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Abstract 

The fuel system in an aircraft is the largest and the most important system. Designing a 
fuel system puts large demands on the engineers and therefore a computer software (a 
quantified morphological matrix) has been developed by Saab Aerosystems. The soft-
ware is used as synthesis help during the conceptual phase and helps the designer to 
look through different concept solutions and minimizes the risks that wrong concepts 
will be chosen.   

The main goal for this thesis is to develop and improve the quantified morphological 
matrix with a multi objective optimization framework and also build it out with a prob-
abilistic approach for the different concepts. For deterministic optimization this was 
done with the weighted sum method which makes it possible to investigate different 
conflicting objectives and also presents the best possible combinations of the objectives. 
Using probabilistic design in multi objective optimization can be a complex mission and 
therefore the computer program Crystal Ball is used to be able to handle this kind of 
difficulties. The software uses a simulation type called Monte Carlo to simulate a model 
and to get useful probabilistic design analyses.  

The results presented show that there exist several different concept solutions dependent 
on several factors as altitude and the weighting factors, which are used for the weighted 
sum method. With a probabilistic approach, the conclusion can be drawn that there are 
no differences of the concept solutions between the deterministic and the probabilistic 
optimizations. The concept solutions will be same regardless of distributions and the 
objectives calculated with the Monte Carlo method are the same as when calculated 
deterministically as a single objective.   
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Introduction 

1.1 Background 

During design of a product or a service, several development processes have to be ac-
complished. With the risk of failure in the process it is important to sort out and find the 
best solutions and to minimize the risks. In the beginning of the design phase there is 
lack of knowledge about the problem and the solution, but instead there are a lot of op-
tions. The designers are faced with the challenge to find solutions which are satisfactory 
even when the product leaves the design phase.   

Designing an aircraft (a/c) is a major and expensive project. As the technology improves 
for every day and safety as performance requirements are increasing, new demands are 
put on the designers. It is for example an everyday problem to consider trade-offs be-
tween minimize cost and maximize performance and reliability during the design phase. 
To handle such problems when designing an a/c fuel system, a computer software (a 
quantified morphological matrix) has been created by Saab Aerosystems which helps 
the designer to look through different concept solutions and make the synthesis more 
optimal. A mid size a/c fuel system is managed by the quantified morphological matrix 
which is implemented in MS Excel. The fuel system is described as a non linear system.  

1.2 Purpose 

As the quantified morphological matrix does not handle different multi objective func-
tions, it would be a major advance to upgrade the software to include managing of sev-
eral conflicting objectives. However, the designer is also faced with the challenge that 
every design variable will be different during the design phase of a product or a system. 
Probabilistic design, or even called probabilistic analysis, helps the designer to handle 
these variations (differences) and uncertainties during the phase. Including probabilistic 
design in the morphological matrix makes it possible to investigate if a probabilistic 
approach will give other design concepts. It will also be possible to investigate if prob-
ability distributions will give more optimal solutions than deterministic.          
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1.3 Aims  

 
Upgrade and improve the Quantified Morphological Matrix software with 
single and multi objective optimization. 

 
Include probabilistic design in order to handle uncertain and incomplete in-
formation and compare if probability distributions will give rise to other op-
timal concept solutions. 

 

Summarize the concept solutions and give ideas of which solutions will be 
of interest for further investigations. 



  

Engineering Design  

During design of a product or a service, several development processes have to be 

accomplished. This design process is described in a lot of ways depending on the origi-
nator. Ulrich and Eppinger [14] describe the product development process by a diagram 
(figure 1) while Pahl and Beitz [10] see it as a cycle where the designer continuously 
has to test and refine during the process (figure 2).  
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The design process by Ulrich & Eppinger  
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Figure 2 

 

The design process by Pahl & Beitz  

In the beginning of the design phase there is lack of knowledge about the problem and 
the solution, but instead there are a lot of options. Deeper into the process it changes and 
then there is more knowledge about the problem but instead there are less options. Fur-
ther in the process it is more expensive to change solutions and therefore it is important 
to have satisfactory opportunities to a good path in the design process. A diagram about 
freedom versus cost and knowledge is shown in figure 3.  
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Figure 3 

 

Diagram of the design process. At early stage there is a lot of freedom in 
decision making but lack of knowledge. [5]  

2.1 Conceptual design  

According to Cross [3], the conceptual design phase is the phase which puts largest de-
mands on the engineer. It is the phase where engineering science, practical knowledge, 
production methods and commercial aspects need to be brought together, and where the 
most important decisions are taken , Cross [3].  
The phase can, according to Gavel [5], be divided into two different activities, namely 
concept generation and concept selection.  

2.1.1 Concept generation  

During concept generation, the problem has to be clarified first and then a search proc-
ess to find solutions to the problem needs to take place. After that follows a time when 
all the facts and possible solutions have to be collected and looked through. The last 
phase is reflection on the solution and the process, to determine if they are satisfactory 
or not, Ulrich and Eppinger [14].  

  

Figure 4 

 

The concept generation according to Ulrich & Eppinger. 
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2.1.2 Concept selection  

According to Ulrich and Eppinger [14], the concept selection is the process of evaluat-
ing concepts with respect to needs, comparing the weaknesses and strengths of the con-
cept and then selecting one or several concepts for further investigation. The whole 
process can be described by figure 5 and is developed in two different phases, screening 
and scoring. 
Screening is when a lot of concepts are rejected to improve the concepts and scoring is 
the phase when several concepts are compared to each other and then one or a few are 
selected, Svahn [13].   
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The concept selection. [14] 

2.2 The morphological matrix  

The morphological matrix is a method used during the concept generation to be able to 
find acceptable concepts that later on will be evaluated. The method is based on decom-
posing the main function of a system into several sub- functions, Gavel [5]. Figure 6 
illustrates the morphological matrix and the sub functions are listed on the vertical axis. 
There are several solution/design parameters for each sub function and these are listed 
on the horizontal axis after each function. An acceptable concept is created by choosing 
an option for each function and by doing that, every function is looked through in the 
concept. The drawbacks of this method are the large number of solutions that can be 
created and that the user has to have good knowledge about the design problem. Gavel 

[5] states that if there are 1m possible parameters for function 1f and 2m for func-

tion 2f , there are totally nmmmN ......** 21 solutions. In our case from figure 6, 

there are a total of 2880 possible solutions.  
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Figure 6 

 

The morphological matrix. [5] 
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2.2.1 Quantified interactive morphological matrix  

In this thesis a lot of work during the concept generation is made by a quantified mor-
phological matrix.  Mathematical models have been built in for every function, sub 
function and solution. The whole concept and deeper mathematical work can be found 
in Svahn [13]. The implementation is made in MS Excel and is built on the a/c fuel sys-
tem. 

  

Figure 7 

 

The quantified morphological matrix  

Figure 7 shows the quantified matrix for a medium size a/c. On the vertical axis the 
functions are shown and after each function, on the horizontal axis, there are several 
design parameters or solutions for the functions.   

  

Figure 8 

 

Quantified system properties  

The results for each function or system are shown in figure 8 and at the bottom of the 
matrix the results are summarized. This gives a good overview of the whole concept and 
its properties. The results that are illustrated are the weight, electric power and com-
pressed air consumption, fuel density and mean time between failures (MTBF).   



12 Multiobjective optimization and probabilistic design on aircraft fuel system 

  

Figure 9 

 

Main variables  

The main variables are of most importance because most of the mathematical calcula-
tions in the quantified matrix are based on them. Figure 9 illustrates the different vari-
ables and special attention should be drawn to variables altitude and the different tank 
pressures as they are the only variables that will be varied in this thesis.  They have to 
be filled manually with data. For a more detailed description of the main variables, see 
Svahn [13].  



  

Aircraft Fuel System   

The main purpose of this chapter is to provide a basic comprehension of the aircraft 

fuel system. How the system is built up and how it works. This will make it easier for 
the reader to understand further work in the thesis. All different subsystems of the fuel 
system will also be presented in this thesis as they are part of the quantified morpho-
logical matrix, but three of them will not be investigated when the optimization process 
takes place. The subsystems in consideration are the measurement, refueling and the fire 
protection system.  

3.1 Engine feed  

The most vital part of the fuel system is the engine feed. The engine of the aircraft must 
be supplied with fuel regardless of altitude, speed, gravity force (g) or any other variable 
that affects the aircraft. Basically the requirement on the engine feed is to keep the fuel 
pressure within the limits under all conditions. Pressurization is of big importance to 
avoid cavitation in the engines own fuel system. There are several ways to satisfy the 
requirements and according to Svahn [13] the most common way is to use a collector 
tank. The Swedish JAS 39 Gripen uses a tank called Negative Gravity tank (NGT) 
where the fuel is received from other tanks and then the engines are supplied from NGT 
by a pump called boost pump. 

3.1.1 Negative gravity tank  

When you are designing a fighter aircraft it is a matter of course that the engine must be 
supplied with fuel even when you are flying upside down. To be able to handle such 
problems most a/c use a tank called Negative Gravity Tank. The design of the tank is 
that the boost pump inlet will always be under the fuel surface no matter of circum-
stances, Svahn [13].  
For an average mid size fighter a/c the time limit for negative g flight is 10 seconds ac-
cording to Air Vehicle Joint Services Specification Guide [19] and after that the NGT 
has to be refilled.    
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Figure 10 

 

Collector tank with Negative Gravity Tank with boost pump. [13]  

3.1.2 Negative gravity accumulator  

Negative gravity accumulator is a backup system if the boost pump in the NGT stops 
working or if the tank, for some reason, does not contain any fuel. If any of these sce-
narios take place the engine feed is taken over by the accumulator until the main system 
starts working again. However some aircrafts use the negative accumulator system as a 
main system instead of a NGT.     

Figure 11 - Negative gravity accumulator. [13]  

3.1.3 Hopper tank  

The Swedish a/c Saab 2000 uses a tank named Hopper tank to handle negative g situa-
tions, Gavel [4]. Basically it is a smaller tank inside the collector tank, that is held full 
constantly during flight by special jet pumps. As stated by Svahn [13] the hopper tank is 
based on the principle that the fuel is allowed to flow into the tank through a valve (non 
return valve) but not out of it (Saab 340). Therefore no jet pumps are necessary. During 
negative g a boost pump is used to feed the engine from the hopper tank.  

3.2 Fuel transfer system  

There are several ways to transfer fuel from tank to engine. The simplest way is using 
the gravity and this method is usually used by commercial a/c such as Saab 2000, where 
the fuel is transferred from the outboard to the inboard tank, Gavel - Åman [6]. For ob-
viously reasons fighter aircraft cannot solely use this method. Instead there are more 
complex methods to choose from, depending on the performance requirements, Gavel 
[4]. 

 

Gas pressure 

To Engine 
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Because of the safety, slosh and center of gravity (CG) reasons an a/c has several trans-
fer tanks from where fuel can be transferred to collector tank or transferred from a trans-
fer tank to another. The Jas 39 Gripen has 6 transfer tanks and 1 collector tank  
(see figure 12) [17].  

  

Figure 12 

 

The JAS 39 Gripen fuel tanks. [17]  

A main rule as stated by Gavel [4] is that the maximum transfer flow always should 
correspond to the maximum engine consumption in the entire envelope under all condi-
tions .  

3.2.1 Distributed pump transfer system  

A system where each transfer tank has its own pump is called distributed pump transfer 
system. Due to pump in each tank system, the system is more resistant against cavita-
tion and dissipation, but pressurization of the tanks is still needed at high altitudes. An-
other advantage is high transfer capacity. 
The drawbacks for the system are high weight due more pumps and a more complex 
maintenance.     

Figure 13 

 

Distributed pump transfer system. [4])    
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3.2.2 Inline pump transfer system  

This system is built on one centrally placed pump which sucks fuel from the transfer 
tanks. There are some advantages with this system but also some disadvantages. One 
inline pump can be used for several transfer tanks and this results in space savings, low 
complex maintenance and low system weight. Weight is always a crucial factor that has 
to be calculated in the flying business. The inline pump can also be used as a back-up to 
the engine feed, according to Gavel [4].  

When operating at high altitudes, the tanks on the pump suction side have to be pressur-
ized to keep the Vapor/Liquid ratio (V/L) at an acceptable level to prevent cavitation.  

The disadvantages of the inline pump transfer system are fuel boiling, cavitation and 
dissipation of the air due pressure loss. Serious problems can occur when designing a 
transfer system for a drop tank. A drop tank hangs below the a/c and there are some 
difficulties with these disadvantages of the inline pump at high altitudes and load fac-
tors. According to gavel [4] the US Air Force had many problems with this and is there-
fore not using suction inline pumps anymore.    

Figure 14 

 

Inline pump transfer system. [4]  

3.2.3 Jet pump  

In a jet pump the primary flow streams through a nozzle which increases the dynamic 
pressure and decreases the static pressure. To be able to use a jet pump a high pressure 
primary flow is needed and usually it is taken from the engine feed. Because of that the 
jet pump system can be called semi distributed, according to Svahn [13]. As seen in 
figure there is a secondary flow into the primary flow. This secondary flow is induced 
because of the lowered static pressure inside the jet pump and the increased dynamic 
pressure in the secondary medium. The outgoing flow from the jet pump is a mixture 
between these two flows. 
Unfortunately the efficiency is poor for this type of system.   

  

Figure 15 

 

Jet pump. [13]  
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3.2.4 Siphoning  

To allow siphoning you have to have different pressures between the tanks. A tank with 
higher pressure pushes the fuel to another tank with lower pressure. To achieve this, 
bleed air is taken via a pressure regulator and no specific fuel pump is required, Svahn 
[1]. Siphon transfer is limited from some transfer tanks because of the tank geometry, 
which doesn t allow the pressure inside the tank to be too high. This leads to the conclu-
sion that siphon transfer is sensitive to high load factors (G) for those types of tanks, as 
stated by Gavel [4]. However, as the fuselage tanks usually have high pressure resis-
tance, siphoning as transfer method is a good option from the fuselage tanks.  

3.2.5 Gravity transfer  

As the name states all fuel is transferred with the help of gravity. When this system is 
used the a/c will not be able to fly with none or negative load factor (g). Also the collec-
tor tank has to be placed below the transfer tank to make transfer in right direction 
possible. Some commercial and smaller private airplanes use this system.  

3.3 Ventilation and pressurization system  

The main task of the ventilation and pressurization system is to keep the tank pressure 
within the acceptable levels, no matter what the conditions are. There are three types of 
systems that can be used in a/c.  

3.3.1 Closed system  

In a closed system the air cannot flow by itself to a tank or from the tank. Instead the air 
is supplied by pressure-reducing valves, Gavel [4]. The amount of air that needs to be 
supplied during level flight is dependent on fuel consumption. When refueling or during 
climb, ventilation is made possible through pressure relief valves.  

3.3.2 Open system  

An open system can also be called a non pressurized system. The advantages of this 
system are low weight and its simplicity. However it has some major drawbacks like 
fuel boiling and cavitation at low atmospheric pressures. The system will not enable 
siphoning to be used as transfer systems because of lack of pressure differences between 
the tanks.  

3.3.3 Ejector pressurization system/semi open system  

Ejector pressurization system is a semi open system and as the name states the pressure 
is added by an ejector. When the surrounding atmospheric pressure increases, the pri-
mary flow will induce a secondary flow that reduces the air taken from the bleed air. 
During climb the atmospheric pressure decreases and the ejector pressurization system 
works as an open system. This characteristic of the system makes it as good option for 
a/c that make rapidly changes in altitude, Gavel [4].  
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3.3.4 Cavitation  

A major aspect that every a/c designer has to take in consideration is the cavitation 
problem. This problem occurs when the pressure, for example in a tank, gets so low that 
the vaporization pressure for the fuel at the specific temperature is reached. When this 
happens bubbles of gas will form, as stated by Gavel-Åman [6]. These bubbles can then 
travel through pumps and when the outside pressure gets to high they collapse. This can 
cause significant damage to the fuel system so it is of high importance to avoid it. A 
common place where the cavitation occurs is the inlet side of a pump, where the pres-
sure can drop too much. A way to avoid this is simply by increasing the pressure at that 
side of the pump.  

3.4 Measurement of fuel quantity  

There are different ways to measure fuel quantity and which to choose depends on the 
type of a/c and on the flight mission requirement. Especially fighter a/c have higher 
requirements because of their flight missions where the a/c probably will often change 
orientation and velocity. When designing a commercial a/c it is not necessary to make a 
deep analysis of negative g and up-side down flight. A complex method is used to cal-
culate fuel quantity of fighter aircrafts and to some extent commercial aircraft, but in 
this thesis they will not be presented. Instead the focus is on the two basic measurement 
methods used in almost every a/c. 

3.4.1 Capacitive probes  

Capacity probe measurement is based on the principle that sticks are placed in any di-
rection in a tank and measures the difference in dielectric constant between air and fuel, 
Gavel [4].   

  

Figure 16 

 

Capacity probes in the JAS 39 Gripen. [17]  

3.4.2 Level sensors  

Another way to measure fuel quantity is by using level sensors and there are two types 
of level sensors. 
Thermal sensors which detect if they are in fuel or not and float switch which sense the 
fuel level. 
It should be said that according to Gavel [4], level sensors usually are used as a back up 
system if the main system fails. 
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3.5 Refueling 

There are three main types of refueling. These are gravity, pressurized and air to air 
(AAR) refueling. According to Gavel [4] smaller a/c uses gravity refueling but when we 
have a bigger fuel tank pressurized refueling is necessary. Some a/c are also capable to 
AAR because of operational demands.  

3.5.1 Pressurized refueling  

As stated earlier the pressurized system is more common on bigger a/c and fighter a/c. 
Because of the pressurization the system must be designed to handle high tank pressures 
and refueling overshoot. To be able to do that several valves and connectors are in-
stalled which increase the system weight, Svahn [13]. 

3.5.2 Gravity refueling  

Gravity refueling is the easiest way to refill the a/c fuel tanks and the principle is the 
same as when putting fuel in a car, according to Svahn [13]. No pressurization is needed 
and a lot of extra weight is saved that way. The only article that is needed is a gravity 
refueling cap. 

3.5.3 Air to air refueling (AAR)  

As the name states, air to air refueling is carried out in the air between two flying air-
crafts. There are two types of AAR systems, namely probe and drogue system and boom 
system. 
The most common is the probe and drogue system where the transmitter a/c is equipped 
with a drogue system and the receiver a/c with a probe system, Gavel-Åman [6].  
The US Air Force is the only one who uses the boom system where a manually rigid 
boom from the transmitter a/c is maneuvered to a refueling valve on the receiver a/c.   

  

Figure 17 

 

Probe and drogue system. [6]  

3.6 Fire protection and explosion restraining  

Several conditions have to be fulfilled before an explosion or a fire can occur in an a/c. 
An important factor is the oxygen ratio within the fuel and this ratio is dependent on the 
pressure and the temperature, according to Gavel-Åman [6]. To prevent ignition the 
percentage oxygen is decreased to create an inert environment. This method is called 
tank inerting. 
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Another way to prevent fire or an explosion from occurring is to heavily reduce the pos-
sibility for sparks in the fuel system. The minimum ignition energy is 0.25 [mJ] and it is 
a well known fact that electrical equipment can give rise to sparks. Therefore any possi-
ble action is taken to avoid ignition sources within the area where fire or explosion may 
occur because of sparks. 

3.6.1 SAFOM  

The SAFOM method does not prevent fire or explosion, instead it reduces the damage if 
explosion occurs. The idea is to damp the impact from an explosion and to level out the 
energy which will be produced, as stated by Svahn [13]. This is done by filling the tank 
with foam, which will be destroyed during the explosion. The drawback of this system 
is its higher weight compared to the other fire protection systems.   

3.6.2 OBBIGS  

The On Board Inert Gas Generating System separates the oxygen and the nitrogen in the 
air and then the nitrogen is pumped into the tank. This leads to a lower than 9% oxygen 
content in the tank which is, according to Svahn [13], the critical value for when the fuel 
may ignite. This system is appreciated because the unlimited amounts of nitrogen air 
that can be created, but unfortunately it has producing speed limitations.  

3.6.3 Liquid Nitrogen  

There are bottles of liquid nitrogen on board the a/c and if necessary the nitrogen can be 
blown to the requested area. When it comes to a lower pressure environment the liquid 
is transferred to gas phase. Two main advantages of this method are that liquid nitrogen 
is a very cold liquid and can thus be used to cool down the fuel or other systems. The 
nitrogen substance is also inert and inert gas can be used to prevent cavitation in the fuel 
system, Svahn [13]. 



  

Optimization in 
engineering design  

The word optimization comes from the Latin word optimus which means the best , 
Lundgren-Rönnqvist -Värbrand [9]. The purpose of optimization is to, by mathematical 
models, find the best solution for a specific task. The optimization of fuel system design 
will, according to Gavel [5], improve and facilitate the concept selection and increase 
the possibility that the most correct concept will be chosen. When used right, it is a 
powerful tool but when its objective function is badly formulated wrong conclusions 
may be drawn. However as the computational capabilities of the computers are increas-
ing almost every calculations are today made by computers and there are big opportuni-
ties in simulating optimization.   

Basically the optimization process can be described as follows:  

 

Identify the optimization problem 

 

Formulate the problem in the form of a mathematical optimization model 

 

Solve the problem with help by an optimization program 

 

Evaluate the model and the result   

As stated earlier a morphological matrix has been developed to make it easier to find 
concept solutions during design of an aircraft fuel system. The optimization process is 
entrenched in a computerized framework and the whole optimization process can be 
found in figure 18. The uniqueness of this framework from the expected ones is that the 
model includes the morphological matrix.   
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Figure 18 

 

The optimization process. 

4.1 Single objective optimization 

As the name states the task is to minimize or maximize a single objective function. 
Some optimization of the fuel system can be found in Gavel [5], where the quantified 
morphological matrix has been used. The optimization tool used is Crystal Ball and 
at this case the objective function was to minimize the electric power consumption 
(see figure 19). As seen in the figure, the power consumption decreased from 3.7 kW 
to about 900 W and suggested solution was to use siphoning instead of electric pump 
transfer.   

  

Figures 19 

 

The optimization result for minimize power consumption. [5]  

But as Gavel [5] states, there are some drawbacks in this result. When choosing siphon-
ing, the system weight will increase and at the same time the compressed air outtake 
will be bigger. Therefore it will be of big interest to be able to use multi objective opti-
mization in the conceptual phase and find a group of concepts which are most preferable 
for further investigations.     
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4.1.1 Mathematical framework of single objective optimiza-

tion  

There are several optimization methods and therefore there are several different mathe-
matical optimization formulations. In this chapter a generally optimization problem will 
be presented with a mathematical framework. The equations and calculations are taken 
from Lundgren  Rönnqvist  Värbrand [9] and Rao [12].  

An optimization problem is defined generally as:    

(1)   

The total quantity of possible solutions to the problem is defined by the letter S. 
The function )(xf  is the objective function and it depends on the design variables   

T
nxxxx ),......,,( 21 .                (2)  

There are also some constraints, conditions which must occur, that have to be specified. 
These are usually denoted by:     

(3)    

(4)  

Where )(xgi and )(xhi  are known as inequality and equality constraints. A solu-

tion Sx that minimizes the function is called optimal solution and is usually denoted 

as x  and the optimal function value is denoted as ).(xfz 
In this example we want the objective function to be minimized but we can also denote 

it to be maximized. If we maximize )(11 xfz it will be the same as to mini-

mize )()( 122 xfxfz .  

4.2 Multiobjective optimization  

During the conceptual phase, it is often problematic to formulate a design which con-
tains several design objectives. Mostly the objectives are opposing and then the problem 
is to find the best possible design which satisfies the objectives. As an example we can 
take an a/c engine, where we want to increase the thrust but decrease the fuel consump-
tion. This is a multi objective optimization task with two opposing objectives. 
Like with the single objective optimization there are a several ways to handle these 
kinds of problems and in this chapter some of them will be presented.       

Sxwhere

xf )(min

mibxg ii ,......,1,)(

kixh ii ,......,1,0)(
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4.2.1 Mathematical framework of multi objective optimization  

Most of the mathematical calculations and pictures to this chapter are taken from 
Andersson [1] and Arora [2]. 
A general multi objective optimization problem can be expressed as    

(5)   

Where Sx

    

(2)    

Subject to:    

(6)     

(7)    

Where k is the number of the objective functions, n is the number of design variables, m 
the number of inequality constraints, p the number of equality constraints and Sx  is 
the solution space. The solution space, S , is mapped into possible objective vectors, 

SxxF )( , which is symbolized as Y , by the objective functions. Y  is named as 

the criteria space, kRY , where Y is the boundary of the space. The best solution 

(utopia) will be defined as kfffF ,.....,, 21  where kfff ,.....,, 21  are the 

optimum solutions for each objective function but unfortunately this solution is rarely 
achieved. A solution is said to be Pareto optimal if it is not dominated by another possi-
ble solution. It means there exists no other design variables in the solution space, S, that 
reduces at least one objective function without increasing another one. The Pareto 
boundary contains all non dominated solutions and the space formed by Pareto optimal 
solutions is named as the Pareto optimal front, P .  

  

Figure 20 

 

Mapping from solution space to criteria space. [1]     

)(),.....,(),()(min 21 xfxfxfxF k

T
nxxxx ),.....,,( 21

mjxg j ,.....,2,1;0)(

pjxh j ,.....,2,1;0)(
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4.2.2 Approaches to different objective functions  

A stated earlier there are several ways of solving multi objective optimization problems 
and these approaches to the different objective functions are divided in four different 
ways, Andersson [1]. During the first solution no expression of preference information 
is used and the different objectives are aggregated before the optimization process is 
launched. This method sets high demands on a correct aggregation of the objectives. 
The second method is basically the same as the first one, with aggregation of objectives 
before optimization, but an early expression of preferences are made. 
The third approach is based on the theory that expressions of preferences are made dur-
ing the solution process. It is because there is more information about the objective val-
ues. 
The last approach to the objective functions is when the optimization is made before any 
expressions of preferences are made. The result is Pareto optimal solutions, which 
shows how the different objectives are related to each other. The user has to mix these 
objectives to get the best and final design. 
Figure 21 below shows the different methods to solve objective functions. After each 
approach the names of the methods are presented and as seen, the designer has a lot of 
options to solve multi objective optimizations. Figure 21 also illustrates that the 
weighted sum method are presented twice. First it appears when an early expression of 
preferences is made and at that point the method is applied to obtain one optimal solu-
tion. At the second approach the weighted sum method is used to obtain several possible 
solutions and thereby get a lot of solutions and ideas how the expressions of preferences 
should be made.  

  

Figure 21 

 

Approaches to different objective methods. [1]  

4.2.3 Weighted sum method  

One of the most widely used methods for solving multi objective optimization problems 
is the weighted sum method. Basically the idea is to transform multiple objective func-
tions into a series of single objective function which is then solved by a single objective 
optimization method. From the equations in chapter 4.2.1 the transformation is possible 
and thus described by Proos  Steven  Querin  Xie [11].      
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  (8)   

n

j
jw

1

1 0jw (9)  

The weights in the formula indicate the relative importance of the criteria and are para-
metrically changed by the user to obtain the Pareto front. The objective functions are 
usually of different magnitude and thereby have to be normalized first, as stated by 
Andersson [1]. 
A major drawback for the weighted sum method is the difficulties to locate the best pos-
sible solutions at a non convex Pareto front.  

When the objective function, which has to be minimized or maximized, includes Mean 
Time Between Failures (MTBF) as one conflicting objective, the equation has to be 
changed. This thesis handles mainly with objectives with preferable values that are 
small as possible, for example the fuel system weight. However, the preferable values 
for the objective MTBF are as large as possible. The software Crystal Ball is not capa-
ble of handling conflicting objectives in a manner to fulfill the equations 8 and 9 (page 
32). In other words, it can not run optimizations where the multiple objective functions 
are conflicting and have to be transformed into a series of single objective function. The 
constraints are therefore changed as equation 10 shows.    

   (8)   

n

j
jw

1

1  (10)  

When the objective function is minimized, the weight for MTBF should be negative as 
long as the equitation 10 is true.  

n

j
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Probabilistic design 

During the design phase of a product or a system, the designer is faced with the chal-
lenge that every design variables will vary. Probabilistic design, or even called probabil-
istic analyses, helps the designer to handle these variations (differences) and uncertain-
ties during the phase. Using probabilistic analysis makes it possible to investigate 
models or systems with incomplete or imprecisely information. This may be an impor-
tant part of the design phase because the lack of knowledge which is a major problem 
during the phase. 
When model data are uncertain and thus described probabilistically, the objective will 
have probability distribution for any series of decision variables.  A schematic picture of 
an optimization can be seen in figure 22 where the assumptions are the probabilistically 
distributed design variables.  

  

Figure 22 

 

Optimization model with uncertainty. (Courtesy of Björn Lundén)  

Using probabilistic design in multi objective optimization can be a very difficult task 
and therefore the computer program Crystal Ball is used in this thesis. The software 
uses a simulation type called Monte Carlo to simulate a model and to get useful prob-
abilistic design analyses. 

5.1 The Monte Carlo simulation 

The Monte Carlo simulation method was named after Monte Carlo, Monaco, and was 
influenced by the casinos and the mathematics of the chance of winning. The simulation 
is based on similar concept as when you roll a die. There is a 100% probability that 
some of the numbers from 1 to 6 will come up, but which number in which trial is un-
known, Crystal Ball [15]. In this thesis the numbers are instead changed to system and 
design parameters when we calculate with probability in optimization. Every function in 
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the morphological matrix is built up with different parameters and those are defined 
with their possible probability, so called probability distribution. In a Monte Carlo simu-
lation several inputs are randomly chosen from the probability distribution and then the 
whole optimization is made. The result is usually presented as several values and their 
certainty.   

  

Figure 23 

 

Monte Carlo approach with constraints. [7]   

5.2 Types of probability distributions 

There are several types of probability distributions and some of them will be presented 
here but the mathematical framework will be excluded. For those who are interested it 
can for example be found in Long-Narciso [8].  

5.2.1 Normal distribution  

One of the most important distributions because it describes many natural phenomena 
such as people s heights or IQ.  

 

Figure 24 - Normal distribution. [15]        
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5.2.2 Triangular distribution  

This distribution is used when the known values are the minimum, the most likely and 
maximum.  

 

Figure 25 

 

Triangular distribution. [15]  

5.2.3 Uniform distribution  

All values between the minimum and maximum are equally likely.  

  

Figure 26 

 

Uniform distribution. [15] 



  

Modeling and simulation 

In this chapter all the single and multi objective optimization models are being pre-
sented. The reader will get full information about how the morphological matrix has 
been used, which systems and variables have been taken in consideration and how the 
research approach has been made. The probabilistic design approach will also be pre-
sented and how the computer program Crystal Ball has been used.   

As stated earlier is this thesis, page 16, the main variables are of most importance be-
cause most of the mathematical calculations in the quantified matrix are based on them. 
It would be a major and heavy work to test different values and combinations of the 
main variables and therefore only the altitude variable will be changed to get different 
system solutions. The altitude has a large impact on every variable and system charac-
teristics and therefore it will be changed between the discrete values 5000m, 10 000m 
and 15 000m.  

Two different functions from the morphological matrix are not taken in consideration in 
this thesis. These are the refueling and the fire protection functions. The reasons to dis-
tinguish the refueling function are the lack of choice of different systems that can be 
chosen in a real situation. Designing a fighter a/c gives no options in choosing refueling, 
instead all a/c must have a pressurized system to be able to fulfill their assignment. For 
the fire protection system there are already known values and solutions for the different 
systems. The function can be excluded as the impact, of the different systems, on the 
optimization framework can easily be predicted. The SAFOM system is for example 
very heavy compared to the other systems, and therefore it will never be suggested in a 
multi objective optimization.  

6.1 Deterministic modeling 

6.1.1 The constraint/penalty box 

Figure 27 illustrates how the morphological matrix has been built out to satisfy the re-
quirements of handle multi objective optimization. A penalty function has been added to 
restrict non wanted solutions which can occur during the optimization. If siphoning has 
been chosen as a transfer system in one or several tanks, non pressurized system can not 
be chosen. Due to the fact that using siphoning to transfer fuel, the tanks chosen as 
transfer tanks have to be pressurized. The matrix has been built out with a smaller box 
which includes the penalty function for the different solutions. Figure 27 illustrates 
when siphoning has been chosen as transfer system from the drop tank, at the same time 
as a non pressurized system has been chosen. In the penalty box the numbers 7777 have 
appeared as a penalty function result for this combination.   



Modeling and simulation  31 

      

Fig 27 - Modeling of the morphological matrix with constraint box  

To summarize how the penalty box implements the optimization within a mathematical 
framework, a new equation has to be written.   

(11)   

Where the states the penalty function or in this case the sum 7777. 

6.1.2 The optimization box

  

In this box most of the variables, which are used when calculating with the weighted 
sum method, are collected (fig. 28). In the Wfactor column the different weights are 
manually filled out and in the scale column the normalization of the objective function 
is calculated. As stated earlier the objective functions are usually of different magni-
tudes and to make a correct comparison they have to be normalized first. This is done 
with the mathematical framework:   

valuesimulated
valueoptimal

.*
.

1  (12)  

The optimal value is the value achieved during single objective optimization of an ob-
jective, even called utopia. The simulated value is the value achieved during optimiza-
tion of several objectives. In the sum column the products of the weight factor, the nor-
malized value and the simulated value of the objective function is presented. When 
calculating with multi objective optimization the different sums are added together with 
the penalty sum to get the weighted sum. In this thesis all of the optimization work is 
based on minimizing the weighted sum. The penalty sum is derived from the constraint 
box, which gives a high weighted sum if a non wanted solution is chosen. Applying 
values from the constraint box this way guarantees that no non wanted solutions will be 
chosen.   

)(.....)()( 2211. xfwxfwxfwF nnsumweighted
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Figure 28 

 

The optimization box without constraints  

6.1.3 Pressurization modeling  

The pressurization in a/c fuel system has a major role while a lot of other concept solu-
tions are dependent on the system. To be able to find the best concept solutions and to 
take benefits of the constraint box, the following model has been done. 
In figure 29 the different tanks with their pressures are stated and where the collector 
tank pressure is shown (green box), a program code has been printed. Which means, if a 
non pressurized system has been chosen then the collector tank pressure should be zero. 
Otherwise, when a closed or an ejector system is used, the tank pressure should be the 
pressure suggested after optimization (yellow box). As there is no specific transfer sys-
tem from the collector tank in the morphological matrix, the pressure suggested after 
optimization is dependent on the engine feed system. For example, a bigger pump in the 
NGT gives a lower pressure in the collector tank. For the fuselage and wing tanks a 
similar code is used. Namely if siphoning is chosen as transfer system for at least one of 
the tanks, then the tank pressure should be the minimum tank pressure. But if non pres-
surized system is chosen then the tank pressure should be zero. Otherwise the tank pres-
sure should be the one which is suggested by the optimization program or decided by 
the user (yellow box). The pressure for the drop tank is calculated in the same way with 
same constraints but with a different cell for input (see fig. 29).   

However, during the optimization and the modeling process, it has been shown that 
these inputs in the model are not 100% correct. If siphoning is chosen as transfer system 
from the drop tank while the pressurization is either a closed or an ejector system and a 
simulation is launched to find the best concept solutions, the pressure showed and sug-
gested by the optimization program is zero Pa. This is not correct and instead the user 
should be familiar with the minimum pressure for the current transfer tank should be 
used instead. This problem occurs because if the inputs to the model are made in some 
other way, a so called loop occurs in the matrix. To avoid the loop and be able to 
change the different pressures by the optimization software, the current version of the 
quantified matrix should be used but with knowledge of the problem.   

In the figure it can be seen that siphoning have been chosen as transfer system for both 
fuselage and wing tanks, therefore the suggested pressure for the tanks are the minimum 
tank pressures, 37325 Pa and 37325 Pa. For the drop tank, jet pump transfer system 
leads to the suggestion of 74095, 8 Pa. Due to the fact that ejector system is used in this 
example, it is up to the user or an optimization program to find an optimal or a desirable 
pressure for the collector tank.  
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Figure 29 

 

Different tanks and their pressures 

6.2 Probabilistic modeling 

The goal with probabilistic modeling is to use probability distributions as input instead 
of deterministic. The same models are used as in deterministic optimization but instead 
some parameters in the quantified morphological matrix are changed. As the program 
consist of many parameters and mathematical calculations, a restriction of using prob-
ability distribution have been made to bind the unknown and important parameters from 
the known. Some of these parameters are of small quantity and to be able to handle 
these values in the optimization program Crystal Ball, mathematical formulas have been 
imprinted in the morphological matrix (see figure 30). The values which are used in the 
calculations are within the purple cells.    

  

Figure 30 

 

Modeling of design parameters  
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Following probability distributions are applied for the system and design parameters for 
the different subsystems:  

6.2.1 Feed  

Pipes-flow speed (f.ef): Normal distribution with a mean value of 3 and standard devia-
tion of 0,5. The lower and upper truncation points are zero and infinity.  

Pipes-low pressure loss factor (k.efl): Normal distribution with a mean value of 0, 5 and 
standard deviation of 0, 5. The lower and upper truncation points are both infinity.  

Pipes-high pressure loss factor (k.efh): Normal distribution with a mean value of 4 and a 
standard deviation of 1. The lower and upper truncation points are both infinity.  

Engines feed pipes-specific length weight (w.ef): Normal distribution with a mean value 
of 0, 3 and a standard deviation of 0, 1.The lower and upper truncation points are zero 
and infinity.  

Collector tank-specific weight (w.ct): Normal distribution with a mean value of 200 and 
a standard deviation of 100. The lower and upper truncation points are both infinity.  

Boost pump system-specific weight (w.bp): Normal distribution with a mean value of 
430 and a standard deviation of 130. The lower and upper truncation points are both 
infinity.  

Boost pump system-Cavitation propensity (cp.bp): Triangular distribution with the like-
liest value of 1 and the minimum and maximum values of zero and 1. The lower and 
upper truncation points are zero and 1.  

Accumulator-specific weight (w.a): Normal distribution with a mean value of 500 and 
standard deviation of 100. The lower and upper truncation points are both infinity.  

6.2.2 Transfer  

Fuselage tanks-flow speed (f.ft): Normal distribution with a mean value of 3,5 and stan-
dard deviation of 0,5. The lower and upper truncation points are both infinity.  

Fuselage tanks-loss factor (k.ft): Uniform distribution with the minimum and maximum 
values 2,7 and 3,3. The lower and upper truncation points are both infinity.  

Wing tanks-flow speed (f.wt): Normal distribution with a mean value of 3,5 and stan-
dard deviation of 0,5. The lower and upper truncation points are both infinity.  

Wing tanks-loss factor (k.wt): Uniform distribution with the minimum and maximum 
values 2,7 and 3,3. The lower and upper truncation points are both infinity.  

Drop tanks-flow speed (f.dt): Normal distribution with a mean value of 3,5 and standard 
deviation of 0,5. The lower and upper truncation points are both infinity.  

Drop tanks- loss factor (k.dt): Uniform distribution with the minimum and maximum 
values 1,8 and 2,2. The lower and upper truncation points are both infinity.  

Transfer pipes-specific length weight (w.t): Normal distribution with a mean value of 
0,3 and standard deviation of 0,1. The lower and upper truncation points are zero and 
infinity.  
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Transfer tank-specific weight (w.tt): Normal distribution with a mean value of 200 and 
standard deviation of 50. The lower and upper truncation points are both infinity.  

Electric transfer pump-specific weight (w.tp): Normal distribution with a mean value of 
690 and standard deviation of 100. The lower and upper truncation points are both infin-
ity.  

Electric transfer pump-loss factor for distributed pumps (k.d): Normal distribution with 
a mean value of 0,3 and standard deviation of 0,1. The lower and upper truncation 
points are zero and infinity.  

Electric transfer pump-cavitation propensity (cp.tp): Triangular distribution with the 
likeliest value of 1 and the minimum and maximum values of zero and 1. The lower and 
upper truncation points are zero and 1.  

Jet pumps- cavitation propensity (cp.jp): Triangular distribution with the likeliest value 
of 1 and the minimum and maximum values of zero and 1. The lower and upper trunca-
tion points are zero and 1. 

6.2.3 Pressurization  

Pressurization pipes-specific length weight (w.pn): Normal distribution with a mean 
value of 0,3 and standard deviation of 0,1. The lower and upper truncation points are 
zero and infinity.  

6.3 The use of Crystal Ball 

In this chapter the use of Crystal Ball during the optimization will be presented. The 
idea is not to teach the reader how to use the program, but to give a perspicuous under-
standing of which functions and how these functions were used to get the results in this 
thesis. For deeper analysis and knowledge see [20]. 
The main goal of using Crystal Ball is to minimize the weighted sum and thereby get 
the best conceptual solutions which can be used during the design of an a/c fuel system. 
The different concept solutions (design variables) and the tank pressures will be set as 
decision variables and these are marked automatically by the program as yellow ma-
trixes in the morphological matrix, see figure 29. The design variables for the functions 
are defined as discrete values between one and the quantity of solutions, while the tank 
pressures are defined as continuous between the values zero to 100 000 Pa. The meas-
urement, refueling and fire extinguisher systems are excluded because they influence 
the result and the objective functions in a well known way.  
When calculating deterministically with multi objective optimization there is no need to 
define any assumption variables but when probabilistic analyses are included assump-
tions are very important. All the assumption matrixes are marked green, see figure 30, 
and how these variables and their distributions have been defined can be found in chap-
ter s 6.2.1-6.2.3.   

The weighted sum is defined as forecast and is marked light blue by Crystal Ball. To be 
able to find the best concepts of design variables and tank pressures, a program function 
in Crystal Ball, named OptQuest, is used. The function enhances Crystal Ball by auto-
matically searching for and finding optimal solutions to different simulation models. It 
should be said that OptQuest is not used when calculating and presenting probabilistic 
forecasts of the different objective functions. It is because the results will be the same 
regardless using the function or not, and a lot of simulation time are saved. 



  

Results 

7.1 Results for deterministic optimization 

The results for the different deterministic optimizations will be presented here. By that 
this chapter becomes the most important part of this thesis and the results and solutions 
are the main reason for this thesis. Because of the many simulations and that different 
objectives are compared for every simulation, this chapter will be divided into subchap-
ters. Each chapter will deal with optimization of objectives which are of interest, start-
ing with presentation of single objective optimization and their optimal values. For best 
comprehension, it is a good complement to first read the subchapters one by one and 
then directly read the discussion part for precisely that part of the optimization. Using 
the thesis this way will give the best approach to understanding the work as some results 
are more described and explained in the discussion chapter.  

7.1.1 Optimal deterministic solutions  

Figure 31 illustrates the single objective optimization results of all the different objec-
tives which are of interest to investigate. The main goals of the optimizations were to 
minimize the weight, the power and the massflow, while the MTBF should be maxi-
mized. The values in the design solution row in the figure represent the conceptual solu-
tions for the objective functions. In other words, it shows which design solution is pref-
erable and can be chosen to achieve the best result. Some objectives give the designer 
several solutions which can be mixed after desirable options. The different tank pres-
sures are also presented and sometimes the tank pressure can be varied between the pre-
sented values. The last value in each box is the optimal solution which can be achieved 
by deterministic optimization. For example the minimum weight for an a/c fuel system 
at 5000 m is 71,177 kg. This objective function will be reached if the tanks are not pres-
surized (o Pa) and the design variables chosen are 1 (NGT), 2 (Inline pump), 2 (Inline 
pump), 2 (Inline pump), 3 (None pressurized). See figure 7 for the different functions. 
Attention should be drawn to the optimization of the objective power. It can be seen that 
the jet pump is suggested as transfer system but this should be ignored as there is some 
calculation errors in the quantified morphological matrix. See chapter 8.2.1 for more 
details.    
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Figure 31 

 

Optimal deterministic solutions  

7.1.2 Multiobjective optimization at 5000 m  

The diagrams presenting the results of the multi objective optimizations can be found in 
the appendix further forward in this thesis. Only the diagram for optimization of all the 
simultaneous opposing objectives, MTBF included, will be presented in this chapter, see 
figure 32. The first four columns put up the different weight factors, starting with 
weight factor 0,95 and counting down to 0,05. The same calculations are then made by 
changing the weight factors for the different objectives. The different objective values 
are presented under each column while the weighted sum is presented under the Sum 
column. The Pressure C column is the column where the collector tank pressure is 
presented while the Pressure D means drop tank pressure. The choose column is of 
most importance because it is where all the concept solutions influenced by the different 
weighting sums are shown.  

Power 

 

MTBF 
By figure A1 it is clearly that the optimal value for power will be achieved and the val-
ues for MTBF are not gained. In other words, it seems like the objective power is more 
dominant regardless of the weighting factors and the optimal values for the objective 
will be achieved no matter of how low the MTBF values will decrease. Collector tank 
pressures should be at maximum, which means 100 000 Pa and the pressure for the drop 
tank must be the minimum pressure of 138082 Pa. Negative Gravity Tank should be 
used as engine feed system together with siphoning systems from the transfer tanks.    
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Massflow 

 
MTBF 

The objective MTBF dominates this composition of objectives. The model solution pre-
sented is the same as the one obtained from optimizing the MTBF alone. But as the 
concept solution is in the same range for both objectives, optimal values for the objec-
tives are achieved. Both the collector tank and the drop tank pressures should be hold 
constant at a pressure of zero Pa.   

Massflow 

 
Power 

A non pressurized system is suggested which gives a system with zero massflow. The 
power value will almost be four times bigger then the optimal power value with this 
concept solution. It should be noticed that the suggested concepts are the same as when 
the objective weight alone was optimized.   

Weight  Power 
As seen in appendix A4, the minimum weight solutions dominate which means that the 
concept solutions are the same as suggested for the optimal minimum weight. After a 
suddenly change at the weight factor 0,7 the minimum power objective and its concept 
solutions are recommended by the optimization software. The difference between these 
results and the results for optimal power values are that the collector tank pressure 
changed from zero Pa to 100 000 Pa and the drop tank pressure are hold strictly at 
7522,1 Pa as seen in the figure A4. When the optimal power was calculated by single 
objective optimization the drop tank pressures were zero Pascal.  

Weight  Massflow 
The best concept solution for optimizing these two objectives is to use the solution ob-
tained from optimizing only the weight. The solution suggests a non pressurized system 
and at that way no massflow is needed. See figure A5.  

Weight  MTBF 
Once again a non pressurized system cooperates best with the other system functions 
after optimization at 5000 meters. The solution recommended is the same as for mini-
mal weight solution. As seen in the figure the recommended answer is constant but the 
weight objective changes from the minimal value of 71,18 kg to 146,84 kg when the 
weighting factor changes from 1,25 to 1,3. However the value of MTBF is remaining 
constant at 1054 hours which is very close to the optimal value.  

Weight - Power  Massflow 
The results of the optimization for this combination can be found in appendix A7. The 
results which are presented are the same as the results shown in figure 32. Only differ-
ence is that the objective MTBF is excluded for this example.  

Weight - Power - Massflow  MTBF 
As seen in figure 32 the concept solutions suggested are constant. The optimal determi-
nistic solution is to use NGT as engine feed system, inline pumps as transfer systems 
from the different transfer tanks and the ventilation and pressurization system should be 
none pressurized. By meeting these suggestions the best assortment of the different ob-
jectives will be achieved. It is notable that the optimization shows that the minimum 
weight and massflow are achieved and kept constant, while the power will be approxi-
mately four times the minimum power reached during single objective optimization. 
The MTBF values are also constant regardless of the different weighting constants and 
are very close to the optimal value. The different tank pressures are also held constant at 
the pressures of 22526,5 Pa and 40887 Pa.       
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Figure 32 

 

Solutions for multi objective optimization of Weight-Power-Massflow-
MTBF at 5000 m 

7.1.3 Multiobjective optimizations at 10 000 m  

Power  MTBF 
There is, as seen from figure A8, no difference between the optimization of the objec-
tives power and MTBF from 5000 m to 10 000 m. The same concept solutions and the 
same tank pressures will be presented regardless of the altitude difference and the objec-
tives will closely have the same values. The objective power is increased to 748 W 
while the MTBF remains at 198 hours.   
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Massflow 

 
MTBF 

As the altitude was changed to 10 000 m, the concept solutions after optimization for 
massflow and MTBF are also changed. Comparing the results from 5000 m to              
10 000 m, it can be seen that at 10 000 m an ejector system should be used as pressuri-
zation system. Otherwise the solutions are similar to the one suggested at 5000 m. By 
changing to a pressurized system the different values of the objectives are also changed. 
The massflow will be increased and the optimal value is achieved. The value of MTBF 
is hold constantly at 197 hours and the pressures for the collector tank and drop tank are 
held at 8868,71 Pa and zero Pa respectively. It should be noticed that the values for the 
MTBF objective are very close to the optimal values.  

Massflow 

 

Power 
Optimizing both massflow and power with the weighted sum method gives a solution 
which differs dependent on the values of the weighting factors. The first two solutions 
are to use a negative gravity tank as engine feed together with inline pump as transfer 
systems. The ejector system used as pressurization system gives a constant collector 
tank pressure of 8868,73 Pa while the drop tank pressure will be 9197 Pa. By this con-
cepts the massflow are 168 g/s and the power 2395 W. 
At the weight factor 0,85 for massflow, the system solutions change and the values for 
the different objectives will vary. The massflow increases with 14 g/s while the power 
decreases to 1602 W. The collector pressure is still constant at 8868,73 Pa but as seen in 
the figure A10, the drop tank is no longer pressurized. 
At the weight factor 0,75 the concept solutions will again make a small change and now 
a closed pressurized system is suggested. This will have the consequences that the 
power values will decrease to optimal values, while the massflow increases to 240 g/s. 
The collector tank pressure are also increased to 100 000 Pa.  

Weight 

 

Power 
As the figure A11 illustrates the values for the weight objectives are increasing as the 
weight factor for the objective are decreasing. At the same time the power objectives are 
decreasing as well. The design conception 1,2,2,2,1 means negative gravity tank as en-
gine feed system, inline pumps for transfer fuel from the transfer tanks and a closed 
system as pressurization system. It can also be seen that the different tank pressures are 
increasing as the weighting factors are decreasing. When the weight factor for the 
weight reaches 0,7, a different concept solution is obtained. Now siphoning is the best 
solution to transfer fuel from the fuselage tank, while jet pumps should be used from the 
wing and drop tanks. Closed system is still the best to manage pressurization. Figure 
A11 also illustrates that both collector and drop tank pressures are remaining constant 
after the weight factor reaches the value 0,6. It can be seen that the same is valid for the 
objectives weight and power.  

Weight 

 

Massflow 
At 10 000 m the results indicate that the solution is constant regardless of the weighting 
constants. The solution does not differ much from when the weight and power were 
optimized at 5000 m, but at 10 000 m a non pressurized system is no longer optimal. 
Instead an ejector system should be used. It can be seen from figure A12 that the weight 
is slowly increasing from the closely optimal value, while the power slowly decreasing 
to the optimal value. The collector tank pressure should be 8867,7 Pa all the way while 
the drop tank pressure should be decreased from 7602 Pa to zero Pa, depending on the 
weight factors.  

Weight 

 

MTBF 
The weight objective is clearly dominative in this multi objective optimization. The best 
solution to select is the same as when the weight alone was optimized. By this an opti-
mal value for the weight objective will be accomplished, while an optimal value for the 
MTBF is almost reached. However, the collector tank pressure should be steady at 
8868,93 Pa, while the drop tank pressure should be 8102,73 Pa.   
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Weight - Power - Massflow  
As seen in the figure A14 there are a lot of options and solutions which may occur de-
pending on the weighting factors. Starting with the weight factor 0,9 down to 0,7, all the 
objectives and concept solutions will vary. The power objective is decreasing while the 
weight and massflow objectives are increasing. Both collector and drop tanks pressures 
are also increasing. The pressure of the collector tank is increasing from 8868,73 Pa to 
13881,8 Pa, while the drop tank pressure is increasing from 9197,1 Pa to 15 000,7 Pa. 
The concept solution suggested is NGT feed, inline pumps for transfer and an ejector 
system for pressurization 
When the weight factors are changed between 0,6 and 0,5, a new concept solution is 
suggested. The weight objectives remain constant after the change and so does the 
power, while the massflow will decrease. The collector pressure remains constant at 
8868,72 Pa while the drop tank pressure decreases from 13641,3 Pa to 12603,4 Pa. 
After the weight factor 0,4 the concepts solution has once again changed. It is a rela-
tively small change but as seen in the figure it gives rise to objective values which differ 
from the previous ones. The concept solution suggested is to use a closed system as 
pressurization system instead of an ejector system. And as seen the objective values 
remain at constant values after optimization. The weight objective has a value of 151,8 
kg, the power is 748 W and the massflow is 240 g/s. The tank pressures are also hold at 
constant values of 100 000 Pa and 31537,5 Pa. 
Depending on how the weigh factors are combined, different solutions and objective 
values will be obtained. Figure A14 presents all the combination and values and as seen 
the designer has a lot of possibilities to combine after own desire. Notable is that the 
different objectives will have constant values when the concept solution, 1,4,3,3,1, is 
chosen.  

Weight - Power - Massflow 

 

MTBF 
Including the objective Mean Time Between Failures in the optimization gives a similar 
figure, see figure 33, as when the objective was excluded. The same concept solutions 
are suggested and the objective values will not vary too much when calculating with the 
same weight factors. The pressures for the different tanks are the variables which differ 
most.  

Depending on the weight factors and their combinations, the concept solutions which 
will be obtained are the following:  

1,2,2,2,2 . This solution is the same as NGT engine feed, inline pumps as transfer sys-
tems and an ejector system as pressurization system. For this combination the weight 
objective will differ between the values of 84,02 kg and 93,7 kg, the power will be be-
tween 1858 W and 2395 W and the massflow will vary between 168 g/s and 199 g/s. 
However it can be seen that the objective values for MTBF have a constant value of 194 
hours. The collector tank and the drop tank will have pressures which vary in a non lin-
ear way.  

1,4,3,3,1 . This combination of the design variables is the only one which gives rise to 
homogenous values for the different objectives. The weight will remain at 151,77 kg, 
power at 748 W, massflow at 240 g/s and MTBF at 198 hours, regardless of how the 
weight factors are combined. The collector pressure will be 100 000 Pa and the drop 
tank will have the pressure of 31537,4 Pa.  

1,4,3,3,2 . The closed pressurized system from the previous solution has been ex-
changed to an ejector system. The difference may look insignificant but as the figure 33 
illustrates, the values for the objective functions will reach new dimensions. The weight 
will differ between 84,63 kg and 107,93 kg while the power will have values between 
1602 W and 2325 W. It should be noticed that the value 2325 W are only reached once 
during the optimization. For the massflow objective, the values will not vary too much. 
The smallest value reached is 170 g/s and the largest is 190 g/s. The same similarities 
can be seen for MTBF which presents values with small variance, from 194 hours up 
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too 198 hours. However this is not true for the pressure for the drop tank, which will 
have noticeable differences depending on the weighted factors. The collector tank pres-
sure will almost remain constant at the value of 8868,85 Pa.    

  

Figure 33 

 

Solutions for multi objective optimization of Weight-Power-Massflow-
MTBF at 10 000 m     
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7.1.4 Multiobjective optimizations at 15 000 m  

Power  MTBF 
Figure A15 illustrates that there are no differences between the optimization of the 
power and MTBF objectives from 10 000 m to 15 000 m. The same concept solutions 
and the same tank pressures will be presented regardless of the altitude difference, and 
the same characteristics of the objectives are raised. The objective power is increased to 
887 W while the MTBF is still constant at 198 hours. By this it can be seen that all the 
objectives and its solutions will have the same results, characteristics and values regard-
less of altitude.  

Massflow 

 

MTBF 
Calculating multi objective optimization of massflow and MTBF gives solutions that 
are or very close to the optimal solutions. Suggested objectives are NGT, inline pumps 
and an ejector system. Collector tank pressure should be 23745,1 Pa while the drop tank 
must be non pressurized. Using these suggestions the massflow will be 221 g/s and the 
MTBF stays at 197 hours as at 10 000 m.  

Massflow 

 

Power 
Both the objectives, massflow and power, will have constant values during the optimi-
zation. The power will achieve the optimal value 887 W, while the massflow will be 
281 g/s. Collector tank pressure should be hold at maximum 100 000 Pa and the drop 
tank should not be pressurized. The concept solution are NGA as engine feed system, 
siphoning as transfer systems from fuselage and wing tanks, jet pump from the drop 
tank and a closed system as pressurization system.  

Weight 

 

Power 
Comparing the results from 10 000 m and 15 000 m it can be seen that the concept solu-
tions are the same and the values for the different objectives are very similar. As the 
figure A18 illustrates the values of the objective weight are increasing as the weight 
factor for the objective are decreasing. At the same time the power objective are de-
creasing as well. The design conception is 1,2,2,2,1 which means negative gravity tank 
as engine feed system, inline pumps for transfer fuel from the transfer tanks and a 
closed system as pressurization system. It can also be seen that the different tank pres-
sures are increasing as the weighting factors are decreasing. When the weight factor for 
the weight reaches 0,7 a different concept solution is obtained. Now siphoning is the 
best solution to transfer fuel from the fuselage tank, while jet pumps should be used 
from the wing and drop tanks. Closed system is still the best to manage pressurization. 
Figure A18 also illustrates that both collector and drop tank pressures are remaining 
constant after the weight factor reaches the value 0,6. This outcome in the values of the 
objectives also remains constant from that given value.   

Weight 

 

Massflow 
For this combination of objectives the concept solution will not change during the opti-
mization. The values for the weight will slowly increase as the weight factor decreases 
and the massflow will also slowly decrease. The collector tank pressure must be con-
stant at 23745 Pa while the pressures for the drop tank will vary from 22747 Pa to 
16514 Pa. The concept solution is NGT, inline pumps and an ejector system.  

Weight 

 

MTBF 
Both the objectives will remain at constant values. The weight will stay at optimal 99,94 
kg while the MTBF will be 194 hours. The pressure for the collector tank should be 
23745,2 Pa and the drop tank pressure must be 22954,5 Pa. The concept solution sug-
gested is NGT, inline pumps and a closed pressurization system.  

Weight - Power  Massflow 
As seen in the figure A21, there are two different concept solutions suggested. Depend-
ent on the weighting factors, the solutions will give rise to different objective values. 
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Between the weighting factors 0,9 and 0,6 the suggested concept solution is NGT, inline 
pumps and an ejector system. None of the objectives will have constant values, as seen 
in the figure, and the tank pressures will also differ. When the weight factor reaches the 
value 0,5 a different concept of objectives is suggested. Namely NGT as engine feed, 
siphoning as transfer system from the fuselage tank, jet pumps from the wing and drop 
tanks, and a closed system as pressurization system. The weight will have different val-
ues but largely it reaches 154,31 kg. The same characteristics can be observed for the 
power with largest value of 1602 W, while the most common value is 887 W. The mass-
flow will however be constant at 281 g/s. The pressure for the collector tank will change 
from 41583,1 Pa to 100 000 Pa, which is the maximum pressure and is also mostly sug-
gested according to figure A21. The drop tank will show similar qualities with a major 
value of 44348,3 Pa.  
Continuously changing the weighting objectives will result in similar occurrences, as 
seen in figure A21, and the values and results which are suggested and calculated will 
not vary too much from the ones previously presented.  
The most conspicuous difference between the solutions at this altitude and at 10 000 m 
is the missing concept, 1,4,3,3,2, which is suggested at 10 000 m. This may occur of 
several reasons and a short discussion about them is hold in chapter 8.2.2.  

Weight - Power - Massflow  MTBF 
Including the objective MTBF, basically the same results and suggestions will be 
achieved as when the objective was excluded. The same concept solutions are suggested 
and practicing them will mainly give the same results for the different objectives, as 
when calculating without MTBF as an opposing objective. The results and the sug-
gested solutions can be found in figure 34.   
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Figure 34 - Solutions for multi objective optimization of Weight-Power-Massflow-MTBT 
at 15 000 m  

7.2 Results for probabilistic optimization 

To be able to handle multi objective optimization with probability distributions, the 
same mathematical framework as with deterministic optimization has to be used. The 
single objective problem is obtained by using the weighted sum method. However, no 
differences of the concept solutions between the deterministic and the probabilistic op-
timizations are found. The concept solutions will be same regardless of distributions and 
the objectives calculated with the Monte Carlo method are the same as when calculated 
deterministically as a single objective. 
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The same design objectives will be presented here as in the previous chapter 7.1, but 
when calculating the optimization, probability distributions will be used. The objective 
functions will have probability distributions for any series of decision variables. For 
example there are three different concept solutions suggested at 10 000 m depending on 
the weighting factors during the optimization of weight-power-massflow. Therefore 
there are three different probabilistic optimizations made for every objective at that alti-
tude. All the figures of the single objective optimizations can be found in appendix B. 
The figures for the multi objective optimization of weight-power-massflow will be pre-
sented in this chapter. The objective MTBF is excluded during probabilistic optimiza-
tion because of the delimitation of the thesis. The objective MTBF is not handled as an 
important objective and therefore it is excluded during probabilistic optimization which 
request much longer running time then a deterministic optimization. 

7.2.1 Single and multi objective optimization at 5000 m  

Weight 
After simulation with probabilistic variables, the minimum weight distribution calcu-
lated with the Monte Carlo method can be presented as shown in figure B 1.1. However 
figure B 1.2 illustrates a more general table with the values of the minimum weight for 
every tenth percentile. 
It can be seen that the distribution of the design range varies from 34,59 kg to 101,96 kg 
and the mean value is 70,93 kg.  It means that it is a 100% probability that the minimum 
weight is less that 101,96 kg but only 50% that it is less than the mean value 70,93 kg. 
By this, there is a very small chance that the weight can be minimized to 34,59 kg.  
The same optimization algorithm was run deterministically and the minimum weight 
was then calculated to 71,177kg, which is nearly the same as the mean value shown in 
figure B 1.2. The suggested concept solutions were also the same for both calculations 
which leads to the conclusion that the objective function can be smaller (or bigger) with 
probability distributions but the concept solutions will be the same regardless of distri-
bution. In the sensitivity chart the different assumptions are presented and the percent-
age values illustrate how much each assumption affects the weighted sum. For full ex-
planation for every abbreviation see chapter 6.2. As seen in the figure B 1.3 the 
assumption w.tt (transfer tank-specific weight) has a major influence on the weight, 
followed by w.ct (collector tank-specific weight) and w.t (transfer pipes-specific length 
weight).  

Power 
The minimum value of the power which can be achieved is 349,06 W. The mean value 
is 485,23 W which is closely the same as the result reached deterministically. The as-
sumptions that affect the results most are f.ef (pipes-flow speed) 68,8% and k.efh 
(pipes-high pressure loss factor) 30,7%.  

Massflow 
The massflow reached at the altitude 5000 m is zero. This is because no pressurization 
is needed at that altitude.  

Weight  Power  Massflow 
There are several similarities between single objective optimization of the different ob-
jectives and multi objective optimization when the objectives are optimized with the 
weighted sum method. As figure 35 illustrates, the objective weight is same regardless 
of optimization type and the same results and values are presented. The mean value, for 
example, is still 70,93 kg. The major difference between the optimizations is the power, 
which will be much bigger when calculated with multi objectives. The new minimum is 
1487 W, the mean value is 1686,63 W and the maximum is 2266,08 W. The massflow 
will however still be zero while no pressurization is needed at 5000 m.    
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Figure 35 - Forecast of the multi objective optimization of weight at 5000 m      

Figure 36 - Forecast of the multi objective optimization of power at 5000 m      

Fig 37 - Forecast of the multi objective optimization of massflow at 5000 m        

Percentiles:  Forecast values 
0%  34,59 
10%  60,63 
20%  64,19 
30%  66,71 
40%  68,86 
50%  70,93 
60%  72,98 
70%  75,18 
80%  77,68 
90%  81,22 
100%  101,96 

Percentiles:  Forecast values 
0%  1 487,00 
10%  1 589,48 
20%  1 618,22 
30%  1 642,16 
40%  1 664,61 
50%  1 686,63 
60%  1 709,83 
70%  1 734,49 
80%  1 764,11 
90%  1 809,45 
100%  2 266,08 
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7.2.2 Single and multi objective optimization at 10 000 m  

Weight 
As the figures B 4.1 and B 4.2 illustrates, the most probably value which may occur is 
117,82 kg. However, the value for the objective can be minimized to 47,36 kg or to the 
mean value of 83,02 kg. The most important assumptions to take in consideration are 
w.tt (transfer tank-specific weight), w.t (transfer pipes-specific length weight), w.ct 
(collector tank-specific weight) and w.pn (pressurization pipes-specific length weight). 
Comparing the objective with the results reached when the altitude was 5000 m, it can 
be seen that a factor of ten (10) has been summarized to the values. There are also more 
assumptions that affect the result.  

Power 
The minimum power that can be achieved is 607,66 W and the mean is 743,83 W. A 
value of 1168,23 W is with 100% probability achieved if using the concept solution 
suggested at deterministic optimization. There are two major assumptions which affect 
the results and these are f.ef (pipes-flow speed) 68,8% and k.efh (pipes-high pressure 
loss factor) 30,7%. Notable is that these results for the assumptions are the same as 
when calculating at 5000 m.  

Massflow 
When the altitude 10 000 m are reached the different systems have to be pressurized. 
Therefore the massflow cannot be zero again. Instead a flow of 162,46 g/s is accom-
plished, but as seen in the figure B 6.2 a massflow of 7939,46 g/s is reached with 100% 
probability. It is of the author s opinion that this result of 7939,46 g/s should be ne-
glected because of some kind of bug in the optimization framework.   

Weight  Power  Massflow 
From the deterministic optimization of this multi objective assignment, three different 
concept solutions was suggested which all can be used dependent on the different 
weighted factors. Therefore, three different concept solutions with probability distribu-
tions will be presented in this chapter.  

1,2,2,2,2  . This concept solution gives objective values which have variations com-
parison to the values from the single optimizations. This can bee seen if the graphs from 
figures 38, 39 and 40 are compared to figures B4.2, B5.2 and B6.2. The variations of the 
objective weight are almost neglect able and as seen the minimum value has changed to 
47,07 kg while the mean value is 83,55 kg. For the objective power there are significant 
differences as the values have increased. The minimum value has changed from 607,66 
W (see figure B 5.2) to 1701,16 W. The mean value has also changed and the maximum 
power has increased from 1168,23 W to 7478,81 W. The massflow shows similar char-
acteristics as the values for the objective have increased, but the increase is only about 
4% from the old value. It should be noticed that the massflow has a constant value of 
167,94 g/s for this concept solution and figure 36 can therefore be misleading.   
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Figure 38 - Forecast of the multi objective optimization of weight for the concept 
1,2,2,2,2 at 10 000 m    

Figure 39 - Forecast of the multi objective optimization of power for the concept 
1,2,2,2,2 at 10 000 m    

Fig 40 - Forecast of the multi objective optimization of massflow for the concept 
1,2,2,2,2 at 10 000 m   

1,4,3,3,1 . As the figures 40, 41 and 42 illustrate there are important changes in the 
results when this new concept is applied. Starting with the weight, it can be seen that the 
values have increased and, for example, the minimum weight is now 51,58 kg. The ma-
jor transform is accomplished by the power, which now shows values which are almost 
the same as optimal values. The mean value is 743,94 W which is very close to the op-
timal deterministic value of 748 W. The massflow has a constant value at 239,68 g/s. 

Percentiles:  Forecast values 
0%  47,07 
10%  71,88 
20%  75,91 
30%  78,80 
40%  81,21 
50%  83,55 
60%  85,84 
70%  88,27 
80%  91,17 
90%  95,15 
100%  118,81 

Percentiles:  Forecast values 
0%  1 701,16 
10%  1 897,73 
20%  2 018,73 
30%  2 115,48 
40%  2 195,78 
50%  2 264,92 
60%  2 330,77 
70%  2 397,89 
80%  2 477,02 
90%  2 599,98 
100%  7 478,81 

Percentiles:  Forecast values 
0%  167,94 
10%  167,94 
20%  167,94 
30%  167,94 
40%  167,94 
50%  167,94 
60%  167,94 
70%  167,94 
80%  167,94 
90%  167,94 
100%  167,94 
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Figure 41 - Forecast of the multi objective optimization of weight for the concept 
1,4,3,3,1 at 10 000 m     

Figure 42 - Forecast of the multi objective optimization of power for the concept 
1,4,3,3,1 at 10 000 m     

Fig 43 - Forecast of the multi objective optimization of massflow for the concept 
1,4,3,3,1 at 10 000 m     

Percentiles:  Forecast values 
0%  51,58 
10%  121,57 
20%  131,15 
30%  138,05 
40%  144,13 
50%  149,77 
60%  155,35 
70%  161,39 
80%  168,32 
90%  177,79 
100%  235,94 

Percentiles:  Forecast values 
0%  607,67 
10%  678,76 
20%  698,49 
30%  713,81 
40%  728,57 
50%  743,94 
60%  759,86 
70%  777,98 
80%  801,24 
90%  836,59 
100%  1 169,62 

Percentiles:  Forecast values 
0%  239,68 
10%  239,68 
20%  239,68 
30%  239,68 
40%  239,68 
50%  239,68 
60%  239,68 
70%  239,68 
80%  239,68 
90%  239,68 
100%  239,68 
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1,4,3,3,2 . This concept solution is almost similar to the previous one but the results 

for the different objectives have large variations for the different concepts. As found in 
figure 44, the minimum value for the weight is no longer 51,58 kg. Instead all the values 
have decreased and the new minimum value is 51,19 kg. If the maximum weights are 
compared the differences are more significant. There is a change from 235,94 kg to 
152,99 kg. The power will show a different change as the values for the objectives have 
increased as the new concept was chosen. The new mean value for power is 1602,28 W 
instead of 743,94 W. As seen in the figure 46, the massflow will show a new character-
istic for this concept solution compared to all the other handled in this chapter. The 
minimum massflow is now 184,65 g/s, the mean value is 190,57 g/s and the maximum 
is 202,96 g/s. The result for the objective will no longer show constant values.     

Figure 44 - Forecast of the multi objective optimization of weight for the concept 
1,4,3,3,2 at 10 000 m     

Figure 45 - Forecast of the multi objective optimization of power for the concept 
1,4,3,3,2 at 10 000 m   

Percentiles:  Forecast values 
0%  51,19 
10%  83,24 
20%  88,44 
30%  92,21 
40%  95,36 
50%  98,28 
60%  101,30 
70%  104,58 
80%  108,29 
90%  113,69 
100%  152,99 

Percentiles:  Forecast values 
0%  1 472,09 
10%  1 558,38 
20%  1 573,64 
30%  1 584,46 
40%  1 593,70 
50%  1 602,28 
60%  1 610,80 
70%  1 619,63 
80%  1 630,48 
90%  1 645,01 
100%  1 740,91 
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Fig 46 - Forecast of the multi objective optimization of massflow for the concept 
1,4,3,3,2 at 10 000 m  

7.2.3 Single and multi objective optimization at 15 000 m 
The same method as in chapter 7.2.2 will be used in this chapter as there are two differ-
ent concept solutions for the multi objective optimization at the altitude of 15 000 m.  

1,2,2,2,2 . Increasing the altitude to 15 000 m gives new objective results compared 
with the same concept solutions but at the altitude of 10 000. It can be seen from the 
figure 47 that the weight will almost have the same results as when the objective was 
optimized alone. The minimum weight is 48,69 kg, the mean value is 94,71 kg and the 
maximum value is 137,19 kg. With the objective power it is the opposite way, where the 
objective values are similar when the optimization is made with multi objectives regard-
less of the altitude and instead there are major differences between single and multi ob-
jective optimization at 15 000 m. As observed in the figure 48 the mean value of the 
power is 2264,92 W and there is also a small chance to decrease the power consumption 
to 1701,16 W. The massflow will be constant at 238,12 g/s which is closest to the single 
optimization of the objective which resulted in 221,31 g/s.     

Figure 47 - Forecast of the multi objective optimization of weight for the concept 
1,2,2,2,2 at 15 000 m   

Percentiles:  Forecast values 
0%  184,65 
10%  188,14 
20%  188,93 
30%  189,53 
40%  190,05 
50%  190,57 
60%  191,10 
70%  191,69 
80%  192,41 
90%  193,44 
100%  202,96 

Percentiles:  Forecast values 
0%  48,69 
10%  79,99 
20%  84,99 
30%  88,65 
40%  91,80 
50%  94,71 
60%  97,58 
70%  100,66 
80%  104,35 
90%  109,38 
100%  137,19 
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Figure 48 - Forecast of the multi objective optimization of power for the concept 
1,2,2,2,2 at 15 000 m    

Fig 49 - Forecast of the multi objective optimization of massflow for the concept 
1,2,2,2,2 at 15 000 m  

1,4,3,3,1 . 
The minimum weight for this concept solution is 49,78 kg and the mean value is 152,26 
kg. These results indicates that the objective will have results that are similar to those 
calculated at 10 000 m if the same concept is chosen. For the power the results are ex-
actly the same as when single objective optimization was made at same altitude. The 
minimum value is 747,11 W while the mean remains at 883,40 W. The massflow will 
have a constant value of 280,55 g/s regardless of probability distributions, see figure 52.    

Figure 50 - Forecast of the multi objective optimization of weight for the concept 
1,4,3,3,1 at 15 000 m 

Percentiles:  Forecast values 
0%  1 701,16 
10%  1 897,72 
20%  2 018,71 
30%  2 115,49 
40%  2 195,75 
50%  2 264,92 
60%  2 330,80 
70%  2 397,88 
80%  2 476,97 
90%  2 599,97 
100%  7 476,35 

Percentiles:  Forecast values 
0%  238,12 
10%  238,12 
20%  238,12 
30%  238,12 
40%  238,12 
50%  238,12 
60%  238,12 
70%  238,12 
80%  238,12 
90%  238,12 
100%  238,12 

Percentiles:  Forecast values 
0%  49,78 
10%  123,14 
20%  133,09 
30%  140,20 
40%  146,40 
50%  152,26 
60%  157,96 
70%  164,19 
80%  171,35 
90%  181,08 
100%  241,99 
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Figure 51 - Forecast of the multi objective optimization of power for the concept 
1,4,3,3,1 at 15 000 m     

Fig 52 - Forecast of the multi objective optimization of massflow for the concept 
1,4,3,3,1 at 15 000 m  

Percentiles:  Forecast values 
0%  747,13 
10%  818,22 
20%  837,95 
30%  853,28 
40%  868,04 
50%  883,40 
60%  899,32 
70%  917,45 
80%  940,71 
90%  976,05 
100%  1 309,09 

Percentiles:  Forecast values 
0%  280,55 
10%  280,55 
20%  280,55 
30%  280,55 
40%  280,55 
50%  280,55 
60%  280,55 
70%  280,55 
80%  280,55 
90%  280,55 
100%  280,55 



  

Discussions 

The results of both the deterministic and probabilistic optimizations have been pre-
sented in the previous chapter. In this chapter a discussion about the whole optimization 
framework and the results is hold. There will also be a comprehensive discussion about 
the thesis and the work to accomplish the main goals presented in the section 1.3.  

8.1 The optimization framework 

In this thesis the weighted sum model is used to calculate multi objective optimizations. 
The method was chosen because of its robustness and simplicity and the weight con-
stant itself has a meaning, which reflects the relative importance among the objective 
functions under consideration. This gives the user a better overview of the different ob-
jectives and how they affect each other during optimization. However, there is a major 
drawback of the method, as explained in chapter 4.2.3, which are the difficulties to lo-
cate the best possible solutions at a non convex Pareto front. As the goal for the thesis is 
to find and show possible concept solutions for further investigations, the drawback of 
the method has not really occurred. There was no need to find the utopia solution for 
a given concept. Instead focus was put on to find as large quantity of different concept 
solutions as possible. For that task the weighted sum method showed to be a useful 
method. But it should be said that it would be problematic task to draw a Pareto front 
for cases with more than 2 objectives. There are also examples where the values for the 
different objectives are constant regardless of the weighting factors. At these cases no 
Pareto front can be drawn.   

In chapter 6.1.3 it was lifted out that a so called loop error occurs if a change of the 
quantified matrix to an optimization mode is made. Unfortunately this problem seemed 
to be difficult to evade and therefore when the siphoning system is suggested together 
with a closed or an ejector system for the drop tank, the result suggested by the software 
is zero Pascal. This is not accurate and the correct result should be the minimum tank 
pressure. The values must therefore manually be filled out so correct presentation will 
be maid. The minimum tank pressures for the different tanks can be found in the mor-
phological matrix and are marked as green matrixes.   

The computer software Crystal Ball - OptQuest was used during the optimizations. Dur-
ing the work it was noticed that the different results obtained would sometimes vary 
depending on the optimization running time. As the software continuously presents re-
sults when running the optimization, it was up to the user to cancel the simulations 
when the optimal results supposed to be achieved. Unfortunately it sometimes showed 
not to be the best solution, but it is the author s opinion that correct and reliable results 
and solutions are presented in this thesis. The so called interruption criterion when run-
ning an optimization is always a difficult task to determine. Principally there are three 
different types of interruption criterion, when to stop a simulation of an optimization 
framework. The first criterion is the residual criterion which means the simulation may 
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be cancelled when the deviation of the results are negligible. The second criterion is 
time, which is the time limit under the software may run simulations. The last criterion 
is the number of trials which the software calculate the optimization framework to find 
the best result. In this thesis the running time for each optimization was set to 100 min-
utes, but in most cases the simulations were cancelled after approximately 2000-3000 
trials because the deviation of the results seemed very small or even negligibly. The 
ideal would be to run each simulation for several hours but it was not possible because 
of the time limit.   

8.2 The deterministic results 

In this chapter the most interesting deterministic results will be investigated and the 
overall discussion of the results will be presented. It should be pointed out that not all 
results will be discussed as the same characteristics, for the different objectives and 
concepts, return for several optimizations.  

8.2.1 Single objective optimization  

In figure 31 the optimal values and the optimal concept solutions for the different objec-
tives can be found. Starting with the objective weight it can be seen that the difference 
between the design solutions is that a none pressurized system can not be chosen when 
the altitude reaches 10 000 m. This is fully understood because of the law of physics. 
The solutions suggested are NGT and inline pumps and it is a known fact that a distrib-
uted pump alone has the same weight as an inline pump. As a distributed pump system 
is composed of several distributed pumps, the weight for this system is higher. A jet 
pump system has also a higher weight than an inline pump. It can also be seen that the 
different tank pressures are increasing when the altitude is increasing. By these facts, 
the conclusion can be drawn that the reasonable concepts and values have been sug-
gested by the software. 
For the objective power there are more concept solutions which can be used, according 
to the program. By figure 31, the concept solution for the transfer systems, varies be-
tween jet pump and siphoning. In some cases even all the transfer systems can be cho-
sen to minimize the power consumption. This is a peculiar solution because the jet 
pump is known for its´ low efficiency which directly leads to a high consumption of 
power, when the boost pump has to help transfer the fuel. After a review of the quanti-
fied morphological matrix it was found that there are some mathematical calculation 
errors in the software and therefore the wrong solutions can be suggested when the ob-
jective power has to be minimized. It is the author s opinion that jet pump transfer sys-
tem should not be recommended at 5000 m to fulfill the objective and siphoning must 
instead be used. The pressure for the drop tank should therefore also be changed from 
zero Pa to 100 000 Pa.  
Investigating the solutions for MTBF, the results show that jet pumps or siphoning are 
the best as transfer systems. It seems fairly while the jet pump is a robust and simple 
system. The mean time between failures is same for the altitudes 10 000 m and 15 000 
m, and the same concept solutions are suggested. The pressure for the collector tank is 
however increasing. These values indicate that the endurance of the systems is not af-
fected by the surrounding pressures.      
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8.2.2 Multi objective optimization  

Power  MTBF 
Analyzing the results for this multi objective optimization several conclusions can be 
drawn. The suggested concept solutions are constant regardless of the altitude and the 
same is applied for the tank pressures. It should once again be lifted out that the sug-
gested drop tank pressure, zero Pa, is incorrect and the minimum drop tank pressure 
must be used instead. According to figures A1, A8 and A15, the achieved values of the 
objectives are the optimal values, except for MTBF at 5000 m. The reason for these 
differences is that an ejector system is suggested instead of an open system. The MTBF 
values for the system is significant lower than for an open system and therefore the op-
timal value for MTBF is not achieved.  

Massflow  MTBF 
According to figures A2, A9 and A16 the concept solutions are the same for all altitudes 
except for the pressurization system at 5000 m. Once again a non pressurized system is 
changed to an ejector system as the altitude increases. As all optimal concept solutions 
are in the same range for both objectives, optimal values for the objectives are achieved 
regardless of the altitude.  

Massflow  Power 
This composition of objectives gives solutions with large variations and different tank 
pressures. From figure A3 it can be seen that the dominant objective is the massflow 
and all the solutions are created to achieve optimal value for the objective. Increasing 
the altitude, the concept solutions start to vary and when the weigh factor for massflow 
is decreasing the relative importance of the objective power is increasing. At the weight 
factor of 0,75 for massflow, all the solutions are dominated by power. This is a result of 
the need to change pressurization system and at the same time the transfer systems also 
have to be modified. There is a big chance that no jet pumps would be suggested if the 
correct mathematical calculations of power consumption of the pumps had been pro-
grammed in the software, see 8.2.1. If that is true, a concept solution of NGT, inline 
pumps and an ejector systems would be suggested instead, as this concept is a good 
option for both objectives and was also suggested at 5000 m. The difference will only 
be the change of pressurization system because of the increased altitude.  

Weight  Power 
The objective weight is the dominant objective during the first optimizations. This is a 
normal result while the weighting factors put forward the central importance of the 
weight. When the weight factor reaches 0,7 a new concept solution is suggested and the 
power will be the dominant objective. It is a difficult task to make conclusions of the 
suddenly change of concept solution at this specific factor value, but one reason may be 
the need of decreasing the objective values. If the objective values are summarized for 
the first concept solution, a large value is achieved. This is because of the large power 
consumption, which is more than three times greater than the optimal value. When the 
concept is changed the power will be optimal but the objective weight will get higher 
values. As seen, the attained values for the weight are only two times greater than the 
optimal value, which itself is relatively small. If the new values of the objectives are 
summarized the new result will be 2-3 times smaller than the one calculated for the first 
concept solution.  

Weight  Massflow 
The concept solutions suggested after the optimizations are the same for all altitudes, 
except for the pressurization system which changes from none pressurized to an ejector 
system. The most interesting characteristics of the optimizations are the values for the 
different objectives at the altitudes of 10 000 m and 15 000 m. Here it can be seen how 
the weighted sum method really works and affects the objectives weight and massflow. 
At a weight factor of 0,95 the value for the objective weight is almost optimal while the 
value for power is larger than the optimal. As the weight factor decreasing and the 
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power gets more and more important it can be seen that the values for weight are in-
creasing, while the values for power are decreasing. Figure A12 also illustrates that the 
collector tank pressure is kept constant while the drop tank pressure slowly decrease to 
zero Pa. This is done and compensated by a higher power consumption which is not 
demonstrated in the figure. If the pressure is decreased the power consumption has to be 
increased as the transfer pumps have to fulfill their job.   

Weight  Power  Massflow  (MTBF) 
All the values and solutions are constant at 5000 m for this combination of objectives. 
Figures A7, A14 and A21 shows that when the tank pressures and the objectives weight 
and massflow are decreasing or hold as small as possible, the values of the objective 
power are increased. This is especially well illustrated in figure A14, where the concept 
solutions are changing for different weight factors and by that different tank pressures 
are suggested. However, this will turn around and the optimal power values are 
achieved resulting in higher values for weight and massflow. As siphoning has been 
suggested as transfer system from the fuselage tank, the pressure for the tank is hold at 
maximum pressure of 100 000 Pa. The explanation for these characteristics is as stated 
earlier, when the tank pressures are small this has to be compensated by transfer pumps 
which consume different amounts of power.  
Comparing the figures 33 and 34 it is showed that there is a missing concept solution at 
15 000 m. The concept of 1,4,3,3,2 is not suggested at all at and this may depend on 
several factors. First it is a well known fact that if the altitude is increased then the   
different tank pressures also have to be increased. That is to avoid cavitation in the fuel 
system. The main difference between the closed and the ejector system is the required 
massflow during flight. For a closed system there is no need of massflow during level 
flight, while an ejector system has a relatively high consumption of massflow during 
both dive and level flight. The combination of the high pressures needed and the high 
consumption of massflow results in the rejection of an ejector system.  

The reason for the first concept solutions, see figures 33 and 34, with inline pumps as 
transfer pumps is because of the major importance of the objective weight. Later on, 
when the weight factor is decreasing new concept solution will be available and this 
results in jet pumps as transfer systems. If another optimization model, instead of the 
weighted sum, is used maybe new concept solutions would be suggested. But as the 
importance of the different objectives were changed during the whole optimization it is 
the authors

 

opinion that every objective have played the same role and affected the 
optimization framework in a same manner. The different concepts manifest that the 
weighted sum method spans over a large area to find the best possible solutions.                
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8.3 The probabilistic results 

8.3.1 Single objective optimizations  

If figure 31 is compared to figures B 1.2, B 2.2 and B 3.1 it can be seen that the optimal 
values from the deterministic results are almost the same as the values with 50% prob-
ability from the probabilistic optimizations. Using deterministic optimization for a sin-
gle objective, the result obtained should be the utopia solution. This means that the best 
value of the objective is achieved and thus can not be better. Therefore an incorrect idea 
may be that deterministic results should show exactly the same optimal values as prob-
abilistic at 0 

 

10% probability as the values with the lowest probability are the best 
values, but that is not true.  The probability results presented are actually not real val-
ues but values calculated with probability according to assumptions of the design and 
system parameters. There is no guarantee that the results with low probability will be 
achieved and at a worst case scenario only the results with 100% probability will be 
obtained. 
As the different parameters influence the objectives, the probability distribution of the 
parameters should have a major affect on the results presented. As the different distribu-
tions were selected for each parameter after the author s knowledge and guess, there 
may exist a margin of error in the values presented for each objective. But as probabilis-
tic assumptions are an approach to handle uncertainties in calculations, it is difficult to 
make statements that the assumption were badly formulated. Therefore it is only a guess 
that there may exist badly formulated assumptions. In most cases a normal distribution 
has been chosen but for some examples a triangular or a uniform distribution was se-
lected instead. For those cases the distributions for the parameters was estimated in a 
fairly manner as there were restrictions and demands on some distributions. One exam-
ple is the cavitation propensity which has a desired and a most probable value of one 
and therefore a triangular distribution is used, see 6.2.1-6.2.2. Lower values will drasti-
cally increase the probability of cavitation to occur.  

If the sensitivity charts of the objective weight, figures B1.3, B4.3 and B7.3, are investi-
gated it can be seen that the different specific weight variables have a major affect on 
the objective weight. The transfer tank specific weight (w.tt) is the variable that affects 
the objective most, followed by the transfer pipes specific length weight (w.t) and then 
the sensitivity percentile varies for the other variables dependent on the altitude. The 
boost pump system specific weight (w.bp) and the pressurization pipes specific length 
weight (w.pn) are of most interest because they have the third largest impact on the ob-
jective and they also change places with the altitude. At 5000 m when there is no pres-
surization needed, affects the boost pump system specific weight the objective weight 
with 4,3%. The rest percentiles are basically derived from the transfer tank specific 
weight and the transfer pipes specific length weight. When the altitude is raised to 
10 000 m, the influence of the boost pump is almost the same but now there is stronger 
influence of the pressurization pipes specific length weight.  This should be a correct 
result while at that altitude the fuel system has to be pressurized and weight is gained by 
higher pressure. That is also the reason for the high influence of the transfer tank spe-
cific weight. Here attention should be drawn to the large volume of the tank compared 
to the volume of the transfer pipes. A large tank volume of a system at a constant pres-
sure gives a higher weight then a system with a smaller tank volume. When the altitude 
is raised, going from 10 000 m to 15 000 m, the pressure has to be increased which re-
sults in higher weight and a stronger influence of the parameter with a large volume. 
The other parameters do still affect the objective weight, but compared to the transfer 
tank specific weight they are not very important at high pressures.  

The sensitivity charts B2.3, B5.3 and B8.3 present the parameters pipes flow speed 
(f.ef) and pipes high pressure loss factor (k.efh) as the two variables that affect the 
objective power most. It has been analyzed and showed before that pressure affects the 
objective power and vice versa. As the parameter pipes flow speed influences the pres-
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sure, indirectly the power is affected. At a closer analysis of the quantified morphologi-
cal matrix, it can be seen that the parameter first affects the pressure loss due friction. 
This affects then the largest cavitated flow power which plays a major part when the 
total power is calculated. A large flow speed in the pipes gives large power consump-
tion. The pipes high pressure loss factor is the parameter that affects the objective sec-
ond most. The reason for its´ appearance can be found in the mathematical framework 
for power. For detailed information see Svahn [13]. If the formulas are looked through it 
can bee seen that the largest cavitated flow power is dependent on the pressure differ-
ence between the collector tank and the engine. A large flow power is necessary at a 
large pressure difference. Continuously is the pressure difference influenced by a factor 
called pressure loss due friction . If the mathematical formula for this factor is investi-
gated, the parameter pipes high pressure loss factor

 

can be found and it can also be 
seen that this factor is the most important in the formula as it is termed as the square of 
its value. Changing this value will have a large impact on the pressure difference.  

The objective massflow has three different assumptions that will affect the objective in 
a probabilistic way, see B6.3 and B9.3. As no massflow is needed at 5000 m, there is no 
sensitivity chart for the objective at that altitude. At 10 000 m and 15 000 m, the three 
different assumptions affect the objective equally independent of the altitude. It can be 
seen that boost pump system-cavitation propensity (cp.bp) is the most important factor 
while it influences the objective with more than 60%. The remaining assumptions are 
pipes flow speed (f.ef) and pipes-low pressure loss factor (k.efl). If the assumptions are 
changed in the quantified morphological matrix it can be seen that the value for the ob-
jective massflow will not change. Therefore it seems peculiar that these three assump-
tions will have a major influence on the objective as no change of the objective can be 
registered as the assumptions are changed. The explanation for this characteristic and 
the result that the assumptions will and have a major impact on the objective massflow 
is built on the cavitation in the system. The different assumptions have in fact no influ-
ence on the values for the objective, instead they affect when and how constraints occur. 
The constraint value which has been imprinted in the quantified morphological matrix 
occurs when different characteristics have been fulfilled, see chapter 6.1.1. One of these 
characteristics is the cavitation value (c.bp) which can be found in the program under 
the feed sheet. The software has been programmed that if the cavitation value decrease 
to 0,5 or below, the constraint value 7777 occurs in the constraint box. How the con-
straint value and the constraint box work can be found in chapter 6.1. By this it can be 
said that the assumptions do not affect the value for massflow, instead they influence if 
the suggested massflow can be used or not. The massflow will not have probability dis-
tribution during single optimization and therefore it will have a constant value of 
162,45754 g/s when no cavitation occurs. 

8.3.2 Multi objective optimizations  

As no differences of the concept solutions between the deterministic and the probabilis-
tic optimizations are found, the used solutions are taken from the deterministic optimi-
zations. These are then used to calculate the probability distributions for each objective. 
Because of that, the same characteristics exist for the different objectives as discussed in 
the previous chapter, 8.3.1. The values, with approximately 50% probability, presented 
are still the same as the optimal values achieved at single deterministic optimizations. 
At a closer look it seems correct because what we really do is to calculate a probability 
distribution of each objective at a specific concept solution.  

An interesting observation is the probability distributions of the values for the objective 
massflow at the altitude of 10 000 m, see figure 36. For the concept 1,2,2,2,2 the distri-
bution is constant and the values are hold at 167,94 g/s, while the values presented after 
deterministic optimization in the figure A14 are varying. Changing the concept solution 
to 1,4,3,3,2 it can be seen that both the values from the figure and those calculated with 
distributions are varying. This may depend on the variations of the function systems 
suggested for the concept solutions. As the 1,4,3,3,2 is the solution which gives prob-
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ability variations, it will be investigated and discussed. The sensitivity chart for the con-
cept, which is not illustrated in the thesis, shows that the fuselage tanks flow speed (f.ft) 
affects the massflow with 94,1 % while the remaining percentile presents the fuselage 
tanks loss factor (k.ft). These results indicate that the massflow should be dependent or 
at some way affected by the fuel transfer from the fuselage tank. However, after some 
testing of different function systems for all the different tank types, it showed that the 
most important characteristic was the choice of the siphoning system from the transfer 
tank. To achieve a probabilistic distribution of the massflow, two characteristics have to 
be fulfilled. Siphoning system must be chosen from at least one of the transfer tanks and 
at a same time an ejector system must be used as pressurization system. If attention is 
drawn to the first concept solution, 1,2,2,2,2, it can be seen that an inline pump is sug-
gested as transfer system from all the transfer tanks. The requirements are not fully 
achieved and the massflow presented is constant without probability distribution. The 
same is valid for the concept 1,4,3,3,1 where a closed system has been suggested. It is a 
debatable question if massflow is more preferable when it is presented with a probabil-
ity distribution or when it is constant. A low massflow is however desirable and there-
fore it is most likely that the concept with the lowest massflow will be used. Figure 39 
and 40 present the same constant characteristics for massflow at the altitude 15 000 m 
as at 10 000 m with the difference of higher massflow at higher altitude. 



  

Conclusions 

The conclusions of the thesis will be presented in this chapter. Shortly it can be said that 
this chapter rounds of and summarize the important questions of the thesis. 

9.1 Conclusions of the results 

In this thesis the weighted sum model was used to calculate multi objective optimiza-
tions. The method was chosen because of its robustness and simplicity and the weight 
constant itself has a meaning which was stated earlier. Because of no need to find the 
utopia solution for a given concept, focus was put on to find a group of concepts suit-

able for deeper analysis. For that task the weighted sum method showed to be a useful 
way. 
During the optimizations it appeared that no differences of the concept solutions be-
tween the deterministic and the probabilistic optimizations can be found. This means 
that calculating the concept solutions will be same regardless of distributions and the 
objectives calculated with the Monte Carlo method are the same as when calculated 
deterministically as a single objective. The conclusion can thus be drawn that using the 
quantified morphological matrix as synthesis help during the conceptual phase, should 
be in a deterministic way. The results of the best conceptual solutions should be ob-
tained by using deterministic optimizations. A probabilistic approach should be used 
when all the needed solutions are available and then the prognoses of the different sys-
tems performance can be described in a probabilistic way. 
One of the aims for this thesis was to find the answer to the question if probability dis-
tributions will give rise to other optimal concept solutions. The answer is thus a strong 
no. But if attention is only drawn to the values for single objectives, the conclusion is 
different. The probability assumptions seem to affect the values of the objectives but it 
could not be proved in which way. It has been presented that the optimal deterministic 
values calculated are very similar as those with 50% probability. There is also a theo-
retically chance to achieve more optimal values for the objectives, which was shown 
with probabilistic optimizations, but it depends mostly on how the assumptions are re-
lated. Present time there is too few experiments made about the subject and thereby 
there is not enough knowledge to make 100% correct assumptions and get the most ac-
curate results.  
As an ending for the conclusions of the results it should be lifted out that calculating 
multi objective optimizations deterministically with the weighted sum method results in 
several concept solutions depending on how the weighting factors are used. The compo-
sition of the different functions does depend on selection and preference of objectives 
but is also influenced by other factors like altitude. The results show for example that a 
non pressurized system is usually the best option when the altitude is 5000 m. When the 
altitude of 10 000 m is reached a non pressurized system can not be chosen because of 
the risk of cavitation. All the interesting results and concepts which are preferable to use 
have been presented in chapter 7. Now it is up to the user or the engineer to select the 
most wanted concepts and use them wisely during the design phase. 
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9.2 Recommendations for further work 

During the work some errors in the quantified morphological matrix have been discov-
ered. The most critical one occurs when the objective power is optimized and the differ-
ent concept solutions are suggested. Unfortunately it seems that jet pump system is 
sometimes suggested as transfer system and this choice is not correct. This problem in 
the program should in the future be corrected because the power is counted as an impor-
tant objective in the mathematical framework for the fuel system.  

In the beginning of chapter 8.1 it was stated that a loop occurred in the quantified matrix 
when the software was reprogrammed to handle optimizations with the weighted sum 
method. Because of that, wrong pressure results are presented when siphoning is chosen 
as transfer system from the drop tank while the pressurization is either a closed or an 
ejector system. It would be a good upgrade of the software to fix this problem so the 
correct pressures are presented when the optimizations are made.  

Only the weighted sum method was used during the multi objective optimization in this 
thesis, and therefore it would be a good complement to find and use other optimization 
methods to make sure that all possible concept solutions are found. There are several 
methods that handle multi objective optimization and it would be a good choice to build 
out the quantified morphological matrix in the future with a new optimization frame-
work.  

In chapter 2.2.1 it was stated that the main variables are important as most of the 
mathematical calculations in the quantified morphological matrix are based on them. 
The altitude was the only one that was changed to investigate which different concept 
solutions the change will give rise to. It would be an interest investigation to see what 
happens if more variables are mixed and changed. For example how the load factor and 
dive rate affect the different objectives and if new concept solutions will occur. In the 
morphological matrix the measurement, refueling and fire/explosion functions were also 
excluded during the optimizations. In future work these functions may be included in 
the optimization framework to make sure that all important aspects of the quantified 
morphological matrix have been looked through. 
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Appendix A 

 

Deterministic Optimization 

11.1 Optimization at 5000 m   

  

Figure A1 - Power  MTBF at 5000 m  
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Figure A2 

 

Massflow  MTBF at 5000 m  

  

Figure A3 

 

Massflow  Power at 5000 m  
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Figure A4 

 

Weight  Power at 5000 m  

  

Figure A5 - Weight  Massflow at 5000 m  
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Figure A6 

 

Weight  MTBF at 5000 m  

  

Figure A7 

 

Weight  Power  Massflow at 5000 m          
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11.2 Optimization at 10 000 m  

  

Figure A8 

 

Power  MTBF at 10 000 m  

  

Figure A9 

 

Massflow  MTBF at 10 000 m   
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Figure A10 

 

Massflow  Power at 10 000 m  

  

Figure A11 

 

Weight  Power at 10 000 m    
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Figure A12 

 

Weight  Massflow at 10 000 m  

  

Figure A13 

 

Weight  MTBF at 10 000 m      
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Figure A14 

 

Weight  Power  Massflow at 10 000 m                              
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11.3 Optimization at 15 000 m  

  

Figure A15 

 

Power  MTBF at 15 000 m  

  

Figure A16 

 

Massflow  MTBF at 15 000 m  
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Figure A17 

 

Massflow  Power at 15 000 m  

  

Figure A18 

 

Weight  Power at 15 000 m  
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Figure A19 

 

Weight  Massflow at 15 000 m  

  

Figure A20 

 

Weight  MTBF at 15 000 m  
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Figure A21 

 

Weight  Power  Massflow at 15 000 m  



  

Appendix B -  
Probabilistic Optimization 

12.1 Weight at 5000 m     

Fig. B 1.1  Forecast of the weight at 5000 m   

Percentiles:  Forecast values  
0%  34,59  
10%  60,63  
20%  64,19  
30%  66,71  
40%  68,85  
50%  70,93  
60%  72,98  
70%  75,18  
80%  77,68  
90%  81,22  
100%  101,96  

Fig. B 1.2 - Forecast of the weight at 5000 m   
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Fig. B 1.3  Sensitivity charts of the assumption to weight at 5000 m 

12.2 Power at 5000 m         

Fig. B 2.1  Forecast of the power at 5000 m   

Percentiles:  Forecast values 
0%  349,06 
10%  420,12 
20%  439,84 
30%  455,17 
40%  469,90 
50%  485,23 
60%  501,11 
70%  519,22 
80%  542,40 
90%  577,55 
100%  909,63  

Fig. B 2.2 - Forecast of the power at 5000 m  
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Fig. B 2.3  Sensitivity charts of the assumption to power at 5000 m  

12.3 Massflow at 5000 m 

       

Figure B 3.1  Forecast of the massflow at 5000 m   

Because the massflow is zero the sensitivity chart are not presented.           
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12.4 Weight at 10 000 m        

Figure B 4.1  Forecast of the weight at 10 000 m   

Percentiles:  Forecast values 
0%  47,36 
10%  71,46 
20%  75,44 
30%  78,32 
40%  80,70 
50%  83,02 
60%  85,28 
70%  87,68 
80%  90,55 
90%  94,50 
100%  117,82  

Figure B 4.2  Forecast of the weight at 10 000 m     

Fig. B 4.3  Sensitivity charts of the assumption to weight at 10 000 m 
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12.5 Power at 10 000 m        

Figure B 5.1  Forecast of the power at 10 000 m   

Percentiles:  Forecast values 
0%  607,66 
10%  678,72 
20%  698,45 
30%  713,77 
40%  728,50 
50%  743,83 
60%  759,71 
70%  777,82 
80%  801,00 
90%  836,15 
100%  1 168,23  

Figure B 5.2  Forecast of the power at 10 000 m     

Fig. B 5.3  Sensitivity charts of the assumption to power at 10 000 m 
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12.6 Massflow at 10 000 m        

Figure B 6.1  Forecast of the massflow at 10 000 m   

Percentiles:  Forecast values 
0%  162,45754 
10%  162,45754 
20%  162,45754 
30%  162,45754 
40%  162,45754 
50%  162,45754 
60%  162,45754 
70%  162,45754 
80%  162,45754 
90%  162,45754 
100%  7939,45754  

Figure B 6.2  Forecast of the massflow at 10 000 m     

Fig. B 6.3  Sensitivity charts of the assumption to massflow at 10 000 m  
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12.7 Weight at 15 000 m         

Figure B 7.1  Forecast of the weight at 15 000 m   

Percentiles:  Forecast values 
0%  48,70 
10%  79,62 
20%  84,55 
30%  88,23 
40%  91,31 
50%  94,22 
60%  97,05 
70%  100,10 
80%  103,76 
90%  108,78 
100%  136,24  

Figure B 7.2  Forecast of the weight at 15 000 m     

Fig. B 7.3  Sensitivity charts of the assumption to weight at 15 000 m 



Appendix B -  Probabilistic Optimization  85 

   
12.8 Power at 15 000 m         

Figure B 8.1  Forecast of the power at 15 000 m   

Percentiles:  Forecast values 
0%  747,11 
10%  818,22 
20%  837,95 
30%  853,27 
40%  868,02 
50%  883,40 
60%  899,32 
70%  917,45 
80%  940,70 
90%  976,05 
100%  1 309,09  

Figure B 8.2  Forecast of the power at 15 000 m     

Fig. B 8.3  Sensitivity charts of the assumption to power at 15 000 m 



86 Multiobjective optimization and probabilistic design on aircraft fuel system 

12.9 Massflow at 15 000 m         

Figure B 9.1  Forecast of the massflow at 15 000 m   

Percentiles:  Forecast values 
0%  221,31228 
10%  221,31228 
20%  221,31228 
30%  221,31228 
40%  221,31228 
50%  221,31228 
60%  221,31228 
70%  221,31228 
80%  221,31228 
90%  221,31228 
100%  7998,31228  

Figure B 9.2  Forecast of the massflow at 15 000 m     

Fig. B 9.3  Sensitivity charts of the assumption to massflow at 15 000 m 




