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Abstract

:

Fuel level gauging in aircraft presents a significant flight mechanics challenge due to the influence of aircraft movements on measurements. Moreover, it constitutes a multidimensional problem where various sensors distributed within the tank must converge to yield a precise and single measurement, independent of the aircraft’s attitude. Furthermore, fuel distribution across multiple tanks of irregular geometries complicates the readings even further. These issues critically impact safety and economy, as gauging errors may compromise flight security and lead to carrying excess weight. In response to these challenges, this research introduces a multi-stage project in aircraft fuel gauging systems, as a continuum of studies, where this first article presents a computational tool designed to simulate aircraft fuel sensor data readings as a function of fuel level, fuel tank geometry, sensor location, and aircraft attitude. Developed in an open-source environment, the tool aims to support the statistical inference required for accurate modeling in which synthetic data generation becomes a crucial component. A discretization procedure accurately maps fuel tank geometries and their mass properties. The tool, then, intersects these geometries with fuel-level planes and calculates each new volume. It integrates descriptive geometry to intersect these fuel planes with representative capacitive level-sensing probes and computes the sensor readings for the simulated flight conditions. The method is validated against geometries with analytical solutions. This process yields detailed fuel measurement responses for each sensor inside the tank, and for different analyzed fuel levels, providing insights into the sensors’ signals’ non-linear behavior at each analyzed aircraft attitude. The non-linear behavior is also influenced by the sensor saturation readings at 0 when above the fuel level and at 1 when submerged. The synthetic fuel sensor readings lay the baseline for a better understanding on how to compute the true fuel level from multiple sensor readings, and ultimately optimizing the amount of used sensors and their placement. The tool’s design offers significant improvements in aircraft fuel gauging accuracy, directly impacting aerostructures and instrumentation, and it is a key aspect of flight safety, fuel management, and navigation in aerospace technology.
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1. Introduction


Over the decades, aircraft performance has gone through great improvements in several areas. The fuel systems have developed from a simple set of tanks, feeding the engine through gravity, and gauged by float-driven indicators to a complex set of tank geometries, with multi-valve systems, booster pumps, and several sensors [1].



Beyond dealing with more efficient and complex engine feeding, refueling, and defueling operations, the fuel system should also be prepared to transfer fuel among its tanks, and to safely dump fuel outside the aircraft in emergency situations [2]. Additionally, fuel also plays an important role in aircraft thermal management systems, serving as the main material for absorbing and dispersing heat from the aircraft [3]. For that, it must be capable of incorporating its complexity, by having a well-designed Fuel Quantity Gauging System (FQGS), in order to be accurate in indicating the real fuel tank quantity to the flight crew.



Furthermore, FQGSs are exposed to many situations that make the challenge of being accurate even harder. Events such as aircraft attitude changes, acceleration, turbulence, and structural deformation due to aerodynamic loads during flight affect the final fuel quantity indication [1].



The accuracy of the FQGS is compromised by these factors, in which the aircraft attitude changes present a significant challenge that this computational tool aims to address.



Even small errors in fuel quantity measurement can imply a significant impact on the costs of the aircraft throughout its operation life. As an example, we can take an aircraft with a fuel capacity of approximately 100 tons, the Boeing 777–200. It carries between 305 and 328 passengers in a typical three-class configuration and has a total fuel capacity of 201,700 pounds (93,900 kg). Under these conditions, 1% of error is equivalent to almost 1 ton, which represents approximately 10 passengers with their luggage [4]. Therefore, it is of great interest to the aircraft’s manufacturer and operators to accomplish precision of the FQGS.



Recognizing the significant impact that even minor inaccuracies in fuel measurement can have underscores the pressing need for more advanced and precise solutions in fuel management systems. In modern days, the rapid evolution of technology, particularly in computational capabilities and Artificial Intelligence (AI), offers a promising avenue for addressing these challenges. As we continue to witness unparalleled growth in accessible computational resources [5], the opportunity arises to harness this technological momentum to develop more sophisticated and accurate methods for fuel quantity estimation in aviation.



Due to this, modeling and simulating complex systems enables higher accuracy in systems’ description/prediction, taking into account several variables, and being able to represent real-life behavior [6].



As AI and computational capabilities continue to advance, they offer novel solutions to longstanding challenges in aviation [7]. Numerous areas within the industry stand to benefit substantially from AI integration. Recent studies have explored how these technologies can revolutionize the sector, ranging from enhancing customer experiences to enabling more intelligent and cost-effective design and operational strategies [8,9,10,11,12,13].



In the realm of fuel systems, AI technology offers significant potential for enhancement, particularly in addressing the challenge of accurate fuel quantity measurement. This task, essential for providing pilots with reliable data across varying aircraft attitudes and fuel property fluctuations, represents a complex, multidimensional estimation problem [14]. It involves transforming a collection of sensor signals into a singular one, a precise fuel quantity estimation. Traditionally, this transformation in embedded systems is achieved through one-dimensional, linearly interpolated look-up tables [14]. However, this study aims to, through large generative synthetic readings data, allow innovation beyond this conventional approach by integrating and applying machine learning models for more dynamic and accurate estimations.



In this context, to aid AI modeling and enhance the learning process for accurate fuel quantity estimation, there is a critical need for diverse sensor data, reflecting various aircraft conditions and fuel levels. To circumvent the challenges of acquiring such extensive real-world sensor readings, this article proposes the development of a computational tool designed for generating synthetic fuel sensor data. This approach not only addresses the immediate data needs but also facilitates collaborative innovation. By utilizing synthetic data, partners such as aircraft manufacturers, airlines, sensor developers, and academic institutions can collectively advance data processing technologies while safeguarding sensitive intellectual property.



The development of this computational tool for generating synthetic sensor data is crucial due to several key reasons:




	
Promoting Collaborative Innovation with Partners: Synthetic data facilitates collaborative innovation in data processing technologies by allowing partners to work together without risking the exposure of sensitive intellectual property.



	
Developing Robust Models for Diverse Scenarios: The synthetic data generated by this tool is crucial in creating advanced models capable of accurately capturing a multitude of operational scenarios as the attitude of the aircraft changes. This capability is essential for developing a more refined and precise model for fuel estimation, ensuring that fuel quantity readings remain reliable under a wide range of flight conditions. Such models are crucial for both operational efficiency and safety.



	
Advancing Fuel Gauging System Efficiency: The tool is instrumental in researching and developing more efficient fuel gauging systems. It facilitates precise placement and optimization of probes within the system, ensuring more accurate and reliable fuel measurements.



	
Optimizing Probe Combinations: By enabling experimentation with various probe combinations, the tool helps identify the most effective configurations for fuel measurement. This optimization leads to improved accuracy and efficiency in fuel gauging systems.



	
Enhancing Academic Research: The tool is a valuable asset for academic research, providing the capability to generate a wide array of synthetic sensor data for generic fuel systems. Researchers can use any tank geometry, even those not based on actual aircraft, to study the relationship between fuel levels and sensor behavior in different scenarios. This flexibility enriches the understanding of fuel measurement dynamics and supports educational objectives.



	
Open-Source Development for Wider Accessibility: The entire development of this tool in an open-source format ensures its accessibility to a broad range of users. This approach not only democratizes access to advanced research tools but also encourages community-driven improvements and innovations.



	
Environmental Impact and Safety Enhancement: By enabling more accurate fuel quantity estimations, the tool contributes to reducing unnecessary fuel carriage, thereby decreasing environmental impact. Additionally, precise fuel measurement is crucial for flight safety, enhancing the overall safety standards in aviation.








Many authors have studied the challenges in the fuel system area. Zhu et al. [15] highlight the importance of the fuel system and the challenges in its measurement; they also proposed other techniques to try to overcome this problem, such as image analysis and processing. Two authors, Lee et al. [16] and Oliveira et al. [17], employ statistical techniques to measure fuel uncertainty, with Lee et al. applying a Markov Chain Monte Carlo method for fuel quantity estimation in supplementary aircraft tanks [16]. This approach utilized data from a test simulator, underlining the importance of synthetic data generation tools.



Uzun el al. [18] tried to combine physics-guided deep-learning models with fuel consumption modeling in an attempt to improve data-driven models’ consistency exactly in conditions where it is not covered by data, showing, first the importance of having data, and second, that combining domain knowledge with advanced computational techniques can significantly enhance the accuracy and reliability of fuel measurement systems in aviation, further supporting the objectives of this project.



Oliveira et al. [17] also used a Monte Carlo method, but for calculating measurement uncertainty in solid-oxide fuel cells. Additionally, Cui et al. [19] emphasize the advantage of adopting AI tools, such as Artificial Neural Networks, for quantifying fuel savings, showing the competitiveness of a data-driven model; this reasoning, moreover, can be adopted in the fuel quantity estimation process, thus minimizing the fuel carried in excess. While efforts like those by Uzun et al. [18] explore merging physics-guided principles with machine learning in fuel consumption modeling, this project emphasizes the crucial role of comprehensive data availability. Additionally, Na and Zhi-Hong [20] address the problem of fuel measurement by focusing on the other difficulty in fuel measuring, the estimation of remaining fuel volume in aircraft, suggesting improvements to neural network algorithms to enhance accuracy.



In this context, this project has the main objective of creating a framework that allows the engineer to import a given 3D aircraft tank (or a set of them), and the sensors’ coordinates, and combine the tank geometry discretization with linear algebra in order to obtain the relationship between the tank fuel level in each attitude and the corresponding sensors’ signal. The development target is a script on Python 3.8 to generate the synthetic dataset to be later adopted in the learning process.



This tool can generate a set of data that can be used to train models and support engineering in the decision-making process on the design of an aircraft FQGS [21].



The developed computational tool is validated using basic geometries such as the cubic and the spherical shapes that inhere well-understood analytical behavior, allowing straightforward comparisons that ensure the tool’s results are reliable. Section 4 presents the volumetric estimation results for these two types of fuel tanks, firstly the cubic tank and secondly the spherical one.



Subsequently, simplified capacitive sensors were integrated into the cubic tank system. This allowed for a comparison between the tool’s readings and the expected values. The system was then rotated 90 degrees to assess the tool’s accuracy under altered conditions. Finally, a more realistic aircraft fuel tank, as depicted in Figure 1, was employed to further test the tool’s capabilities and to generate the required data.




2. Theoretical Background


With the evolution of aircraft, new and more complex fuel systems were required. Since this system is the largest fluid system of an aircraft, it is commonly composed of several tanks that define the amount of fuel that an aircraft can store. This quantity determines how far an aircraft can fly, and its precise measurement is required for a safe flight [1,22,23].



2.1. Aircraft Fuel Tanks


As the fuel system is a crucial component of any aircraft, its design plays a critical role in the certification and in the operational aspects of the aircraft [2]. As its main function, this system must feed the engines with a reliable supply of fuel at appropriate pressures and flows but, in some cases, it also takes an important role ensuring that the center of gravity of the aircraft remains within the lateral and longitudinal envelope limits, by moving fuel among tanks [23,24].



In general, a fuel system is comprised of tanks, booster and transfer pumps, valves, strainers, and pressure and level sensors [1,25]. For this study, as its goal is to analyze the fuel level gauging, only the set of fuel tanks and the level sensors were considered in the modeling of the system.



Aircraft tank geometries can have many different shapes, normally being irregular, which contributes to making the task of measuring fuel difficult. Its shape depends mainly on the aircraft’s purpose and model, being hard to determine, especially in the initial stages of the aircraft design [1].



In order to demonstrate the many geometries that a tank can have, it is possible to mention three main types of tank: the rigid removable tanks, the bladder tanks, and the integral fuel tanks [24,26].



An example of an irregular integral fuel tank geometry, represented by a simplified aircraft wing fuel tank, can be seen in Figure 1.



In addition to the common geometry irregularity, the fuel level quantification is aggravated by the fact that the tank will follow the aircraft rotation when the aircraft’s attitude changes. The fuel level measurement is also impacted by the accelerations to which the aircraft is submitted. However, when it is under constant accelerations, it is possible to calculate an equivalent “pitch and roll” so that a model without accelerations can be used. This challenge is taken under this research study case.




2.2. Fuel Level Sensors


The primary purpose of a fuel level measurement system in aircraft is to accurately assess the fuel quantity in the tanks, a crucial factor that significantly influences fuel management system decisions and, consequently, impacts both the safety and economic efficiency of flight operations. The developed tool focuses on capacitive sensors, the most commonly used type in turbine-powered aircraft, ensuring precise data analysis for these systems [1,24,25,26,27,28,29]. While specifically tailored for capacitive sensors, adapting this tool for other types of sensors would require modifications to the underlying algorithms and data processing techniques.



This type of sensor is composed of two mutually insulated concentric cylindrical plates and has a method based on the difference between the dielectric constant of the liquid (fuel) and of the air above it, in which the height of the fuel is measured in relation to the total height of the plate [30,31,32].



The basic operating principle of capacitive sensors for level detection by capacitance works when the dielectric medium (in this case fuel) is introduced between the two electrodes. In this way, as the liquid level changes the dielectric between the electrodes also changes, so it is possible to detect the two different capacitances: the first capacitor being formed by the liquid as dielectric, and the second one being formed by the air as dieletric [33]. An example of this sensor is shown in Figure 2.



As shown in Figure 2, l is the total length of the plates and h is the portion of the sensor that is submerged in fuel. According to the operational conditions of this type of sensor, the space between the electrodes,   s =  r 2  −  r 1   , must be much less than the radius of the inner electrode,   r 1  , in which s is the distance between the toroidal dielectric, that is, the space between the concentric cylindrical plates. Furthermore, the tank height, l, should be much greater than   r 2  .



For the purpose of our capacitive sensor model, the term   r c   is to be understood as the radius of the inner electrode, which is identical to   r 1   as specified in the operational conditions; hence,   r c   and   r 1   are used interchangeably. In this conditions, the capacitance   ( C )   can be expressed by Equation (1):


     C =    ε l   ( l )  +  ε g   ( h − l )    4.6 l o g [ l −  ( s /  r c  )  ]   ,     



(1)




in which   ε l   and   ε g   are the dielectric constants of the liquid (fuel) and the gas (air), respectively [30]. As the variable of interest is h, Equation (1) can be rearranged to (2):


     C =    ε l  −  ε g    4.6 l o g [ l −  ( s /  r c  )  ]   l +   ε g   4.6 l o g [ l −  ( s /  r c  )  ]   h .     



(2)







Apart from h, all parameters in Equation (2) are constants or properties that depend on the probe’s dimensions and the fuel and air dielectric constants. These terms are related to the fixed system. Therefore, the sensor’s capacitance can be simplified to:


     C =  C  d r y   +  K  f u e l   h ,     



(3)




in which   C  d r y    is the sensor’s capacitance when completely dry and   K  f u e l    is a constant that depends on the fuel’s dielectric constant and the fixed probe’s dimensions.



As the capacitance varies with the wet length h, the variation can be expressed by Equation (4):


  δ C =  K  f u e l   δ h .  



(4)







It is possible to conclude from Equation (4) that the relation of measured capacitance and the depth immersion h is directly proportional. Given this information, the quantity of fuel inside the tank can be estimated as a function of the depth immersion h for one or more probes.




2.3. Euler Angles Rotation


The aircraft attitude changes can be simulated as a rotation of a non-inertial reference frame that follows the aircraft’s body around an inertial one, fixed on Earth. In the aeronautics community, the pitch attitude angle is usually represented by  θ , the roll attitude angle by  ϕ , and the yaw attitude angle by  ψ . These three, so-called Euler Angles, are defined by the rotation angle around the Y, X, and Z axes, respectively [34,35]. This representation is shown in Figure 3.



Considering a vector   v →  , represented on the inertial reference system as the components   v x i  ,   v y i  ,   v z i  , and the components   v x r  ,   v y r  ,   v z r   as the non inertial reference system. Using    S x  = s i n  ( x )    and    C x  = c o s  ( x )   , the relation between the body represented in the rotated reference system and in the inertial one is [37,38,39]:


       v x i       v y i       v z i      =       C θ   C ψ       C θ   S ψ      −  S θ         S ϕ   S θ   C ψ  −  C ϕ   S ψ      C ϕ   C ψ  +  S ϕ   S θ   C ψ     S ϕ   C θ       S ϕ   S ψ  +  C ϕ   S θ   C ψ      C ϕ   S θ   S ψ  −  S ϕ   C ψ      C ϕ   C θ           v x r       v y r       v z r      .  



(5)







In the tool herein described, every component of the aircraft—the fuel tank by itself, the fuel surface, and the capacitive probes—are described by vectors. Therefore, any aircraft’s attitude change is represented as a rotation of every element of the system with the same Euler Angles within the support of Equation (5).




2.4. Geometry Discretization Procedure


The discretization process is a fundamental step in computational geometry, essential for converting complex geometric forms into a numerically manageable format [40]. It is widely used together with several solving methods for simulating and understanding the behavior of structures, solids, and fluids [41].



In this study, the focus of discretization is on the fuel tank geometries, transforming them into a series of discrete elements (meshing). This approach enables detailed modeling and analysis of the tanks, crucial for accurate simulations of their physical properties.



In practical terms, the tanks were represented as meshes composed of triangular elements of constant mass density. The triangulation process represents a point set through triangles that intersect only at shared vertices and edges [42]. Figure 4 shows the visualization of the triangulation made, for example, on a sphere surface.



To calculate the relevant tank’s mass properties for the simulation, such as the volume and center of gravity, the tool uses the Trimesh https://trimsh.org/trimesh.html (accessed on 1 March 2021) and Numpy-STL https://pypi.org/project/numpy-stl/ (accessed on 1 March 2021) Python libraries. The solving methods used in these libraries are described in [44,45] and in their documentation.



To slice the triangular mesh with a plane, it was employed a straightforward approach: calculating the intersections of each triangle edge with the plane and generating new vertices at these intersection points. Subsequently, vertices above the plane were discarded, and the mesh surface was recalculated to reflect these changes.



It is important to note that the tool does not use any structural analysis, such as finite element methods, so there is no need for the analyses of specific element types, topology, or boundary conditions. It is also important to highlight that the tool does not even discretize the mesh, rather it is an input of it.




2.5. Fuel Level Sensors Signals


For a specific attitude (pitch and roll), considering the surface of the fuel inside the tank as a flat plane, the capacitance reading of each sensor in the tank will be determined by the length from the submerged end until the intersection with the fuel plane   ( h )  , as can be seen in Figure 5. Each capacitive fuel probe is modeled in this project as a finite line, defined by its two extreme coordinates.



Inclinations under 30 degrees do not add significant errors when adopting this simplification [46].



To better describe the next steps of the study, a brief explanation about relative position between lines and planes will be presented. There are three possible cases of relative position between lines and planes: the plane intersects the line, the plane contains a line, or the plane is parallel to the line. In the first case, the plane must have only one common point with the line, whereas in the second one it must have at least two common points, and in the third one it does not have any common points [47,48,49]. The three cases can be seen in Figure 6a, Figure 6b, and Figure 6c, respectively.



Given a vector    v →  =  ( m , n , p )    parallel to a line   r ⊂  E 3    that contains a point   A = (  x 0  ,  y 0  ,  z 0  ) ∈ r  , r can be described by   r :  ( x , y , z )  =  (  x 0  ,  y 0  ,  z 0  )  + λ  ( m , n , p )  , λ ∈ R  . To calculate the relative position between r and a plane with general equation   a x + b y + c z + d = 0  , the following system needs to be solved through Cramer Rule [50]:


      1 . x + 0 y + 0 z − m λ =  x 0        0 x + 1 . y + 0 z − n λ =  y 0        0 x + 0 y + 1 . z − p λ =  z 0        a x + b y + c z + 0 λ = − d      



(6)







This system has only one solution if


      1   0   0    − m      0   1   0    − n      0   0   1    − p      a   b   c   0     ≠ 0  



(7)




and calculating this determinant,   a m + b n + c p ≠ 0  . Hence, if this is true, the system can be solved and the plane intersects the line in the point   ( x , y , z )   that resolves the system (6). Otherwise, the plane can be either parallel or contains the line. Then, it is necessary to verify if the plane contains any point of the line, so if   a  x 0  + b  y 0  + c  z 0  + d = 0  , then the plane contains r, else they are parallel [48,49].





3. Simulation Methods


To simulate how the volume of fuel changes and how this is interpreted by the capacitive probes, a set of geometric files, with “Standard Triangle Language” (*.stl) extension, were imported in Python through the two already mentioned open source libraries, Trimesh https://trimsh.org/trimesh.html (accessed on 1 March 2021) and Numpy-STL https://pypi.org/project/numpy-stl/ (accessed on 1 March 2021).



The use of these two similar libraries was essential due to their complementary functionalities; neither one alone could fulfill all the requirements needed for the project’s comprehensive development. Additionally, it is noteworthy that both libraries lack the capability to import a single file containing multiple geometric shapes. As a result, each tank in the system must be represented in a separate file, and these files are then imported individually into the tool.



Required Inputs


For simulating capacitive probes (refer to Section 2.2), the user must provide a   ( n , 2 , 3 )   array for each tank, where n denotes the number of probes in the respective tank. Each array consists of coordinate pairs representing the start and end points of each probe; the initial point given by   (  x 0  ,  y 0  ,  z 0  )   and the final point by   (  x 1  ,  y 1  ,  z 1  )  . Thus, the structure of the probe’s array is as follows:


       (  x 0 1  ,  y 0 1  ,  z 0 1  )     (  x 1 1  ,  y 1 1  ,  z 1 1  )       (  x 0 2  ,  y 0 2  ,  z 0 2  )     (  x 1 2  ,  y 1 2  ,  z 1 2  )      .      .      .       (  x 0 n  ,  y 0 n  ,  z 0 n  )     (  x 1 n  ,  y 1 n  ,  z 1 n  )      .  



(8)







Another necessary input for the tool is the set of attitude angles,  ϕ ,  ψ , and  θ  (Section 2.3), that is going to be simulated. Let   V ϕ  ,   V ψ  , and   V θ   be the vectors that contain all roll, yaw, and pitch angles, respectively, considered in the simulation. The length of the set calculated by the Cartesian product [51]    V ϕ  ×  V ψ  ×  V θ    will be defined by i-th roll, j-th yaw, and w-th pitch positions, as described by Equation (9):


   V ϕ  ×  V ψ  ×  V θ  =  {  (  ϕ i  ,  ψ j  ,  θ w  )  :  ϕ i  ∈  V ϕ  ,  ψ j  ∈  V ψ  ,  θ w  ∈  V θ  }  ,  



(9)




in which this cartesian product defines the number of simulation interactions that the tool will perform in the system. In order for the tool to successfully perform the system rotation, it is important to provide (by the user) the coordinates of the point where the tool should rotate the system around. Otherwise, it will rotate around the tank’s center of gravity (calculated by the libraries) [35,37].



The simulation consists of describing the behavior of the probes according to different fuel level conditions. For that, it is considered a static model, since it is possible to calculate an equivalent “pitch and roll” in the case of constant accelerations. So, in this case, an equivalent attitude is incorporated into the model for study. Therefore, it is considered that the surface of the fluid is a plane whose normal vector is parallel to the gravitational force vector [52]. Considering the axis as in Figure 3, the gravity acceleration is   ( 0 , 0 , 1 ) × g  , hence vector   ( 0 , 0 , 1 )   is normal to every fuel surface. As a plane can be described by   a x + b y + c z + d = 0   in which   ( a , b , c )   is the normal vector of the plane [53], the general equation of the planes that describes all fuel surfaces will be:


  0 x + 0 y + 1 z + d = 0 ,  



(10)






  z + d = 0 .  



(11)







To define the general equation of each surface level that contains a point   (  x P  ,  y P  ,  z P  )  , it is necessary to replace its coordinates in Equation (11),


   z P  + d = 0 ,  



(12)






  d = −  z P  ,  



(13)




replacing (13) in (11),


  z −  z P  = 0 .  



(14)







The last information required to start the simulation is the number of surface levels,   n  l e v e l s   , that will be considered in each tank. For each surface condition, the real amount of fuel and the percentage of wet height in each probe is calculated.



With the tank system imported as a mesh and all initial parameters defined, the first step is to loop through the set defined by Equation (9) and for each angle’s set to perform the process described below.



To simulate the attitude motion of the aircraft, it is necessary to apply Equation (5) for the probe’s array (Equation (8)), the four arrays that define Trimesh and the three arrays that define Numpy-STL meshes. From this point on, only the rotated arrays will be considered for the tool.



As the simulation occurs independently for each tank in the system, the next steps can be parallelized to maximize the usage of the computational resources.



Let   Z  t a n k    be a vector that contains the coordinates of the axis Z of all vertices of the triangles in the tank mesh. Considering the axis as described in Figure 3, the top-most point,   z  t o p   , and the bottom-most point,   z  b o t t o m   , are calculated by


   z  t o p   = m i n  {  Z  t a n k   }  ,  



(15)






   z  b o t t o m   = m a x  {  Z  t a n k   }  .  



(16)







As the simulation considers the tank from its completely empty state up to its completely full state, the first surface level contains   z  b o t t o m    and the last contains   z  t o p   . Taking   h  s t e p    as the distance between each surface level, and considering that this value remains constant for a set of angles and a tank, the set of all surface levels, from Equation (14), is defined by:


  { z −  (  z  b o t t o m   − x .  h  s t e p   )  = 0 : x ∈ N , 0 ≤ x ≤  n  l e v e l s   − 1 } ,  



(17)




in which   h  s t e p    is


   h  s t e p   =    z  b o t t o m   −  z  t o p      n  l e v e l s   − 1   .  



(18)







The initial analyses and visualizations were performed using both a sphere and a cube, with each shape effectively illustrating different steps of the same process. The cube and sphere were chosen to clearly demonstrate the fuel surfaces and the slicing procedure, making it easier for readers to grasp the concepts. We begin by showcasing the cube, oriented at   ( ϕ , ψ , θ ) = ( 0 , 0 , 0 )   and with    n  l e v e l s   = 5  , as depicted in Figure 7.



To calculate the real amount of fuel for each one of the surfaces, the mesh is sliced by the respective plane and its volume is calculated (Section 2.4). The result of this slicing process is shown in Figure 7 (on the cube) and Figure 8 (on the sphere).



To calculate the wet height percentage of each probe in each surface level, it is necessary to find the relative position between the line that contains the probe and the plane that contains the fuel surface (Section 2.5). For that, the general equation of the plane (Equation (17)), a vector parallel to the probe’s line, and a point in this line are necessary. Given the initial point of the probe,   P = (  x 0  ,  y 0  ,  z 0  )  , and the final one,   Q = (  x 1  ,  y 1  ,  z 1  )  , in which    z 1  = <  z 0   , the vector    v →  =  (  x 1  −  x 0  ,  y 1  −  y 0  ,  z 1  −  z 0  )    is parallel to a line that contains P and Q [53].



With the relative position calculated, it is possible to determine how the capacitive probe measures the fuel level. It has two main cases: (1) if the line intersects the plane, being non-parallel to the plane; or (2) if the line is parallel to the plane.



	
The non-parallel line classification: it can be broken down into three subcases:



	1.1.

	
intersection above the upper point of the probe;




	1.2.

	
intersection below the lower point of the probe;




	1.3.

	
intersection between the upper and lower points.







	
The parallel line classification: it can be unfolded into two subcases:



	2.1.

	
when the plane contains the line;




	2.2.

	
when the plane does not contain the line, which by itself can be divided into two further cases:



	i

	
the line is below the fuel surface;




	ii

	
the line is above the fuel surface.














These seven different situations are described below:




	
If the plane intersects the plane (the non-parallel case):



	1.1.

	
If the plane intersects the line below the bottom-most point of the probe: in this case, if the plane in height   z  P l a n e    intersects the line in a point   I = (  x I  ,  y I  ,  z I  )  , in which    z  P l a n e   =  z I    and    z  P l a n e   ≤  z 1  <  z 0   , it means that the surface level is below the bottom-most part of the probe, hence it will measure 0.




	1.2.

	
If the plane intersects the line above the top-most point of the probe (   z  P l a n e   ≥  z 0  >  z 1   ), then the surface level is above the top-most part of the probe, hence it will be fully submerged in fuel, measuring 1.




	1.3.

	
If the plane intersects the line between the top-most point and the bottom-most point of the probe (   z 1  <  z  P l a n e   <  z 0   ), then the surface level slices the probe, so its percentage of depth immersion will be the ratio between the distance from the intersection point and the bottom-most part of the probe and its entire length [48,49], as described by Equation (19):


     |    P I  →   |     |   v →   |    =      (  x I  −  x 0  )  2  +   (  y I  −  y 0  )  2  +   (  z I  −  z 0  )  2        (  x 1  −  x 0  )  2  +   (  y 1  −  y 0  )  2  +   (  z 1  −  z 0  )  2     .  



(19)











	
If the line is parallel to the fuel plane:



	2.1.

	
If the plane in height   z  P l a n e    is parallel to the line and contains it, then the fuel surface is exactly in the same level as the probe and contains it entirely. In this case, it was adopted that the probe’s measurement is equal to 1, as it was completely submerged in fuel;




	2.2.

	
If the plane in height   z  P l a n e    is parallel to the line, but does not contain it, then    z 1  =  z 0   . In this case, there are two different possibilities:



	i

	
If    z  P l a n e   <  z 1   , it means that the probe is completely submerged in fuel. Therefore, its measurement is 1;




	ii

	
Otherwise, it will be completely dry, measuring 0.
















A summary of the developed tool is depicted in Figure 9.





4. Results and Discussion


The first step to validate the tool was to check if the slicing process is able to properly calculate the real amount of fuel in each surface level, and the second one was to apply the tool in a more realistic tank topology. The volume calculated by the tool was compared to the analytical volume of a sphere with radius   R = 50  , and a cube with edge length   L = 20  . Both geometries had    n  s l i c e s   = 100  . For the sphere, in each surface level the tank is a spherical cap with height    h = |   z  P l a n e   −  z  b o t t o m    |    and radius R. The volume of a spherical cap (   V  c a p    ) is described by Equation (20) [54].


   V  c a p   =  1 3  π  h 2   ( 3 R − h )  .  



(20)







The comparison results are shown in Figure 10.



Considering the volume calculated in the simulation as   V  s i m u l a t i o n    and the analytical volume as   V  a n a l y t i c a l   , the considered Percentage Error (  P E  ) of the simulation is


  P E =    |   V  s i m u l a t i o n   −  V  a n a l y t i c a l    |    V  a n a l y t i c a l    × 100 .  



(21)







The error behavior can be seen in Figure 11.



Notice that near the “SliceHeight” zero, that is, for slices very close to the bottom of the mesh, the code estimates a volume with higher errors, above   4 %  . This happens because, on one hand a sphere is a complex geometry (curved solid), which is difficult to represent by a triangular mesh, and on another, as these slices are too near to the bottom of the structure (where the analyzed volume is really low) a minor difference between the volume calculated by the tool and the analytical one can cause large percentage errors. Furthermore, after the 19th slice the error decreases to less than   1 %   and then floats around   0.5 %   until the end of the mesh.



It is important to highlight that the quality of the geometric structure approximation, described through the mesh, is conditioned by the number of elements contained in the *.stl file. This means that a finer mesh resolution might cause a reduction in this error. Therefore, it is possible to say that there are several approximation errors involved in the process, such as the mesh resolution (from the *.stl input) and the process of slicing the geometry and reconstructing it for the corresponding fuel level.



For the cube, each surface level generates a right prism with a square face    A  f a c e   =  L 2    and height    h = |   z P  −  z  b o t t o m    |   . Its volume is given by Equation (22) [54].


   V  p r i s m   =  A  f a c e   × h .  



(22)







The comparison results are shown in Figure 12, and the error for the simulation with the cube, using Equation (21), is shown in Figure 13.



For the cube, during the entire simulation the error remains below   1 ×  10  − 8     (in the order of computational numerical error scale). As the geometry of a cube is much simpler than the one of a sphere, the mesh can better represent this structure and the slicing process is much more efficient in simulating the new form of the prism. Therefore, its mass properties are calculated much more efficiently.



4.1. Mesh Sensitivity Analysis and Computational Performance


In this study, the CAD models for the geometries were created in SolidWorks (version 2021), licensed by Linköping University (LiU), Sweden, and exported in the STL format. However, it is important to note that the geometry can be developed using any CAD software as long as the final output is in the STL format, which is the format input to the computational tool developed in this research.



The surface triangulation generated by the CAD solver can vary in density. The accuracy and computational cost of the method have been evaluated with respect to the density of surface triangulation and its impact on volume calculation and on the slicing process.



According to Table 1 and Figure 14, the error decreases with an increase in the number of Surface Triangulations (ST); however, even for the standard mesh, for the overall volume calculation, the analytical solution yields   V  a n a l y t i c a l    = 523,598.78 mm3, while the tool’s volume calculation results in   V  s i m u l a t i o n    = 523,494.94 mm3, leading to a discrepancy of   1358.036   mm3. This represents a percentage difference of   0.2593 %  , which, given the inherent limitations of numerical simulations and the precision of computational tools, can be considered negligible and indicative of high accuracy in practical engineering and scientific applications.



Note that for volumes close to zero, less than   1 ×  10  − 2     mm3, the estimated error can be neglected because it does not have an impact on the process. Furthermore, when the actual volume is very small, any small numerical error in the volume calculation can result in a high percentage error. This is not necessarily indicative of poor computational performance; rather, it is a mathematical consequence of how the percentage error is being calculated. Alternative ways like absolute error, adjusted relative error with a threshold, or omitting small volumes from the analysis can provide better error representation.



The table also highlights the method’s low computational cost; for the highest mesh density, the total calculation time was approximately 6.8 s. For the generic wing tank (one of the simulated geometries results in Section 4.2.3), including slicing the geometry 500 times and simulating readings for 8 sensors, for 77 attitudes, the final execution time was approximately 2 min and 5 s, even on standard hardware. This underscores the substantial computational efficiency and robustness of the computational tool.



The outputs from this model lay the groundwork for a machine-learning algorithm that will be designed to predict volume in the next stage of our research. In this sense, real-time operation is not a requirement at this point, and there is no necessity for particularly rapid calculations. The shift to real-time functionality will occur once we implement the fully trained model within aircraft systems. This step will mark the transition to embedding our developed technology in a live operational environment.




4.2. Simulations in Other Topologies


The capacitive probes’ behaviors were simulated in three different tank topologies: the first one is a right quadrangular prism, as shown in Figure 15; the second one is a multiple tank system, detailed in Section 4.2.2 “Multiple Tank System”; and the third one is a generic geometry of a wing tank, based on a small aircraft with a positive dihedral. This last shape is detailed in Section 4.2.3 “Generic Wing Tank”.



4.2.1. Right Quadrangular Prism


The first topology tested was a right quadrangular prism (Figure 15). For this tank, the parameters used were:


     b = 40 ;     l = 20 ;     h = 50 ,     








and four probes were positioned inside the tank:


      P 1  =  ( 0 , 0 , 0 )       P 2  =  ( 0 , 20 , 0 )       P 3  =  ( 40 , 0 , 0 )         P 4  =  ( 40 , 20 , 0 )       P 5  =  ( 0 , 0 , 50 )       P 6  =  ( 0 , 20 , 50 )         P 7  =  ( 40 , 0 , 50 )       P 8  =  ( 40 , 20 , 50 )       











The probes array, containing the x, y, and z coordinates of each sensor’s upper and lower ends (  P  c o o r d i n a t e s   ) is described by Equation (23):


   P  c o o r d i n a t e s   =      ( 20 , 10 , 0 )     ( 20 , 10 , 50 )       ( 0 , 0 , 0 )     ( 40 , 20 , 16.667 )       ( 40 , 0 , 16.667 )     ( 0 , 20 , 33.333 )       ( 40 , 20 , 33.333 )     ( 0 , 0 , 50 )      .  



(23)







The system containing the tank and the positioned probes is shown in Figure 16, with the tank geometry presented in green and the probes’ positions presented in the following: probe 1 (blue), probe 2 (green), probe 3 (pink), probe 4 (orange).



By evaluating this system with   ( ϕ , ψ , θ ) = ( 0 , 0 , 0 )   and    n  l e v e l s   = 100  , the probe’s result is shown in Figure 17.



In regards to Figure 17a, referring to the first probe   (  P 1  =  {  ( 20 , 10 , 0 )    ( 20 , 10 , 50 )  }  )  , as it is in a central point, perpendicular to the quadrangular base, and covers the whole height of the tank, its measure behaves as expected: measuring 0 when the tank is completely empty, increasing linearly until the top, and reaching 1 at its maximum height, when it is completely full.



The second sensor, Figure 17b, with coordinates    P 2  =  {  ( 0 , 0 , 0 )    ( 40 , 20 , 16.667 )  }   , starts at the origin of the system and crosses diagonally up to one-third of the tank. In this case, this sensor should mark 0 in the first point, increase linearly until the slice height of 16.667, and keep measuring 1 after this point. This figure shows that this behavior is also observed.



The third sensor, in Figure 17c, related to (   P 3  =  {  ( 40 , 0 , 16.667 )    ( 0 , 20 , 33.333 )  }   ) has lower coordinates starting at one-third of the tank and ends diagonally opposite it at two thirds. The expected result was for this probe to just start measuring the fuel when this one reached the slice height of 16.667, i.e., this probe should keep marking 0 until the fluid reaches 1/3 of the tank. After this point, the sensor should increase linearly until 2/3 and reaches full measuring at this stage, keeping the value of 1 until the end of the slice height. Once again, it can be seen in Figure 17c that the proposed tool is able to detect this behavior, and it marks correctly the amount of fuel inside the tank.



For the final probe, with coordinates    P 4  =  {  ( 40 , 20 , 33.333 )    ( 0 , 0 , 50 )  }   , the sensor just starts measuring the fluid when it reaches 2/3 of the tank, previously marking zero (completely empty), in which it starts to increase linearly until the end of the tank, marking completely full (1) in the last slice height. This behavior can be checked in Figure 17d.



By rotating this system around the tank’s center of gravity,   C G = ( 20 , 10 , 25 )  , with    ( ϕ , ψ , θ )  =  (  90 ∘  , 0 ,  90 ∘  )   , the following condition is achieved (Figure 18).



Notice that, in black, there is the original tank, whereas in green and blue there is the rotated one and its probes, respectively. By evaluating this new system, the result is shown in Figure 19.



In this rotated system, the first sensor (  P 1  ) is parallel to the fuel plane. In this case, the sensor must mark zero (0) until the slice just below its height, and mark one (1) when it reaches its coordinate, continuing to mark this measurement until the end of the tank height. In other words, in this case the sensor will switch abruptly from 0 (totally empty) to 1 (completely full).



The other sensors (   P 2  ,  P 3  ,  P 4   ) in this rotated situation will have the same behavior, once all of them are located in the same way: they now have the starting point at the bottom of the tank and the end point at the top of it, with the same inclinations. These four behaviors can be seen in Figure 19.




4.2.2. Multiple Tank System


The tool prediction in the multiple tank system was investigated using a set of cubic tanks,    T 1  ,  T 2  ,  T 3  ,  T 4   , with side length   L = 20   and center coordinates   ( 25 , 0 , 0 )  ,   ( − 25 , 0 , 0 )  ,   ( 0 , 42 , 0 )  , and   ( 0 , − 42 , 0 )  , respectively. Each tank contains a single probe, with the following arrays:


   T 1  :      ( 35 , − 10 , 10 )     ( 15 , 10 , − 10 )      ;  



(24)






   T 2  :      ( − 15 , 10 , 10 )     ( − 35 , − 10 , − 10 )      ;  



(25)






   T 3  :      ( 0 , 42 , 10 )     ( 0 , 42 , − 10 )      ;  



(26)






   T 4  :      ( 0 , − 32 , 0 )     ( 0 , − 52 , 0 )      .  



(27)







The system is shown in Figure 20. Considering the center of gravity in   ( 0 , 0 , 0 )  , an evaluation was made with    ( ϕ , ψ , θ )  =  ( −  20 ∘  , 0 , −  20 ∘  )    and    n  l e v e l s   = 100  . The rotated system can be seen in Figure 21.



The probe measurements are shown in Figure 22, which shows that, even for different aircraft attitude angles, and for aircraft with multiple fuel tanks, the tool proposed in this study is still able to show reliable quantity indications, predicting the fluid behavior inside the fuel tanks.




4.2.3. Generic Wing Tank


After showing the tool’s robustness and in order to achieve the final goal of this whole development (to generate synthetic data from each sensor inside an aircraft fuel tank), a simulation in a more realistic topology was required. Therefore an internal-wing fuel tank shape was designed, one that is commonly used to store fuel in aircraft, and a positive dihedral was adopted. This design was based on a small aircraft and designed using a CAD software. Figure 23 shows this fictitious tank, designed for this specific study case.



It is important to mention that eight sensors were placed randomly across this topology to simulate the capability of the system to gauge the fuel level through the wet length of each sensor, varying from 0 to 1. The developed framework enables the generation of a dataset for further studies, such as sensor position optimization, gaugeable system optimization, etc.



For illustration purposes, the slicing and rotation processes of this tank geometry are depicted in Figure 24. For instance, it was considered five surface planes, and four different attitudes, the combination of the angles: Pitch = [−15, 15] and Roll = [−6, 6]. This Figure shows the tank (in green), the surface plane cuts (in gray), and the simulated probes (in blue lines), as follows:




	
Figure 24a Tank sliced in the attitude (P = 15, R = 6);



	
Figure 24b Tank sliced in the attitude (P = −15, R = 6);



	
Figure 24c Tank sliced in the attitude (P = 15, R = −6);



	
Figure 24d Tank sliced in the attitude (P = −15, R = −6).








Additionally, we considered 77 different attitudes to explore the response of the sensors and their non-linear interactions. Each attitude was a combination of the following angles:


      Pitches :       { − 15 , − 12 , − 9 , − 6 , − 3 , 0 , 3 , 6 , 9 , 12 , 15 }   degrees ,         Rolls :       { − 6 , − 4 , − 2 , 0 , 2 , 4 , 6 }   degrees ,      








and we also adopted 500 equidistant cuts/slices, that is, 500 different fuel level marks. This simulation resulted in a database with a total of 38,500 rows (with the volume measure and the wetted length of each sensor along every 500 cuts, at each attitude).



Figure 25 shows the behavior of each sensor response considering the 77 different attitudes. The sensors’ measurements show a non-linear behavior. Furthermore, each sensor shows a different pattern across the angles, and it is also conditioned to its position. To better visualize and understand Figure 25, other figures are added in Appendix A showing the sensor’s behavior under the specific attitude   P i t c h =  0 ∘    and vary all rolls.
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Figure 24. The tool’s visualization of the rotated tank and its five slices, developed by the combinations of the following angles: Pitch = [−15, 15] and Roll = [−6, 6]. The gray lines depict the fuel surface levels as they intersect with the tank. The tank itself is outlined by the green curves. Within the tank, the blue lines represent the sensors. (a) Tank sliced in the attitude (P = 15, R = 6); (b) Tank sliced in the attitude (P = −15, R = 6); (c) Tank sliced in the attitude (P = 15, R = −6); (d) Tank sliced in the attitude (P = −15, R = −6). 






Figure 24. The tool’s visualization of the rotated tank and its five slices, developed by the combinations of the following angles: Pitch = [−15, 15] and Roll = [−6, 6]. The gray lines depict the fuel surface levels as they intersect with the tank. The tank itself is outlined by the green curves. Within the tank, the blue lines represent the sensors. (a) Tank sliced in the attitude (P = 15, R = 6); (b) Tank sliced in the attitude (P = −15, R = 6); (c) Tank sliced in the attitude (P = 15, R = −6); (d) Tank sliced in the attitude (P = −15, R = −6).



[image: Aerospace 11 00362 g024]





It is possible to see how the attitude (Pitch and Roll) influences the behavior of the sensor reading, which consequently influences the mathematical modeling for inferring the measurement of fuel quantity.






5. Conclusions


This study developed an innovative computational tool, combining discretization with descriptive geometry to simulate and gain insights into how aircraft fuel systems and sensor readings behave under various attitudes. This represents a significant advancement in the field, offering a novel approach to understanding fuel levels and sensor responses in aircraft. The tool’s ability to generate synthetic sensor data for diverse scenarios and tank geometries is the key aspect to go forward in the development of robust, reliable, and more accurate models for fuel quantity estimation.



The method has been initially tested on regular geometries, such as cubes and spheres. Then, the capability of the tool, under realistic aircraft tank geometry, has been investigated using a generic fuel tank with eight internal-wing strategically placed fuel sensors. The simulation covered combinations of pitches    [ − 15 , 15 ]  ∘   and rolls    [ − 6 , 6 ]  ∘   and 500 distinct fuel levels, which resulted in a dataset of over 38,500 records. These data effectively illustrated the sensors’ non-linear responses across the various flight conditions, emphasizing the tool’s potential in optimizing sensor placement and significantly enhancing the accuracy of fuel quantity modeling in aviation. The nonlinear behavior also highlights the multidimensionality of the phenomena of the aircraft fuel tank quantity measurement problem.



Further evaluation of the performance and accuracy of the computational tool developed in this work will be done using Computational Fluid Dynamics (CFD), which is a powerful tool to analyze the dynamics of fluid flow and cross-validate the relation between sensor readings and continuous change of fluid in the tank subject to changes in attitude.



In conclusion, this study has laid the foundation for future advancements in the field, such as incorporating dynamic models for fuel surfaces, volume estimation models, and optimizing the number and placement of sensors. As part of a wider research project on aircraft fuel quantity estimation, the synthetic data generated by this tool will be instrumental in supporting future work in statistical inference and artificial-intelligence modeling.
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	AI
	Artificial Intelligence



	CAD
	Computer-Aided Design



	FQGS
	Fuel Quantity Gauging System



	STL
	Standard Triangle Language
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Appendix A


The supplementary plots (Figure A1, Figure A2, Figure A3, Figure A4, Figure A5, Figure A6, Figure A7 and Figure A8) serve to further elucidate Figure 25. They display the variations in sensor readings within the fuel tank under a fixed pitch of 0∘, with the roll angle variation between −6∘ and 6∘ in 2∘ increments. Each curve in these plots corresponds to a different roll angle, showing how the sensor’s wetted length — presented on the y-axis as a normalized value — responds to changes in roll. The x-axis quantifies the volume of fuel in cubic meters. The differentiation in the curves accentuates the sensor’s responsiveness to varying attitude angles.
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Figure A1. Sensor 1 wetted length response at a fixed pitch of 0∘ across varying roll angles. The plot displays normalized sensor readings as a function of fuel volume, with each curve corresponding to a different roll angle from −6∘ to 6∘ This visualization highlights the sensor’s non-linear response to attitude variations. 






Figure A1. Sensor 1 wetted length response at a fixed pitch of 0∘ across varying roll angles. The plot displays normalized sensor readings as a function of fuel volume, with each curve corresponding to a different roll angle from −6∘ to 6∘ This visualization highlights the sensor’s non-linear response to attitude variations.
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Figure A2. Sensor 2 wetted length response at a fixed pitch of 0∘ across varying roll angles. The plot displays normalized sensor readings as a function of fuel volume, with each curve corresponding to a different roll angle from −6∘ to 6∘ This visualization highlights the sensor’s non-linear response to attitude variations. 






Figure A2. Sensor 2 wetted length response at a fixed pitch of 0∘ across varying roll angles. The plot displays normalized sensor readings as a function of fuel volume, with each curve corresponding to a different roll angle from −6∘ to 6∘ This visualization highlights the sensor’s non-linear response to attitude variations.
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Figure A3. Sensor 3 wetted length response at a fixed pitch of 0∘ across varying roll angles. The plot displays normalized sensor readings as a function of fuel volume, with each curve corresponding to a different roll angle from −6∘ to 6∘. This visualization highlights the sensor’s non-linear response to attitude variations. 






Figure A3. Sensor 3 wetted length response at a fixed pitch of 0∘ across varying roll angles. The plot displays normalized sensor readings as a function of fuel volume, with each curve corresponding to a different roll angle from −6∘ to 6∘. This visualization highlights the sensor’s non-linear response to attitude variations.
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Figure A4. Sensor 4 wetted length response at a fixed pitch of 0∘ across varying roll angles. The plot displays normalized sensor readings as a function of fuel volume, with each curve corresponding to a different roll angle from −6∘ to 6∘. This visualization highlights the sensor’s non-linear response to attitude variations. 






Figure A4. Sensor 4 wetted length response at a fixed pitch of 0∘ across varying roll angles. The plot displays normalized sensor readings as a function of fuel volume, with each curve corresponding to a different roll angle from −6∘ to 6∘. This visualization highlights the sensor’s non-linear response to attitude variations.
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Figure A5. Sensor 5 wetted length response at a fixed pitch of 0∘ across varying roll angles. The plot displays normalized sensor readings as a function of fuel volume, with each curve corresponding to a different roll angle from −6∘ to 6∘. This visualization highlights the sensor’s non-linear response to attitude variations. 






Figure A5. Sensor 5 wetted length response at a fixed pitch of 0∘ across varying roll angles. The plot displays normalized sensor readings as a function of fuel volume, with each curve corresponding to a different roll angle from −6∘ to 6∘. This visualization highlights the sensor’s non-linear response to attitude variations.
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Figure A6. Sensor 6 wetted length response at a fixed pitch of 0∘ across varying roll angles. The plot displays normalized sensor readings as a function of fuel volume, with each curve corresponding to a different roll angle from −6∘ to 6∘. This visualization highlights the sensor’s non-linear response to attitude variations. 






Figure A6. Sensor 6 wetted length response at a fixed pitch of 0∘ across varying roll angles. The plot displays normalized sensor readings as a function of fuel volume, with each curve corresponding to a different roll angle from −6∘ to 6∘. This visualization highlights the sensor’s non-linear response to attitude variations.
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Figure A7. Sensor 7 wetted length response at a fixed pitch of 0∘ across varying roll angles. The plot displays normalized sensor readings as a function of fuel volume, with each curve corresponding to a different roll angle from −6∘ to 6∘. This visualization highlights the sensor’s non-linear response to attitude variations. 






Figure A7. Sensor 7 wetted length response at a fixed pitch of 0∘ across varying roll angles. The plot displays normalized sensor readings as a function of fuel volume, with each curve corresponding to a different roll angle from −6∘ to 6∘. This visualization highlights the sensor’s non-linear response to attitude variations.
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Figure A8. Sensor 8 wetted length response at a fixed pitch of 0∘ across varying roll angles. The plot displays normalized sensor readings as a function of fuel volume, with each curve corresponding to a different roll angle from −6∘ to 6∘. This visualization highlights the sensor’s non-linear response to attitude variations. 






Figure A8. Sensor 8 wetted length response at a fixed pitch of 0∘ across varying roll angles. The plot displays normalized sensor readings as a function of fuel volume, with each curve corresponding to a different roll angle from −6∘ to 6∘. This visualization highlights the sensor’s non-linear response to attitude variations.
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Figure 1. Example of a simplified aircraft wing tank. Adapted from [1]. 
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Figure 2. Typical capacitive sensor [30]. 
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Figure 3. Typical aeronautical Euler Angles. Adapted from [34,36]. 
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Figure 4. Surface triangulation of a sphere [43]. 
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Figure 5. Visualization of the interaction between the capacitive sensor and the fuel plane (perpendicular and inclined). Adapted from [33]. 
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Figure 6. Cases of relative position between lines and plane. (a) Intersection between line and plane. (b) Plane contains a line. (c) Plane parallel to a line. 
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Figure 7. Fuel surfaces in a cube. 
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Figure 8. Slicing stages of a sphere. 
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Figure 9. Visual flowchart of the developed algorithm, which details the programming sequence and decision points. The initial square at the top-left corner outlines the input data required. Progression through the algorithm’s steps is indicated by arrows. Green boxes highlight critical operations, such as the instantiation of objects upon class invocation and the execution of methods for performing calculations. Diamond-shaped symbols (parallelograms) signify conditional checks, representing decision points that could result in a loopback for additional processing, determining the need for further sensors, tanks, or attitudes to be calculated. Symmetrical lozenges (rhombuses) indicate the points where the loop restarts after these checks. The use of color coding and geometric shapes emphasizes the structural elements and the dynamic flow of the algorithmic process. 
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Figure 10. Comparison between analytic and simulation results on a sphere with radius 50. 
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Figure 11. Error of simulation results on a sphere with radius 50. 
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Figure 12. Comparison between analytic and simulated results on a cube with edge length 20. 
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Figure 13. Simulated results error on a cube with edge length 20. 
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Figure 14. Mesh absolute percentage error versus slice number. 
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Figure 15. Right quadrangular prism. The vertices of the prism are labeled from P1 to P8. The dimensions are denoted by h for height (  h = 50  ), b for base length (  b = 40  ), and l for depth length (  l = 20  ). The specific coordination for each vertice is described in the text. 
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Figure 16. Quadrangular prismatic tank with probes. 
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Figure 17. Measurement of system probes. Each subfigure illustrates the capacitive sensor readings that correlate drowned length with slice height. (a) Sensor 1’s data shows a relationship between slice height and drowned length, with readings varying across the full slice height from 0 to 1 and saturation occurring only at the extremities. (b) Sensor 2 measurement indicates detection from 0 to 1/3 of the tank height, beyond which it saturates at a reading of 1, suggesting a full tank. (c) Sensor 3’s data is characterized by its measurement range between 1/3 and 2/3 of the tank height, with readings saturated at 0 below this interval and at 1 beyond it. (d) Sensor 4’s data reveals measurements starting after 2/3 of the tank height, with a saturated reading of 0 prior to this point and an increasing trend towards 1 as the tank reaches full capacity. Different colors are used to visually distinguish the readings from each sensor. 
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Figure 18. Rotated system vs. original. 
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Figure 19. Measurement of rotated system probes. 
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Figure 20. Multiple tank system. Each black cube represents a tank within the system, and the red line within each cube denotes the capacitive sensor. 
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Figure 21. Rotated multiple tank system. The black cube represents the original, non-rotated tank system. The green cubes signify the same system under rotation, demonstrating the new orientation of the tanks. The blue lines within the green cubes illustrate the sensors, which have been rotated along with their respective tanks. 
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Figure 22. Probe behavior in multiple tank system. 
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Figure 23. Tank geometry discretized with a triangular element mesh, applied in the tank topology adopted in this study. 
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Figure 25. Measurement results from each sensor (S1–S8) inside the fuel tank, in all the 77 different attitudes analyzed. Each subplot contains the behavior of all analyzed attitudes (every curve corresponds to one attitude), with the readings changing from 0 to 1. 
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Table 1. Computational performance and mesh sensitivity.
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	Mesh (Sliced 100 Times)
	Element Amount
	Computational Time Performance (s)
	Error-Total Volume (%)





	MESH 0
	6162
	0.930527
	0.2593650



	MESH 1
	12,210
	1.119006
	0.1320104



	MESH 2
	24,492
	2.045513
	0.06621147



	MESH 3
	82,368
	6.784857
	0.01983154







Note: Computational performance and mesh sensitivity values for a sphere geometry with R = 50 mm.
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