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Abstract: Jet fuel in aircraft fuel tanks moves due to acceleration resulting from maneuvers. The
movement mentioned here directly impacts the Center of Gravity (CG). The aircraft’s flight mechanics
are significantly affected by the deviation of its CG on the aircraft body, and excessive deviation
is undesirable. Preventing CG deviation is achieved by designing various baffles within the fuel
tank. In this study, design details of the baffles were investigated with the help of an artificial neural
network (ANN) model, 1D simulations, and computational fluid dynamics (CFD) calculations. The
1D simulations, which model the fuel movement, were used to understand the general behavior of
the fluid in the tank. CFD calculations simulating turbulent fluid flow in three dimensions were used
to confirm the results of the 1D simulations and provide more detailed information. A simulation
set is created utilizing five parameters: barrier usage, volume fraction, cutout diameter, number of
cutouts, and cutout location. Compared to the barrierless design, the barrier usage as a parameter
changes either on baffle number 1, 3, and 6, or on baffle number 2, 4, and 7. The fuel volume fraction
parameter accounts for 30%, 45%, and 60% of the interior volume. The diameters of the cutout holes
vary between 30 mm and 156 mm and are used as categorized among the baffles. Cutout holes are
applied on baffles in single, twin, and triplet forms and their locations are subjected to a divergence
of either −20 mm or +20 mm from the z-axis. Based on these parameters, the maximum deviation
and the retreat time of CG constitute the output parameters. The importance of the input parameters
on the outputs was obtained with the help of an ANN algorithm created from the results of all
possible combinations of a sufficient number of 1D simulations. To obtain more detailed results and
confirm the importance of input parameters on outputs, selected cases were simulated with CFD. As
a result of all analyses, it was revealed that barrier usage is the most dominant input parameter on
CG deviation followed by volume fraction, cutout hole diameter, cutout divergence, and finally, the
number of cutout holes. This study identifies the dominant input parameters to control fuel sloshing,
specifically CG deviation and retreat time in the fuel tank, and proposes baffle designs to promote
robust flight stability.

Keywords: sloshing; computational fluid dynamics; flight mechanics; multiphase flow; 1D simulation;
artificial neural network

1. Introduction

Many systems in the aviation industry work synchronously and need to be constructed
after very detailed studies. One of these systems is the fuel system, which consists of many
subsystems, such as storage, distribution, and indication [1]. The fuel system of an airplane
is a complex and crucial component that serves multiple purposes to guarantee the aircraft’s
reliability, safety, and desired performance [2,3]. The storage system has limitations based
on defined aircraft specifications, requiring an adjustment of tank geometry [4]. Training
aircraft fuel tanks have various custom geometries based on international aviation restric-
tions and requirements. The covering of the airframe to create a fuel tank is the limitation
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that determines this geometry [5]. Thus, every tank geometry should be designed with
detailed studies under this custom geometry [6]. Constructing a fuel tank geometry in a
volume that meets the fuel needs and related requirements is the first step in designing a
fuel tank [7].

A sufficient amount of fuel is required for predefined missions of training aircraft.
Depending on the weight of aircraft and the required mission range, the necessary amount
of fuel must be stored in aircraft tanks [8]. Specifically, to increase an aircraft’s range, an
additional fuel tank is mounted on both the fuselage and the wing structure [9]. In addition,
fuselage and wing tanks can be used as external tanks, and even vertical stabilizers can
be used as fuel tanks. However, for the clean configuration of training aircraft, only
wing tanks are considered, instead of fuselage, conformal, and external tanks [10]. Wing
tanks play a critical role in providing sufficient fuel to the engine. However, an excessive
amount of fuel causes some problems in proportion to its mass [11]. ‘Sloshing’ is the term
used to describe unsteady movement of fuel within a tank, which significantly impacts
flight mechanics during a mission. Due to this impact, wing tank geometry and fuel
mass must be considered for aircraft stability [12]. The CG deviation and retreat time are
considered primary targets for evaluation to examine the effects of sloshing on stability.
Deviation of CG is a situation caused by fluid flow in a fuel tank [13]. During flight
missions, aircraft perform various maneuvers. As a result of these maneuvers, external
forces are applied to the aircraft structure, and these maneuvers also affect fluids in the
fuel tank in terms of acceleration [14]. Fluid movement occurs due to the accelerations
acting on the fluid. Consequently, fuel motion in the wing tank of an aircraft leads to strict
engineering problems [15].

Depending on the volume fraction of fuel, it is assumed that there are two fluid
phases in the fuel tank. Sloshing is the term for multiphase flow that occurs in a control
volume [16]. Measurements can be made to evaluate the sloshing effect on flight mechanics
by establishing experimental test setups. Both commercial and military aircraft use these
test rigs designed for sloshing [17]. Test studies can give specific results for relevant tank
geometry under certain external effects. Furthermore, the effects of this fluid flow can also
be calculated using numerical analysis [18]. Numerical calculations for sloshing analysis in
a specific tank geometry give results parallel to experimental results. Considering the cost
and measurement time, numerical calculations are preferred to observe the sloshing effects
of the fuel tank [19]. The aircraft’s flight mechanics and stability controls are evaluated
based on CG deviation with 1D simulations and CFD calculations.

Deviations in an aircraft’s center of gravity can be managed thanks to the internal
design of a wing fuel tank. Baffles are commonly used in wing fuel tanks to improve
the structure further [20]. The prominent role of baffles is to dampen sloshing effects
with the help of cutout holes on them. Damping of sloshing phenomena is a solution to
prevent aircraft from undergoing unsteady flight conditions caused by CG instabilities [21].
Different baffle designs in the wing fuel tank compose various solutions to damp sloshing
effects. The interior volume and baffle structures designed for wing fuel tanks in a training
aircraft depend on many parameters. With these parameters, fuel tanks can be designed
to absorb fuel-sloshing effects at different performances and contain enough fuel to meet
aviation requirements. When analyses are performed for each design proposal of the fuel
tank, the resulting amount will be numerous and examined one by one.

Managing vast amounts of data is a new challenge, as the number of outputs and
inputs increases. The manual examination of each analysis to establish a logic between
inputs and outputs becomes nearly impossible. However, this challenge can be overcome
by connecting inputs and outputs with an artificial neural network. A sufficient number of
analysis results are required for the learning algorithm of the ANN structure. Constructing
a logic with an ANN opens the door to new and improved design proposals. Various
types of ANN can be set up to process many results [22]. In studies with artificial neural
networks, a logical bound can be established between the program input parameters and
the outputs [23]. This logical bound between input parameters and outputs empowers
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the neural network to make predictions [24]. The outputs obtained from 1D simulation
data can be used as data to be taught for these neural networks. Thus, existing simulation
outputs provide an input source for the ANN algorithm [25].

In the current study, a novel and original method was developed for the evaluation
of tank baffle design through numerous 1D analyses integrated with ANN to highlight
the dominant parameters for further investigations with CFD analyses. Ultimately, it is
vital to identify the parameters that affect fuel sloshing in a wing tank. When processed by
ANN, the simulation results can identify the most influential parameters, enhancing the
understanding of fuel tank dynamics.

The study is organized as follows. In the first part, a literature survey is written to
highlight the novelty and originality of the current study. In the second part, the problem
definition is given along with the geometric details of the baffles. The methodology section
outlines the road map and engineering methods to be employed, detailing numerical
explanations. The results section categorizes and details the numerical outputs obtained
from 1D and 3D analyses and provides comments on selected cases based on parameter
changes. Finally, in the conclusion section, the benefits and innovations of the study on the
subject are summarized.

2. Problem Definition

While an aircraft is in the cruise flight condition, there is no acceleration acting on the
aircraft. However, when an aircraft performs any maneuver, acceleration suddenly affects
the entire aircraft’s body. However, fuel does not move immediately like the rigid body
of an aircraft because of the fluid behavior of a partially filled fuel tank. Then, due to the
inertial effects of the partially filled tank, a difference occurs between initial and transient
CG location of the aircraft body. That difference is called CG deviation. When acceleration
ends, and the aircraft returns to cruise flight conditions, the CG location will attempt to
retreat from the momentary deviated location to its initial location. The time it takes for the
CG value to return is called the retreat time. Depending on aerospace requirements, it is
acceptable for CG locations to retreat to a point defined as a certain distance away from its
initial location. The main goal of this study is to achieve the lowest CG deviation and the
shortest retreat time values with the aid of 1D simulations, CFD calculations, and artificial
intelligence algorithms.

Retreat time and CG deviation compose outputs of analyses, and these are the values
affected by similar design parameters. However, while the variation of these parameters
affects one output positively, it affects the other output oppositely. Optimization of analyses
is required to handle conflicting parameter problems for outputs. Thus, large amounts
of analysis are required during the optimization phase of outputs. Geometry modeling
is conducted using CAD (Computer-Aided Design) modeling tools. This CAD modeling
is created with commercial modeling tools to generate solid models of designs that are
ready for use as input. The fuel tank’s structure and entire aircraft are modeled geomet-
rically within the study’s scope. Modeling and allocation of tanks require a reference
coordinate system. This coordinate system is a global datum that synchronizes the study’s
methodology with aviation standards. The YZ-datum plane is placed 0.85 m in front of the
propeller’s tip to allocate geometry [26].

In the stage of tank modeling, storage and fuel distribution in wings are considered.
According to the XZ plane, landing gears are assumed to be symmetrically located on
both wings. The structural boundaries of wing tanks consist of upper and lower skins
of the wing. As a result of the physical restrictions of wing structure, the fuel tank must
be allocated with limited shape options. The location of landing gear components is an
example of one of these restrictions. Hydraulic and avionics components of the landing
gear system cause the fuel tank to have a smaller volume than the entire wing structure.
The fuel tanks are allocated on both sides of the aircraft, as shown in Figure 1.
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out hole allocations, all holes are diverted together when the divergence parameter of 𝑟௖ 
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Figure 1. Fuel tank allocation in the wing structure.

In the stage of baffle design, fully constrained parametric modeling is conducted to
make further changes to the study under control. Fully constrained parametric modeling is
mandatory to establish a parameter matrix. That parameter matrix generates a simulation
set. There are many holes in the baffles. Gaseous and liquid phases of fluids can flow
across the holes. In the current study, cutout divergences, cutout numbers, barrier usage,
and diameter of cutouts are taken as geometric design parameters. Additionally, different
filling rates are also considered as operational parameters. On the other hand, all fuel tanks
also have mouse holes, ventilation holes, and spar holes as a mandatory design feature.
However, these mandatory holes have fixed dimensions and do not need to be taken into
consideration for parametric studies. Meanwhile, openings for fuel passage, known as
mouse holes, are required and should be positioned at the wing’s lower surface corners
for each baffle. The term “barrier” refers to a design that has no cutout holes on a baffle
but includes all other fixed holes. Fixed holes can provide an advantage in making the
1D model simpler in the following stages. The specific names of features of both baffle
and spar design are explained in Figure 2. This figure is taken for one of the triplet cutout
designs as a representation.
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Figure 2. Specific features and their definitions on baffles and spar.

For triplet cutout holes, the mid-hole distance Lh,m is defined as half of the entire baffle
length Lh,e. The values L f ,s and Lm,s represent distances of cutout hole centers from lower
points of the front spar and main spar along the z-axis. For twin cutout hole construction,
the baffle gap and distances from two sides of the baffle are equal to each other and also
equal to one-third of the Lh,e dimension. For a variation of designs of cutout hole allocations,
all holes are diverted together when the divergence parameter of rc is changed. The single-
hole design always centers on cutout location at the beginning of simulations. Figure 3
shows one sample baffle for all cutout hole amounts. Circular holes and notations of all
necessary dimensions are plotted on that baffle sample. This figure is also considered valid
for entire baffles on the wing tank.
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Figure 3. Design parameters on sample baffle with (a) single, (b) twin, (c) triplet circular cutouts.

The Dc and Dv notations represent cutout hole diameter and ventilation hole diameter,
respectively. D(i)

c is used for the general notation of cutout hole diameter. The “ith” baffle
in 1D simulations is represented with upper indices of “i”. From the hub to the tip of the
wing, baffle indices are denoted by 1 to 8. The analysis of baffle hole diameters is classified
using the grouping method. In this case, the baffle numbering is shown in Figure 4.
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Different designs obtained by changing various parameters require different numerical
calculation cases. In this case, numerous analysis outputs are obtained depending on the
parameter type and the number of parameters. The amount of CG deviation and retreat
time are studied as objective functions concerning hole divergence, barrier usage, cutout
quantity, and diameter of circular cutout holes. Divergent cutout holes are created by
sliding their centers in the z-direction, as shown in Figure 4. Only baffles located on the
longer side of the tank are considered in this study.

For a mathematical definition of CG, the time-dependent yCG(t) function is defined by
continuous distribution of center of mass formulation. The definition of CG displacement
contains only liquid mass because of negligible air density compared to the liquid in this
case. The CG of differential mass is integrated over the entire liquid mass along the y-axis,
and the center of mass is achieved for the whole region. The proportion of center of mass to
total mass gives CG displacement from the global datum. Consequently, Equation (1) gives
a time-dependent center of gravity function along the y-axis. It is calculated by integrating
each element’s CG location and proportion to the entire mass. For each case, the term
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yCG,m is chosen as a maximum deviation in CG and as an output parameter. Another term,
∆t f ,r, represents retreat time, which is also selected as another parameter. This assumes
that retreat time is the amount of time needed to recover CG divergence 0.20 m away from
its initial location after achieving maximum CG. The term tp represents peak time, which
is assumed to be constant in all cases, equivalent to 10 s, as these values are described in
Equation (2). The term t2nd,r represents time taken to reach 0.20 m from beginning of the
analysis, which varies depending on case. Additionally, the mathematical definition of
CG deviation is shown in Equation (3). The terms Mt and mi represent fuel’s total and
differential mass, respectively.

yCG(t) =
1

Mt

 Mt∫
0

y(t)dm

 (1)

∆t f ,r = t2nd,r − tp (2)

yCG,max = max
t=[0,100]

(
∑ miyi

Mt

)
(3)

All the center of gravity deviations are evaluated along the y-axis due to the wing tank
shape and bank-to-bank maneuver behavior, and other directions can be neglected for this
study. Only a left-wing tank is sufficient to obtain meaningful results due to the symmetry,
and all calculations are managed at this tank. Consequently, the CG function is obtained
after analyses for the left-wing tank of the aircraft to evaluate CG deviation along the y-axis
and retreat time parameters.

3. Methodology

Aircraft have six degrees of freedom when maneuvering because of the nature of flight
mechanics and aviation. Therefore, three linear and three angular parameters should be
used to define accelerations. All study assumptions are for level flight, except for the roll
angle and a specific maneuver known as ‘bank-to-bank maneuver’, which involves a lateral
movement of the aircraft’s center of gravity. When no linear accelerations exist, flight is
considered in cruise conditions. Fuel travel and sloshing between subsections are triggered
during level flight by applying a bank-to-bank maneuver to the entire body. According to
Equation (4), initial conditions for Φ (roll), θ (pitch), and Ψ (yaw) angles are taken to be
zero for an ideal level flight.

Φ(t = 0) = θ(t = 0) = ψ(t = 0) = 0 (4)

Roll angle gradient is the only tool used for bank-to-bank maneuvering. The input for
this maneuver is considered to be a peak roll angle of π/4 radians for 10 s, as represented by
the function in Figure 5. This discrete function is defined to determine the time-dependent
equation for roll angle. This function gives angle versus time in radians, as shown in
Equation (5).

Φ(t) =



π

8
{1 + sin[π(t − 4.5)]}, 0 < t < 1

π

4
, 1 < t < 10

π

8
{1 + sin[π(t + 4.5)]}, 10 < t < 11

0, 11 < t

(5)
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Pitch and yaw angles remain constant, so their gradients are equal to zero for the entire
maneuver, as shown in Equation (6). Compared to the gravitational force acting on fuel
mass, centrifugal effects caused by yaw velocity are small enough to be neglected. Initial
linear acceleration components and centrifugal forces during maneuver are also assumed
to be zero for ideal level flight conditions, as shown in Equation (7). In the equations, the
terms ax, ay, and az represent linear accelerations along x, y, and z axes.

∂θ

∂t
=

∂ψ

∂t
= 0 (6)

ax(t = 0) = ay(t = 0) = az(t = 0) = 0 (7)

After defining initial values and basic assumptions of mechanics, design and opera-
tional parameters are determined. The filling ratios of 30%, 45%, and 60% are considered
three different operational parameters for entire simulations, and it is called volume fraction
represented by the φ∀ term. The parameter matrix is generated by adding design parame-
ters to the volume fraction. These parameters comprise cutout hole diameter, allocation,
barrier usage, and cutout hole amount. To make the entire study independent of flow area
parameters, twin and single cutout designs are set to calibrated diameters corresponding
to the same flow area as the triplet design for each baffle. Because of this calibration, single,
twin, and triplet types of cutout holes have different diameter sets of cutout holes. The term
Nbc represents cutout hole amount, which is composed of single, twin, and triplet types
throughout the study. Table 1 shows parameter matrices according to these parameter sets.
When these parameters are combined, 243 different designs are obtained.

Table 1. Parameter matrix for analysis set of triplet cutouts.

Parameter Attribute 1 Attribute 2 Attribute 3

Barrier Usage None 1st, 3rd, 6th 2nd, 4th, 7th
φ∀ [%] 30 45 60

Triplet Dc [mm] 30, 50, 70 40, 60, 80 50, 70, 90
Twin Dc [mm] 37, 61, 86 49, 74, 98 61, 86, 110
Single Dc [mm] 52, 87, 121 69, 104, 139 87, 121, 156

rc [mm] −20 0 20

Additional designs with fixed diameter values in all baffle groups are included in this
design set. Fixed cutout hole diameters are 50 mm, 60 mm, and 70 mm for these additional
designs. The design suggestions include structures without barriers and hole divergence
for all three volume fractions. Thus, nine more designs are included, and 1D simulations
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are carried out for 252 cases. All design cases are provided in “Appendix A”. These cases
are run to reveal the temporal behavior of CG along the y-axis.

After defining the design matrix, the simulation method and processes are determined.
As a 1D modeling tool, the Siemens Amesim solver is chosen to establish a 1D model
of the wing fuel tank. Each design feature to be used during 1D modeling represents a
mathematical equation. For this reason, all cutout holes, mouse holes, ventilation holes, tank
subsections, fuel, and air properties are defined synchronously with each other. Between
corresponding subsection control volumes, each hole is represented in the model as an
individual orifice equation [27]. During the calculation stage, these holes are varied to
obtain different cases with different designs. The remaining mouse and ventilation holes
do not require variation. These non-circular holes are defined with the aid of the CAD
Import module of the Amesim program. The advantage of this module is that mouse
and ventilation holes are always constant, which reduces computational costs during
calculations. In the tank subsections, circular cutout holes, non-circular holes, global fluid
parameters, and dynamic parameters are constructed with corresponding constraints in
Figure 6. Bounds between each element represent different submodules of the relevant
elements. These bounds are required to build a model at the compilation stage of Amesim.
The software manages this step automatically, so choosing the correct bound is enough to
construct a 1D model.
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When the construction of the 1D model of the entire system is finished, the cases are
calculated with relevant input parameters. After achieving the results of 1D simulations,
a specific algorithm is required to process output data. The DNN (deep neural network)
algorithm is used instead of Multilayer ANN due to the complexity of input parameters.
Three hidden layers and six nodes (which can be called neurons) for each hidden layer
are programmed as a DNN algorithm for calculations. The primary purpose of examining
the results of 1D simulations with the DNN algorithm is to determine the dominance of
input parameters on outputs. As a result of this calculation, a numerical result of weights
is obtained for each node bound. These weight values indicate the effectivity of bound
between relevant nodes. Then, the importance of input parameters over CG deviation
behavior is evaluated with specific processes on these weights. Thus, with the help of a
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suitable DNN algorithm, the importance of input parameters for both CG deviation and
retreat time is determined.

To construct an algorithm for DNN structure, specifications of neural networks are
defined, such as node numbers, activation functions, input layer, output layer, and hidden
layer structures. A suitable DNN algorithm is programmed with Python syntax to solve
the outputs of 1D simulations. At the beginning of DNN calculations, inputs and outputs
are known for each case. All nodes of hidden layers are also defined as specific functions,
and they remain constant for all cases. Weight values must reached specific values after
a certain number of iterations with a predefined error rate. All input parameters, weight
tensors, hidden layers, function names, and outputs are named, as seen in Figure 7. Dashed
lines and spherical elements represent weights and nodes, respectively.
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hidden layers, and weights.

Nodes of the input layer are composed of operational and design parameters, as
mentioned before. On the other hand, the output layer contains maximum CG deviation
and retreat time. As stated in “Appendix B”, the weight tensors of the 1st, 2nd, 3rd, and 4th
groups are represented with W1I , W21, W32, and WO3, respectively. Each tensor has weight
elements represented by wk

i,j, and indices of i, j, and k represent the number of target nodes,
departure nodes, and weight groups. Three different activation functions are chosen for
each hidden layer individually. The sigmoid function, hyperbolic tangential function, and
ReLU (Rectified Linear Unit) function are chosen for the first, second, and third hidden
layer nodes, respectively. Activation functions are defined in Equations (8)–(10).

f1,i(y) =
1

1 + (e−x)
(8)

f2,i(y) = tanh(x) (9)

f3,i(y) = max(0, x) (10)

Calculation inputs and results are implemented into the DNN algorithm. Then,
learning iterations become ready to start with learning rate, epoch number, and batch
size, which are set at 0.0012, 10,000, and 25, respectively. These values are determined by
targeting the difference between predicted and learned values as 1% at maximum.
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After weight calculations, weight values must be interpreted. By interpreting weight
values, the direct dominances between input parameters and outputs are obtained numer-
ically. Garson’s interpretation algorithm can be used for this modification process [28].
This algorithm is conducted with all weight values, and the importance of input values is
evaluated with Equation (11).

ν =
∑nh

j=1

[(
|wij|

∑nν
i=1|wij|

)∣∣∣wjk

∣∣∣]
∑nν

i=1

{
∑nh

j=1

[(
|wij|

∑nν
i=1|wij|

)∣∣∣wjk

∣∣∣]} (11)

In Equation (11), the terms “nν”, “nh”, and “ν” represent the number of input neurons,
number of hidden neurons, and dominance of relevant input layers, respectively. The
weight terms are denoted by w and written as a tensor form in “Appendix B”. This
operation is processed for each input parameter, and as a result of this calculation, five
dominance values are obtained individually.

There must be a single-layer ANN structure instead of the complex structure of DNN.
In this case, the hidden layer structures should be modified into a single hidden layered
structure. Kamimura’s study mentions that a specific compression algorithm converts the
DNN structure into a temporary single-layer ANN [29]. Thanks to the relevant compression
algorithm, this temporary ANN structure can be considered equivalent to the main DNN
structure in terms of the impact of inputs. For the compression process, the weight matrix
of the layers of WO3 and W32 is multiplied and then summed for each node. By carrying
out this step, the weight matrix between the first compressed hidden layer and an output
layer of WO2 is generated. After the first compressing step, the recently obtained weight
matrix of WO2 is the new weight matrix between the output layer and hidden layer before
the output layer. The same step is applied again between WO2 and W21 to advance the
compression process one step more. After the second compression step, the weight matrix
WO1 is obtained as a weight structure between the output layer and the layer before it.
The compression of hidden layer operations can be expressed mathematically for all steps,
respectively, as shown in Equations (12) and (13).

WO2 = wO2
j,i =

6

∑
i=1

w32
i,1wO3

j,i (12)

WO1 = wO1
j,i =

6

∑
i=1

w21
1,iw

O2
1,j (13)

After two steps of compression, the process yields a compressed single-layer ANN
with weight matrices of W1I and WO1. This compressed ANN structure is chosen to
interpret weights using Garson’s algorithm. The interpretation of weights is obtained using
Equation (11), which gives the importance of each input parameter individually. In light of
the importance of the results, the dominance of input parameters on results is evaluated.

A detailed numerical calculation is conducted after calculating 1D simulations and
weight importance values. In light of results obtained from 1D simulations and ANN
calculations, certain cases are chosen to be examined in detail. Cases selected for these
examinations are managed with 3D calculations. The CFD methods are used to process
these calculations. Conducting CFD simulations for these cases aims to obtain detailed
outcomes and compare them with the 1D results and parameter dominances of the same
cases. At the stage of CFD calculations, the Siemens StarCCM+ flow solver program is used
to construct and run calculation cases. Similar to the 1D simulations, solution intervals of
100 s are assumed as a transient domain of calculation. Calculation processes are managed
with an HPC (High-Performance Computer) server, and this hardware has provided the
ability to handle high computational costs for many a grid structure.
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Model construction of the entire calculation is carried out with certain assumptions.
The whole study is conducted under isothermal conditions, and all regions are assumed
to have cruise conditions of 250 K temperature. Heat dissipation and bubble generation
effects are small enough to be neglected at the phase interaction region. The fluid’s liquid
phase is JP8 (Jet Propellant 8), and the gaseous phase of fluid is defined as air. The software
material library already includes properties of ideal gas air, and JP8 is manually defined
with specific properties such as density and dynamic viscosity, 840 kg/m3 and 0.003 Pa.s,
respectively. The remaining model construction attributes are briefly charted in Table 2.

Table 2. Case construction attributes for CFD.

CFD Setup Content Attributes

Spatial Dimension 3D
Temporal Condition Implicit Unsteady

Phases Multiphase
Phase Approach Eulerian VOF (Volume of Fluid) Method
Phase Interaction Surface Tension Force

Flow Regime Turbulent
Turbulence Model RANS (k-ε)

Wall Function 2-Layer Wall Treatment
Energy Solution Isothermal

Mesh Deformation AMR (Automated Mesh Refinement)
Meshing Structure Polyhedral

Meshing Improvement Prism Layer Meshing for Wall Model
Time Step Size Adaptive Time Step

Additionally, phases have an interaction of free surfaces between each other, which
must be defined. Specific definitions are imported into the program to model phase
interaction between fluids. The surface tension force definition is chosen to determine the
interaction behavior between both phases, and it is defined as equal to 0.025 N/m. On the
other hand, the AMR function is programmed to perform periodically at every 20 ms of
physical time. When this function is triggered, the free surface mesh structure is updated in
parallel with the change of free surface. In addition, the adaptive time step is programmed
according to certain limits. These limits are maximum CFL (Courant–Friedrichs–Lewy)
conditions for interior flow and free surface. According to the maximum CFL condition
limits, the Courant number of interior and free surface flows is forced to remain less than
Co = 0.75. Thus, adaptive time step programming prevents the transient solution from
behaving as unstable.

After case construction, a reference model is determined to check if it is progressing
without any calculation divergence. Additionally, a reference case is used to finalize the
mesh structure of the wing tank interior volume with the aid of a mesh independence study.
“Case 3”, stated in “Appendix A”, is selected as a reference case to control calculation case
functionality and conduct mesh independence. Specifications of the chosen case are briefly
written down in Table 3.

Table 3. Reference case specifications.

Parameter Attributes

Nbc Triplet
φ∀ [%] 60
Barrier None

Dc [mm] 70, 70, 70
rc [mm] 0

When the appropriate case is created and the mesh independence study is completed,
other analyses can be organized through this case structure. At this step, a base CFD
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case file is obtained and preserved to generate other CFD calculation cases with only the
required parameter variation. After the results of 1D simulations and DNN calculations are
obtained, additional CFD solutions are planned to be conducted. Thus, the precision of 1D
simulations and the accuracy of DNN results are controlled with additional CFD results.

4. Results

The results were obtained in planned order, the same as the progressing queue of
the methodology. The queue is first to complete 1D simulations and record the results,
then to analyze these results with the DNN algorithm, and finally to verify chosen cases in
CFD calculations.

4.1. The 1D Simulation Results

The 1D analyses were carried out sequentially from case 1 to case 252. Retreat time and
maximum CG deviation parameters were extracted from the transient CG function obtained
from 1D simulations. The results were obtained relative to the initial CG displacement
of each case. Thus, the initial value of CG deviation in all results was 0 m. Transient CG
functions yCG(t) are shown in Figure 8. In this graph, one of the horizontal axes represents
the physical time from the initial value to the end of simulations, which are t = 0 s and
t = 100 s, respectively. The other horizontal axis shows case numbers from 1 to 252. The
vertical axes and chart legend represent the amount of CG deviation depending on time.
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The graph is useful to observe changes in CG behavior depending on parameter
variations. However, the definition of retreat time and maximum CG deviation require
numerical values from the results of analyses. All case numbers, parameter attributes
of these cases, and case results are stated in “Appendix A” individually. An alternative
representation was used to make values on the chart easier to examine. The output data
were nondimensionalized to use this alternative representation. Both parameters were
created in non-dimensional form in order to observe results in one 2D graph. Maximum
CG deviation and retreat time were nondimensionalized, as in Equations (14) and (15),
respectively. The terms of yCG,m and t f ,r represent nondimensional values of maximum CG
deviation and retreat time, respectively. These nondimensional definitions were achieved
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by normalizing them with the values YCG,m and Tf ,r, which represent maximum yCG,m and
maximum t f ,r for all cases, respectively.

yCG,m =
yCG,m

YCG,m
(14)

t f ,r =
t f ,r

Tf ,r
(15)

The results close to 1 mean a higher maximum CG deviation and retreat duration, and
results close to 0 imply the opposite. The dimensionless CG deviation and retreat time
results were obtained for 252 cases, as shown in Figure 9, and values close to zero for each
output are determined as targets for both output parameters.
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As can be seen from the results of 1D simulations, CG deviation and retreat time out-
puts are acting as conflicting parameters. Input parameters that increase the CG deviation
value show the effect of shortening retreat duration. Similarly, parameters that act to reduce
CG deviation value also extend retreat duration. Volume fraction has a significant impact
on the behavior of CG deviation, as it is directly related to the weight of fuel. It is observed
that a lower volume fraction of fuel causes greater maximum CG deviation. Barrier usage is
also another cause of variations in CG behavior. Because barriers have only ventilation and
mouse holes instead of additional cutout holes, barriers cause greater resistance against
flow between subsections. Increasing cutout hole diameters causes the CG deviation to
increase as well, because this change reduces the pressure drop of orifices in the transition
between subsections. When the divergence of the cutout hole is negative, the CG deviation
value increases and the retreat time value decreases. The reason for the decreasing position
of the cutout hole along the z-axis is that it changes the hydrostatic pressure difference
between two sides of the cutout hole.

4.2. DNN Results

Input parameter effects were evaluated briefly from 1D simulation results. However, a
detailed evaluation was performed in order to examine the parameter dominance of inputs
over results. Because the dominances are required to determine parameters, they should be
changed primarily in order to obtain better results from the design. The outputs obtained
from 1D simulations were analyzed with the DNN algorithm. The aim is to obtain weight
values of the whole neuron bounds of the DNN structure related to the 1D results.

Relative error monitoring was performed to verify the precision of results after itera-
tions. The difference between results from 1D simulations and the results learned by the
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DNN algorithm was calculated. By comparing these differences, relative error values were
calculated. Individual relative error values were defined as εout,1 and εout,2 for CG deviation
and retreat time, respectively. When the relative error rate between these results reached
1%, iterations of the DNN algorithm were terminated. Relative errors were calculated as
0.56% for εout,1 and 1.00% for εout,2 values.

In all 1D simulations, results for each parameter and results taught to the DNN
algorithm are compared as shown in Figure 10. Trendlines of cumulative results are
represented with ydev and yret functions for deviation results and retreat time results,
respectively. The reason why results obtained for retreat time are more scattered than CG
deviation is the criterion determined for this parameter. This criterion is the time taken to
reach 15 cm CG distance from the initial location for all cases. This was chosen as a constant
rather than a ratio of maximum CG deviation to be an independent parameter.
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The results have shown that the estimated outputs of 1D simulations were correctly
predicted by the DNN algorithm. The effect of all parameter combinations on results
was obtained with an acceptable error rate. The number of analyses used as input was
determined as 252. Increasing the number of analyses would enable the algorithm used to
reach desired results with a lower number of iterations or a simpler ANN algorithm.
As noted in “Appendix B”, the weight values of each neuron bound were obtained
from calculations.

Before the weight interpretation step, a DNN compression process was carried out.
As a result of DNN compression, a temporary ANN structure has been achieved. Weight
interpretation processes were conducted with the aid of MATLAB in order to handle
hundreds of sequential iterations. The dominance of each input on outputs was obtained
and the results of the importance of inputs are shown in Figure 11.
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As a result of the weight interpretation of the neural network, it has been clearly
shown that the barrier usage of the tank has the strongest importance for both CG deviation
and retreat time. Additionally, volume fraction, cutout hole diameter, and cutout hole
divergence parameters were shown as second, third, and fourth dominant inputs on both
outputs, respectively. Lastly, the hole number was shown to be the parameter with the
least impact. On the other hand, the parameters had a similar effect on both outputs. This
situation can be explained by the fact that the amount of CG deviation has a significant
effect on the behavior of retreat duration. As a consequence, barrier usage was a design
parameter that was observed as the most dominant parameter in both CG deviation and
retreat time. However, the volume fraction was an operational parameter that has been
calculated as the second most dominant parameter. Unlike the operational parameter, the
design parameters are suitable for optimization in order to obtain better solutions during
the design of the tank. Yet, the volume fraction cannot be constant in certain values as a
result of engine fuel consumption during flight. Operational parameter results are useful
for estimating sloshing effects on relevant volume fractions.

4.3. CFD Results

After 1D simulations and detailed parameter analyses were finished, CFD analyses
started progressing. All cases were calculated with HPC, which has 640 core processors
and 448 gigabytes of available memory. Whether there was any error in the analyses was
checked simultaneously while the analysis was ongoing. The CG deviation function, which
is controlled during the calculation, was manually implemented into the software according
to Equation (1). CG deviation and retreat time values were extracted from the results of
these functions.

By performing a mesh independence study, it was guaranteed that the analyses would
not give diverged results due to the case grid structure. The grid structure obtained from
this study was accepted as a mesh for all CFD analyses. The CG behavior was chosen as a
control parameter to be used to check the reliability of different grid structures. The mesh
independence study was conducted with six runs of these different grid structures. The
approximate element numbers of related grid structures were 300 k, 600 k, 1.7 M, 3.0 M,
5.0 M, and 39.0 M, respectively. Additionally, the AMR method was used for cases that
have 3.0 M, 5.0 M, and 39.0 M cells. The AMR was used for these cases in order to capture
free surface turbulence while avoiding excessive increases in the number of elements of the
entire volume.

For the reference case, a polyhedral grid structure generated with 5.0 M cells is shown
in Figure 12 as an example. In the figure, the section view of the meshed volume is named
section A-A. In the section, the inflation of surface meshing and polyhedral structure are
shown. Additionally, the grid structure initially refined by AMR around the free surface is
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seen in section A-A. Thus, the grid structure of the figure represents the volume mesh at
t = 0 s. The volume fraction of the reference case is 60%, and the relevant free surface level
is also shown.
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Variations in grid structure resulted in numerical results. Only the interval between
the 0th and 40th second of the temporal region was chosen because major differences were
shown in this interval. The calculations showed negligible differences from grid structures
larger than 5.0 M element count. The numerical results of mesh independence calculations
for each grid structure are stated in Figure 13.
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As a consequence of this study, a grid structure constructed with 5.0 M cells was
chosen as the main grid structure. Thus, ongoing CFD calculations using this grid structure
were considered independent of the mesh.

After mesh independence calculations, mesh-independent CFD calculations were run.
In order to evaluate the output difference between 1D and CFD results, a reference case has
been chosen as an initial case run. It was deemed appropriate to examine the free surface
structure to observe the differences between CFD and 1D results. The post-process outputs
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of reference cases with different solution times are shown in Figure 14. In this figure, the
left column contains CFD results, and the right column contains 1D simulation results.
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The most obvious difference between these two types of solution method is shown in
the free surface of the fuel volume. Free surface behavior is turbulent in CFD results; on
the other hand, 1D simulation results show smooth planes with a certain altitude angle for
each subsection.

In addition to the visual outputs, CG deviation functions of both 1D simulation
and CFD calculations were obtained for numerical evaluation of the reference case. The
reference case results of both 1D and CFD calculations are shown in Figure 15.
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Figure 15. Comparison of numerical results between 1D simulation and CFD calculation of
reference case.

As shown in the results of the reference case, CFD and 1D simulations of the reference
case have slight differences. The evident differences between numerical results are observed
around the peak point of the CG deviation function. This is an understandable result,
because the differences between CFD and 1D simulation become easier to detect where
turbulence increases. The interval where turbulence increases is the interval where the
maneuver is applied. After the maneuver is finished and the flight condition returns to
cruise conditions, the differences between CFD and 1D simulation outputs are dissipated.

In addition, according to the results in Figure 9, three cases with the highest and three
cases with the lowest nondimensional values were selected and analyzed. With these
additional calculations, the aim was to evaluate the results of the best and worst cases and
the effects of their input parameters on calculations. Determined cases and their parametric
specifications are shown in Table 4.

Table 4. Specifications of the selected cases investigated with CFD analyses.

Parameter CASE 117 CASE 118 CASE 144 CASE 198 CASE 202 CASE 221

Nbc Twin Twin Twin Single Single Single

Barrier None 2nd, 4th,
7th

2nd, 4th,
7th

2nd, 4th,
7th

2nd, 4th,
7th

2nd, 4th,
7th

φ∀ [%] 30 60 30 30 60 30
Dc [mm] 61, 86, 110 37, 61, 86 61, 86, 110 87, 121, 156 69, 104, 139 69, 104, 139
rc [mm] 20 0 20 20 0 −20

The analyses for these cases were made using exactly the same method as reference
case calculation. The numerical results of the CG deviation function for these six cases are
plotted in Figure 16.

When the results were examined, it was seen that there were slight differences between
1D simulations and CFD analyses, similar to the results of the reference case. These
variations are also mainly due to the difference in solution methods. Consequently, there
are some differences between the free surface modeling of 1D and CFD solutions. In
1D simulations, each subsection of tank volume is filled with fluid theoretically using the
control volume method. Although the visual outputs are generated with the Amesim v2019-
2 software’s CAD import module, solutions are conducted only by solving the sequence
of mathematical equations. On the other hand, the method of CFD solutions is processed
by the finite volume method, which is generated by dividing the entire geometry into
differential elements. Each cell of the grid structure represents a different control volume.
As a result of these significant differences, these two solution methods produce different
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results of free surface behavior. The effect of turbulence considered on the free surface is
not simulated in 1D analyses as a result of its solution method. This situation affects the
orifice modeling between subsections with different hydrostatic pressure differences. This
circumstance can explain different results obtained with maximum deviation amounts. On
the other hand, it is observed that precise CFD results are achieved with the 1D solution
method without any excessive error rates.
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Figure 16. Comparison between 1D simulation and CFD calculation results of additional cases of
(a) 117, (b) 118, (c) 144, (d) 198, (e) 202, and (f) 221.

Other additional CFD analyses were planned to control the importance results ob-
tained in the DNN calculations. These analyses were divided into groups to observe the
effect of each input parameter individually. Case groups were created so that all parameters
were kept constant except the parameter whose effect was under evaluation. In order to
control the cutout hole amount parameters, the 10th, 91st, and 172nd cases were selected
for calculation. Likewise, the 16th, 43rd, and 172nd cases for barrier usage, 3rd, 6th, and 9th
cases for volume fraction, 4th, 5th, 6th, 19th, 22nd, and 25th cases for cutout hole diameter,
and finally, 97th, 98th, and 99th, cases for cutout divergence control were selected. The
results of CFD calculations of these cases were obtained.

According to the results obtained for barrier usage in Figure 17, it is seen that the
design using a barrier is quite effective for CG deviation behavior compared to the design
without a barrier. However, if the barrier is used on different baffle elements, there are not
any significant differences between results. Thus, it seems that the number of barriers is
much more effective than the baffle number at which the barrier is applied.
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Figure 17. Effect of barriers on CG deviation for selected cases: Nbc = triplet, φ∀ = 60%, Dc = 50, 70,
90 mm, rc = 0 mm.

The volume fraction is included in the calculations as an operational parameter, unlike
other design parameters, as mentioned before. After the examination of results, the effect
of the volume fraction parameter is clearly noticeable in Figure 18. When the differences
in results are examined, it is observed that the maximum CG amount increases as volume
fraction value decreases. This situation can basically be explained as a result of the effect of
the same maneuver on different masses of fuel.
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Dc = 70, 70, 70 mm, rc = 0 mm.

A comparison of different cutout hole diameter values is conducted for this set of
analyses. This comparison includes designs where the same diameter values are used
throughout the entire wing, as well as cases where various diameter values are used in
different baffle groups. The sensitivity of output parameters to the change in cutout hole
diameters can be observed in Figure 19. The effect of diameter values is seen as the most
effective parameter after volume fraction and barrier usage parameters.
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Figure 19. Effect of cutout hole diameter on CG deviation for selected cases: Nbc = triplet, barrier:
NONE, φ∀ = 45%, rc = 0 mm.

The effect of the divergence of the cutout hole parameter on outputs is not quite
dominant, as shown in Figure 20. However, it is still detected that maximum CG deviation
and retreat duration outputs are affected by these parameters. Although it does not have
as dominant an effect as other parameters, the cutout divergence effect cannot be neglected
in light of these results.
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φ∀ = 60%, Dc = 61, 86, 110 mm.

As can be seen from the results in Figure 21, the use of different numbers of cutout holes
barely affects the results. The effects of the number of cutout holes on baffle performance
can be neglected as long as the amount of flow area does not change. As a result, hole
numbers are an important parameter for structural design restrictions instead of CG
deviation behavior.
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5. Conclusions

The study utilized the geometry of a training aircraft tank instead of a simplified tank
geometry, considering the practical constraints in the industry. This article proposes the
examination method of 1D and CFD simulations with the help of DNN, where different
results are obtained with high amounts of input combinations. While determining this
method, 1D and CFD simulations consist of fuel sloshing in an aircraft wing fuel tank.
Numerous analyses are composed of the combination of different input parameters, includ-
ing cutout hole amount, barrier usage, volume fraction of fuel, cutout hole diameter, and
cutout hole divergence at the interior volume of tank structure. Analyses are conducted
under the effect of certain maneuvers, and then two output parameters of maximum CG
deviation and retreat time are calculated. The results of 1D simulations of 252 different
parameter combinations compose the input data for detailed examination with the DNN
structure. With the use of an artificial intelligence-based algorithm, the importance of
input parameters over outputs is obtained numerically. Additionally, the double-checking
of results of importance values is conducted with the aid of 3D calculation results of the
CFD method.

The 1D simulations are compared with CFD calculations of relevant cases, and there is
acceptable agreement between them. Thus, 1D simulations can be assumed to be reliable
unless extreme maneuver conditions are implemented into analyses, such as barrel roll
or wingover maneuvers of fighter jets, which have greater acceleration than 0.5 times the
gravitational acceleration “g” along the y-axis. The unsteady behavior of CG deviation
and retreat duration can be predicted from 1D simulations at a much lower computational
cost. According to the results, the analysis amount can be increased in order to simulate the
effects of additional parameters such as individual baffle design and variations of mouse
holes. With the aid of the DNN algorithm, a higher amount of analysis can be processed,
and even design proposals can be extracted from the enhanced DNN algorithm.

The provided investigations pertaining to the tank illustrate fuel slosh in the wing tank
and demonstrate the effects of baffles on fluid dynamics in detail. According to the results
of the study, it was observed that the input parameters affect the CG deviation and the
retreat time similarly when designing a baffle for a wing tank; therefore, it is recommended
that the barrier design be taken into consideration as a priority. Volume fraction has the
second greatest dominance over both outputs as an operational parameter of the fuel
tank. However, the volume fraction should not be viewed as a design parameter, but
rather as an operational parameter. Cutout hole diameter, cutout divergence, and number
of cutout holes as input parameters are listed in descending order of importance. In
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conclusion, the study presents a methodology to comprehensively examine a large number
of simulations to analyze the effect of fuel sloshing in research on baffle design within a tank
and will serve as baffle design proposals for simulations focusing on entire flight stability in
future studies.
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//www.mdpi.com/article/10.3390/aerospace11070519/s1. Video S1: 1D_Results_of_Bank_Roll.avi;
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Appendix A

Case Nbc Barrier
φ∀
[%]

Dc
[mm]

rc
[mm]

∆yCG,max
[mm]

∆tf,r
[s]

1 Triplet NONE 60 50, 50, 50 0 0.606 10.1
2 Triplet NONE 60 60, 60, 60 0 0.712 9.8
3 Triplet NONE 60 70, 70, 70 0 0.789 9.6
4 Triplet NONE 45 50, 50, 50 0 0.781 17.5
5 Triplet NONE 45 60, 60, 60 0 0.902 15.0
6 Triplet NONE 45 70, 70, 70 0 0.990 12.8
7 Triplet NONE 30 50, 50, 50 0 1.075 61.0
8 Triplet NONE 30 60, 60, 60 0 1.240 54.5
9 Triplet NONE 30 70, 70, 70 0 1.349 47.2
10 Triplet NONE 60 30, 50, 70 0 0.508 8.6
11 Triplet NONE 60 30, 50, 70 −20 0.531 8.3
12 Triplet NONE 60 30, 50, 70 20 0.477 9.5
13 Triplet NONE 60 40, 60, 80 0 0.595 8.8
14 Triplet NONE 60 40, 60, 80 −20 0.628 8.4
15 Triplet NONE 60 40, 60, 80 20 0.555 12.1
16 Triplet NONE 60 50, 70, 90 0 0.685 8.4
17 Triplet NONE 60 50, 70, 90 −20 0.728 8.4
18 Triplet NONE 60 50, 70, 90 20 0.631 10.9
19 Triplet NONE 45 30, 50, 70 0 0.673 18.6
20 Triplet NONE 45 30, 50, 70 −20 0.705 11.9
21 Triplet NONE 45 30, 50, 70 20 0.626 22.9
22 Triplet NONE 45 40, 60, 80 0 0.780 17.3
23 Triplet NONE 45 40, 60, 80 −20 0.818 11.2
24 Triplet NONE 45 40, 60, 80 20 0.727 32.3
25 Triplet NONE 45 50, 70, 90 0 0.881 14.3
26 Triplet NONE 45 50, 70, 90 −20 0.931 10.4
27 Triplet NONE 45 50, 70, 90 20 0.817 29.8
28 Triplet NONE 30 30, 50, 70 0 0.930 53.4

https://www.mdpi.com/article/10.3390/aerospace11070519/s1
https://www.mdpi.com/article/10.3390/aerospace11070519/s1
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Case Nbc Barrier
φ∀
[%]

Dc
[mm]

rc
[mm]

∆yCG,max
[mm]

∆tf,r
[s]

29 Triplet NONE 30 30, 50, 70 −20 0.990 43.5
30 Triplet NONE 30 30, 50, 70 20 0.853 56.9
31 Triplet NONE 30 40, 60, 80 0 1.082 59.9
32 Triplet NONE 30 40, 60, 80 −20 1.147 37.7
33 Triplet NONE 30 40, 60, 80 20 0.989 69.0
34 Triplet NONE 30 50, 70, 90 0 1.216 55.8
35 Triplet NONE 30 50, 70, 90 −20 1.285 29.7
36 Triplet NONE 30 50, 70, 90 20 1.124 77.5
37 Triplet 2nd, 4th, 7th 60 30, 50, 70 0 0.316 2.9
38 Triplet 2nd, 4th, 7th 60 30, 50, 70 −20 0.321 2.9
39 Triplet 2nd, 4th, 7th 60 30, 50, 70 20 0.309 2.8
40 Triplet 2nd, 4th, 7th 60 40, 60, 80 0 0.331 3.1
41 Triplet 2nd, 4th, 7th 60 40, 60, 80 −20 0.332 2.8
42 Triplet 2nd, 4th, 7th 60 40, 60, 80 20 0.325 3.3
43 Triplet 2nd, 4th, 7th 60 50, 70, 90 0 0.331 2.6
44 Triplet 2nd, 4th, 7th 60 50, 70, 90 −20 0.333 2.3
45 Triplet 2nd, 4th, 7th 60 50, 70, 90 20 0.330 3.0
46 Triplet 2nd, 4th, 7th 45 30, 50, 70 0 0.415 11.3
47 Triplet 2nd, 4th, 7th 45 30, 50, 70 −20 0.423 8.8
48 Triplet 2nd, 4th, 7th 45 30, 50, 70 20 0.405 14.6
49 Triplet 2nd, 4th, 7th 45 40, 60, 80 0 0.433 12.1
50 Triplet 2nd, 4th, 7th 45 40, 60, 80 −20 0.440 8.9
51 Triplet 2nd, 4th, 7th 45 40, 60, 80 20 0.423 17.3
52 Triplet 2nd, 4th, 7th 45 50, 70, 90 0 0.438 10.5
53 Triplet 2nd, 4th, 7th 45 50, 70, 90 −20 0.442 7.5
54 Triplet 2nd, 4th, 7th 45 50, 70, 90 20 0.435 16.5
55 Triplet 2nd, 4th, 7th 30 30, 50, 70 0 0.520 23.1
56 Triplet 2nd, 4th, 7th 30 30, 50, 70 −20 0.549 21.4
57 Triplet 2nd, 4th, 7th 30 30, 50, 70 20 0.484 18.9
58 Triplet 2nd, 4th, 7th 30 40, 60, 80 0 0.541 24.8
59 Triplet 2nd, 4th, 7th 30 40, 60, 80 −20 0.569 20.6
60 Triplet 2nd, 4th, 7th 30 40, 60, 80 20 0.507 22.3
61 Triplet 2nd, 4th, 7th 30 50, 70, 90 0 0.554 24.5
62 Triplet 2nd, 4th, 7th 30 50, 70, 90 −20 0.580 18.5
63 Triplet 2nd, 4th, 7th 30 50, 70, 90 20 0.520 23.9
64 Triplet 1st, 3rd, 6th 60 30, 50, 70 0 0.313 2.7
65 Triplet 1st, 3rd, 6th 60 30, 50, 70 −20 0.318 2.8
66 Triplet 1st, 3rd, 6th 60 30, 50, 70 20 0.305 2.4
67 Triplet 1st, 3rd, 6th 60 40, 60, 80 0 0.316 2.6
68 Triplet 1st, 3rd, 6th 60 40, 60, 80 −20 0.320 2.6
69 Triplet 1st, 3rd, 6th 60 40, 60, 80 20 0.309 2.3
70 Triplet 1st, 3rd, 6th 60 50, 70, 90 0 0.318 2.5
71 Triplet 1st, 3rd, 6th 60 50, 70, 90 −20 0.322 2.3
72 Triplet 1st, 3rd, 6th 60 50, 70, 90 20 0.312 2.3
73 Triplet 1st, 3rd, 6th 45 30, 50, 70 0 0.425 7.2
74 Triplet 1st, 3rd, 6th 45 30, 50, 70 −20 0.434 7.0
75 Triplet 1st, 3rd, 6th 45 30, 50, 70 20 0.416 8.4
76 Triplet 1st, 3rd, 6th 45 40, 60, 80 0 0.429 7.0
77 Triplet 1st, 3rd, 6th 45 40, 60, 80 −20 0.437 6.7
78 Triplet 1st, 3rd, 6th 45 40, 60, 80 20 0.419 7.6
79 Triplet 1st, 3rd, 6th 45 50, 70, 90 0 0.433 6.8
80 Triplet 1st, 3rd, 6th 45 50, 70, 90 −20 0.439 6.4
81 Triplet 1st, 3rd, 6th 45 50, 70, 90 20 0.423 7.1
82 Triplet 1st, 3rd, 6th 30 30, 50, 70 0 0.562 17.3
83 Triplet 1st, 3rd, 6th 30 30, 50, 70 −20 0.585 15.1
84 Triplet 1st, 3rd, 6th 30 30, 50, 70 20 0.532 20.8
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Case Nbc Barrier
φ∀
[%]

Dc
[mm]

rc
[mm]

∆yCG,max
[mm]

∆tf,r
[s]

85 Triplet 1st, 3rd, 6th 30 40, 60, 80 0 0.573 16.4
86 Triplet 1st, 3rd, 6th 30 40, 60, 80 −20 0.594 14.4
87 Triplet 1st, 3rd, 6th 30 40, 60, 80 20 0.544 19.8
88 Triplet 1st, 3rd, 6th 30 50, 70, 90 0 0.581 15.6
89 Triplet 1st, 3rd, 6th 30 50, 70, 90 −20 0.601 13.4
90 Triplet 1st, 3rd, 6th 30 50, 70, 90 20 0.554 18.5
91 Twin NONE 60 37, 61, 86 0 0.520 7.4
92 Twin NONE 60 37, 61, 86 −20 0.555 7.4
93 Twin NONE 60 37, 61, 86 20 0.477 8.3
94 Twin NONE 60 49, 74, 98 0 0.609 7.4
95 Twin NONE 60 49, 74, 98 −20 0.657 7.6
96 Twin NONE 60 49, 74, 98 20 0.568 9.3
97 Twin NONE 60 61, 86, 110 0 0.701 7.4
98 Twin NONE 60 61, 86, 110 −20 0.744 7.8
99 Twin NONE 60 61, 86, 110 20 0.677 8.7

100 Twin NONE 45 37, 61, 86 0 0.706 16.9
101 Twin NONE 45 37, 61, 86 −20 0.756 10.8
102 Twin NONE 45 37, 61, 86 20 0.645 18.2
103 Twin NONE 45 49, 74, 98 0 0.818 15.4
104 Twin NONE 45 49, 74, 98 −20 0.881 10.2
105 Twin NONE 45 49, 74, 98 20 0.754 27.0
106 Twin NONE 45 61, 86, 110 0 0.929 12.7
107 Twin NONE 45 61, 86, 110 −20 0.990 9.6
108 Twin NONE 45 61, 86, 110 20 0.886 24.8
109 Twin NONE 30 37, 61, 86 0 0.906 38.1
110 Twin NONE 30 37, 61, 86 −20 0.996 29.2
111 Twin NONE 30 37, 61, 86 20 0.801 35.7
112 Twin NONE 30 49, 74, 98 0 1.063 40.8
113 Twin NONE 30 49, 74, 98 −20 1.161 24.2
114 Twin NONE 30 49, 74, 98 20 0.949 46.8
115 Twin NONE 30 61, 86, 110 0 1.208 36.6
116 Twin NONE 30 61, 86, 110 −20 1.295 18.4
117 Twin NONE 30 61, 86, 110 20 1.122 51.4
118 Twin 2nd, 4th, 7th 60 37, 61, 86 0 0.326 3.5
119 Twin 2nd, 4th, 7th 60 37, 61, 86 −20 0.335 3.7
120 Twin 2nd, 4th, 7th 60 37, 61, 86 20 0.311 3.0
121 Twin 2nd, 4th, 7th 60 49, 74, 98 0 0.339 3.5
122 Twin 2nd, 4th, 7th 60 49, 74, 98 −20 0.342 3.3
123 Twin 2nd, 4th, 7th 60 49, 74, 98 20 0.334 3.5
124 Twin 2nd, 4th, 7th 60 61, 86, 110 0 0.341 3.0
125 Twin 2nd, 4th, 7th 60 61, 86, 110 −20 0.343 2.9
126 Twin 2nd, 4th, 7th 60 61, 86, 110 20 0.339 3.2
127 Twin 2nd, 4th, 7th 45 37, 61, 86 0 0.425 9.7
128 Twin 2nd, 4th, 7th 45 37, 61, 86 −20 0.439 8.4
129 Twin 2nd, 4th, 7th 45 37, 61, 86 20 0.405 11.3
130 Twin 2nd, 4th, 7th 45 49, 74, 98 0 0.446 9.8
131 Twin 2nd, 4th, 7th 45 49, 74, 98 −20 0.454 7.8
132 Twin 2nd, 4th, 7th 45 49, 74, 98 20 0.430 12.8
133 Twin 2nd, 4th, 7th 45 61, 86, 110 0 0.451 8.6
134 Twin 2nd, 4th, 7th 45 61, 86, 110 −20 0.457 6.9
135 Twin 2nd, 4th, 7th 45 61, 86, 110 20 0.442 11.5
136 Twin 2nd, 4th, 7th 30 37, 61, 86 0 0.522 22.8
137 Twin 2nd, 4th, 7th 30 37, 61, 86 −20 0.551 20.3
138 Twin 2nd, 4th, 7th 30 37, 61, 86 20 0.487 19.1
139 Twin 2nd, 4th, 7th 30 49, 74, 98 0 0.544 24.1
140 Twin 2nd, 4th, 7th 30 49, 74, 98 −20 0.571 19.0
141 Twin 2nd, 4th, 7th 30 49, 74, 98 20 0.512 22.7
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Case Nbc Barrier
φ∀
[%]

Dc
[mm]

rc
[mm]

∆yCG,max
[mm]

∆tf,r
[s]

142 Twin 2nd, 4th, 7th 30 61, 86, 110 0 0.559 23.2
143 Twin 2nd, 4th, 7th 30 61, 86, 110 −20 0.583 16.6
144 Twin 2nd, 4th, 7th 30 61, 86, 110 20 0.526 24.3
145 Twin 1st, 3rd, 6th 60 37, 61, 86 0 0.314 2.7
146 Twin 1st, 3rd, 6th 60 37, 61, 86 −20 0.318 2.8
147 Twin 1st, 3rd, 6th 60 37, 61, 86 20 0.307 2.5
148 Twin 1st, 3rd, 6th 60 49, 74, 98 0 0.317 2.6
149 Twin 1st, 3rd, 6th 60 49, 74, 98 −20 0.321 2.5
150 Twin 1st, 3rd, 6th 60 49, 74, 98 20 0.312 2.4
151 Twin 1st, 3rd, 6th 60 61, 86, 110 0 0.319 2.4
152 Twin 1st, 3rd, 6th 60 61, 86, 110 −20 0.323 2.2
153 Twin 1st, 3rd, 6th 60 61, 86, 110 20 0.316 2.3
154 Twin 1st, 3rd, 6th 45 37, 61, 86 0 0.426 7.2
155 Twin 1st, 3rd, 6th 45 37, 61, 86 −20 0.434 7.0
156 Twin 1st, 3rd, 6th 45 37, 61, 86 20 0.417 8.0
157 Twin 1st, 3rd, 6th 45 49, 74, 98 0 0.431 7.0
158 Twin 1st, 3rd, 6th 45 49, 74, 98 −20 0.438 6.7
159 Twin 1st, 3rd, 6th 45 49, 74, 98 20 0.422 7.4
160 Twin 1st, 3rd, 6th 45 61, 86, 110 0 0.434 6.8
161 Twin 1st, 3rd, 6th 45 61, 86, 110 −20 0.440 6.2
162 Twin 1st, 3rd, 6th 45 61, 86, 110 20 0.426 7.0
163 Twin 1st, 3rd, 6th 30 37, 61, 86 0 0.566 16.8
164 Twin 1st, 3rd, 6th 30 37, 61, 86 −20 0.588 14.7
165 Twin 1st, 3rd, 6th 30 37, 61, 86 20 0.538 19.9
166 Twin 1st, 3rd, 6th 30 49, 74, 98 0 0.577 15.8
167 Twin 1st, 3rd, 6th 30 49, 74, 98 −20 0.598 13.7
168 Twin 1st, 3rd, 6th 30 49, 74, 98 20 0.551 18.5
169 Twin 1st, 3rd, 6th 30 61, 86, 110 0 0.586 15.0
170 Twin 1st, 3rd, 6th 30 61, 86, 110 −20 0.605 12.7
171 Twin 1st, 3rd, 6th 30 61, 86, 110 20 0.562 17.2
172 Single NONE 60 52, 87, 121 0 0.524 7.5
173 Single NONE 60 52, 87, 121 −20 0.557 7.4
174 Single NONE 60 52, 87, 121 20 0.494 8.4
175 Single NONE 60 69, 104, 139 0 0.620 7.5
176 Single NONE 60 69, 104, 139 −20 0.662 7.6
177 Single NONE 60 69, 104, 139 20 0.601 9.2
178 Single NONE 60 87, 121, 156 0 0.735 7.8
179 Single NONE 60 87, 121, 156 −20 0.755 7.9
180 Single NONE 60 87, 121, 156 20 0.727 9.0
181 Single NONE 45 52, 87, 121 0 0.715 14.7
182 Single NONE 45 52, 87, 121 −20 0.760 10.8
183 Single NONE 45 52, 87, 121 20 0.666 17.5
184 Single NONE 45 69, 104, 139 0 0.833 13.4
185 Single NONE 45 69, 104, 139 −20 0.888 10.3
186 Single NONE 45 69, 104, 139 20 0.796 23.0
187 Single NONE 45 87, 121, 156 0 0.973 11.9
188 Single NONE 45 87, 121, 156 −20 1.004 9.7
189 Single NONE 45 87, 121, 156 20 0.949 19.1
190 Single NONE 30 52, 87, 121 0 0.932 36.2
191 Single NONE 30 52, 87, 121 −20 1.010 24.2
192 Single NONE 30 52, 87, 121 20 0.841 34.0
193 Single NONE 30 69, 104, 139 0 1.094 34.5
194 Single NONE 30 69, 104, 139 −20 1.183 18.9
195 Single NONE 30 69, 104, 139 20 1.008 46.5
196 Single NONE 30 87, 121, 156 0 1.268 27.2
197 Single NONE 30 87, 121, 156 −20 1.324 14.9
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Case Nbc Barrier
φ∀
[%]

Dc
[mm]

rc
[mm]

∆yCG,max
[mm]

∆tf,r
[s]

198 Single NONE 30 87, 121, 156 20 1.202 44.4
199 Single 2nd, 4th, 7th 60 52, 87, 121 0 0.326 3.5
200 Single 2nd, 4th, 7th 60 52, 87, 121 −20 0.335 3.7
201 Single 2nd, 4th, 7th 60 52, 87, 121 20 0.315 3.1
202 Single 2nd, 4th, 7th 60 69, 104, 139 0 0.340 3.4
203 Single 2nd, 4th, 7th 60 69, 104, 139 −20 0.342 3.3
204 Single 2nd, 4th, 7th 60 69, 104, 139 20 0.329 3.4
205 Single 2nd, 4th, 7th 60 87, 121, 156 0 0.342 2.8
206 Single 2nd, 4th, 7th 60 87, 121, 156 −20 0.343 2.8
207 Single 2nd, 4th, 7th 60 87, 121, 156 20 0.341 3.2
208 Single 2nd, 4th, 7th 45 52, 87, 121 0 0.426 9.3
209 Single 2nd, 4th, 7th 45 52, 87, 121 −20 0.440 8.3
210 Single 2nd, 4th, 7th 45 52, 87, 121 20 0.409 10.6
211 Single 2nd, 4th, 7th 45 69, 104, 139 0 0.448 9.3
212 Single 2nd, 4th, 7th 45 69, 104, 139 −20 0.455 7.7
213 Single 2nd, 4th, 7th 45 69, 104, 139 20 0.438 11.7
214 Single 2nd, 4th, 7th 45 87, 121, 156 0 0.453 8.0
215 Single 2nd, 4th, 7th 45 87, 121, 156 −20 0.459 6.7
216 Single 2nd, 4th, 7th 45 87, 121, 156 20 0.446 10.1
217 Single 2nd, 4th, 7th 30 52, 87, 121 0 0.527 21.4
218 Single 2nd, 4th, 7th 30 52, 87, 121 −20 0.554 18.2
219 Single 2nd, 4th, 7th 30 52, 87, 121 20 0.495 19.7
220 Single 2nd, 4th, 7th 30 69, 104, 139 0 0.551 21.5
221 Single 2nd, 4th, 7th 30 69, 104, 139 −20 0.576 16.3
222 Single 2nd, 4th, 7th 30 69, 104, 139 20 0.521 23.2
223 Single 2nd, 4th, 7th 30 87, 121, 156 0 0.568 19.3
224 Single 2nd, 4th, 7th 30 87, 121, 156 −20 0.589 13.8
225 Single 2nd, 4th, 7th 30 87, 121, 156 20 0.540 23.7
226 Single 1st, 3rd, 6th 60 52, 87, 121 0 0.314 2.7
227 Single 1st, 3rd, 6th 60 52, 87, 121 −20 0.319 2.8
228 Single 1st, 3rd, 6th 60 52, 87, 121 20 0.310 2.5
229 Single 1st, 3rd, 6th 60 69, 104, 139 0 0.318 2.5
230 Single 1st, 3rd, 6th 60 69, 104, 139 −20 0.322 2.5
231 Single 1st, 3rd, 6th 60 69, 104, 139 20 0.316 2.4
232 Single 1st, 3rd, 6th 60 87, 121, 156 0 0.322 2.3
233 Single 1st, 3rd, 6th 60 87, 121, 156 −20 0.324 2.2
234 Single 1st, 3rd, 6th 60 87, 121, 156 20 0.320 2.4
235 Single 1st, 3rd, 6th 45 52, 87, 121 0 0.428 7.2
236 Single 1st, 3rd, 6th 45 52, 87, 121 −20 0.435 7.0
237 Single 1st, 3rd, 6th 45 52, 87, 121 20 0.421 7.6
238 Single 1st, 3rd, 6th 45 69, 104, 139 0 0.433 7.0
239 Single 1st, 3rd, 6th 45 69, 104, 139 −20 0.439 6.5
240 Single 1st, 3rd, 6th 45 69, 104, 139 20 0.426 7.2
241 Single 1st, 3rd, 6th 45 87, 121, 156 0 0.438 6.7
242 Single 1st, 3rd, 6th 45 87, 121, 156 −20 0.442 5.9
243 Single 1st, 3rd, 6th 45 87, 121, 156 20 0.432 7.0
244 Single 1st, 3rd, 6th 30 52, 87, 121 0 0.574 15.6
245 Single 1st, 3rd, 6th 30 52, 87, 121 −20 0.593 13.9
246 Single 1st, 3rd, 6th 30 52, 87, 121 20 0.549 18.0
247 Single 1st, 3rd, 6th 30 69, 104, 139 0 0.586 14.5
248 Single 1st, 3rd, 6th 30 69, 104, 139 −20 0.603 12.8
249 Single 1st, 3rd, 6th 30 69, 104, 139 20 0.564 16.6
250 Single 1st, 3rd, 6th 30 87, 121, 156 0 0.596 13.5
251 Single 1st, 3rd, 6th 30 87, 121, 156 −20 0.611 11.4
252 Single 1st, 3rd, 6th 30 87, 121, 156 20 0.577 15.4
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Appendix B

W1I =

∣∣∣∣∣∣∣∣∣∣∣∣∣

w1I
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∣∣∣∣∣∣∣∣∣∣∣∣∣
=

∣∣∣∣∣∣∣∣∣∣∣∣

0.083 −0.519 −0.476 0.372 −0.142
−0.094 0.611 −0.351 −0.299 0.025
0.053 0.173 0.191 0.044 −0.260
0.012 −0.387 0.131 −0.476 0.056
0.059 −0.440 0.356 0.446 −0.145
0.076 0.608 −0.515 −0.438 0.049

∣∣∣∣∣∣∣∣∣∣∣∣
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=

∣∣∣∣∣∣∣∣∣∣∣∣

0.264 0.015 0.143 0.175 0.223 −0.250
0.126 −0.214 −0.121 −0.238 0.311 −0.068
0.139 −0.086 −0.203 −0.039 −0.068 0.088
−0.315 0.156 0.293 −0.042 −0.205 0.253
0.300 0.161 −0.392 −0.232 0.396 −0.265
−0.110 0.081 −0.395 −0.120 −0.088 −0.099
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w32

2,1 w32
2,2 w32

2,3 w32
2,4 w32

2,5 w32
2,6

w32
3,1 w32

3,2 w32
3,3 w32

3,4 w32
3,5 w32

3,6
w32

4,1 w32
4,2 w32

4,3 w32
4,4 w32

4,5 w32
4,6

w32
5,1 w32

5,2 w32
5,3 w32

5,4 w32
5,5 w32

5,6
w32

6,1 w32
6,2 w32

6,3 w32
6,4 w32

6,5 w32
6,6

∣∣∣∣∣∣∣∣∣∣∣∣∣
=

∣∣∣∣∣∣∣∣∣∣∣∣

−0.215 −0.305 0.189 0.262 0.153 0.258
0.309 0.161 0.253 −0.125 0.211 −0.068
−0.227 −0.246 0.293 −0.337 0.060 0.187
−0.109 0.232 −0.227 −0.315 0.033 0.063
−0.282 −0.303 −0.179 0.226 0.235 0.127
0.071 0.314 −0.169 −0.234 −0.289 0.320

∣∣∣∣∣∣∣∣∣∣∣∣
WO3 =

∣∣∣∣∣wO3
1,1 wO3

1,2 wO3
1,3 wO3

1,4 wO3
1,5 wO3

1,6
wO3

2,1 wO3
2,2 wO3

2,3 wO3
2,4 wO3

2,5 wO3
2,6

∣∣∣∣∣ =
∣∣∣∣ 0.252 0.345 −0.251 −0.002 −0.369 −0.170
−0.187 −0.314 0.401 0.241 0.270 −0.158

∣∣∣∣
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