit gemil3 Priifungsordnung

Background

Airline costs may be divided into Direct Operating Costs (DOC) and Indirect Operating Costs
(IOC). DOC are costs that can be allocated to the aircraft whereas IOC are more generally
caused by running the airline's business. DOC are made up of depreciation, fuel costs, mainte-
nance costs and other cost elements depending on DOC definition. It is the aircraft manufac-
turer's task to design an aircraft in such a way that DOC are as low as possible. This goal can
only be achieved if all parts of the aircraft are designed to low DOC. The thesis is limited to
DOC considerations with respect to the aircraft fuel system. The calculations are made for a
new twin aisle aircraft — a project aircraft named the Cost Efficient Aircraft. This project air-
craft aims at reducing costs by simple technologies and thus low purchase costs resulting in
low depreciation. DOC calculations have to a certain amount be based on in-service data. Ex-
perience with the Airbus long range aircraft can be used when it comes to component prices
and maintenance costs. Fuel costs are calculated from Airbus long range aircraft component
mass and other component and aircraft characteristics. DOC can be calculated with a method
called DOCsys —Direct Operating Costs for Aircraft Systems. Since the collected input data
includes many uncertainties, also the calculation results will have uncertainties. These uncer-
tainties should be calculated as well, to support decision making based on the DOC results.
Vanguard's software DecisionPro' " supports business decision analysis e.g. with decision
trees and Monte Carlo simulation and shall be applied.

Task

The thesis should address tasks as follows:

e Describe concepts, strategies, mission and parameters of the Cost Efficient Aircraft.

e Describe the fuel system of an Airbus long range aircraft.

e Describe the principles of DOC calculations for aircraft systems.

e (ollect data for DOC calculations of the aircraft fuel system:

o Collect today's component prices based on Airbus procurement data (due to the na-

ture of this information, component prices will only be shown in non-dimensional
form in the thesis).



o Collect component mass data and component maintenance data.

o Collect information for the calculation of delay and cancellation costs — general
practice and data related to the fuel system.

o Collect today's Airbus standard data for DOC calculations (e.g. labour rate, fuel
price, interest rate as given in the Airbus DOC method).

e Perform DOC calculations for the fuel system of the Cost Efficient Aircraft based on a
simplified mission (consisting only of one flight phase i.e. cruise) for a broad range of in-
put parameters.

e Perform DOC calculations with selected input parameters with the software DOCsys
allowing for calculations of all flight phases during a non diverted flight.

e Perform DOC calculations based on a simple mission (see above) with DecisionPro ™.
Use the features of DecisionPro'™ to calculate the uncertainties of the results depending
on the uncertainties of the input parameters. Make use of the Monte Carlo Simulation.

e I[dentify those fuel system components (and functions) that contribute most to the fuel sys-
tem DOC.

e Comment on possibilities to reduce fuel system DOC.

The thesis of the German HAW Hamburg has to be written following the regulations of the
Department of Automotive and Aeronautical Engineering. Standards with respect to report
writing as laid out in the DIN have to be followed.

The thesis is prepared at Airbus UK Limited, Future Projects Office. Industrial tutor is Phil
Bradshaw, MEng.
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1 Introduction

“Airline operators are increasingly demanding of new products in a highly competitive market,
where even small margins are hard won.” (Rogers 2002). Thus Airbus, as a potential aircraft
seller, needs to exploit its in service support experience and feed it back into the design of
future products to achieve the ever more demanding requirements of its customers.

“Airbus Future Projects Office (FPO) have the responsibility to lead the conceptual and
preliminary design of all potential future aircraft designs, from milestone zero ‘Initiation of
Idea’ to milestone five ‘Validation of Concept’, using the Airbus framework.” (Airbus 2001).
Historically FPO is investigating the customer's requirements like payload, range and
operating costs for an aimed market segment. In this early stage of aircraft design, the
manufacturer normally uses comparisons between several configurations by using Top Level
Aircraft Requirements (TLAR) like Maximum Take-Off Weight (MTOW), Manufacturer's
Weight Empty (MWE) and Direct Operating Costs (DOC) per seat and range. Also when
considering the configuration’s effect on Life Cycle Costs (LCC), it is getting more and more
important to recognize “...both the manufacturer's and the operator's profit.” (Bradshaw
2004).

To consider cost implications on design during the conceptual design phase, Airbus has
started a “Cost Efficient Aircraft” (CEA) study to get an impression of design and its impact
on manufacturers cost and cost to operate. This requires the cost for the operator and the
manufacturer to be investigated and possible reductions for each cost, without penalizing the
other to be identified and quantified. The CEA does not present a particular aircraft
configuration. It is more a collection of ideas for “... simple Module Concepts and Systems
for high economical efficiency...” (Airbus Deutschland GmbH 2003).

Within FPO the skill group ETXCW is among other things responsible for the integration of
landing gear, wings and empennage. Traditionally these aircraft components also comprise
the Fuel System. “An historical omission by FPO has been the definition and assessment of
aircraft systems...” (Bradshaw 2004) in general. To achieve the CEA objectives, methods
for cost estimation of systems need to be found or developed for use during conceptual
design studies, where typically very little information is available.

After an academic literature search a method called DOCgys has been found, which uses
system specific parameters and TLAR to estimate system DOC. Bradshaw 2004 has
successfully demonstrated the coupling of DOCsys with DecisionPro™ for a notional system.
The latter is a tool used historically by the Financial Services sector for scenario modelling
and strategic analysis.

DOCsys has been used to consider system and aircraft specific parameters and
DecisionPro™ used to evaluate uncertainties within this approach. This combination should
give a first impression of the main cost drivers of a Fuel System and the sensitivity of DOC to
imperfect data and which data have the strongest influence on this formulation for a given
degree of uncertainty.
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2 Life Cycle Costs and Operating Costs of an Aircraft

As described in the introduction, this thesis deals with an investigation of the DOC
associated with a Fuel System. Before an investigation starts, it should be clear how DOC
could be defined and what impact it has on the whole cost structure through the lifetime of an
aircraft, the LCC.

Figure 1 shows a possible cost distribution of an aircraft’s life cycle as presented by Roskam
1990.

L
-
I FIBST DELIVERY
N
O
z
t DISP
}..—-
N
O
o
RDTE ACY ‘ oPs
CALENDAR TIME
L 1 Il 1 1 1 1 1 1 1 1 ! 1 L A 1 1 1 1 1 1 1 1 i 1 1
o 5 10 S 20 25
TYPILAL SCALE ~ YEARS
Figure 1:  Schematic representation of aircraft’s Life Cycle Costs

The abbreviations in this figure describe four main phases during an aircraft program, where:
RDTE is the research, development, test and evaluation phase

ACQ is the acquisition phase, in which the aircraft is manufactured and delivered
OPS is the operating phase

DISP is the disposal phase

Related to all these phases is a certain amount of cost. Thus Roskam 1990 models the LCC
using a simplistic equation:

LCC = CRDTE + CACQ + COPS + CD[SP (1)

But Figure 1 does not only show the different contributions. It also gives an idea of the
relative costs in each phase, indicating that the operating cost Cpops makes the greatest
contribution. Therefore it is important to consider operating cost especially in the conceptual
and preliminary phases, which “...are responsible for locking in most of the Life Cycle Cost of
an airplane!!!” (Roskam 1990).

Roskam 1990 splits Cpps into DOC and Indirect Operating Cost (IOC). This thesis will only
investigate the influence on the DOC and so the IOC is not further considered.
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DOC for a whole aircraft can be modelled as the sum of price dependent, flying and
maintenance costs. Airbus/University of Bristol 2002 defines these costs as follows:

Price dependent costs:

e Depreciation (DEP)
e Interest (INT)
e Insurance (INS)
Flying costs:
e Fuel Cost (FUE)
e Landing Fees (LAF)
e Cockpit Crew Costs (CPC)
e Cabin Crew Costs (CAQC)
e Navigation Charges (NAYV)

Maintenance costs:
e Airframe Maintenance Costs (AMC)
e Engine Maintenance Costs (EMC)

On this basis, the DOC of an aircraft could be calculated as follows:

|DOC = DEP + INT + INS + FUE + LAF + CPC + CAC + NAV + AMC + EMC| (2)
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3 DOCsys— Direct Operating Costs for Aircraft Systems

Chapter 2 shows the various contributions to aircraft DOC and the parameters that influence
these contributions. The question is how does an aircraft Fuel System affect the DOC.

Scholz 1998 presents a method called DOCsys for estimating DOC caused by an aircraft
system. DOCgsys breaks down the system related DOC in three main parts, considering
several system and aircraft specific parameters. Similar to the DOC method of
Airbus/University of Bristol 2002, DOCjsys also links the DOC to price dependent and
technology related costs.

The main cost elements of DOCgys are:

e Cost due to depreciation Deprsys
e Cost due to fuel burn Fuelgyg
e Cost due to maintenance DMCgys

An accumulation of these costs will conduct to an equation for the system or system
component related DOC per year, which should be named like the method itself, thus:

DOC s = Deprgyg + Fuel ;o + DMC ¢ (3)

Beside this main equation there also exists an extended form by considering:

e Cost due to delays and cancellations Delaysys
e Cost due to spare part holding SHCjsys

Scholz 1998 defines the extended DOCsys equation as follows:

DOC svs.ew = Depreys + Fi uel g, + DMC g + Delay ¢, + SHC ¢ (4)

The following chapters briefly explain how the five contributions are defined and calculated.

3.1 Depreciation

Like the depreciation for a whole aircraft, this value is time dependent and consists of a price
of the system, a certain residual and a depreciation period N in years.

D _ Price— Residual

€Plsys = N (5)
The residual could be assumed as a fraction of the price, which presents the value of the
system after N years. In this study the residual should be 10% of the price and the
depreciation period N should be 15 years.

However, the definition of price in general is a little bit more complex. Roskam 1990 defines
a price as follows:

|Price = Cost + Profit | (6)

“‘How cost, price and profit are viewed depends on which position is occupied in the
economic process.” (Roskam 1990). In the case of an aircraft system, the aircraft
manufacturer buys a lot of system components from vendors and installs them in the aircraft,
which will be sold to the operator. Thus there exist three major positions within the economic
process as follows:
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e Position of the vendor:

The vendor has to develop and produce the required system component, which means a
certain cost to him. He will then sell the component for a certain price, which is normally
higher then the cost, to achieve a certain profit.

e Position of the aircraft manufacturer:

The aircraft manufacturer has to develop the system, to buy or in some cases to produce
the system components and to install the system in the aircraft. All procedures are
causing costs for the aircraft manufacturer. The aircraft and the system within the aircraft
will then be sold for a certain price to the operator. The price paid by the manufacturer is
likely to be different to the price paid for the components individually by the operator.

e Position of the operator:

The operator has to pay the price of the manufacturer’s aircraft to purchase it. He has
then to consider this price within the depreciation and thus the operating costs to fix his
ticket prices to make a certain profit.

With this knowledge an investigation of the DOC would normally use the system price, which
the operator has to pay for. But the above statements also show that the system price
depends on several manufacturers’ costs and a manufacturers’ profit.

The profit is very difficult to evaluate, because the manufacturer sells a whole aircraft to the
operator and therefore makes profit at the whole aircraft level. Which fraction a particular
system takes in this profit would need a longer investigation for itself. Due to the time limit of
this thesis, no account was taken for the latter costs.

Hence the depreciation used in DOCsys will only be calculated with purchasing prices of the
system components, which the aircraft manufacturer has to pay for. This approach contains
several uncertainties due to additional cost to the manufacturer, complex price commitments
by the vendors and commercial influences.

Of course there are the technical requirements, which are fixing the price. In other words, the
component has to achieve specifications, which maybe make the component more complex
and expensive.

But there are also economical circumstances, which influence a component price. The
vendor has to consider several market relevant parameters to plan his production line and to
fix his profit. These parameters could be:

The number of components installed in one aircraft

The number of aircraft that will be produced (fleet size)

The time (period) in which the fleet will be produced

The number of competitors

The relationship between vendor and aircraft manufacturer

Price reduction due to a discount, e.g. the vendor will sell a component for than cost,
if the aircraft manufacturer also buy other components at a certain price

The price data used in this thesis represents prices of one particular market situation and
therefore the above statements will not be further considered.

Due to commercial sensitivity, all price and cost information in this thesis is presented in non-
dimensional considerations.
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3.2 Fuel Costs

The costs due to fuel burn are considered within DOCgsys by their physical cause. “This
approach helps to pinpoint the origin of fuel costs and allows to effectively find measures to
reduce fuel consumption.”(Scholz 1998).

The physical causes of fuel burn and the related costs are defined as follows:

o Fuel,s fuel costs due to transportation of fixed mass

o Fuel,, fuel costs due to transportation of variable mass

o Fuelp fuel costs due to mechanical power off-takes from the engines

o [uelp fuel costs due to bleed air off-takes

o Fuelg fuel costs due to ram air off-takes

e Fuelp fuel costs due to additional drag caused by the presents of aircraft

systems, subsystems, or single parts

Due to the nature of the investigated Fuel System, only fuel burn due to fixed mass and
power off-take will be considered in this thesis. The reason, why only these fuel fractions will
be included, should be clearer after the explanation of the Fuel System architecture later in
this thesis.

With this knowledge, the fuel cost due to a Fuel System can be calculated with the following
equation:

Fuel s = Fuel,, + Fuel , (7)

Scholz 1998 defines the fuel cost for every physical cause X as:

Fuely =mg, - FuelPrice - NFY (8)
Where:
Mol X is the mass of fuel consumed due to a cause X during a flight mission
FuelPrice is the fuel price
NFY is the number of flights per year

The fuel price depends on the price of crude oil, which depends heavily on world political and
economical circumstances and the fuel price used in this thesis was taken from Hume 2004.
There are 700 flights per year assumed for this study.

The question is how the several fuel masses can be calculated. To do this DOCgys divides a
flight into seven phases i, where:

=1 is engine start

i=2 s taxiing

i=3 is take-off

=4 is climb

=5 is cruise

i=6 is descent

=7 is landing, taxiing & engine shut down
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Generally the fuel consumption during a flight phase is given by Scholz 1998 with the
following equation:

m;.
mfuel,i,X = mi,X [M_IJ (9)

m; x

Where:

m;x is a certain mass in flight phase i
mg.1)x is a certain mass in flight phase (i-1)

3.21 Fuel Consumption due to Fixed Mass

As in Equation (9), the fuel consumption due to fixed mass also has to consider different
masses for the different flight phases. The reason why the “fixed” mass could change is due
the need to carry the fuel for a later flight phase. In other words, the fixed mass in flight
phase (i-1) includes the fuel, which is needed to carry the fixed mass of flight phase i and
subsequent phases.

Therefore the calculation of the consumed fuel due to fixed system mass has to start at the
end of a flight mission with flight phase i = 7. It is agreed, that “...the mass at the end of flight
phase No. 7 is equal to the (fixed) system mass mygys...” (Scholz 1998). Once the fuel
consumption during flight phase 7 is calculated, it has to be added to the system mass and
this sum of masses will present the fixed mass for flight phase 6. This procedure will be done
for all flight phases and finally all fuel will be added to the overall fuel consumption due to
fixed system mass.

Scholz 1998 also presents mass fractions for flight phases i = 1,2,3,7. They are shown in the
following table.

flight phase 1 2 3 7
Table 1: Proposed mass fractions m;/m;.; for aircraft systems

The fuel fractions in flight phases i = 4,5,6 can be calculated with an equation also presented
by Scholz 1998:

ik 10
mfuel,i,X = mi,X .(et 7 _1) ( )
Where:
t; is the duration of flight phase i
m;, is the mass at the end of flight phase i due to physical cause X
And:
cosy, .
k, =SFC. -g-| ——+siny, 11

E.i i g (L/Dl ’YIJ ( )
Where:
SFC s the thrust specific fuel consumption
g is the earth acceleration
Y is the flight path angle

L/D is the lift to drag ratio
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3.2.2 Fuel Consumption due to Mechanical Power Off-Takes from the Engines

Scholz 1998 presents an equation for the fuel consumption my,.;;p s due to power off-takes
as follows:

M,y = K Maie (ke ) (12)
n-Tp,
Where:
P; is the power off takes in flight phase i
kp is an average ratio between a thrust specific fuel consumption with and without power

off-take and the related power off-take divided by the engine’s take-off thrust; Scholz
1998 gives an average value for k, with 0.0094 N/W

n is the number of engines
Trio is the take-off thrust of one engine
t; is the duration of flight phase i

kg; s defined as in chapter 3.2.1
my/c IS an average aircraft mass, which could be calculated with the Maximum Take-Off
Weight (MTOW) and the Maximum Zero Fuel Weight (MZFW) as follows:

MTOW + MZFW
myc= 5 (13)

For simplicity DOCjsys only considers the power off-takes during flight phases i = 4,5,6. The
phases i = 1,2,3,7 could be neglected, as they only present a very short period of a flight
mission.

3.3 Direct Maintenance Costs
Scholz 1998 defines DMC for aircraft systems as follows:

DMC s = (MMH ,, + MMH ; )- LR + MC (14)
Where:
MMH,, are the Maintenance Man Hours On Aircraft
MMH 5 are the Maintenance Man Hours Off Aircraft
LR is the Labour Rate
MC are the Material Costs

The DMCgsys values used in this thesis represents DMC calculated by an Airbus internal
DMC method. The values are representative for typical components as they are installed in
today’s aircraft. Thus Equation (14) will not be further considered. Due to sensitivity, the
DMC are shown in non-dimensional form.

3.4 Delay and Cancellation Costs
The extended DOCsys method, as presented in Equation (4), considers delays and
cancellations, because “...operational interruptions cost  airlines money.”

(Herinckx/Poubeau 2000). Scholz 1998 defines Delay and Cancellation Costs for aircraft
systems as follows:

Delay o, =(D,-C,+ D, -C,, + D, -C,, + D..-C,)-NFY (15)

Where:
Dy is the probability for a delay of up to 29 min.
Dy is the probability for a delay between 30 min. and 59 min.
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Dy is the probability for a delay greater than or equal to 60 min.
D¢ is the probability for a cancellation

C; is the cost of a delay up to 29 min.

Cu is the cost of a delay between 30 min. and 59 min.

Cu;  is the cost of a delay of greater than or equal to 60 min.

Cce is the cost of a cancellation

NFY is the number of flights per year

The difficulty in this approach lies in the nature of the input data. It needs a lot of in service
experience and thus data from operators to evaluate the probability of Operational
Interruptions (Ol) due to an aircraft system.

It is also difficult to define an average cost for delays or cancellations, because
“...operational interruption costs differ from airline to airline, depending on their respective
marketing and operational specifications.” (Herinckx/Poubeau 2000). Figure 2 and 3 (taken
from Herinckx/Poubeau 2000) clearly show this difference between the airlines (sources of
a questionnaire).

US §/seat /hour Wide-body Operators See7
60.0 Sce6™ @
¢
Sce4
400 Sce2 g3 o
* o Sced Sced
¢ ¢
28 Scel
L 4
0.0

Figure 2:  Delay Costs of Wide Body Operators

300.0 US §/seat Sce3 Wide-body Operators
Q
200.0 3394
Sce b
Sce 1 Q
1000 A4 ng
Sceb
Q
0.0

Figure 3: Cancellation Costs of Wide Body Operators

Due to lack of information only the costs due to cancellation will be considered in this thesis.
A possible way to evaluate operational interruption costs will be further discussed in chapter
6.2.
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3.5 Capital Costs Caused by Spare Parts on Stock
Scholz 1998 defines the costs for spare part holding of aircraft systems as follows:
PF - SPR ROS.,
SHC gy :i-Prl’ce-L-r
RED
Where:
SPF is the Spare Part Factor
SPR is the Spare Part Ratio
RED is the average redundancy level
ROS ¢ is the required amount of spare parts
FS is the fleet size
r is interest rate

These costs have not been considered further, and would require procurement information

and predicted supplier parts prices to quantify correctly.
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4 DecisionPro™ — A Risk Analysis Tool

The algorithms of DOCsys were incorporated into DecisionPro™ using the available
hierarchical tree modelling function. This tool enables construction of interactive tree
hierarchies for good visibility of what is happening. It also provides a Monte Carlo Simulation
function, which enables stochastic input to be modelled and the impact on a function
evaluated. The following simple example should briefly explain the approach of
DecisionPro™ and which steps are necessary to use it.

A right-angled triangle is observed with the well-known equation:

sino = <
; (17)
Equation (17) will be transformed to:
c=—2 (18)
sin o

4.1 Interactive Tree Hierarchy

The above equation is incorporated into DecisionPro™ using an interactive tree hierarchy
approach:

3
. = 200
" sinf ALPHArad )
282,84271 - N ALPHAME
ALPHArad = ALPHAEY ( T ) - o
0,7854

Figure 4: Example of an Interactive Tree Hierarchy in DecisionPro™

The root node on the left hand side defines the triangle hypotenuse ¢ as defined in Equation
(18). Once the node is defined, the input nodes, in this case opposite dimension a and
substended angle o in radian, appear automatically in the tree structure. In the next step
these nodes have to be defined either with a value or with another equation. In this case
opposite dimension a has the value 200 without a dimension and « in radian is defined in a
in degrees and has the value 45°. Once all nodes are defined, the tree structure can be
calculated when the value of each node is specified and is shown in the node boxes. In
further steps each input node can easily be modified and the whole tree recalculated.

4.2 Monte Carlo Simulation

DecisionPro™ provides Monte Carlo Simulation to evaluate uncertainties within tree
hierarchies and their impact on a function or algorithm. To consider uncertainties, stochastic
inputs can be modelled for one or more input nodes. In the case of the above example the
angle a could be a stochastic input.
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Several stochastic input distributions are available within DecisionPro™:

Make Stochastic Input Ed |

Chooze a digtribution type below:

I riaform Dizcrete Tniangular
M armal Logrormal [3amma
E xponential Beta Cuztom

T 1 ‘TII ta LTHTT+‘.
B ernoull Binornial Puoizzon

Cancel |

Figure 5:  Stochastic Input Distributions within DecisionPro™

For this example the triangular distribution was chosen and the uncertainty was considered
by a most likely value and a lower and upper limit for o in degrees.

Triangular Distribution |

Input node name: |.-’-'-.LF'H.-'l'-.|:Ieg

Lawer lirmik; |1 1]
Most likely: |45
Upper limit: IEEI

Ilpdate Graph |

0 20 40 60 a0

Back Finizh Cancel

Figure 6:  Triangular Distribution for Angle Value
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With this distribution DecisionPro™ was able to run a Monte Carlo Simulation by producing
random values within the distribution. In other words, DecisionPro™ created several values
for oo within the boundaries as defined in Figure 6, by respecting the priority of the boundaries
as defined. Each random value was then used to evaluate the value of the hypotenuse. The
distribution of these values for the numbers of samples specified indicates the likelihood of
occurrence for each possible value of ¢. This is a standard output from DecisionPro™ and is
shown in Figure 8 below. Therefore the conditions of the Monte Carlo Simulation were set as
follows:

Run Simulation |

Dutput node name(z): Iu:

Humber of zamples: |1 Q000
B andom number zeed: IEI

Reports to Generate:

v Simulation summary table

[+ FErequency distibution graph
v Cumulative distibution graph
[T Comrelation matrix

k. Cancel

Figure 7: Monte Carlo Simulation Conditions

The impact on node c, which presents the value of the hypotenuse is being investigated.
10000 random values have been requested by the user and several reports generated.

One of these reports, the Frequency Distribution, shows in how many cases which value was
produced. For example approximately 3300 random values produced a value of 250 for c.
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Frequency Distribution
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Figure 8: Frequency Distribution of Hypotenuse ¢

The most useful report is the Cumulative Distribution. This gives an impression of the
probability of how an uncertainty affects a result and can be used to directly read the
probability of the root node being greater than or less than a specific value. This could be
very useful for design purposes where the degree of confidence in a result can be modeled.
Of course this could be applied to any engineering problem that can be modeled and
requires input parameters that can be estimated with some idea of their uncertainty.

Cumulative Distribution

100%

80%
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Probability

40%

20%
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Figure 9: Cumulative Distribution of Hypotenuse ¢

From the above diagram it can be seen that there is a 60% probability of the hypotenuse ¢
being less than 300.
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5 Fuel System of a Long Range Aircraft with two Engines

This thesis investigates the DOC of a Long Range Aircraft Fuel System. A configuration with
two engines is used. To calculate the DOC a lot of system specific parameters like price,
weight, power consumption and maintenance costs are necessary as they are described in
chapter 3.

Generally aircraft systems are defined as “...a combination of inter-related items arranged to
perform a specific function on an aircraft.” (Scholz 2002). In modern passenger jets the Fuel
System typically provides the following basic functions:

Storage of the required fuel volume

Supply of fuel to the Engines and the Auxiliary Power Unit (APU)
Control of aircraft Centre of Gravity (CG)

Provide mass distribution for wing bending moment relief

PN~

This chapter gives an overview of the main items of the Fuel System as they are described in
the Airbus Maintenance Manuals. It also presents the specific parameters of the items as
they are needed for the DOCjsys method. Due to the sensitivity of the parameters only the
percentage breakdown of the data is presented, e.g. if a component has a price value of
10%, it means that it costs 10% of the total Fuel System price.

Additionally a few assumptions were made:

¢ A Fuel System comprises of valves driven by actuators, which need electrical power.
However, the power consumption is very low, e.g. compared with the power
consumption of pumps. Furthermore many of these valves are only used during
abnormal flight conditions, which are not considered in this study. Thus the power
consumption of valves is neglected.

e A Fuel System comprises many pipes and connectors. Due to lack of time it was not
possible to find the detailed price and weight information of each pipe and connector.
Instead particular pipes and connectors were taken and the price and weight of these
components were investigated. With these data an average price per weight of the
pipework was calculated. A pipework weight breakdown divided by Fuel System
subchapters was also available. With the weight breakdown and the average price
per weight, average prices of the Fuel System subchapter pipeworks were calculated.

e The pipework causes no maintenance costs. It is assumed, that pipes are once
installed and will be scrapped as part of the whole aircraft at the end of its life.

5.1 Fuel Storage

The Fuel Storage consists of several sub functions. These can be defined as follows:
Content of the required fuel volume

Drainage of water

Control of air pressure inside the tanks

Refuel and Defuel on ground

Gauging

Jettison

51.1 Tank Layout

Most of the fuel is stored in the wing tanks. These tanks are limited by the wing primary
structure. The Wing Box consists of the front & rear spar, a middle spar if applicable, ribs,
stringers and the top & bottom skin panels of the wing. Figure 10, Figure 11 and Figure 12
show these structural components. Additionally the wing tanks could be divided in several
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smaller tanks like collector cells (see chapter 5.2) or outer tanks for wing bending moment
relief (see chapter 5.4).

See Figure 12

See Figure 11

Figure 10: Airbus A330 Cutaway

Rear Spar

Top Skin Panel

Middle Spar Front Spar Ribs

Lower Skin Panel with Stringers

Figure 11: Airbus A330 Wing Box

Today it is common to use a Centre Tank in the fuselage, using the internal bounded volume
available in the wing carry through box. This Centre Tank is limited by the Wing Box size and
allows short range operators to save costs and weight by using a “No Centre Tank” option.
The configuration, which is investigated in this study, will use a “No Centre Tank” option.

A further tank can be placed in the Horizontal Tail Plane (HTP). Similar to the wings, this tail
tank is also constrained by the HTP primary structure, as shown in Figure 12. It is typically
used to achieve optimum CG positions in cruise for the most efficient aerodynamic
performance.
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HTP Primary
Structure

Figure 12: Airbus A330 HTP Box

With this knowledge the Fuel System of the study aircraft consists of five Fuel Tanks. An
Inner Tank and an Outer Tank in each wing and a Trim Tank in the HTP. Figure 13 shows
this arrangement. Figure 13 also shows three Vent Surge Tanks as they are positioned in
each wing tip and the starboard side of the HTP. The vent system will be discussed further in
chapter 5.1.3.

INNER INNER

TANK (FWD) TANK (FWD)
INNER INNER
TANK (AFT) TANK (AFT)

OUTER ///// OUTER
TANK TANK
VENT SURGE VENT SURGE
TANK TANK

VENT SURGE
TANK
r
TRIM
TANK

Figure 13: Long Range Aircraft Tank Layout
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An important consideration for the Tank Layout is the possibility of an Uncontained Engine
Rotor Failure (UERF) due to a turbine disc burst. In this case it is assumed that one third of a
turbine disc has sufficient energy to penetrate any part of the aircraft. Consequently the inner
fuel tanks of the wing could also be damaged. To minimize the fuel loss, each inner tank is
divided into a forward and an aft inner tank. Both tanks are connected via a pipe, which can
be closed by an Emergency Isolation Valve. The Emergency Isolation Valve includes a motor
actuator to open/close the valve. For redundancy a Twin Motor Actuator (TMA) is used,
where one motor can open/close the valve if the other motor does not operate. The TMA is
installed outside of the tank at the rear spar and is connected via a drive shaft with the valve.
This allows maintenance of the TMA without defuelling the tank.

RIB 3

DRIVESHAFT

EMERGENCY
ISOLATION VALVE

ACTUATOR

Figure 14: Installation of Emergency Isolation Valve

The two Emergency lIsolation Valves are grouped and named as the Emergency Isolation
System Valves:

Table 2: Parameters of the Emergency Isolation System Valves
Price [%] DMC [%] Weight [%] Power Consumption [%]
0.961 3.291 1.123 0
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5.1.2 Water Drain System

Each tank of the Fuel System has one or more drain valves installed at the lowest point to
drain water or remaining fuel out of the tank. The water can occur due to condensation of air
moisture inside of the tank. The reason for draining remaining fuel could be due to
maintenance.

Q RIB1
%) \
\ > Y \1 t WATER DRAIN
— v e WATER DRAIN

WATER DRAIN

CENTER SPAR

FRONT SPAR
WING=TANKS
WATER DRAIN

WATER DRAIN
RIB23

U ACCESS~PANEL

—® WATER DRAIN
VALVE WITH
REMOTE INLET-PIPE

WATER DRAIN

WATER DRAIN

RIB33 ——/

RIB39

Figure 15: Installation of Water Drain Valves in the Wing Tanks

Figure 15 shows the arrangement of the six Water Drain Valves as they are installed in each
wing. There is one valve in each Vent/Surge Tank, each Outer Tank, each Inner Forward
Tank and each Collector Cell. There are also two valves in each Inner Aft Tank. The valves
are purely mechanical items, which are opened with a special tool by the ground crew.

The Wing Tank related Drain Valves are grouped and named as the Wing Tank Drain
System Valves:

Table 3: Parameters of the Wing Tank Drain System Valves
Price [%] DMC [%] Weight [%] Power Consumption [%]
1.492 2.381 0.828 0
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In the Trim Tanks are two Direct Drain Valves and in the Trim Vent Surge Tank is one
indirect Drain Valve installed as it is shown in Figure 16. The difference between these two
valves is the inlet for the fluid to be drained. The direct valve drains the fluid adjacent to the
valve. The indirect valve has an inlet connection in the side, which is connected to a pipe that
drains the fluid from a short distance from the valve.

RIB21
SURGE TANK —7g—
[ ] DIRECT DRAIN
BCY ~
/ RIB18
TRIM TANK

INDIRECT DRAIN

RIB3

TRIM TANK

FLAP-TYPE
CHECK VALVES

DIRECT DRAIN

TRIM TANK

RIB19

Figure 16: Installation of Water Drain Valves in the Trim Tank

The Trim Tank related Drain Valves are grouped and named as the Trim Tank Drain System
Valves:

Table 4: Parameters of the Trim Tank Drain System Valves
Price [%] DMC [%] Weight [%] Power Consumption [%]
0.398 0.099 0.07 0

5.1.3 Venting System

The Venting System has the function to keep the air pressure inside the tanks near to the
aircraft’'s ambient atmosphere pressure. This prevents a large difference between these
pressures, which could damage the fuel tank aircraft structure. The vent function is
particularly necessary during refuel/defuel operations or during climb and descent. For this
reason every fuel tank is connected via venting pipework with the three Vent Surge Tanks,
which are located as shown in Figure 13.
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5.1.3.1  Wing Tank Venting System
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Figure 17: Wing Venting System

The Wing Tank related pipes of the Venting System are grouped and named as the Wing
Tank Venting System Pipes:

Table 5: Parameters of the Wing Tank Venting System Pipes

Price [%] DMC [%] Weight [%] Power Consumption [%]

10.384 0 19.912 0

To prevent fuel flow via the vent pipes to the Vent Surge Tanks, the inlets of the pipes are
protected with several float valves. The float valves will close the vent pipes if the fuel
reaches a certain level. However, it is possible that small amounts of fuel can flow through
the vent pipes to the Vent Surge Tank. In this case the Vent Surge Tank has the function of a
temporary reservoir.
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PRIMARY FLOATS

SECONDARY FLOAT

Figure 18: Inner and Outer Vent Valve Rib 23

INBOARD VENT
VALVE

Figure 19: Inner Vent Valve Rib 4

With this arrangement, the air in the Fuel Tanks is able to communicate with the air in the
Vent Surge Tanks. The Vent Surge Tank itself communicates with the aircraft's ambient
atmosphere via the NACA Flame Arrestor, which lets air flow through it in two directions. The
special inner structure of the NACA Flame Arrestor prevents ice formation and ignition of the
fuel vapour inside of the Vent Surge Tank in case of a ground fire.

Markus Rehsoft Diploma Thesis 22



Hochschule fiir Angewandte Wissenschaften Hamburg
Hamburg University of Applied Sciences

ICE PROTECTOR

FLAME ARRESTOR

VENT PROTECTOR

LAGGING

Figure 20: NACA Flame Arrestor

If the airflow through the NACA Flame Arrestor is blocked, an overpressure protector will
ensure that the design limits of the Vent Surge Tank will not be exceeded. If the pressure
difference between the Vent Surge Tank and the aircraft's ambient atmosphere is more than
a specified value, the overpressure protector will break open and release the pressure.

INNER-TANK
VENT PIPE

FLAME ARRESTOR

NACA VENT

. RIB39
SURGE-TANK &
DRAIN PIPE !

SURGE~-TANK
OVERPRESSURE PROTECTOR

Figure 21: Wing Vent Surge Tank with Overpressure Protector

All the above-described parts of the Wing Venting System are purely mechanical and have
no power consumption. The Wing Tanks related float valves, the two NACA Flame Arrestors
and the two Overpressure Protectors will be grouped and named as the Wing Tank Venting
System Valves.

Table 6: Parameters of the Wing Tank Venting System Valves

Price [%] DMC [%] Weight [%] Power Consumption [%]

4.132 0.088 2.893 0
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5.1.3.2 Trim Tank Venting System

Similar to the Wing Tank Venting System the Trim Tank Venting System also consists of
several pipes and valves.
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SURGE-TANK CHECK:
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RH INNER VENT
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LH INNER VENT
VALVE

LH OUTER VENT
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Figure 22: Trim Tank Venting System

The Trim Tank related pipes of the Venting System are grouped and named as the Trim
Tank Venting System Pipes:

Table 7: Parameters of the Trim Tank Venting System Pipes

Price [%] DMC [%] Weight [%] Power Consumption [%]

2.314 0 4.437 0

There are two inner and two outer float valves as shown in Figure 22. The valves and pipes
provide airflow to the Vent Surge Tank on the starboard side of the HTP. Fuel inside of the
Vent Surge Tank can drain via a check valve back to the Trim Tank. The Trim Vent Surge
Tank also comprises of a NACA Flame Arrestor and an Overpressure Protector, like the
Wing Vent Surge Tank.
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The Trim Tank related float valves, the check valve, the NACA Flame Arrestor and the
Overpressure Protector will be grouped and named as the Trim Tank Venting System
Valves.

Table 8: Parameters of the Trim Tank Venting System Valves
Price [%] DMC [%] Weight [%] Power Consumption [%]
2.28 1.105 1.196 0

514 Refuel/Defuel System
This system controls the fuel flow into or out of the aircraft on ground.
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Figure 23: Refuel/Defuel System
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The pipes of this system are grouped and named as the Refuel/Defuel Gallery:

Table 9: Parameters of the Refuel/Defuel Gallery
Price [%] DMC [%] Weight [%] Power Consumption [%]
12.242 0 18.664 0

Four different procedures for refuelling or defuelling the aircraft are possible:
e Refuelling:
o Pressure Refuel
o Overwing Refuel

e Defuelling:
o Pressure Defuel
o Suction Defuel

51.4.1 Pressure Refuel

For pressure refuel, one Refuel/Defuel Coupling in the starboard wing connects the Refuel
Gallery with the external fuel supply. The Refuel/Defuel Coupling has two valve heads and
can therefore be connected to two hoses. An isolation valve inside of the Refuel/Defuel
Coupling controls the fuel flow.
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REFUEL ADAPTER
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- OUTER
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INNER COMPRESSION

SPRING =
LANYARD
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v
1 I—COUPLING
RING

VALVE HEAD

VALVE SEAL

REFUEL ADAPTER
CAP

Figure 24: Refuel/Defuel Coupling
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The Refuel Gallery is connected via Inner and Outer Inlet Valves with the several Wing
Tanks. A Single Motor Actuator (SMA) drives each inlet valve.

REAR SPAR

FUEL VALVE

ACTUATOR

Figure 25: Inlet Valve with Single Motor Actuator

In each tank the Refuel Gallery divides into a number of smaller pipes. At the end of each of
these smaller pipes is a refuel diffuser to prevent fuel splash. A check valve prevents fuel
flow from the Aft Inner Tank to the Forward Inner Tank.

OUTLET

Figure 26: Check Valve Refuel System
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The Refuel Gallery is connected via a Restrictor Valve and the Trim Pipe Isolation Valve with

the Trim Pipe.

REFUEL IN

REFUEL OUT

RESTRICTOR VALVE

Figure 27: Restrictor Valve

-

DRAIN OUT

Thus the Trim Pipe will be supplied with fuel and the Trim Tank will be refuelled via the Trim
Tank Inlet Valve. The Trim Pipe Isolation Valve and Trim Pipe Inlet Valve belong to the CG

Control and will be discussed further in chapter 5.4.

When the refuel operation is completed, the Depressurising Valve in the starboard wing

releases the remaining pressure in the Refuel Gallery into the starboard Inner Tank.

RIB1&
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GALLERY

DEPRESSURIZING
VALVE
(RH SIDE ONLY)

TO DUTBOARD TANK

FROM REFUEL
COUPLING

Figure 28: Depressurising Valve
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5.1.4.2 Overwing Refuel

For this procedure each Inner Wing Tank consists of an Overwing Refuel Adaptor, which is
installed in the top of the tank. The Overwing Refuel Adaptor consists of a cap and the
adaptor itself. When the cap is removed, a fuel nozzle could be put into the adaptor to refuel
the Inner Tank. Once the Inner Tank is filled a ground transfer with the Engine Feed Pumps
is necessary to refuel the remaining tanks. When the ground transfer is done, the Inner
Tanks need to again be filled until the required fuel load is achieved. The Engine Feed
Pumps will be further described in chapter 5.2.

OVERWING
REFUELING CAP

ARROW PAINTED
ON TOP SKIN

SECTION

B-B
ﬁi r -4 0=RING SEALS
REFUEL ADAPTOR
ADAPTOR NUT
L LOCKING PLATE

Figure 29: Overwing Refuel Adaptor with Cap

5.1.4.3 Pressure Defuel

In this case the Engine Feed Pumps will push the contained fuel into the Refuel Gallery and
from there through the Refuel/Defuel Coupling to an external tank. No extra components are
necessary for this procedure.

5.1.4.4 Suction Defuel

In this case tank by tank, fuel will be sucked out. Therefore the related inlet valves will open
or close. No extra components are necessary for this procedure.

The two Outer Tank Inlet Valves, the two Inner Tank Inlet Valves, the Refuel/Defuel
Coupling, the Restrictor Valve, the two Overwing Refuel Adaptors and Depressurising Valve
will be grouped and named as the Refuel/Defuel Valves.

Table 10: Parameters of the Refuel/Defuel Valves
Price [%] DMC [%] Weight [%] Power Consumption [%]
3.643 6.681 3.237 0
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5.1.5 Gauging System

The Gauging System can be divided into four subsystems:
Quantity Indicating System

Manual Magnetic Indicators

Tank Level Sensing

Fuel Temperature Measurement System

5.1.5.1  Quantity Indicating System

This Fuel Quantity Indicating (FQI) System provides information about the quantity of fuel in
each tank. Thus several probes are installed in the Inner and Outer Tanks, the two Collector
Cells and the Trim Tank.
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Figure 30: Quantity Indicating Probes in the Wing Tanks
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Figure 31: Quantity Indicating Probes in the Trim Tank

Most of these probes are FQI-Probes. Each FQI-Probe comprises two concentric aluminium
tubes with different diameters, that are anodised. The capacitance of the probes will change
with the level of fuel inside of the probe. The capacitance value is permanently measured by
the Fuel Control and Monitoring System (FCMS), which calculates the fuel level with this
information. The FCMS will be discussed further in chapter 5.5.

Figure 32: FQI-Probe
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One Compensator Probe is installed in each Inner Tank. A Compensator Probe consists of a
single tube, which is fixed via two brackets to the tank structure, and two large concentric
tubes. The concentric tubes are anodised and the capacitance value is in proportion to the
dielectric constant of the fuel.

Figure 33: Compensator Probe

One Densitometer is installed in each wing. This component consists of a small resonant
system, which will produce certain frequencies at certain fuel densities. In other words, the
Densitometer gives permanently a frequency to the FCMS and this value will change if the
density of the fuel also changes.

Figure 34: Densitometer

The FCMS uses the information of the FQI-Probes and the Compensator to calculate the
volume of the usable fuel. Together with the density value of the Densitometer the FCMS is
able to calculate the mass of the usable fuel.

Markus Rehsoft Diploma Thesis 32



Hochschule fiir Angewandte Wissenschaften Hamburg
Hamburg University of Applied Sciences

5.1.5.2 Manual Magnetic Indicators

This part of the Gauging System is more a secondary system and can only be used on
ground. Four Manual Magnetic Indicators (MMI) are installed in each Inner Wing, two of them
are installed in each Outer Wing.

The MMI consists of a Magnetic Level-Indicator (MLI) and a Magnetic Level-Indicator
Housing (MLIH).
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LOCKED
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—/
b FUEL TANK
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Figure 35: MLl and MLIH

The MLI is a rod with marks to show fuel levels and it is installed in the MLIH. It can be pulled
out and pushed back in through an opening in the MLIH. At one end of the rod is a magnet
and at the other end is a bayonet-type lock, to clamp the rod inside the MLIH. The MLIH is
mounted at the top and the bottom of its related tank. A float assembly around the MLIH can
move freely up and down and gives therefore the fuel level. Inside the MLIH is a magnet. The
ground crew can now unlock the MLI, extend it slowly to its maximum length and push it
slowly back until a magnetic link is felt between the float and the top end of the rod. The
reading at the point where the MLI meets the wing skin is the fuel level in that part of the
tank.
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5.1.5.3 Tank Level Sensing

Several Level Sensors are installed in the tanks to inform the FMCS when a certain critical
fuel level is exceeded or falls below a specified minimum level. Therefore the Level Sensors
indicate to the FCMS as to whether they are wet or dry.
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Figure 36: Tank Level Sensing

There are Hi-Level Sensors for giving warnings if a level will be exceeded and they are
installed as follows:

e Two in each Outer Tank

e Two in each Inner Tank

e Two in each Trim Tank

There are Lo-Level Sensors for giving warnings if the level falls below a specified minimum
level and they are installed as follows:

e Two in each Inner Tank

e Oneinthe Trim Tank

There are Overflow Sensors installed as follows:
¢ One in each Wing Surge Tank
¢ One in the Trim Tank Surge Tank

Each Inner Wing consists of an additional ETOPS (Extended Range Twin Engine Operation)
Sensor, which gives warnings if the fuel level falls below a specified minimum level. The
minimum level is equal to enough fuel for 180 minutes of flying.
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5.1.5.4

Fuel Temperature Measurement System

To measure the fuel temperature, four Temperature Sensors are installed in the tanks:
¢ One in the left OQuter Wing Tank

e One in each Collector Cell

e Oneinthe Trim Tank

All the Temperature Sensors are installed at the lowest point of their related tanks. This
makes sure, that the sensors are submerged in the fuel for most of the time.

HIGH TEMPERATURE

COLLECTOR CELL

SENSOR
LOW TEMPERATURE

RIB&

SENSOR
LOW TEMPERATURE
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Figure 37: Temperature Sensor Installation

The Inner Wing Tank related FQIs, Compensators, Densitometers, MMIs and Level Sensors
are grouped and named as the Inner Wing Tank Probes:

Table 11: Parameters of the Inner Wing Tank Probes
Price [%] DMC [%] Weight [%] Power Consumption [%]
8.92 13.081 3.97 0

The Outer Wing Tank related FQIls, MMIs, Level Sensors, and Temperature Sensors are
grouped and named as the Outer Wing Tank Probes:

Table 12: Parameters of the Outer Wing Tank Probes
Price [%] DMC [%] Weight [%] Power Consumption [%]
3.784 6.168 1.153 0

The Trim Tank related FQIs, Level Sensors, and Temperature Sensors are grouped and

named as the Trim Tank Probes:

Table 13: Parameters of the Trim Tank Probes
Price [%] DMC [%] Weight [%] Power Consumption [%]
4.094 7.094 1.856 0
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5.1.6 Jettison System

Today it is common to provide a Jettison System for aircrafts. With this system the flight crew
is able to reduce the aircraft weight in the air to the Maximum Landing Weight (MLW) by
jettisoning fuel. This could happen, if a serious failure takes place directly after take-off and
therefore an emergency landing is required.

However, a Jettison System is not necessarily required. For example every Airbus aircraft is
able to land with the MTOW, but the airline has to do certain checks with the Landing Gear
and the aircraft structure afterwards, if the MLW is exceeded. Thus the Jettison System is
optional and the operator has to evaluate the probability of a landing with a weight higher
than the MLW and the associated maintenance costs versus the operating costs due to a
Jettison System.

The configuration in this study will use a “No Jettison System” option and thus typical
components for fuel jettison will not be considered again.

5.2 Engine and APU Feed System

5.21 Engine Supply

The engines will be supplied with fuel from the Inner Tanks of the wings. Two Main Feed
Pumps and one Standby Feed Pump are installed for each engine to maintain the fuel
supply. In normal conditions only the Main Feed Pumps will operate and the Standby Feed
Pumps will only be used if one of the Main Feed Pumps fail.

All these fuel pumps are installed in canisters. This hollow body is mounted via a mounting
flange on the bottom of the tank and connects the fuel pump via a strainer and a slide valve
with the tank. The canister could be opened via a bottom access hole to remove the fuel
pump. The slide valve is open when the fuel pump is installed and closes automatically when
the fuel pump is removed.

The canister has two fuel outlets. One is connected with the engine feed line and thus this
outlet provides the real engine fuel supply. The other outlet is connected with a jet pump,
whose function will be described later in this chapter. Both outlets are controlled via a check
valve. The check valve of the engine feed outlet is installed inside of the canister. The check
valve of the jet pump outlet is mounted on the related outlet. Both check valves prevent fuel
flow from the engine feed line or the jet pump back into the canister. This design and
arrangement of the canister provides maintenance work on the fuel pump without defuelling
the related tank.

The canister and thus the pump is connected with a pressure switch, which is placed outside
of the tank and gets information of the aircraft's ambient air pressure. This reference
pressure is used to control the correct function of the fuel pump. In other words, if the
pressure switch recognizes values out of certain limits, the related fuel pump will be set to
OFF.

Markus Rehsoft Diploma Thesis 36



Hochschule fiir Angewandte Wissenschaften Hamburg
Hamburg University of Applied Sciences

FEED-PIPE

uunsx\rk )

QUTLET CHECK-VALVE

— o OUTLET TO
JET=PUNP

OQUTLET TO
PRESSURE-SWITCH

FUEL INLET

‘-\ AND STRAINER

SLIDE-VALVE
(SHOWN OPEN)

Figure 38: Engine Feed Pump Canister without Fuel Pump
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Figure 39: Engine Feed Pump Canister with Fuel Pump
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Figure 40 shows the arrangement of the feed pumps as they are installed in the engine feed
system.
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Figure 40: Engine Feed System

The four Main Feed Pumps and the two Standby Feed Pumps have the following
parameters:

Table 14: Parameters of the Main Feed Pumps

Price [%] DMC [%] Weight [%] Power Consumption [%]

3.173 5.996 4.349 66.09

Table 15: Parameters of the Standby Feed Pumps

Price [%] DMC [%] Weight [%] Power Consumption [%]

1.586 2.998 2.175 0

Figure 40 shows that both main feed pumps are installed in a Collector Cell. The Collector
Cell is a smaller tank within the Inner Wing Tank. The reason for the Collector Cell lies in the
design of the fuel pumps. As it is shown in Figure 31 the fuel pump sucks the fuel from the
bottom of the related tank. This principle is for redundancy. In other words, if all feed pumps
fail, the engine could be fed by gravity. The problem is that the wing tanks are not full during
a flight mission. This means, that if the aircraft makes a negative or zero g manoeuvre, the
fuel will move up inside of the tank and the tank bottom will become dry. In this case the fuel
pumps would run dry and thus the engine would not get any more fuel. To prevent this
situation, the Collector Cell is built around the Main Feed Pumps and is permanently full of
fuel. The fuel supply for the Collector Cell is mainly done by a jet pump and secondary done
by flap valves. The flap valves are installed in a rib at the bottom of the Collector Cell and
provide fuel flow into the Collector Cell. These valves are very cheap and light and will be not
further considered.
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The jet pump is a non-mechanical pump, which consists of a motive flow inlet, a suction inlet,
a mixing tube and a diffuser.
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Figure 41: Collector Cell Jet Pump

The motive flow works together with the motive flow nozzle suction inside of the Jet Pump.
This transfers fuel from the Inner Tank into the Jet Pump where the motive flow and the
suction flow will be mixed and stabilized in the diffuser before going into the Collector Cell.
The motive flow is taken from the Main Feed Pumps.

No2 LEFT FUEL-PUMP TC ENGINE

CANISTER
TO ENGINE

No1 LEFT
FUEL=-PUMP
CANISTER

TO JET PUMP

Figure 42: Main Feed Pump Arrangement
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The two Collector Cell Jet Pumps have the following parameters:

Table 16: Parameters of the Collector Cell Jet Pumps

Price [%] DMC [%] Weight [%] Power Consumption [%]

0.823 0.284 1.216 0

Additionally a Thermal Relief Valve is installed in the feed line, to prevent too much pressure.
It opens if certain limits will be exceeded.
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Figure 43: Engine Feed Thermal Relief Valve

An Air Release Valve is installed at the high point of the feed line. It releases trapped air into
the Inner Tank.
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.CREF ONLY)

FRONT SPAR

No.1(2)
ENG FUEL FEED
AIR-RELEASE VALVE

LH WING SHOWN \

RH WING OPPOSITE HAND FUEL FLOW

Figure 44: Engine Feed Air Release Valve Installation
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In the description of the tank layout a possible UERF was mentioned. Also for the engine
feed system a certain requirement has to be considered in this case. If the aircraft loses one
engine all the stored fuel has to be available for the remaining engine. Thus each engine is
connected with the other engine’s feed system via the crossfeed system.

CENTER FUSELAGE
AREA

RN

TO NO.1
ENG.

@ o @ e

AIR RELEASE AIR RELEASE
) VALVE VALVE

CROSSFEED
VALVE

Figure 45: Crossfeed System

Therefore the feed systems of both engines are connected via a pipe, which is normally
closed by the Crossfeed Valve. If necessary the Crossfeed Valve will open and all the fuel is
available for one engine. The Crossfeed Valve is mounted on the rear spar and driven by a
TMA.

REAR
SPAR

ACTUATOR

CROSSFEED
VALVE

SEE/FEEL
INDICATOR

Figure 46: Crossfeed Valve

Two Air Release Valves are installed in the line to the Crossfeed Valve to prevent a build-up
of air.
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If an engine fails, it has to be isolated from the Engine Feed System. Hence a Low Pressure
(LP) Valve is installed in the feed line directly before the engine. The LP Valve is mounted on
the front spar and is driven by a TMA.

/

A

C‘/L. ENGINE1

AIR RELEASE VALVE

COLLECTOR
7 CELL

LP VALVE

ACTUATOR

HEAT-RESISTANT
BOX

Figure 47:

WING FRONT
SPAR

Engine LP Valve

The four Check Valves of the Main Feed Pumps, the two Thermal Relief Valves, the two Air
Release Valves in the Engine Feed Line, the Crossfeed Valve, the two Air Release Valves of
the Crossfeed Line and the two LP Valves are grouped and named as the Engine Feed
System Valves.

Table 17: Parameters of the Engine Feed System Valves
Price [%] DMC [%] Weight [%] Power Consumption [%]
2.671 7.549 1.807 0

The pipes of the Engine Feed Line and the Crossfeed Line are grouped and named as the
Engine Feed System Pipes.

Table 18: Parameters of the Engine Feed System Pipes
Price [%] DMC [%] Weight [%] Power Consumption [%]
6.296 0 9.599 0
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522  APU Supply

Like the engines the APU also needs fuel supply to operate in all conditions. Therefore a
Forward APU Pump is installed in the centre fuselage area between both wings and an Aft
APU Pump is installed in the tail cone of the aircraft. Both pumps are installed in canisters.
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Figure 48: APU Feed System

The Forward APU Pump transfers fuel from the left Inner Wing Tank through the Trim Pipe to
the tail cone and the APU when the trim transfer system does not operate. As described in
chapter 5.2.1 the Forward APU Pump can also be used to transfer fuel to the engine feed
line. The Forward APU Pump could be separated via a Fuel Isolation Valve from the Trim
Pipe.
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Figure 49: Forward APU Pump

The Aft APU Pump transfers fuel from the Trim Pipe to the APU when the trim transfer
system operates. A pressure switch controls this Aft APU Pump. It starts running, when the
absolute pressure in the Trim Pipe goes below a specified limit. The Aft APU Pump and the
APU can be separated via a Fire Shut-Off Valve from the Trim Pipe. The Fire Shut-Off Valve

is driven by a TMA.

FIRE SHUTOFF
VALVE=ACTUATOR

AFT FUEL
FEED-PUMP

APU FUEL LINE

\\ ’,’ R
BYPASS HOSE N »” AFT PUMP CANISTER

TRIM TANK FUEL FIRE SHUTOFF VALV
TRANSFER LINE €

Figure 50: Aft APU Pump Arrangement
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A Vent and Drain Valve is installed between the APU and the APU feed line. It is used for the
line maintenance to drain or to bleed the APU fuel line.
Table 19: Parameters of the APU Forward Pump

Price [%] DMC [%] Weight [%] Power Consumption [%]

0,762 6,78 0,292 4,533

Table 20: Parameters of the APU Aft Pump

Price [%] DMC [%] Weight [%] Power Consumption [%]

2,196 1,637 0,842 7,556

The APU Fuel Isolation Valve and the APU Fire Shut-Off Valve are grouped and named as
the APU Feed System Valves.

Table 21: Parameters of the APU Feed System Valves

Price [%] DMC [%] Weight [%] Power Consumption [%]

1,323 0,612 0,412 0

The pipes for the APU fuel supply are grouped and named as the APU Feed System Pipes.

Table 22: Parameters of the APU Feed System Pipes

Price [%] DMC [%] Weight [%] Power Consumption [%]

0,35 0 0,533 0

53 CG Control

Due to variable passenger and cargo distribution the CG position of the aircraft will be
different for each flight mission. Due to the fact, that the engines will burn most of the stored
fuel, the CG position will also move during a flight mission. The lift force produces a
penalising moment to the moving CG. In small aircrafts the HTP is used for producing a
down force and thus a contra moment to the lift force. For this principle the angle of attack of
the HTP changes and this will cause increased drag and fuel consumption.

For larger aircraft it could be more efficient to use a Trim Tank in the HTP where fuel is
moved between the wing and HTP related tanks to change the position of the CG during the
flight. The penalty of this principle lies in a more complex fuel system due to extra equipment.
As it is described in chapter 5.1 the configuration investigated in this thesis should consist of
a Trim Tank.

To transfer fuel from the Trim Tank to the Wing Tanks (Forward Transfer) or from the Wing
Tanks to the Trim Tanks (Aft Transfer) several components are necessary. In normal flight
conditions one small Aft Transfer and several Forward Transfers will be done.

Markus Rehsoft Diploma Thesis 45




Hochschule fiir Angewandte Wissenschaften Hamburg
Hamburg University of Applied Sciences

5.3.1 Aft Transfer
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Figure 51: Trim Transfer System Centre Fuselage Area

Via two Aft Transfer Valves, the Engine Feed Lines can supply fuel to the Refuel/Defuel
Gallery. The Aft Transfer Valves are mounted on the rear spar and driven by a SMA. Each
Aft Transfer Valve is connected to a Check Valve, which prevents fuel flow from the

Refuel/Defuel Gallery back into the Engine Feed Lines.

FUEL VALVE -

REAR SPAR

ACTUATOR

Figure 52: Fuel Valve with SMA
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The opened Trim Pipe Isolation Valve connects the Refuel/Defuel Gallery with the Trim Pipe.
Like the Aft Transfer Valves this valve is mounted on the rear spar and driven by a SMA. The
Auxiliary Forward Transfer Valve and all Outer Tank and Inner Tank Inlet Valves are closed
during this procedure. Thus the fuel from the Refuel/Defuel Gallery can flow through a Trim
Pipe Restrictor Valve and the opened Trim Pipe Isolation Valve into the Trim Pipe, which is
connected with the Trim Tank in the HTP.
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INLET VALVE TRIM TANK
ISOLATION VALVE

AIR RELEASE
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Figure 53: Trim Transfer System in the HTP

The Trim Pipe is connected via a Trim Tank Inlet Valve with the Trim Tank. The Trim Tank
Inlet Valve is mounted on the bottom and driven by a SMA. During an Aft Transfer this valve
is opened and therefore the fuel from the Trim Pipe can flow into the Trim Tank.

5.3.2 Forward Transfer

The Trim Tank Transfer Pump transfers fuel via Trim Tank Outlets and the opened Trim
Tank lIsolation Valve from the Trim Tank into the Trim Pipe. A SMA drives the Trim Tank
Isolation Valve. One outlet consists of a check valve and an Air Release Valve. In addition a
Thermal Relief Valve is installed at the Trim Tank inlet and outlet pipe.

TRIM TANK

CHECK VALVE

AIR RELEASE
VALVE

THERMAL

TRIM TANK
INLET VALVE

Figure 54: Trim Tank Inlet Valve & Trim Tank Isolation Valve
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The Trim Pipe is connected via the opened Auxiliary Forward Valve with the Refuel/Defuel
Gallery. The Trim Pipe Isolation Valve and both Aft Transfer Valves are closed during this
procedure. The Inner Tank Inlet Valves are opened during this procedure and thus the fuel

can flow from the Refuel/Defuel Gallery into the Inner Wing Tanks.

Two small jet pumps are connected with the Trim Tank Transfer Pump. These Trim Tank
Scavenge Jet Pumps mix the fuel inside of the Trim Tank to prevent big bubbles of water.

A

TRIM
TANK |

JET PUMP
Figure 55: Trim Tank Scavenge Jet Pump
Table 23: Parameters of the Trim Tank Transfer Pump
Price [%] DMC [%] Weight [%] Power Consumption [%]
2,305 2,767 1,069 17,469
Table 24: Parameters of the Trim Tank Scavenge Jet Pumps
Price [%] DMC [%] Weight [%] Power Consumption [%]
0,243 0,033 0,337 0
Table 25: Parameters of the Trim Tank Transfer System Valves
Price [%] DMC [%] Weight [%] Power Consumption [%]
4,113 9,492 1,379 0
Table 26: Parameters of the Trim Tank Transfer System Pipes
Price [%] DMC [%] Weight [%] Power Consumption [%]
7,867 0 11,994 0
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5.4 Wing Bending Moment Relief

Due to lift distribution the wings will produce a bending moment at the wing root. The wing
structure has to be designed to account for the bending moment. To relieve the bending
moment and thus the wing structure Outer Wing Tanks are installed. The fuel inside of these
tanks produces a down force and thus a contra moment to the lift related moment. This fuel
is kept for as long as possible in the Outer Wing Tanks to relieve the bending moment.

Figure 56: Down Forces by Fuel Tanks

When the engines burn fuel during a flight mission they take the fuel from the Inner Wing
Tanks as described in chapter 5.2.1. To control the changing CG position due to the fuel
burn, fuel from the Trim Tank will be transferred in intervals to the Inner Wing Tanks as
described in chapter 5.3.2.

When the Trim Tank is empty, the remaining fuel inside of the Wing Tanks will burn to a
certain level. Then the fuel from the Outer Wing Tanks will be transferred into the Inner Wing
Tanks. This transfer will also be done in intervals.

For this reason each Outer Wing Tank consists of an Intertank Transfer Valve. When this
valve opens, the fuel from the Outer Wing Tank is transferred by gravity into the Inner Wing
Tank. The Intertank Transfer Valve is mounted on a rib and driven via a driveshaft by a SMA.
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Figure 57: Intertank Transfer Valve

Table 27: Parameters of the Intertank Transfer System Valves

Price [%] DMC [%] Weight [%] Power Consumption [%]
0,888 2,944 0,635 0
5.5 Fuel Control and Monitoring System

To control the components and functions of such a Fuel System a Fuel Control and
Monitoring System (FCMS) is necessary. The major parts of the FCMS are two Fuel Control
and Monitoring Computers (FCMC).

The FCMC receive various data from the probes and status information from valves and
pumps. With this information the FCMC are able to calculate certain values and make the
applicable decisions for:

Fuel Quantity and Fuel Temperature Measurement
Trim Transfer

Intertank Transfer

Automatic Pressure Refuel

Manual Refuel/Defuel and Ground Transfer

Only one FCMC controls the Fuel System at a time. The other one continuously monitors the
responsible values and gets control if the first FCMC gives unsatisfactory data.

The FCMC have the following specific parameters:

Table 28: Parameters of the FCMC
Price [%] DMC [%] Weight [%] Power Consumption [%]
10,762 21,994 4,023 4,352
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5.6 Fuel System Parameter Overview

The collected data tabulated above was used to create diagrams regarding the inputs of
DOCsys. To simplify the overviews the components are grouped as pumps, valves, gauging,
pipes and the FCMS.

5.6.1 Fuel System Price

Price Total

FCMS Pumps

Valves
22%

Pipework
39%

Gauging
17%

Figure 58: Price Breakdown by Component Groups

The pipes contribute the biggest fraction of the Fuel System price with 39%. The valves with
22% and the gauging system with 17% follow them. The prices of the pumps and the two
FCMC are equal with 11%.

5.6.2 Fuel System DMC

DMC Total

Pumps
21%

Valves
41%

Gauging
38%

Figure 59: DMC Breakdown by Component Groups
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The valves contribute the biggest fraction of the Fuel System DMC with 41%. The gauging
with 38% and the FCMS with 24% follow them. The pumps cause the smallest DMC fraction
with 21%.

5.6.3 Fuel System Weight

Weight Total

Pipework
70%

Figure 60: Weight Breakdown by Component Groups

The pipes contribute by far the biggest fraction of the Fuel System weight with 70%. The
weight fractions of the valves and pumps are equal with 11% and 12%. The Probes and the
FCMS contribute small fractions with 7% and 4%.
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6 Direct Operating Costs of a Long Range Aircraft Fuel
System

The data as described in chapter 5 was used to evaluate DOC of a Long Range Aircraft Fuel
System Architecture. Thus the algorithms of DOCsys were programmed with DecisionPro™.

6.1 Application of DOCsys for a Fuel System with DecisionPro™

To validate the combination of the DOCsys method and DecisionPro™ a first test run was
made in accordance with the commercially available program DOCjsys. The inputs for this test
run do not present a Fuel System of a particular aircraft type.

As explained in chapter 4 the tree structure within DecisionPro™ starts with the root node,
which presents the final result of the model. In this case the DOC of a Fuel System per year
were calculated. To provide good visibility and minimize space requirements the following
tree structures are only shown with the node names and the node values. Thus the tree
hierarchy has the following root node by considering Equation (3):

DEPRECIATIONSYyS
23364 45

DioCsyws Fuel System per Year FUEL=vy=
128553,30 23793 27

DMCsys
242555

Figure 61: Root Node of Fuel System DOC per Year

6.1.1 Depreciation

The depreciation node is defined as in Equation (5) with a price, a residual and a
depreciation period. The price was 389408 $. The residual is calculated by a factor of 0.1 of
the price and the depreciation period is assumed with 15 years. With these information the
branch structure of the depreciation is as follows:

| PRICE
309405
DEPRECIATICN REIDUAL
ave || M
b 23364 48 = 383408 Residual Factor
01
Depreciation Period

12

Figure 62: Depreciation Branch
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6.1.2 Fuel Burn

The fuel node is defined as shown in Equation (8). The NFY is assumed with 700 and the
fuel price is assumed with 0,3419 $/kg:

MF
aa

Fuel Price
FLUELsys | | :‘3-3‘”9 |

U 23793 27

Fuel Mazs by Fixed System Mass -
97 7 Page

Fuel Mazs by Power Off Take

1 74580 [+ Page

Figure 63: Fuel Costs Branch
In a next step the fuel masses were defined.

6.1.2.1  Fuel Mass due to Fixed System Mass

The fuel mass due to fixed system mass node is defined as it is described in chapter 3.2.1.
Thus the seven flight phases and their contribution to the fuel consumption were considered:

Fuel Mazz by Fixed Svystem Mazz Phase 1
ml > Page

Fuel Mazz by Fixed System Mazz Phaze 2
5 * Page

Fuel Mass by Fixed System Mass Phase 3 L,
2 31081 Page

Fuel Mass by Fized System Mass | | Fuel Mass by Fixed Svystem Mass Phase 4

o757 1220725 [ Fage

|| Fuel Maszs by Fixed Svystem Mazz Phaze 5 -
A0, 46209 Fage

Fuel Mazz by Fixed System Mazz Phaze B -
076273 Page

Fuel Mass by Fixed System Mass Phase 7
11,797 I Page

Figure 64: Fuel Mass due to Fixed System Mass Branch
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6.1.2.1.1 Flight Phase 7

As also described in chapter 3.2.2 the calculation has to start at the end of a flight mission by
only considering the system mass. Thus the node of flight phase 7 is defined as follows:

Mazz Fuel System
Fuel Masz by Fixed System Mass Phase 7 { 447 554

-
1,787 Mazs Fraction?

0,995

Figure 65: Fuel Mass due to Fixed System Mass Phase 7 Branch

The fuel consumption for this flight phase is defined as in Equation (9). The mass fraction
was taken from Table 1 and the fixed system mass was assumed with 447.554 kg.

6.1.2.1.2 Flight Phase 6
Flight phase 6 was considered with the following branch:

Mazs Fuel System

[ | 447 554
|| Fuel Mass by Fized System Mass Phase 7
1,797
o Fuel Mass by Fixed System Mass Phase B | | TG
0ra2rs 0505
) SFCE
00589 |
| (4
HeE 951

L -
000344 GAMMAR
-0,04189
LTODRATIOR
20,4

Figure 66: Fuel Mass due to Fixed System Mass Phase 6 Branch

The fixed system mass in this flight phase is the sum of the system mass and the required
fuel mass for flight phase 7. The fuel consumption for flight phase 6 was defined as in
Equation (10). The following inputs were assumed as follows:

ts = 0.508 hr

The factor kz s was defined as in Equation (11), with the following assumed inputs:

SFCs = 0,0589 kg/(hr*N)
g = 9.81 m/s2

Y = -0.04189 rad
LD = 20.9
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6.1.2.1.3 Flight Phase 5

Flight phase 5 was considered with the following branch:

- Fuel Maz=s by Fixed System Mazz Phaze 5
a0,45209

15
[ 587154 |

Masz Fuel System
447 554

Fuel Mazs by Fixed System Mass Phase 6
078273

SFCS
0,059 |
i

BEEL
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002763 GAMMAS
D |
LTODRATIOS
20,8

Figure 67: Fuel Mass due to Fixed System Mass Phase 5 Branch

The fixed system mass in this flight phase is the sum of the system mass and the required
fuel mass for flight phase 6. The fuel consumption for flight phase 5 was defined as in
Equation (10). The following inputs were assumed as follows:

ts = 5.967 hr

The factor kz s was defined as in Equation (11), with the following assumed inputs:

SFCs = 0,0589 kg/(hr*N)
g = 9.81 m/s2

Y = Orad

L/D = 20.9

6.1.2.1.4 Flight Phase 4

Flight phase 4 was considered with the following branch:

| Masz Fuel System
447 554

Fuel Mazs by Fixed System Mass Phaze 5

a0,45209
- Fuel Mass by Fized System Mass Phase 4 | |
12,209725 T4 =FC4
052 00554
| |4
| [ea 3,81
004427 GEMMAS
002aa

LTODRATIOH
209

Figure 68: Fuel Mass due to Fixed System Mass Phase 4 Branch

Markus Rehsoft

Diploma Thesis

56



Hochschule fiir Angewandte Wissenschaften Hamburg
Hamburg University of Applied Sciences

The fixed system mass in this flight phase is the sum of the system mass and the required
fuel mass for flight phase 5. The fuel consumption for flight phase 4 was defined as in
Equation (10). The following inputs were assumed as follows:

1y = 0.52 hr

The factor kx4 was defined as in Equation (11), with the following assumed inputs:

SFCs = 0,0589 kg/(hr*N)
g = 9.81 m/s2

Y = 0.0288 rad

LD = 20.9

6.1.2.1.5 Flight Phase 3
Flight phase 3 was considered with the following branch:

Mazz Fuel Zystem

447 554
o Fuel Mass by Fixed System Mass Phaze 3 Fuel Masz=s by Fixed System Mazs Phaze 4 -
231081 1229725
Mazz Fractiona
0,995

Figure 69: Fuel Mass due to Fixed System Mass Phase 3 Branch

The fixed system mass in this flight phase is the sum of the system mass and the required
fuel mass for flight phase 4. The fuel consumption for flight phase 3 was defined as in
Equation (9). The mass fraction was taken from Table 1.

6.1.2.1.6 Flight Phase 2
Flight phase 2 was considered with the following branch:

Mazz Fuel System

447 55
o Fuel Mazz by Fixed System Mazz Phaze 2 Fuel Maz= by Fixed System Mazz Phaze 3
1 231075
Masz Fractionz

1

Figure 70: Fuel Mass due to Fixed System Mass Phase 2 Branch

The fixed system mass in this flight phase is the sum of the system mass and the required
fuel mass for flight phase 3. The fuel consumption for flight phase 2 was defined as in
Equation (9). The mass fraction was taken from Table 1.
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6.1.2.1.7 Flight Phase 1

Flight phase 2 was considered with the following branch:

Masz Fuel Zystem
447 55

- Fuel Mazz by Fixed Svystem Mazz Phase 1
1

Fuel Mazs by Fized System Mazz Phasze 2

1]

Masz Fractionl

1

Figure 71: Fuel Mass due to Fixed System Mass Phase 1 Branch

The fixed system mass in this flight phase is the sum of the system mass and the required
fuel mass for flight phase 2. The fuel consumption for flight phase 1 was defined as in

Equation (9). The mass fraction was taken from Table 1.

6.1.2.2 Fuel Mass due to Power Off-Take

The fuel mass due to fixed system mass node is defined as it is described in chapter 3.2.2.
Thus the flight phases 4 to 6 were considered in this branch:

Fuel Mass by Power Off Take Phase 4

1]

a = Page
- Fuel Mazs by Power Off Take Fuel Mazs by Power Off Take Phaze 5 -
1 74589 174589 Page
Fuel Mazs by Power Off Take Phaze B
= Page

Figure 72: Fuel Mass due to Power Off-Take Branch

No power consumption was considered for flight phases 4 and 6.
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6.1.2.2.1 Flight Phase 5
Flight phase 5 was considered with the following branch:

_|Ps
354
0,0094 WTCY
Maszac 240000 |
207500 YR,
155000
Fuel Mass by Power Off Take Phase 5
4 74580 u Mumber of Engines
2
Tto
316265 5365
T=
597194
| | Hes -
0,02765

Figure 73: Fuel Mass due to Power Off-Take Phase 4 Branch

The fuel consumption for flight phase 5 was defined as in Equation (12). The inputs were
assumed as follows:

Ps = 3154 W

kp = 0.0094

n = 2

Tro = 316268.5568 N

The average aircraft mass my/c was defined as in Equation (13). The inputs were assumed
as follows:

MTOW
MZW

230000 kg
185000 kg

The factor kz s was defined and calculated as in chapter 6.1.2.1.3.
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6.1.3 DOC Comparison with the Program DOCsys

The above input parameters were also used to make a run with the commercial available
program DOCsys written by Dieter Scholz to check the above tree structure. The program
DOCsys produced among other things the following outputs:

BETRIEBSKOSTEN DES FLUGZEUG (TEIL)SYSTEMS

US$/Flugzeug/Jahr Anteil in %

Abschreibungskosten = 23364.48 18.00

Kosten durch Wartung und
Instandhaltung = 82425.55 63.51

Kraftstoffkosten durch den
Transport von fixen Massen = 23562.94 18.16

Kraftstoffkosten durch

Wellenleistungsentnahme = 429.89 0.33

Where:

Abschreibungskosten = Depreciation
Kosten durch Wartung und Instandhaltung = Maintenance Costs

Fuel Costs due to fixed
Mass

Kraftstoffkosten durch den Transport von fixen Massen

Kraftstoffkosten durch Wellenleistungsentnahme = Fuel Costs due to Power
Off-Takes

The Fuel System DOC with the DOCsys Program were calculated with 129782.86 $ and as
shown in Figure 61 using DecisionPro™ with 129583.30 $, using the same input data.
Therefore the calculation with DecisionPro™ produced a relative error of:

[129583.308 ~129782.868| | 1 <40, (19)
| 129782.86S |

This error occurred due to evaluation of the k. ; factor in 1/hr and not in 1/s and the fact that
the DOCsys program also considers the fuel required to carry the fuel to provide the power
required by the system during a mission.

Nevertheless the error was seen as very small and therefore the above tree structure was
used for further calculations.
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6.2 Cancellation Cost Evaluation with Monte Carlo Simulation

As mentioned in chapter 2.5 it is difficult to evaluate DOC caused by OIl. To consider the
uncertainties within Equation (15), the Monte Carlo Simulation of DecisionPro™ was used.
Only costs due to cancellations were investigated. Thus the tree structure from Figure 61
was taken with the same inputs. Additionally a branch for cancellation costs was attached to
the root node.

| DEPRECIATION sy
23364 45

|| FUEL=vy=
2379327

DiCzys Fuel System per Year
149539 90

|| DMCsys
82425 55

DELAY zvs
20256 6

Figure 74: Tree Structure with Ol Cost Node

The node of the cancellation costs was defined as follows:

MFY
o0
/\* P2 =LA
o DELAY =ys = MEY * PAXMNUM * Cancellation Cost * Cancellation Probakbility 300 ]
20256 B Cancellation Cost
140 |

Cancellation Probakility

0,00068
Figure 75: Cancellation Cost Node

Where:

NFY is the Number of Flights per Year
PAXNUM is the number of passengers
Cancellation Cost is the cancellation cost per passenger

Cancellation Probability is the cancellation probability due to the system
The NFY is taken from chapter 6.1 and the number of passengers is assumed with 300.

A stochastic input was made for the cancellation cost based on the data presented in Figure
3. A triangular distribution was chosen with a most likely value of 140 $, a lower limit of 25 $
and an upper limit of 290 $.

A second stochastic input was made for the cancellation probability. Only a statistic about Ol
rates of a Long Range Aircraft in general was available. However, this statistic was used for
this calculation. Figure 77 shows the probability in percent of an Ol due to the Fuel System of
a Long Range Aircraft for one year. This Figure also shows, that these values vary
significantly from month to month.
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Therefore a triangular distribution was chosen for the cancellation probability node. The
upper limit was 0.001021 and the lower limit was 0.000283 taken from Figure 77. The most
likely value was the average Ol rate also taken from Figure 77, giving a value of 0.0006889.

Ol Rates of one year due to the Fuel System
0.120 -

0.102 0.099
0.100 __

0.088
0.083 0082 0084 -

0.080 - [ ] —
0.070

0.060 | 0.057 0.055 |

%

0.044

0.040 - —
— 0.028

0.020 - |

0.000

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Figure 76: Variation of Ol Rates of a Long Range Aircraft due to the Fuel System

With the stochastic inputs for the cancellation costs and the cancellation probability a Monte
Carlo Simulation with 10000 samples was done, regarding the DOC of a Fuel System in $
per year. The results were the following:

Frequency Distribution

2.500

2.000

1.500

1.000

Occurrences

500 —

130000 135000 140000 145000 150000 155000 160000 165000 170000 175000 180000 185000

- DOCsys Fuel System per Year

Figure 77: Occurrences of Fuel System DOC per year due to cancellation uncertainty
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Cumulative Distribution
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Figure 78: Probability of Fuel System DOC per year due to cancellation uncertainty

The above distribution shows that there is a probability of 12 % that the DOC will be less
than 140000 $ and a probability of 84 % that the DOC will be less than 160000 $. In other
words, with the chosen distributions of uncertainties the chance is greater that the DOC wiill
be higher than the most likely value of approximately 149840 $ per year.
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6.3 Fuel System DOC by DOCsys Fractions

The data of the components described in chapter 5 were used to calculate the DOC of a
whole Fuel System of a today’s Long Range Aircraft. A complete flight mission was
observed.

The TLAR such as duration of flight phases, flight path angle, SFC, MTOW, etc. were taken
from an Airbus internal aircraft configuration tool and are representative for a Long Range
Aircraft with two engines. The fuel price was taken from Hume 2004.

Similar to chapter 6.1 the algorithms of DOCsys were also programmed in DecisionPro™. In
opposite to chapter 6.1 the DOC were calculated in $ per Flight Hour (FH). Therefore the root
node is defined as follows:

DEFRECIATIOM: =

FUELsys |

DioCeys Fuel System per Year

DioCsys Fuel System per Trip =
DOCsys Fuel System per FH
" Flight Tirme L, 700 |
8,135

Figure 79: Root Node for DOC per FH

The DOCsys method provides the DOC in $ per year. Thus the above branch divides this
DOC value with the NFY and further with the Flight Time to achieve the DOC per FH. The
branches for depreciation, fuel burn and DMC were defined and structured as in chapter 6.1.

Finally the calculation was done and produced the following breakdown by the fractions of
DOCSYS:

DOC Fractions

Depreciationgyg
17%

Fuelsys
19%

DMCgys
64%

Figure 80: Fuel System DOC by DOCsgys Fractions

Nearly two thirds of the DOC of the investigated Fuel System Architecture are caused by the
DMC. The Fuel Burn and the Depreciation are nearly equal with 19% and 17%.

Markus Rehsoft Diploma Thesis 64



Hochschule fiir Angewandte Wissenschaften Hamburg
Hamburg University of Applied Sciences

This calculation also gave an impression of the Fuel Burn fractions:

Fuel Burn Fractions
2%
O Fuel Burn due to Fixed
System Mass
B Fuel Burn due to Power
Off-Take
98%

Figure 81: Fuel Burn Fractions

The above diagram shows that the Fuel Burn due to Power Off-Take only contributes a very
small fraction to the total Fuel Burn.

6.4 Fuel System DOC by Components

In a next step the influence of the several components to the DOC was evaluated. Therefore
it was necessary to calculate the DOC of each component.

Thus the root node was defined as follows:

DOCays Pumps Page
DOCays Valves Page

DioCzys Fuel System per Year E——| DOCsys Gaudging t—b Page

DOCeys Fuel Systemn per Trip -

|| DO sys Fuel System per FH i i MFY DOCays Pipewark Pae
Fliggkt Tirme: Foo |
gras | DOCsys FOMS | Page

Figure 82: Root Node for DOCgys per Components

In this case the DOC per year were defined with the DOC of the component groups. As
shown in the next five pictures each component group was defined by the related
components or subgroups.
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—| DOCsys Engine Feed Pump Main t—r Pane

H DOCsys Engine Feed Pump Standby > Page

H DOCsys AP Pump Feed b Page

+|| DOCsys Pumps H——| DOCsys AP Pump Aft E—r Paie

— DOCsys Trim Tank Transfer Pump b Page

H DoCsys Collectar Cell Jet Pump | Page

—| DOCsys Trim Tank Scavenge Jet Pump F—r- Pane

Figure 83: Pumps DOC Branch

—| DOCsys Yalves Wing Tank Went System t—r- Pane

H DOCsys Valves Trim Tank Vet System b Page

—| DOCsys Yalves Endine Feed System k—r Pane

H DOCays Yalves RefueslDefuel System | Page

—| DioCeys Yalves Intertank Transfer Syatem E—h Page

DDCzys Valves

—| DOCsys Yalves Ermegency [zalation System E—r Pane

H DOCsys Valves Trim Tank Transfer System b Page

—| DioCeys Valves APU Feed System E—r Page

—| DOCsys Yalves Wing Tank Drain System t—h Pane

L DOCays Valves Trim Tank Drain System b Page

Figure 84: Valves DOC Branch

[Czys Probes Inner Tanks E—h

| DOCsys Gauging DOCsys Probes Outer Tanks

DioCsws Probes Trim Tank [—r

Figure 85: Gauging DOC Branch

—| DOC=sys Pipes Engine Feed System E—r Paiie

H DOCsys Pipes Yerting System |+ Page

—| DOCsys Pipes RefuslDefuel System E—r Page

< DOCsys Pipewark [

H DOCays Pipes APU System | Page

—| DioCays Pipes Trim Tank System E—r Page

—| DOCsys Pipes Trim Tank Yert System t—r Pane

Figure 86: Pipework DOC Branch
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«| DOCsys FCMS [— DOCsys FCMC |

Figure 87: FCMS DOC Branch

Afterwards a tree structure for each DOC Component Node was defined and created as for
the whole Fuel System in chapter 6.1 and 6.3. The component specific parameters and the
TLAR as in chapter 6.3 were considered.

Finally the tree structure was calculated and produced the following results:

DOC by Component Groups

Pumps

FCMS
13%

Pipework

o
19% Valves

30%

Gauging
21%

Figure 88: Fuel System DOC by Component Groups

The above diagram shows the DOC breakdown by Component Groups. Within this
breakdown the valves take the biggest amount of the DOC with 30%. Equal are the Gauging
System and the Pipework with 21% and 19%. The two FCMC contribute with 17% and the
pumps with 13% affect the rest of the DOC.
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More interesting is the impact on the DOC by the components itself:

DOC by Components
Pipes Trim Tank Vent System  pjpeq \wing Vent System ~ APU Pump Aft  APU Pump Fwd Collector Cell Jet Pumps
1.21% 5.43% FCMS 1.61% 0.55%
16.71% Engine Feed Pumps Main
Pipes Trim Tank Transfer System 5.46%
3.54% Engine Feed Pumps Standby
2.60%
Pipes Refuel/Defuel System Trim Tank Scavenge Jet Pumps
5.51% 0.12%
Pipes Engine Feed System Trim Tank Transfer Pump
2.84% 2.43%
Pipes APU Feed System Valves APU Feed System
0.16% 0.69%
Probes Trim Tank Valves Wing Tanl; Drain System
5.59% 1.94%
Val Trim Tank Drain Systt
Probes Outer Tanks alves rim 0a1r11°/ rain System
4.82% e
Valves Engine Feed Systt
Probes Inner Tanks alves ngfl’n6e4°/ee ystem
o .64%
1085% Valves Intertank Transfer System
Valves Trim Tank Vent System 2.16%
1.32%
Valves Wing Tank Vent System Valves Trim Tank Transfer Valves Emergenoy Isolation
3.23% System Valves Refuel/Defuel System SySlenm
7.05% 5.51% 2.48%

Figure 89: Fuel System DOC by Components

The above diagram shows the contributions of the Fuel System components to the DOC. For
simplicity only the top five main drivers will be further discussed. They are:

The two FCMC with 16.71%

The Inner Tank Probes with 10.65%

The Trim Tank Transfer System Valves with 7.05%
The Engine Feed System Valves with 5.64%

The Trim Tank Probes with 5.59%

The DOC fractions of these main drivers were calculated as follows:

DOC of FCMS

11%
5%

O Depreciation
W Fuel Burn
OoDMC

84%

Figure 90: DOC Fractions of FCMS
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DOC of Probes Inner Tanks

14%

7%

@ Depreciation
W Fuel Burn
ODMC

79%

Figure 91: DOC Fractions of Inner Tank Probes

DOC of Valves Trim Tank Transfer System

10%
4%

O Depreciation
B Fuel Burn
OoDMC

86%

Figure 92: DOC Fractions of Trim Tank Transfer System Valves
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DOC of Valves Engine Feed System

8%
6%

O Depreciation
W Fuel Burn
ODMC

86%

Figure 93: DOC Fractions of Engine Feed System Valves

DOC of Probes Trim Tank

12%

6%

@ Depreciation
W Fuel Burn
ODMC

82%

Figure 94: DOC Fractions of Trim Tank Probes

Similar to Figure 81, Figure 91 to Figure 95 demonstrate that the DMC have the greatest
impact on the DOC.
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6.5 Fuel System DOC by Functions

The results of chapter 6.3 were also used to evaluate the DOC of the Fuel System Main
Functions as they are described in chapter 5.

To achieve this overview the several components needed to be grouped in relation to the
functions. The following subchapters explain which components were contributed to the
several functions and what their impact on the DOC per Function is.

6.5.1 DOC of APU Fuel Supply
The components needed for this function are:

The Aft APU Pump

The Forward APU Pump

The APU Feed System Valves
The APU Feed System Pipes

DOC APU Supply

Pipes APU Feed System
o
b

5%
Valves APU Feed System
23%
APU Pump Aft

52%

APU Pump Fwd
20%

Figure 95: DOC Fractions of APU Fuel Supply

The biggest fraction within the DOC of the APU Fuel Supply is the Aft APU Pump. This
occurs due to high DMC of this component.

Markus Rehsoft Diploma Thesis 71



Hochschule fiir Angewandte Wissenschaften Hamburg
Hamburg University of Applied Sciences

6.5.2 DOC of Engine Fuel Supply
The components needed for this function are:

The Main Engine Feed Pumps
The Standby Engine Feed Pumps
The Collector Cell Jet Pumps
The Engine Feed System Valves
The Engine Feed System Pipes

DOC Engine Supply

Pipes Engine Feed System
17%

Engine Feed Pumps Main
32%

Valves Engine Feed System
33%

Engine Feed Pumps Standby
15%
Collector Cell Jet Pumps
3%

Figure 96: DOC Fractions of Engine Fuel Supply

The DOC main drivers of the Engine Fuel Supply are the Engine Feed Pumps and the

Engine Feed System Valves.

6.5.3 DOC of Wing Bending Moment Relief

This function only comprises the two Intertank Transfer Valves. Thus the DOC fraction of this

function is very small.
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6.5.4 DOC of Fuel Storage
The components needed for this function are:

The Emergency Isolation System Valves
The Refuel/Defuel System Valves

The Wing Tank Vent System Valves
The Wing Tank Drain System Valves
The Inner Tank Probes

The Outer Tank Probes

The Refuel/Defuel Gallery

The Wing Tank Vent System Pipes

DOC Fuel Storage

Valves Emergency Isolation

) . System
Pipes Wing Vent System 6%

14%
Valves Refuel/Defuel System
14%

Valves Wing Tank Vent System
8%

Pipes Refuel/Defuel System
14%

Valves Wing Tank Drain System
5%
Probes Outer Tanks
12%

Probes Inner Tanks
27%

Figure 97: DOC Fractions of Fuel Storage
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6.5.5 DOC of the CG Control
The components needed for this function are:

The Trim Tank Transfer Pump

The Trim Tank Scavenge Jet Pumps
The Trim Tank Transfer System Valves
The Trim Tank Vent System Valves
The Trim Tank Drain System Valves
The Trim Tank Probes

The Trim Tank Transfer System Pipes
The Trim Tank Vent System Pipes

Normally the Vent System Valves, the Vent System Pipes, Drain System Valves and the
probes of the Trim Tank would belong to the Fuel Storage. However, as they are only
necessary if a Trim Tank is foreseen they were related to the CG Control function.

DOC CG Control

Pipes Trim Tank Vent System Trim Tank Transfer Pump

5.65% 11.37%

Trim Tank Scavenge Jet Pumps
0.58%

Valves Trim Tank Transfer
System
32.92%

Pipes Trim Tank Transfer System
16.55%

Probes Trim Tank
26.12%

Valves Trim Tank Drain System Valves Trim Tank Vent System
0.67% 6.15%

Figure 98: DOC Fractions of CG Control
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6.5.6 DOC by Fuel System Functions
With this knowledge the breakdown for all functions was calculated as follows:

DOC by Fuel System Functions

APU Supply
17% Engine Supply
17%

Wing Bending Moment
Relief

/ 2%

CG Control
21%

Fuel Storage
40%

Figure 99: DOC Fractions of Fuel System Functions

As shown in Figure 100 the Fuel Storage causes by far the greatest fraction of the Fuel
System DOC. The CG Control follows with 21% and the Engine Fuel Supply and the FCMS
are equal with 17%. The APU Fuel Supply and the Wing Bending Moment Relief only
contribute a very small fraction.
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7 Conclusions & Recommendations

The algorithms of DOCsys have been incorporated into a DecisionPro™ analysis tree. This
approach provides good visibility and easy modifications of the input parameters. To only
evaluate the DOC of a whole system the tree structure is simple and can be completed in
relatively short time.

However, to evaluate system DOC, it is very important to understand the influence of the
individual system components on DOC. Thus it is necessary to calculate the DOC of the
individual components. This approach can be done with DecisionPro™ but needs a more
complex tree structure, as each component has to be evaluated with the DOCsys algorithms.

The DOC calculation for a Long Range Aircraft Fuel System Architecture resulted in one
important conclusion. As shown in Figure 80, the maintenance costs are the main
component of the Fuel System DOC. Thus any attempt to reduce Fuel System DOC should
concentrate on its maintainability and supportability.

An investigation of the Fuel System component its DOC exposed the FCMS DMC as the
main driver. At this point it is only known, that the FCMC are less reliable in comparison with
other Fuel System components. Keeping in mind that the FCMS only consists of two
computers a further investigation of these components is clearly needed.

The Inner Tank Probes are the second biggest DOC driver, with the maintenance costs
cause the greatest contribution. The reason for the great DMC value is probably the great
number of probes inside of the Inner Tanks and the fact that the related tank has to be
defuelled if a probe is to be removed. Therefore a reduced number of probes would also
reduce the DOC, although the impact on fuel quantity indication sensitivity would need to be
understood.

A similar situation is given for the Trim Tank Transfer System Valves and Engine Feed
System Valves, as these systems comprise a lot of valves and thus the maintenance costs of
these systems are greater.

Regarding the DOC of the CG Control it would be interesting to compare this value with the
Fuel Burn due to provide down force with the HTP.

The incorporation of DOC modelling from component level up to system level offers a very
powerful causal link between the performance of the system and the performance of the
components. The latter could be real, predicted or target data, thus offering powerful
capability during the preliminary systems layout definition stages, where many competing
options may need to be evaluated. Although modelling the system bottom up gives rise to
more nodes and branches in the tree, the software enables very easy navigation, editing and
execution of different data sets. Further work is needed to understand how changes in a
baseline Fuel System due to introduction of new technologies can be reflected in the type of
data needed in order to quantify the A in DOC due to that technology.

This study has required the linking and communication of data from many specialist sources
in Airbus. The tree structures of DecisionPro™ can be written in html format on web pages to
make them available for trans-national communities. Such an approach could provide a
robust basis for down selection decisions to be made and by providing such clean traceability
could prevent re-work in later project phases.
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8 Summary

This thesis investigated the Fuel System DOC of a Long Range Aircraft with two engines.

The definition of operating costs and their contribution on LCC in general have been
described. The DOCsys has been used to estimate DOC for aircraft systems and is also
described. To calculate the Fuel System DOC with DOCsys, several system specific
parameters such as price, weight, maintenance costs and power consumption were collected
as input to DOCgys.

The DOCsys method has been used with the risk analysis tool DecisionPro™. A short
example is shown to explain the basic functionality of DecisionPro™, and the use of Monte
Carlo Simulation to evaluate uncertainties.

The Fuel System Architecture of a twin engined Long Range Aircraft has been described,
and an overview given of which components comprising such an architecture are required to
achieve the main functions of such a system. These functions include:

Fuel Storage

Engine and APU Fuel Supply
CG Control

Wing Bending Moment Relief

Also the parameters of the individual components have been collected and presented in non-
dimensional form.

The algorithms of DOCsys were programmed into DecisionPro™. Several interactive tree
structures were created in DecisionPro™ to calculate Fuel System DOC of the whole system,
and the individual components.

The results of the calculations indicated that the maintenance costs are the main driver of the
Fuel System DOC. The greatest component level contribution to DOC comes from the
FCMS.

Monte Carlo Simulation has been used to evaluate Ol costs due to the Fuel System.
Stochastic inputs were made for the uncertain values of cancellation probability and
cancellation cost. Monte Carlo Simulation provided statistical charts that indicate how these
uncertainties the Fuel System DOC.
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