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Introduction

The doctoral thesis entitled "Research on development of slosh noise baffles for automotive fuel tanks "
presents the research undertaken by the author on the achievement of the objective of the paper, of
shaping the dynamic behavior of the fuel in the car tank during their movement and on the
development of innovative technical solutions of integrated wave breakers baffles-also adaptable to
existing fuel tanks , in order to improve the phenomenon of slosh noise.

The doctoral thesis aims to come up with solutions to improve the noises produced by the phenomenon
of blinking, also known as the phenomenon of "slosh noise", which occurs when the fuel hits the walls of
the tank of the car in which it is stored. The work is structured in eight chapters, starting with the
presentation of an overview of the current market of cars and fuels used, as well as future trends from
the perspective of the fuel system, and then to detail the development of technical solutions aimed for
reducing the slosh noise effect, shaping the dynamic behavior of the liquid in the tank , designing anti-
flashing systems, then improving the proposed solutions and validating the results obtained.

The first two chapters provide a working basis for the analysis of current solutions and the development
of new concepts necessary due to the progress of technology, safety regulations, pollution rules, market
requirements, continuous improvement and cost reduction policy in the industry, as well as customer
needs.

The third chapter, "The objectives of the doctoral thesis", defines the main objective of the thesis:
"Development and implementation of innovative wave breaking systems, integrable in the envelope of
an existing fuel tank, so as to modify the dynamic fuel behavior of the liquid and to reduce the slosh
noise phenomenon”, as well as the objectives derived from the work, so that the problem identified
above passes into the effective resolution phase by applying technical solutions with industrial
application and proven efficacy, through actual physical tests based on prototype components.

Chapter lv, “Theoretical and practical contributions to the development of anti-slosh noise systems for
motor vehicle tanks” , proposes three technical solutions for reducing slosh noises, which are based on
the boarding or, more specifically, the integration of "wings" elements on a part already existing inside
the tank, namely, the delivery pump module. Therefore, it passes from the drafting stage of the
technical solutions of wave breakers on the delivery pump module, to advanced conceptual design and
like this, the first step is taken to demonstrate industrial applicability.

Chapter five, "Static analysis of variants of slosh noise reduction systems developed" makes the
transition from advanced design to testing of the three technical solutions studied through numerical
simulations.

Chapter six, "Dynamic analysis by mathematical modeling of the movement of fuel waves in a tank, with
and without slosh noise baffles" presents the transposition of the phenomenon of slosh noise into
mathematical language by moving free surfaces in two contexts, in a tank without a baffle compared to
a tank presenting wave baffles solutions.

Mathematical modelling of phenomena revealed a softening of the waves and, by implication, the noise
caused by them, which was also demonstrated by the use of new models of wave breakers — consisting
the subject of national and international patents. It was pointed out that the implementation of a
technical solution to break the waves reduces the amplitude of the movement of the free surface of the
fuel in the tank by half.

Chapter seven, "Functional analysis - acoustic tests on the use of variants of slosh noise reduction
systems under real conditions" begins with the physical realization of all the components necessary for a
test, under real running conditions. As there is currently no standard test procedure for reproduction of
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the "slosh noise" phenomenon, the vehicle equipped with the test bench, the associated
instrumentation and the parts subject to testing has run according to author’s own test methodology,
defined in accordance with the literature, which allows the reproduction of waves under conditions that
a customer may encounter during urban conditions driving. The recorded data were filtered, statistically
analyzed and interpreted.

The eighth chapter, "General conclusions, personal contributions, dissemination of results, future
research directions", incorporates the conclusions at each stage of the research carried out, to finally
confirm the main objective of the thesis. The novelty level of the studied solutions, the inventive
activity, the numerical simulations, the mathematical modeling and the physical tests that confirmed
their industrial applicability, allowed the patenting of the ideas retained, the author being the holder of
a national patent, four international patents and six patent applications on the topic addressed in the
present paper. Articles related to the literature have also been published. In addition, further research
directions have been identified.

Glossary of terms

CAFE Corporate Average Fuel Economy

CAGR Compound growth rate

CAN Controller Area Network

ECV Electrical Charging Vehicle

EMAG Methyl ethers of fatty acids (Esters méthyliques d'acides gras)

EPA Environmental Protection Agency

EU27+2 European Union (27 states) plus Switzerland and Norway

FDM Fused Deposition Technology

GDI Gasoline Direct Injection

GHG Greenhouse gas

GNC Compressed natural gas

GPL Liquefied petroleum gas

HAP Polycyclic aromatic hydrocarbons

HDPE High Density Polietilene

HEV Hybrid Electric Vehicle

MA Analytical mathematical model

MIJP Fuel delivery pump

MN Mathematical numerical model

NVH Noise, Vibration and Harshness

PE polyethylene

ROV Roll Over Valve

TFT Thin-film-transistor

UE European Union

WWEFC Worldwide Fuel Charter

List of standards:

Nr.crt. | Cod Description Content

1. EN228 | Carburants pour automobiles - Essence sans Requirements and test methods for
plomb - Exigences et méthodes d'essai unleaded petrol fuels

2. EN590 | GAZOLE Physico-chemical properties for diesel
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1% Part: State of the art of research on fuel behavior inside an automotive fuel
tank and the existence of slosh noise baffles systems

CHAPTER 1: State of the art of research on fuel behavior in the vehicle tank and the
development of slosh noise baffles systems

1.1. Fuel tank system
Forty years ago, vehicle fuel tanks were made of metal. However, although they provided an excellent
barrier against pollutant emissions, they faced problems due to corrosion, lack of tightness and high
mass. Because of these considerations, the automotive industry has started to look for alternatives and
turn to plastics [ALV96]. Thus, in Europe 1976 was manufactured the first plastic fuel tank (HDPE mono
‘ayer). Its success was based on corrosion resistance, low mass, impact
‘esistance, geometric flexibility, easy production system, environment and
;‘:?EIH“"E"‘ nuch improved working conditions® [PLA19]. The high share of HDPE
Adeziv slastic-based manufacturing technology is given by the two types of plastic
x;‘r‘:,“xﬂ"“‘ :anks: monolayer and multilayer coextruded (Fig. 1.1). Through durability
yoint of view, the performance of barrier layer presents an incomparable
ittractivity in comparison with fluorination solutions. [ZOH11].
The fuel tank system (fig.1.2) is characterized by the following main
functions: filling, storage, feeding, indication of fuel level. Its constraints
are related to regulations, vehicle architecture, acoustic requirements,
etc.[AUT14].

Razervor perate interior

Rezervor perete exterior
Fig. 1.1. Structure of a
multi-layer fuel tank
[WAL15]

In the case of plastic tanks, the main technologies used are: (1) thermo-blowing in the mold — obtaining
a fluorinated monolayer tank and (2) blowing coextrusion into the mold — obtaining a multilayered tank.

Modul Joja Pompa Alternatively, the thermo-blowing of

Modul Trapa

~N |A'f§ Joia . multilayer sheets can be maintained.
VR - The advantage of the following s
3 * ,,\:\ Gura de umplere that, together with the blowing of
) ) el the tank, the pipes/pump
3 \/ﬁ__tf - module/other accessories are added
P to the interior, allowing the
Suport fixare gura de

reduction of connection points and,

Anvelopa de rezervor umplere

by implication, leading to the
Q\/ simplification of the manufacturing
Vs process, but also to the reduction of
Bride de/fixare the amount of emissions.

Fig. 1.2. Fuel tank system [A2M15]

The types of technologies used to
manufacture plastic fuel tanks influence how solutions can be integrated to mitigate the noise produced
by waves inside the tank. Thus, there are geometric solutions integrated in the shape of the tank
envelop in the process of blowing into the mold, solutions of breakers welded directly into the envelope
during the double blow in the mold (twin sheet blow molding, fig.1.3. ), or even slosh noise baffles
solutions welded after the process of blown into the mold.

«Fuel is a liquid fuel used in internal combustion engines» [DEX15]. Fuels are substances that react
chemically with another substance to produce heat or produce heat through nuclear processes. In
Europe there are two main rules: EN228 which defines the quality of petrol and EN590, which defines

1Resilient and lightweight plastic that allows manufacturers to significantly reduce vehicle weight, increasing fuel
efficiency.
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the quality of diesel. All existing fuels
must comply with the normalized
technical specifications underlying the
two rules (EN590, EN228) [MAT16].
Horizon 2024 shows the switch to
EURO 6/7 and a CAFE coefficient = 95
g/km, Fig.1. 4. In addition, 10% of the
energy used in transport will be
renewable, in order to maintain the
sustainability of biofuels.

Fig. 1.3. Fuel tank detail of Twin sheet blow molding [PLA16]
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Fig. 1.4 Evolution of Euro rules [IFP16]

1.2. Fuel behavior in the tank

The tank provides several functions: supply, storage, fuel level indication and ventilation. While running,
once the fuel from the tank is operated by a delivery pump to supply the engine with the necessary fuel,
certain movements of the liquid called waves are produced [HAL11]. When the vehicle is running — by
accelerating, deceleration, sudden stopping or by crossing a bumpy road, waves form inside the tank.
They end up breaking and hitting the walls of the container. The more the waves have a greater
amplitude, the more violent the contact with the wall is. The noise produced by this type of wave is
known as "slosh noise". The phenomenon consists, in fact, in the continuous movement of the free
surface of a liquid in a partially filled enclosure with noise generation. The moment of inertia exerted by
the liquid is strongly correlated with the unit of time and may even be superior to the force of gravity
exerted by a solid with similar mass. This is one of the foundations underlying the transport and storage
of liquids. The most eloquent example is given by fuel tankers. Due to the dynamic behavior of the liquid
transported, it may have a major influence on the road. The situation is encountered in the case of the
transport of liquids by sea, rail, etc.

Through the "Problem solving" methodology [ADA16], the most efficient and economical plan of action
in this case is to solve the phenomenon by changing the design of the tanks, integrating solutions for
breaking the waves. In addition to the multiple advantages associated with this solution, there are
negative aspects too, such as the reduction of the useful capacity of the tank and, by implication, the
volume of expansion associated with a quantity of fuel, as well as the high price of the technology, must
also be taken into account.

The phenomenon is very often encountered at plastic tanks(HDPE). They are lightweight and at the
same time resistant. The technology of obtaining them, thermo-blowing in the mold, allows to decrease
the thickness of the walls of the tanks, which leads to the amplification of the noise felt in the passenger
compartment, produced by the movement of the liquid. This confirms the need of implementation of

8
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complex geometries in order to reduce wave generation or decrease their amplitude. However, the
increased efficiency is given by the insertion of wave breakers during the blowing process and beyond.
This type of solution poses a real challenge for tank suppliers. The physical result is influenced by the
number of inserted wave breakers, their shape and sizing. In addition to acoustic optimization, the
tensions at the walls and welding points decrease, thus increasing the life of the product.

Currently, there is no standard procedure, a clear series of parameters that could be defined and
applied to resolve the slosh noise effect. The input data is very varied and variable, and the occurrence
of waves cannot be transformed into a 100% predictable event.

Spargatoare de valuri
/ \ telescopice cu sistem
de prindere prin
clipsare pe interiorul
rezervorului in zona
superioara

Amplasarea spargatoarelor de
valuri in cadrul rezervorului

Fig. 1.5. Telescopic breakers [JAC11]
In general, most developed wave breakers are fixed in the tank after blowing it, by insertion through
one of the tank openings, such as the fuel pump module insertion hole. Due to the large size of some
baffles that could not be inserted through standard openings, Inergy Automotive Systems Research
identified the desirability of developing retractable wave breaking baffles(Fig. 1.5).

In order to keep the baffle in position, double fastening zones have been created within the tank
envelop, both at the bottom and at the top. The material from which the baffles of this type are made is
HDPE. In order to reduce the wave breaker dimensions, as well as to preserve the properties of
mechanical strength, both components (upper and lower) have various ribs and cutouts [JAC11].

Fig. 1.6. Absorbent net [RAMO09] Fig. 1.7. Dual function breaker for negative pressure-
resistant tanks [PAR10]

In some countries, due to regulations that impose the implementation of OBD (On Board Diagnostic
Systems) rules, it is necessary to test the tightness of the tanks by applying negative pressures. Thus, the
tank design comprises sections of interference between the lower surface and the upper surface of the
tank. Inergy also uses the shapes created as wave breakers (Fig. 1. 7). As can also be seen in the figure
1.7, there are also disadvantages in reducing the useful capacity of the tank and increasing its mass
[PAR10].
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In order to identify technical solutions for wave breakers, a benchmark was developed based on the
analysis of 23 models of tanks belonging to vehicles in segment B(details inTab.1.13 of the thesis). The
analysis was carried out both by participating in the car disassembly workshops that took place within
the Renault Group in Romania and France, and on the basis of the information available in the database
"a2macl". Key characteristics such as: tank mass, size, volume, material and the existence of wave
breakers were considered for this study [A2M15]. It was found that out of 23 cases analyzed, only
17.4% had metal tanks with baffle solutions integrated. There are also metal baffles attached to the
upper/lower shell by multiple welding points.

Of the remaining 82.6% of plastic tanks, only 8.69% have integrated tanks in the tank envelope. None
of the plastic tanks analyzed showed any solution of integrated baffles in the tank (by welding in line or
offline).

Car producers have worked with tank suppliers to find various methods of wave reproduction since the
tank development phase. They turned this effect into a requirement for the acoustic performance of a
tank. Currently, there is no standard procedure, a clear series of parameters that could be defined and
applied to resolve the slosh noise effect. Input data are very varied and variable, and the occurrence of
waves cannot be transformed into a 100% predictable event[JAC11].

CHAPTER 2: Conclusions on the current state of the research

This first part is an introduction to the automotive field, fuels, tank systems and identified problems. The
phenomena that occur inside the tank, such as the movement of fuel and waves generation, highlight
the complexity of the overall physico-chemical properties of a liquid, but also the importance of applying
technical solutions with high impact.

A notable and important aspect is that there is currently no standard procedure for reproducing wave
events and no template for applying a particular technical solution. It is a starting approach that allows
for diverse analysis and innovations to be carried out.

Wave breakers/ baffles are the subjects of many patents, but their applicability is still not proven on a
global scale. As customer demands increase, materials evolve and noise becomes more and more
perceptible by the customer. Wave breakers will be reinvented so that the implementation of such a
solution will no longer be confronted with financial difficulties, time or even resource considerations.

10
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Part Two: Theoretical and practical contributions to the development of anti-

flashing systems for motor vehicle tanks

CHAPTER 3: Objectives of the doctoral thesis

Based on the analysis of the specific literature on the various types of fuels used, the technical problems
they may generate, the slosh noise phenomenon and the behavior of the liquid inside the tank of a
vehicle, presented in Chapter 1 on the current state of this thesis, it has been established as the main
objective of doctoral scientific research the following:

Development and implementation of innovative wave braking systems integrated into the envelop of an
existing fuel tank, in order to modify the dynamic fuel behavior and reduce the slosh noise phenomenon.

In order to achieve the main objective, the following derived objectives have been defined:

a) Research on the development of a wave braking system for motor vehicle tanks:

Develop integrated wave breaker concept in an existing fuel tank;

Study of technical solutions of wave breakers boarded on the delivery pump mode;

Static analysis of the variants of wave braking systems developed by performing numerical
simulations in the ANSYS V19.0 Static program for the study of the deformability and breaking
resistance of the technical solutions studied;

Mathematical modelling for the two hypotheses to be studied: the fuel tank without technical
wave breaking solutions and the fuel tank that presents solutions against slosh noise;
Correlation of the movement of free surfaces with the noise level generated through the
approach of mathematical modeling.

b) Experimental research on functional analysis - acoustic tests based on the use of variants of wave
braking systems under real conditions:

Elaboration of the test method and scenario to follow;

Design and manufacture of the necessary prototypes and needed test support;
Determining the limitations of test hypotheses;

Conducting actual acoustic tests;

Collection of records and filtering of representative data;

Statistical analysis of processed data;

Dissemination of the results obtained;

In order to accomplish the main objective, as well as the derived objectives, the following activities are
carried out:

Design of generic models for parts of the test assembly;

Study of optimal materials for the manufacture of wave breakers;

Identification of the optimal material for 3D printing of prototype parts and its limitations in
relation to the material used in the numerical simulations carried out;

Optimized design for 3D printing of the necessary prototypes;

Development of a methodology for testing technical solutions by reproducing the internal waves
generation in real conditions: on the car within a generic tank;

Validation of industrial applicability for studied wave breaker technical solutions;

Validation of the efficiency of innovative technical solutions to reduce the slosh noise effect in
relation to an integrated wave-breaker-free tank.

11
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CHAPTER 4: Theoretical and practical contributions to the development of anti-slosh noise
systems for motor vehicle tanks

4.1.Design of anti-slosh noise systems for car tanks

Following the benchmark study described in Chapter 1 of the paper, key characteristics were
considered, such as: tank mass, dimensions, volume, material and the presence of wave breakers. Thus,
the first hypotheses were developed for the development of a generic tank model that will be used for
the study of integrated wave breaker solutions.

For the choice of the shape regard to the general tank model
to be studied, a cuboid e.g. the sides calculated as an
average of the tank lengths and size values shown in Table
13 (see detailed thesis) ) of Chapter 1 was considered. The
width is calculated as the size needed to get the average
volume in the study. Therefore, the tank will have
dimensions 1000 X 520 X 160 mm. It will respect the
particularities of a plastic tank, such as the thickness of the
side walls (2-4mm), rounded edges, areas for fixing the Fuel
Delivery module (Fig.4.1). Starting from the generic tank obtained, several conceptual variants were
made (Fig. 4.2, 4.3) for the further realization of wave-breaker concepts. For the solution shown in Fig.
4.2, the main advantage is that it does not add additional operations to the technological manufacturing
process and can be used for several tanks. The disadvantage of such a solution is that it reduces the
useful volume of the tank, at the same time, can only be implemented by significantly modifying the
current design, but can be considered regarding the situation of the tanks in the design phase.

Fig. 4.1. Detail of the generic model of
fuel tank
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Fig.4.2. Solution A — front view of breakers integrated
into the shape of the tank tire during the mold
blowing process, both on the lower shell and on the
upper shell; 1/top view of the tank; 2/pump mode;
3/top view of the breaker; 4/ front view of the tank;
5/front view of the upper breaker; 6/ front view of
the lower breaker; 7/ side view

Fig.4. 3. Solution B —integrated wave breaker on the
pump module;
1/top view; 2/module; 3/breaker in closed position; 4/top-
breaker view during installation—opening phase; 5/breaker in
position; 6/front view of the breaker - section

The solution highlighted in Fig. 4.3. is a wave breaker made of a malleable material with increased
elasticity, which wraps itself on the delivery-pump module. After insertion into the tank, the wave
breaker opens due to its elastic properties. As can also be seen in Fig. 4. 3., the length of the breaker
may not cover the entire length of the model tank. The length is limited by the circumference of the
delivery pump module. A simple solution is to design a wing with a length equal to half the
circumference of the mode, but a wing of the length equal to the circumference of the module can also
be achieved by a more complex design. By implementing the ski space in Fig. 4.3. the aim is to reduce
the noise caused by the waves inside the tank breaking from its walls. In addition, in the case of a tank
which had severed slosh noise performance without changing the envelop concept, this type of solution
represents a potential for improvement at minimal cost.
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4.2. Elaboration of 3D models for the anti-slosh noise Wing Baffler solution - embarked

Based on the arguments generated for the solution presented in Fig. 4.3, the development of 3D models
was done to study in detail the possibility of implementing the
designed solutions. For an overview, in Fig. 4.4 are highlighted:
The Fuel Delivery module, Wing Wave breaker assembly, but
also its integration within the generic tank [MAN15]. Following
the deepening of this solution, it was found that:
- The presence of the float and its projections influences
the length and shape of the wings;
Fig. 4. 4. Wave breakers integrated - The possible movement of the module arm influences
into the tank the areas of grip and insertion of the wings;
- The structure of the wings may present risks in terms of increased flexibility and open position
in assembly operation;
- Number of limited wings;
- The length of the wings limited by the diameter of the Fuel Delivery module.

If the wings were finally folded around the module, now the wings
are strapped together by overlapping. This type of folding does not
interfere with the possible movement of the module arm and
allows the length of the wing-type baffle to be stretched (Fig. 4. 5).

Fig. 4. 5. Closed-wing The assembly of the module equipped within the generic tank is

Module Ensemble shown in Fig.4.6. Introducing the module with the folded wings
into the existing hole in the tank, intended to insert the Fuel
Delivery module .

In order to keep the wings in an open position and avoid the risk of
over-extension, a technical solution has been adopted that
involves the implementation of multiple ribs, at the base of the
Fig. 4. 6. Tank assembly — closed wings, and on the rest of the surface.

wings - pre-assembly

The equipped Fuel Delivery module comes with its wings in an
open position. At the time of installation, the operator tightens/closes the wings on top of each other to
facilitate the assembly of the module with the tank. The wings of the module have ribs for stiffening of
the wings, so that during functioning keeps opened and perform their wave-breaking function [DEM12].

The general characteristics of the concept of Fuel Delivery module equipped with slosh noise baffle with
wings inside a tank are:

- Insertion of the Wing Baffle in the same operation of insertion of the module into the tank;
- Use within an existing tank to improve the slosh noise benefit;

- Possibility to generate various shapes and sizes, depending on the design of the tank;

- Base for the study and development of other similar technical solutions.

Based on the design previously made for the solution presented in Fig. 4.4., keeping the main feature —
the slosh noise baffle usable on existing tanks — a second concept was generated to solve the problems
identified in the deepening of the concept « Wave breaker Type Wings» :

- The possible movement of the module floating arm influences the areas of grip /insertion of the
wings;

- The structure of the wings may present risks in terms of increased flexibility and keeping the
position open in operation;

13
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- Number of limited wings;

- The length of the wings limited by the diameter of the pump mode.

4.3. Elaboration of 3D models for the “Link Baffle” slosh noise reduction solution

To mitigate the risks of flexibility and wing position, it was considered to
design a central support (Fig.4.7) that will be assembled on the Fuel Delivery
module on which the baffle wings will be assembled in the fuel tank.

Making this support, changes one of the characteristics of the “Wing Baffle"
concept, that of the insertion of the baffle at the same time with the Fuel

Fig. 4.7. Folded wing Delivery module, but will solve the issues identified regards to the limiting the
link type length of the wings, as well as their number. Previous design of the wings are
modified so that they can be inserted with the central support before insertion of the Fuel Delivery
module. For this, a new concept of wings, type "Link" (Fig. 4.7) was considered. The length of the wings

can be given by the number of Links. This Links
are connected to each other, directly with the
help of pins, and a rigid cable will assure their
interconnection. The number of Link type baffle
wings may differ depending on the necessity

Fig. 4.8. — Pre insertion  Fig. 4.9. — Final insertion of ~ and complexity of the project. The cable

MIJP

MIJP

connects the Links with the central support,
while also ensuring a connection of the wings,

passing through the central body (Fig. 4.8—cable in free position). At the time of insertion of the pump
Fuel Delivery module (Fig. 4.9), the cable will stretch and the tension of it will ensure a rigid and fixed
position of the Links in functioning. The general characteristics of the Link slosh noise baffle solution

concept are as follows:

- The insertion of the baffle wings considered an easy solution for any technological

manufacturing process.

- It can be used for an already existing tank design, which is intended to improve the slosh noise

benefit.

- Possibility to generate various shapes and sizes, depending on the design of the tank.
- Base for the study and development of other similar technical solutions.
- Possibility of modifying the shapes of the central body, but also of the other elements,

depending on the requirement.

- Possibility to add more interconnected structures.

}

Fig.4.9. Detail of adjacent flexible
cylinder embarked on pump mode —
fastening and positioning area / anti-

rotation

Following a detailed analysis of the concept, it was found that
some difficulties led to optimizations. As a result, an extensive
process of optimizing the project has been carried out. Thus,
the following solutions were implemented:

Cutting the related cylinder (central support), both
around the floating arm, and in the area of the vents
(Fig. 4.9).

The degrees of freedom were taken over by an anti-rot
system between the connected cylinder and the Fuel
Delivery module, as can be viewed in Fig. 4.9.

The connection mode of the breaker has been
redesigned to allow the assembly of a pin for locking on
a larger surface. In addition to the pins, a guide and
positioning channel was also developed. It also limits

14
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the rotation between two Links. Larger areas require less precision in the manufacturing
process, thus reducing the cost of execution for the Links.

- The spaces between the fairies have also been diminished to facilitate cable shortening. This
measure improves the stability of the breaker after the assembly stage. For added efficiency,
the area of passage of the cable through the za was modified by creating a contact area of a
length like that of a tile, thus giving an added robustness to the assembly. The number of Links
is defined according to the geometry of the tank in the.

The idea of wrapping the structure of

"4&. interconnected fairies around the module
had to be partially abandoned. The

attachment of the tiles to the additional

cylinder has been preserved and the

Fig.4.10. Insertion of the Fig.4.11. Baffle in pre- structure of interconnected cable tiles has
baffle in the fuel tank assembly stage a degree of flexibility due to the assembly
tolerances allowing the breaker to be
inserted into the tank with a positive
impact on the assembly process carried out
by the operator (Fig. 4. 10, Fig. 4. 11). The
Links have a rectangular shape to allow the

Rl o J integration of the technical solution of self-
Fig. 4. 12. Central cylinder and interconnected cable- locking and grip through the channel and
connected Links in not tensioned position, slightly pin. A circular Link solution does not favor

flexible assembly complex assembly.

The cables pass on both sides of the Links
(Fig. 4.12). They shall be straining when the Fuel Delivery module is progressively inserted. The length of
the not tensioned cable is equal to the length of the tensioned cable. This ensures stiffness with the
movements of the liquid in the tank.

According to the technical literature studied, the perforations in the baffle diminish the forces exerted
by the waves over the assembly (Fig. 4.12) [HOI04].

4.4. Elaboration of 3D models for Fishbone Wave Breaker solution

As in subchapters 4.3 and 4.4, the novelty

is to create a technical solution for

modular wave braking and adaptable to

the geometry of an existing tank. The

Fig. 4.13 — Fishbone slosh noise baffle proppsed solution is presented in Fig. 4.13

and is an adaptable baffle for several fuel

tank typologies, using as a functional

component complex module that forms the breaker's wing by assembling more such modules. Due to

the shape of the resulting wing resembling a fish skeleton, the wave breaker was given the name
"Fishbone".

The module that forms the wings is a complex component. Thus, the main constructive features are:

- The width of the rod is adjustable according to the width of the tank through the integrated spring
(Fig. 4.14. Balloon 3) in the rod (Fig. 4.14, Balloon 2).

- To avoid aggression of the surface of the tank (upper/lower) use rubber finishes (Fig. 4. 14. Balloon
1).
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- Flat surfaces represent the upper and lower wings that have the role of breaking the waves
produced inside the tank. The gaps/cuts present in the geometry of the wings make the wave-
breaking process more efficient.

- The length of the spring is adjusted according to the space available in the tank and its geometry.
The assembly is done through the interconnection elements (Fig. 4.14, Balloon 5) in two stages:

- Position and partial introduction into the conjugated element (Fig. 4.15).

- Pushing the element into the conjugated element until triggering the self-locking system (Fig.
4.16). The assembly thus created is non-removable. In Fig. 4.17 observe an isometric view of
subassembly.

"i@é) il ikl
e 1
- | \@
= = = =
Fig. 4.14. Fishbone element Fig. 4.15. Fig. 4.16. Fig. 4.17. Isometric

1. rubber plot / 2. Rod / 3. resort/ 4.upper wing/ 5.
interconnection element/ 6. lower wing

View

Interconnected
Element

Interconnection
element — stage
one

The interconnected elements are assembled on a cylinder
connected to the Fuel Delivery module. The cylinder is cut
with vents for the Fuel Delivery module Float (Fig. 4.18). It
presents predefined areas to connect wave braking Fishbone
modules. The areas will be used according to the geometry
of the tank. The cylinder correlates with the position of the
Fuel Delivery module and does not rotate. In Fig. 4.19 is

Fig. 4.18. Cutting Fig. 4.19. presented the positioning and anti-rotation element model

cylinder - Venturi Assemble [FRA13]. The interconnected rods retain their assembly

area and Float cylinder on pump  principle (Fig. 4.16) to be mounted on the cylinder (Fig. 4.
module 18).
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CHAPTER 5: Static analysis of variants of slosh noise reduction systems developed

5.1. General considerations

The analysis aims to study the behavior of slosh noise baffle during working status. An analysis shall be
considered based on the application of forces to the surfaces of the wave breaker in order to assess its
resistance to breakage and its behavior to deformation.

Study the three slosh noise baffles models presented:
- ,Wings” baffle solution.
-, Link” baffle solution.
- ,Fishbone” baffle solution

The material considered for the analysis of the three types of slosh noise baffles is polypropylene - "a
thermoplastic polymer, used in a wide range of applications: packaging, labelling, textiles, plastic parts,
automotive components, etc. This thermoplastic polymer is very robust and incredibly resistant against
many chemical solvents, acids and bases" [LUB15]. Some of its characteristics that we follow in this
study are found in Table 5.1.

Tab. 5.1. Mechanical properties of polypropylene [ULP15]

Hardness, Rockwell R 20.0— 118 HR
Traction resistance 9.00 - 80.0 MPa
Breaking resistance, yield 60-170 MPa
Breaking elongation 900 %
Bending resistance, yield 20.0- 180 MPa
Compression resistance, yield 55.2 MPa

Note from Fig. 5.1. that the breaking
POLIPROPILENA resistance varies depending on the thickness
of the material and the temperature of the
environment in which it is used. Therefore,
temperatures between -30 °C and 80 °C were
considered at the level of the car fuel tank.
Thus, we can consider the breaking resistance
of polypropylene in the "Slosh Noise Baffle"
application between 60-170 MPa (Fig. 5.1)
TEMPERATURA (°C) [ULP15].

=== (Grosime 1 mm
== Grosime 2 mm

Grosime 3 mm

REZISTENTA LA RUPERE { MPA)

-
[e=]
[e=]

The calculation of the force applied by the
Fig. 5.1. Break resistance of polypropylene according study was carried out considering the

to temperature [ULP15] maximum possible force with which the amount of
liquid in the tank relative to the speed of travel
(Tab.5.2).
Tab.5.2. Input parameters
Speed [km/h] Time [s] Speed [m/s] Acceleration [m/s2]
10 1,39 2,78 2
30 3,65 8,33 2,28
50 5,40 13,89 2,57

Thus, according to the fuel volume and driving speed proposed in the study, the results presented in
Tab. 5.3 were obtained.
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Tab. 5.3. Calculation of forces applied according to addictive parameters
Fuel volume Diesel fuel Density Mass Force Force Force
[L] [kg/L] [kg] 10km/h [N] | 30km/h [N] 50km/h [N]
15 0.832 12,5 25,1 28,6 32,2
25 0.832 20,9 41,8 47,6 53,6
35 0.832 29,2 58,5 66,6 75,1
45 0.832 37,6 75,2 85,7 96,6

The maximum force developed by the fuel fluid in the tank is 96.6 N for a diesel fuel volume of 45L,
considering an acceleration from Okm/h to 50 km/h in 2.57 seconds.

So, for numerical simulations on deformation study performed using ANSYS V19.0 software, it will be
considered a superior approximation of the maximum value of the force (96.6N) namely 100N.

5.2. Static analysis for The Wave Breaker Wings Type
5.2.1. Determination of study characteristics

The fixed part of the assembly, the outer surfaces of the pump
mode and the grip surfaces of the wings located on the
module (Fig. 5.2) shall be considered as a fixed part of the
assembly. At the same time, the vertical position of the
module in the analysis system is considered.

5.2.2. Study of deformation

A force of 100 N perpendicular to the surface of the baffle

wings shall be applied to determine its maximum theoretical
Fig. 5.2. Fuel delivery Module boarded  deformation in the system.

with wing wave breaker

0.77138 Max
-254.13
-509.03
-763.93
-1018.8
-1273.7
-1528.6
-1783.5

-2038.4
-2293.3 Min /

-2293.3 Min

Fig. 5.4. Maximum wing

Fig. 5.3. Wing deformation — X Axis direction deformation

A deformation of the wing can be observed in the direction of force application (Axis -X ) of up to
2300mm (Fig. 5.3). Furthermore, deformation occurs along the length of the wing, and the degree of
maximum deformation is present on the end of the wing and can reach 2300 mm from the original
position. Behavior can be seen in plane XY in Fig. 5.4. This deformation value also concludes an
elongation of the material in use.
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5.2.3. Study on breaking resistance

For the purpose of studying breaking resistance, the same force of 100 N shall be applied to the surface
of the wings. The Von Mises theory is applied to determine the risk areas. Specifically, if the baffle will
withstand the required loading conditions. The concept of Von Mises stems from the theory of
deformation energy. This is the comparison between two types of energies: the deformation energy in
the current case and the deformation energy in a case of simple deformation at the time of breakage.
According to this theory, rupture occurs when the deformation energy in real case is greater than the
deformation energy in a case of simple voltage at the time of rupture [PHA16]. From the simulation
(Fig.5.5) you can see the surfaces with the highest risk of breaking.

'm
A: Static Structural A Static Structural
Equivalent Stress Equivalent Stess.
Type: Equivalent (von-Mises) Stress
Ps

Type: Equivalent (von-Mises) Stress
Unit: MPa.

Timne: 1
1/2/2017 7:33 PM

6.7977e-6 Min M 000

Fig. 5.5. Identification of breaking risk areas Fig. 5.6. Detail of the maximum risk“zmone at breakage

Considering the Von Mises theory, the baffle wing has the highest risk of breaking in the area indicated
by the red color (Fig. 5.5) and in the grip area with the pump-beam module (Fig. 5.6), recording values of
160.26 MPa. Considering the material characteristics of polypropylene, i.e. the breaking resistance
between 60 MPa and 170 MPa, under the given conditions, we can conclude that the material and the
actual design/design pose a risk to breakage.

5.3. Static analysis for Link slosh noise baffle

The static analysis for the Link baffle was carried out using the same structure and input data as in the
system in the previous study — Wave baffle Wings type. Depending on the scenario tested, for the study
of extreme cases treated in numerical simulations, consideration will be given to:

- A force of 100N applied perpendicular to the surface of the baffle - the value of this force shall be
considered the maximum possible upper rounded value in accordance with section 5.1 of this
Chapter.

- A force of 30N applied to the lower part of the breaker, and its value represents 30% of the
possible extreme value of a force, according to Tab. 5.3.

- A force of 20N applied to the last structure of the breaker, and its value represents 20% of the
possible extreme value of a force, according to Tab. 5.3. and considers that the last Link within
the baffle represents 20% of its structure.

5.3.1. Study on deformation

5.3.1.1. Deformation under the conditions of application of the force considered on the
Link type slosh noise baffle assembly

A force of 100 N perpendicular to the wings of the Link Baffle shall be applied in the direction of the X-
axis to determine theoretical deformation. Different behavior can be observed as opposed to of the
previous case studied. In the case of the current analysis, a movement of the Links is observed following
the application of force and a tension / deformation of the cable connecting them. The deformation of
the material of the Links is almost non-existent. A total bending/deformation of the wings is obtained in
the direction of the X-axis of up to 35 mm. (Fig. 5.7)
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A force of 100 N perpendicular to the
g““‘:‘.‘?‘é‘l‘%“m — wings of the Link Baffle shall be applied
o e e in the direction of the X-axis to
LT s determine theoretical deformation.

35.564 Max
31556

-0.51276 Min

Different behavior can be observed as
opposed to of the previous case
studied. In the case of the current
analysis, a movement of the Links is

Fig. 5.7. Deformation areas at risk of breakage for the Link observed following the application of

Baffle design force and a tension / deformation of the

cable connecting them. The deformation of the material of the Links is almost non-existent. A total
bending/deformation of the wings is obtained in the direction of the X-axis of up to 35 mm. (Fig. 5.7)

5.3.1.2. Deformation when applying a force to the entire surface of a wing

A force of 100 N shall be applied to one the Baffle wings. Thus, a greater total wing deformation can be
observed than in the previous case, i.e. 92 mm in the direction of force application (Axis X), (Fig. 5.8).
The behavior of deformation is not linear on the surface of the wing, each Link of this breaker changing
its position. Behavior can be observed in the XY plane according to Fig. 5.9. This deformation can be the
displacement of the Links at the time of impact with the waves in the tank, which theoretically also
respects the idea of this design in order to reduce the forces acting on the baffle.

A: Static Structural
Directional Deformation

Type: Directional Deformation(X Axis)

Unit: mm
Coordinate System
Time: 1

1/2/2017 356 PM

91.714 Max
81335

= 70,955
60.576

L
s0.197
|

39.818

. 29.439

! 19.06
8.6809

= -1.6982 Min

\

Fig. 5.8. Deformation of the Link Baffle Fig. 5.9. Detail on structural deformation

5.3.1.3. Deformation of the Link subassembly following the application of a 20N force on
the last Link of the baffle

A: Static Structural
Directional Deformation !
Type: Directional Deformation(X Axis)
Unit: mm
Coordinate System
Time: L

12/21/2016 LL1LAM

0.9004 Max
;o661
R
-5,5992
7658
-0.0323
-12.008
-14.265
-16.432
-18.599 Min

Fig. 5.10. The phenomenon
of twisting the Baffle's wing
following the application of
a force of 20N on the last
Link of the assembly

Due to this behavior it is necessary to apply independent forces on the
Links of a wing in order to establish the conformity of this design. Thus,
it is considered the application of a force of 20 N on the last Link of the
Wing assembly, in the direction -X, considering a smaller amount of fuel
that can act on the surface. An uneven deformation and a change in the
shape of the entire surface of the baffle's wing can be observed in the
XY plane. Thus, the upper wing area reaches a deformation of 18 mm
on the X axis, and the lower area reaches a deformation of 9 mm on the
X axis, practically producing a twist of the subassemblies, (Fig. 5.10). This
shape change may lead to an increase in cable tension and its
degradation.

5.3.1.4. Deformation when applying two forces to a wing

To conclude this, the application of an extreme force of 100 N on the upper area of the Links (Fig. 5.11)
and a smaller force of 30N on the lower area is considered to highlight the deformability of the baffle.
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Directional Deformation

Type: Directional Deformation(X Ads)
Unit: mm

Coordinate System

Time: 1 Time: 1
12/21/2016 11:29 AM 12/21/2016 11:29 AM
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Fig. 5.11. Force application area ig. 5.12. Deformability ~ Fig. 5.13. Deformity of the ensemble —
of the assembly front view

The same behavior as the previous one can be observed, with a decrease in the difference in the level of
deformation in the XY plane between the lower and upper part (Fig. 5.12). As with the application of an
extreme force, which theoretically could not be achieved in operation, that only on an area of the baffle,
the area deforms by a total of 37mm, without any deformation of the Link subassembly, the
deformation being induced by the connecting cable (Fig. 5.13).

5.3.2. Study on breaking resistance

The breaking resistance of the assembly will be achieved by considering the application of the Von
Misses theory on the three simulations applied in the case of the deformability study.

5.3.2.1. Break resistance under the force considered to be applied to the Link Baffle
assembly

For the study, the simulation in 5.3.1.1., concerning the application of a force of 100 N on the Link Baffle
assembly and using the Von Mises theory, shall be considered. Thus, an increase in tension can be
observed in the connecting cable as well as in attachment of the Links on the maximum stretching area.
(Fig. 5.14, Fig.5.15)

Fig. 5.14. Highlighting the Tension in the Fig. 5.15. Highlighting the risk area for breaking the
connecting cable connecting cable

In detail (Fig. 5.16, Fig. 5.17), there is an increase in tension in the connecting cable material of up to 25
MPa and in the Link material, in the grip area, up to 22 MPa. Considering as a material for Link
polypropylene, the baffle will withstand exposure to a force of 100 N, polypropylene having the
resistance to breakage between 60-170 MPa. In the case of a steel connecting cable, it will withstand
breaking under these conditions due to its breaking resistance between 1500-2500 MPa [ULP15].

r B

Eain
MPs

Time: L
1272917 10:34 PV

Fig. 5.16. Detail of the area in risk of breaking — Fig. 5.17. Area with risk of breakage — top view
front view
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5.3.2.2. Break resistance when applying force to the entire surface of a wing

In this case, following the application of a force of 100 N on the surface of a wing, it can be observed the
increase of the probability of breakage only in the catchment area of the Links with fixed support, (Fig.
5.18). In detail (Fig. 5.19, Fig. 5.20), two areas where deformation can lead to breakage are observed.
One of the areas is the area of the end-key, where friction with the fixed support may occur due to the
deformation of the assembly. In this area the material reaches a maximum voltage of 30-35 MPa, which
means that the material will withstand breakage when using polypropylene, this having the resistance to
breakage between 60-170 MPa.

Time
Time: L
1/2/2017 9:59 PM 1/2/2017 9:59 PM

57.457 Max
51073
= 44689

38.305
L

2.3361e-6 Min

Fig. 5.18. Deformability of the Fig. 5.19. Detail on cable Fig. 5.20. Cable breaking
assembly breaking resistance - side view resistance detail — top view
An increase of tension up to 60 MPa can be noticed in the fixing cable.

5.3.2.3. Breaking resistance when applying a force on one subassembly

In this simulation, it is considered the application of a force of 20 N on the last Link of the wing (Fig.
5.21, Fig. 5.22). If in the case of deformation, a displacement of the wing in two planes has been
observed, in the case of breaking resistance, the forces acting in the material do not exceed 15 MPa.
Considering the 60-170MPa limit of breaking resistance in the case of polypropylene, in this case, the
Baffle will resist.

Time: 1
12/21/2016 11:50 AM

14.015 Max

21752e-6 Min -

Fig. 5.21. Deformabil#y of the a;:s";embly ig. 5.22. Risk area detail
5.3.2.4. Break resistance when applying extreme force

The third simulation confirms the results of the first simulation. Thus, in the case of the application of
extreme forces in the upper area of the Links, forces can be observed on the surface of up to 82 MPa on
the area of the fixing surface of the Links (Fig. 5.23, Fig. 5.24).

quiva
Type: Equivalent &
Unit: MPa

Time: 1 g
12/2172016 11:41 AM MPa
Time; L

SR ks 12/21/2016 11:42 AM

73.240

82.405 Max
73.249

| I Geometrv {Print Preview ). Renort Preview

Fig. 5.23. Highlighting the risk zone Fig. 5.24. Risk area detail
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Therefore, under normal conditions of use, the wave breaker will withstand breakage and can change its
shape/position by up to 35 mm. This concept has a much safer design than the Wing Baffle solution.

5.4. Static analysis for Fishbone slosh noise baffle

Static analysis for the Fishbone Baffle (Fig.5.25) was performed using the same structure and the same
system input data as for the study of the Link Baffle.

Fig. 5.25. Fishbone Baffle Fig. 5.26. Fixing cylinder detail

5.4.1. Study on deformation
5.4.1.1. Deformation in case of application of force on the wing

In order to determine the degree of deformation, a force of 100 N can be applied to one of the wings in
the direction of the X-axis. Thus, deformation occurs between 0.3 mm and 1.8 mm (Fig. 5.27). In
addition, a slight twisting of the blades can be observed (Fig. 5.28).

-0.13575
-0.38085
-0.62596
-0.87106
-1.1162
-1.3613
-1.6064
-1.8515 Min

-1.8515 Min

0.00 100.00
50.00

75.00

Fig. 5.28. Top view of the deformability of the
assembly

—
150.1

Fig. 5.27. Deformability of the Fishbone assembly

5.4.1.2. Deformation when applying a force to the pallet subassembly

Due to this behavior, independent forces are needed to be applied to the blades of a wing in order to
determine their efficiency and strength, (Fig. 5.29).

Fig. 5.29. Strengths applied Fig. 5.30. Breaker Fig. 5.31. Deformability Detail
independently on the blades of a wing deformability
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Thus, it is considered to apply a force of 20 N on the last set of pallets, in direction X, considering a
smaller amount of fuel that can act on the surface. Uneven deformation and a change in the shape of
the blades and the wing can be observed in the XY plane (Fig. 5.30, Fig. 5.31).

Thus, the deformation of the wing reaches 4 mm on the X axis including a deformation of some pallets.
5.4.1.3. Deformation in the case of the application of extreme forces

In order to check the deformability of the assembly, an extreme force will be applied as in the case of
the Link Baffle. A force of 100 N shall be applied to the upper part of the wing structure and a force of
30N to the lower area to highlight the deformability of the assembly. The increase in deformation in the

XY plane can be observed to 7mm in the direction of the X axis, the smallest deformation of the three
types of breakers studied (Fig. 5.32, Fig. 5.33).

Directional Deformation

Type: Directional Deformation(( &xis)
Unit: mm

Global Coordinate System

Time: L

12/31/2016 2:13 PM

Directional Deformation

Type: Directional Deformation( &xis)
Unit: rm

Global Coordinate System

Time: L

12/31/2016 2:10 PM

7.9767 Max
6.2222
4.4677
27132
0.9587
-0.79581
-2.5503
-4.3048
-6.0593
-7.8139 Min

7.9767 Max
6.2222
4.4677
27132
0.9587
-0.79581
-2,5503
-4.3048
-6.0593

0 -7.8139 Min

Fig. 5.32. Ensembl.e deformation = Fig. 5.33. Ensemble deformation — front view
top view

n.nn sn.nn mn.an in

5.4.2. Study on breaking resistance

The three cases of simulations shall be considered in order to study and highlight the breaking
resistance of the Fishbone type assembly and its pallets.

5.4.2.1. Break resistance when applying a uniform force to the wing surface

A force of 100 N shall be applied to the direction of the X-axis to the surface of a wing of the Baffle. It

can be seen in figure 5.34 the appearance of tension in the material only in the areas of attachment of
the blades.

Thus, the greatest risk of breaking in the catchment area of the Fishbone assembly with the fixed central

area (Fig. 5.35) is recorded. Considering the breaking resistance between 60-170 MPa it can be
considered that the assembly resists breaking in operation.

Equi Stress

Typ: lent (von-Mises) Stress
Time: 1

1/2/2017 10:33 AM

65.568 Max
58.282
50.997
3712
36.426
29.141
21856
14,571
7.2853
0 Min

0.00 50.00 100.00 {mm)
)
25.00 75.00

Fig. 5.34. Tension area — overview Fig. 5.35. Maximum tension area detail

An accumulation of tension in the material can be seen in the catchment area with the fixed assembly of
the Fishbone type breaker. The effect is similar in all three baffles analyzed.
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5.4.2.2. Break resistance when applying a force to pallet subassembly
) Following the application of a force of 20 N on

Time: L

Equivalent Stress

SRS the pallet subassembly located at the free end of

a wing, material tension accumulations (Fig. 5.36)
can be observed both on the wing arm (15-30
MPa) and at the pallet level in the contact area
with the arms of the subassembly (15-70 MPa).

o T u Considering the properties of the material, it can

25.00 75.00

Fig. 5.36. Breaking risk areas — overview be concluded that the resistance of the assembly
to breakage is greater than the simulated values.

5.4.2.3. Break resistance when applying extreme forces

Following the application of 100 N forces to the
upper area of the assembly and an additional
force of 30 N to the lower area, increased
tension in the material in the wing grip area with
the fixed support is observed. This confirms the
initial study. The material may fail (Fig. 5.37) in
case of use under high temperatures (>50°C),
polypropylene may enter the plastic deformation
zone.

Fig. 5.37. Detail of breaking area

Considering the results of this static analysis, the Fishbone wave breaker has less deformations than the

previou

s concepts studied, but may pose a breaking risk when applying forces leading to the twisting of

the wing subassembly.

5.5. Conclusions and research directions

Following the static analysis of the three models, in the case of normal use, the following are concluded:

1.

The Wing slosh noise reduction Baffle has a wing deformation of 2300mm and a risk of breaking
the wings, the largest deformation of the three concepts analyzed.

The Wing slosh noise reduction Baffle presents a risk of breakage, the material being able to
yield at 180 MPa, considering the application of a force of 100 N perpendicular to the wings.
This concept will be abandoned for future studies.

The Wing slosh noise reduction Baffle has the greatest deformation of the wing under normal
operating conditions >13mm. Thus, it will not proceed to the stage of making prototypes to
confirm results by carrying out physical tests.

Under normal conditions of use, the Link slosh noise reduction Baffle will withstand breakage
and can change its shape/position by up to 35mm.

The Fishbone slosh noise reduction Baffle shows the slightest deformation of the wing under
normal operating conditions <5mm.

For use in extreme conditions it is recommended to use a material with polypropylene-like
properties but with a breaking resistance >100 MPa.

For Link and Fishbone slosh noise reduction baffles, the analysis will continue to demonstrate
efficiency on the modeling of dynamic fuel behavior in the vehicle tank.
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CHAPTER 6: Dynamic analysis by mathematical modeling of the movement of
fuel waves in a tank, with and without slosh noise baffles

6.1. Introduction

The slosh noise phenomenon, which occurs in a tank filled with liquid, when braking, after its movement
at a uniform speed, has been studied by various methods: analytical, numerical or experimental. [LAZ0O]
[IAC52]

The analytical method involves the use of the potential formulation to define the free surface of the
fuel, which is an (almost) incompressible fluid. In some cases, the theory of potential is not sufficient,
the determination of the free surface inside the tank being closely related to the correct approximation
of the sound generated by the liquid wave, but can be used as a useful first approximation in later
modeling.

The numerical method involves different approaches in the analysis of the slosh noise phenomenon that
occurs in a closed fuel tank, of which one can list: (1) approximation of MAC (Marker and Cell), (2)
approximation of the volume of fluid VOF (Volume of Fluid Method), Method LSM (Level Set Method) or
(3) a combination of these methods. More recently, the Approximation of SPH (Smoothed Particle
Hydrodynamics) (4) was used in 2D numerical approximations to simulate sound propagation [SAG18].

Regardless of the approach, the main variables on which the slosh noise phenomenon depends are:

- the depth of the liquid;

- the geometry of the tank;

- frequency and amplitude of the initial external force acting on the tank.
To reduce this acoustic phenomenon, various types of slosh noise baffles can be installed in the tank.
Their role is to reduce both the pressure on the ceiling or walls, as well as the phenomena manifested in
the liquid, including that of slosh noise.

Any mathematical modeling involves identifying the legacies that come into the process by describing
the sizes and links between them.

6.2. Description of the problem

In order to model mathematically the slosh noise phenomenon that manifests itself in a tank mounted
on a vehicle that brakes suddenly, after being in motion at uniform rectilinear speed, the general
assumptions related to the movement of fluid (fuel) will be specified for a start.

Modeling is a method of knowledge that consists of replacing the actual process with a model whose
result is accessible and interpretable. The model is a simplified representation of the real process by
describing the overall behavior of the essential forces involved in the process.

Assimilate the liquid in the tank to the vehicle tank with a material system M in relation to which
working assumptions, sizes and symbols will be used, as set out below.

A. Assumptions

1. The mass is an additive measure;
2. The mass of the system remains constant in relation to time;
3. The kinetic moment of an elementary unit is given by the relationship?: jD pxxvdv.

2The elemental unit, in the context of this modeling, is a point volume of liquid that behaves uniformly and
retains the general characteristics of the liquid to which it belongs
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B. Measures/symbolizations
,P" is a part of the system (tank);
"m" means the mass of the system, (m>0);
“D” is the volume occupied by the Part P (e.g. the volume part of the fluid volume in the tank);
X represents the position vector of an elementary unit of fluid-punctiform dimension;
“p” represents the density of the fluid, measured at the level of an elementary unit as a function of
time and position of that unit.

The slosh noise phenomenon is based on principles of continuous movement of environments,
governed by different constituent laws, and follows the thermodynamic principles, all detailed in the
following.

6.3. Formulating Mathematical Models

The phenomenon of slosh noise in a tank on a vehicle that brakes suddenly after being in motion at a
uniform rectilinear speed is studied. General assumptions about fluid movement will be specified. The
two modelling, analytical (MA) and numeric (MN) will be presented in parallel.

6.3.1. Analytical model (MA) for a tank without a slosh noise reduction baffle
Assumptions:
- The effects of liquid compressibility, viscosity and surface tension are neglected.
- The movement is irrotational.
- ltis also assumed that the movement of the fluid is laminar in the z direction, so the movement
is flat. [SUO16]
The following notations are made:

1. L = tank width [mm],
2. b = tank length [mm],
3. = molecular viscosity,[Pa s] or [kgm™ s71]
From the mass conservation equation, we can write:
divv = 0, (1)
Noting ¢ = ¢(x,y, t) potential for speed, we have:
ﬁ:V(f)oru:%'l?:% (2)
dx’ dy ’
Ap =0 (3)
where :
- The speed vectory;
0. . 09, . .
- u= ™ and "V = 3 represents the decomposed velocity vector in directions X and y

respectively;
6.3.1.1. Initial state of the tank without a slosh noise reduction baffle, fig.6.1:

Lo dd o o -
Boundary conditions: an = V * N are specified as follows:

d d
On the side walls: a—i(—l,y,t} = a—f (Ly,t)=0 (4)

. 9¢ —
On the floor: 3y (x,0,t) =0 (5)

Conditions on the free surface: ¥ = r;:(x, t)
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an = d¢ dn o¢
inematic condition: =2 — V - V) — 20 4+ 1. 2% =@
Cinematic condition 3¢ n ay " ax ox (6)
: iy 0 = 1 2
Dynamic condition: FraA Vo + 3 (V) +gn=20 (7)

where: “g” represents gravitational acceleration;
"¢ potential of speed, "1} represents the amplitude of the free surface;

¥

¥ =nlxe)

H

/{1 benzindg | =
e .

L=2!
a) Geometry of the non-stop tank used in ANSYS b) Geometry of non-stop tank used for (MA)
for (LCY)

Fig. 6.1. Tank geometry

Figure 6.1.a shows the coordinate system associated with the tank so, in direction x is considered the
width of the tank (520mm), in the direction Z is considered the length (1000mm), and in the direction Y
is considered the height of the tank (160mm). Origin is considered on the floor, in the center.

Figure 6.1b notes with H the height of the liquid in the tank.

As the liquid is incompressible, the potential energy of a liquid element is given only by the potential
gravitational energy [ANS13] [CHU18] [DEM18]:

Ue = %pgb fﬁaqz(x,t) dx , (8)

The kinetic energy of the liquid element is given by [CHU18] [DEM18]:
1
T® = Epfv(mp)? av (9)

where:
- "U® represents the potential energy;
- "T¢ "represents kinetic energy.

When the tank is subjected to a horizontal acceleration, ﬁg (t), lateral sounds of the contained fluid will
appear, where:

. Uy,—at,t €|0,t
Xo(t) ={ 0 [0.1] (10)
_atl, t e [tlf tS]
where:
t, is the total stop time of the tank (t; = 55) ,t; = 0.4s ,a = Uy /t;.
“a” represents the average value of the acceleration ( braking in our case)
Movement in the tank is described by the potential ¢, which breaks down into two functions.
p=9+y (12)
e ( solution of Laplace's equation with static conditions on the walls:
@ = XU+ yv (12)
U satisfies Laplace's equation: AYr = 0 in D (13)
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and
e wal: o (czvt)=0=3Gw)
on the side walls: o . VT 0 o z,y,t , (14)
the floor of the tank: W _ 0| (15)
on the floor of the tank: 3y y=0
on the free surface: vy =n(x,t), H = n(x 0)
an oy ay _
at  dy + Elx dx ! (16)
% L0, Ty
—|—yu+xu—|—gq+ 32+ay2 0, (17)

6.3.1.2. Analytical model (MA) for determining speed potential. Linear theory

The potential will be determined using the superposition method of the liquid's own functions in the
tank, based on the linearized theory of potentials, compared to the nonlinear Boussinesq model
[SU016].

Speed potential verifies the equations: A — 0, on wet surface Vi - n=0 (18)

We use the method of fundamental solutions, also described in [SU016], [LIN19] and consider that the
potential has the

tp(x,y,t) = %(l’r}hf) +Zn wn(xryrt} (19)
where
[}‘)n(xi yrt) = fn(x: y}An(t) (20)
are fundamental solutions that verify the Laplace equation with the conditions (13)-(16).
Af, =
Ay [ L o af, (L ofy
ae(-57)=0=32G) 5, = Oy=o (21)

and linear conditions on the boundary:

Ay 0, " +gn=20, (22)

and potential 1y(x,y,t) is a particular solution that takes into account the movement of the tank,
checks Laplace's equation and non-homogeneous conditions on the boundary:

wpo = 0.2 (<L yt) =k =22 (L y0) 2~ o)y e

on the free boundary:

an dy ay
5e oy = U T M0+ o =0,y =1o(x, 1) (24)
3%, an _ 8y
= = i i —_ — _— = —
Forn = 1, £ = 0 (in linear theory) we get 3¢2 g 3¢ ay (25)
af

I.in(t) _ ga_y _ 2
4O En(xy) M

Thus £, (x, v) and A,,(t) separating variables: — (26)
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we find the equations gf,, ,, — mzfn = U,.r’:lln(t) + mgﬂn(t) =0 (27)
The potential has the form Y, (%, v, t) = fn(x, y} sin(wnt), W, —angular frequency.  (28)
For this case, the fundamental functions are:

f,(x,y) = —K, cos(A,,(x + 1)) ch(A,y) (29)
A, (t) = sin (w,t) (30)

Where w,, are the natural frequencies: mi = gA,, th(A,,H) , A,, = ni/L,checking on the free
boundary the conditions:

On _ Oy Y
aﬂt " Ty (x,nu(x, 1)) =0, ;; (x,n,(x,t)) +gn, =0, (31)
o _ - _ ___gH
1M,,(—1,0) = H leads to the determination of constants K, omchE) (32)
N, (x,t) = ©nfn cos(A,(x + 1)) ch(A,H)cos (w,t) (33)
The amplitude of the free surface is:
n(xt) = no(xt) + Enna(x, 1), (34)

To determine the potential tp.;,(x,y, t) and amplitude no(x’t) solve the problem (21)-(22), where
X(t) = Uy — at, a # 0 corresponding to braking.

Yo = Ao (t) + (Up — at)x, no(1,0) = H, 1o (x, t) = —%% (35)

To determine the amplitude A4 (t) pendulum equation is used [SU016]:

= : 24 _ v _ \I2w1v( ,11(L—2H))
AG+BIAD+0J1AD X,Bl b +L+b7511[211H) . (36)
Under the given problem:
A= B? —4w? >0, (37)
—B,+6&
Notingd = \XE and 17 5 = ;_ Sthe solution of the equation has the form:
Ap(t) = { y (38)
og,t = [tllts]
a
A(}l(t} = Cllerlt + Clzerzt — }, t e [0, tl]l (39)
1
ACIZ (t) = 621€r1t + szerzt, t e [tlf tS] (40)
Constants c11, €132, €21, C22 Will be determined from the initial conditions as:
AF(0)—~(4g(0)+)m (45(0)+=5)r —A§(0)
— wy — Wy _ =§
C11 = 5 yC12 = 5 y 1 Ty = . (412)
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_ A3(0)-43(0)r,

€21 5 y €2 =

_ A3(0)r;—A3(0)
&

(42)

For the given issue we consider conditions compatible with relationships (92) and (100):

Ag1(0) =0, Ag;(0) = al — gH, Agz(0) = Agy(t1), Agz(0) = Agy(ty), ws3)

Thus:

— ryt Tt a
Ap1(ty) = 1€ +cpe™ ——,
1

+ Ayt) solutie numerica

—— A1) solutie analitica

0 01 02

Fig. 6.2a. Evolution of zero amplitude by time,
t € [0, t,], t=0.4s, according to relationships
(38), (43), (44)

AOl(tl} == Cll‘.'”lerltl + Clzrzerztl (44/114)

Fig. 6.2b. Evolution of zero amplitude (Ao [m])
depending on time, t € [0, t.], t=5s, according
to relationships (38), (43), (44)

To make the graph in Figure 6.2a, an own computing code was created in MatlabR2016.R .

Thus, in the case of a tank without a breaker, it is observed that the braking time determines the
maximum amplitude. It then drops to 0.4s (fig. 6.2a), following a slight climb and stagnation, which is

the "quietness" of the waves inside the tank.fig. 6.2b).

In a fuel tank that does not have technical solutions for breaking waves, a large wave is observed
followed by successive smaller waves that will hit each other (fig. 6.3a and fig. 6.3b). Thus, the noise
generated represents the phenomenon of slosh noise, unpleasant for the user.

Fig. 6.3a. Evolution of the free surface for
t € [0,t,], t=0,4s, according to relationships (33) si
(34)
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Fig. 6.3b. Evolution of the free surface for
t € [0,t,], t=0,8s, according to relationships
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To make the graphs in figures 6.2b, 6.3a and 6.3b, an own computing code was created in Matlab R2016.R,
as detailed in the thesis.

6.3.1.3. Boussinesq's non-linear model with a slight disturbance of amplitude

The linear conditions on the free surface will change [SU016]

d
Cinematic:a—lf +gn+ep =0 (45)
on _ oy
Dynamic: — — — = 46
yhamic 3t ay (46)
From which removing the variable 17 we get: Y, + £, + glf)y =0 (47)

6.3.2. Analytical model (MA) for a wave breaker tank [CHU18], [LU015]

Initial status of wave breaker tank, fig.6.4.:

Spargator . =]
devtludi :

Domeniul 1 pomeniviz | E| E

¥ =nlx,t) i é %

‘ il 3

j 2
H .
) benzind | < |

L= 27 = 520 o R ;
a) The geometry of the Baffle tank used in b) The geometry of the Baffle tank used for (MA)

ANSYS for (MN)
Fig.6.4. Geometry of tank with slosh noise baffle integrated

We consider the movement of the free surface on the width of the tank, flat movement, in the
transverse plane and being the same along the length of the tank.
where:

h =30mm,

Length of tank =1000mm,

Tank width (L)= 520mm,

Tank height = 160mm

According to the geometry shown in Figure 6.4.b, movement in the tank is broken down into two areas.
Potential ¢ = ¢@ + 1 verifies Laplace's equation (13) with the shape (19), and s (13) in both areas

D;UD, =D,Dy = [h,h+ hg,| X [-1,0],
Dy = [h, h + hgp] X [0, 1], with notation hg, = Rgpay garor:

e it's his side walls D;:

a L ; a
a_i} (_ -V, t) = X(t), a—lp (0‘_JI v, t) - f(t)_;y € [h_, h + hspargatar] (48)

2 x
e onthe side walls of D5:
Ay ay (L 5
220,70 =0,52(2,y,t) = X(8),y € [h h+ hy] (49)

32



Summary of doctoral Research on development of slosh noise baffles for Oana-Maria D.

UPB thesis automotive fuel tanks MANTA (BALAS)

e on the floor of the tank

ay _
3y~ Ob=o (50)
jump condltlon on the two sides of the breaker
_ady|ay 9%y
[ (x, Vs t}] 2 ax lax 2055 dxdt’ (51)

e condition of speed continuity at the level of y = h, pass from the liquid field without baffle, at
level y > h, where the liquid is separated from the breaker in the fields D; and D5 :

oy _ - o

i Ugsp (x,t) |y=h’ X E [—l, U] for determining the solution in D, (52)
% _ Use, (X t}l x € [0,1] for determining the solution in D (53)
dx fspit v=h ! ! 2

d
Ussp (x, t) = % (x, h, t), l)fstp , given by the solution of the form (19) of the flow

problem without a wave breaker. (54)

According to the previously determined solution, we obtain that:
Upsp (X, 1) = —at + X, Uprsp (X, 1), L € [0,8]; (55)
us(x,t) = —at; + X Uy psp (%, 1), t € [ty t5]. (56)
Uy rsp (X, ) = KA, ch(A,H) sin(A,(x + 1)) sin(w,t), t € [0,t;],
(see [CHO16]). (57)

Under conditions (48)-(51), C represents the inertia coefficient and is negligible if the thickness of the

2
1
stopper is neglected and @ = (E — 1) , (see [POG19]), is a coefficient that takes into account the

porosity of the wave breaker. f (t) = f;dt = fot, F the force distributed on the breaker (taking

into account the initial speed U, , the volume of liquid in the tank (i.e. the height of the liquid in the
tank, H).

Hydrostatic pressure and free surface can be described by:

dy i
p=—g5, M= 8
pg’
Tab. 6.1. Parameter values f; [N/kg] relative to the initial speed Uo
\./oll'Jme Mass[kg] fo for fo for fo for
liquid [L] Upy=10km/h | Uy=30km/h | U;=50km/h
15 12.5 2,00800 2,28800 2,57600
25 20.9 2,00000 2,27751 2,56459
35 29.2 2,00342 2,28082 2,57192
45 37.6 2,00000 2,27926 2,56915
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The values in Table 6.1. were obtained on the basis of the data in Tables 5.2 and 5.3 corresponding to
Chapter Five. These values will be used in the graphs shown in fig. 6.2-6.7, the parameter f,
interference in the relationship (48). Parameter f, calculated according to Force F (in Table 5.3) at the
preset speed (10, 30, 50km/h of tab 5.3) and the mass of the liquid in the tank.

Note the solutions of the current function in the two areas :

P! =g + 1Py (xe[—L,0]), respectively p* = g + ¢ (xe[0, 1]), (59)
with: Y = X0 1, Y (X, y, 1) = filxy) sin(oj.zpt) , solution type (19) with n = 1,
fit = —Cycos (BF (x + 1)) ch (A7), (60)
with:

AP = /1 (0P) = g2 th(2P H) (61)

fnl fundamental solutions that verify:

R O I O _
Af,; U'ax (=Ly)=0= . (0,y), 2y 0ly—o- (62)

and 11 and Y2 are solutions that verify (20).

thus, Vy € [h, h + hg, ], for t € [0,¢,],

Pd = A5 (O + = [ [, —a(1 — 0) + £,0d0 | + x((Uo — at) (1 — 0) + fot0),
xe[—L,0]

(63)
and
1 [,1
W5 = A, (1) +t [fg fo(1—6) — ﬂgd@] +x(fot(1—8) + (Uy — at)b),
1
xe[0,1],0 = -, (64)
for t € [ty, ],
Yo = Agy (1) + x((Up — at)(1 — 6) + f,t8) xe[1,0], (65)
and
Yg = Af, (1) + x(fot(1— 8) + (U — at)B) ,xe[0,1], 0 = :__ttl (66)
5 1
In which :

Ab1 (D) = Aj; (8) = ¢y + ¢ppe™t, Af, (1) = Af, (1) = cp1e™F + cppe™F,
(67)

considered a mediation of the variation over time of the initial impact.
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d
The free surface , fig.6.5, will be determined by the relationship a_lf +gn=0,y=n (68)

1 19y5 10Yp o 10y5 19yf
Mo got g ot 0 g ot g at’ (%9
sp
U _ﬁ% — “’HT%Z;'lecos ()Lff’(x + I)) ch(A,H) cos(w:Pt), (70)
____gH
Cn w;¥ ch(A;F H) 7
Fort € [0, t]:
1oy 1, t U
o —E[Aél(t)+X(—a+2(f0+a)a—f)], (72)
1 3yY3 1[; U, t
i 202
Fort € [ty, t5] :
_lawd_ _1ra _ -
= [l +x(—a+ 2o+ ) - D)) (74)
1ay2 1, ; U t
_Ea—tu__E[A%Z(t)JFX(f”JFf_Z(fO+a)t_q—t1)]' 7o)

Fig.6.5a. Evolution of the free surface with baffle  Fig.6.5b. Evolution of the free surface with burglar
( n(x t) =N (x t) + 3 0,6, ) ml)in 1 the two areas of integration, t=0.9s according
the two areas of integration, t=0.4s, according to to relations (69), (72) - (75)

the (69), (72), (73)

According to Fig.6.5, in the case of a tank with a breaker, a single wave appears, but larger, and the
liquid tends to go to the sides. Theoretically, it is good to integrate a slosh noise baffle into a tank
because the noise generated by the blinking phenomenon is diminished in terms of the lack of waves.

In conclusion, it is observed from the two figures, fig. 6.6 and fig. 6.7, that the free surface has totally
different behavior, the number of waves decreased considerably in the case of integration of a baffle
solution, and thus the discomfort caused by the blinking phenomenon will be reduced.
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Negative values on the X axis are due to the axis system considered, so -0.25m and + 0.25m are the tank
walls.

Take as reference (zero) surface described by the level of the liquid at rest. Positive and negative
variations from the reference level after braking.

Fig. 6.6a. Evolution of wave amplitude (section of the Fig. 6.6b. Evolution of wave amplitude (free

free surface in direction X) for a tank without a surface section in direction X) of waves for a
burglar, according to relations (33) and (34) breaker tank according to relationships (69),
(72)-(75)

As can be seen in fig. 6.7.b ripples of the free surface occur, these being unfractionated surfaces (the
gradient on the curves on the surface curves does not change convexity), smoother, and thus no noises
are generated by the collision of small waves. The greater the distance between two peaks of amplitude,
the more flattened, noise-free disputer the free surface is.

Fig.6.7.a. Behavior of the free surface for a slosh noise Fig.6.7.b. Behavior of the free surface for a
baffle -free tank according to relationships (33) and slosh noise baffle in the tank, according to
(34) relationships (69), (72)-(75)

In the model considered, the study is carried out in the center of the tank, not taking into account that
we have a higher limitation given by the ceiling of the tank. In the case of future research, the study is
advanced taking into account the limitation of the model at the top, considering that the wave returns,
the potential movement becoming turbulent.

For the graphs in figures 6.5, 6.6 and 6.7, an own computing code was created in MatlabR2016.R, as
detailed in the thesis.
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6.4. Future research prospects. Future calculations:

Using Bernoulli's integral we have the correspondence'

(stp) Cﬂ 5 (Vsp) Csp (76)

5 2 2 2
where cg;, is the sound speed in second case and (Vsp) - (usp) + (vsp) : (77)

95 o Cn .
ub, = 2% = (Ug — at)(1 - 0) + fot) + X5y 1 sin (A7 (e + D) ch(AFy)

8= ) (78)

s w Cn
vl = ai; _ _anlﬁcos (Aff’(x + I}) sh(A,7y) ,Vy € [h,h + hgy],

t E [U,tl]; (79)

2
ugp - % = fot(1—6) + (Uy — at)f + Z?le%,sin (;{ip(x n I)) ch(APy),

_ -t
oty (80)
a 5 (0] Cn
Ve, = %‘3‘ = — X135 cos (Aip(x + I)) sh(A'y) .Yy € [ h + hgy),
t € [ty ts] (81)
Potential energy:
1 0 I
¢ =—pgb (JLmd)?x ) dx + [P (xt)dx ), te[0t], (82
Kinetic energy : T ¢ = %p fv('ﬁ'tj))z dav. (83)

Potential energy is to be analyzed in both cases.
However, the results obtained in the modeling carried out so far are totally original, the dependencies
highlighted by the motion equations having a worldwide novelty character.
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CHAPTER 7: Functional analysis - acoustic tests using variants of slosh noise
reduction systems inside a fuel tank under real conditions

7.1.General considerations of analysis

The analysis aims to study the noise level generated by breaking waves into a vehicle tank and the
influence of a slosh noise baffle embedded in the tank on reducing it. A prototype analysis shall be
considered to simulate the behavior of the liquid in the tank and to record data on the noise caused by
it.

Following the previous decision to abandon a constructive variant, only two models of slosh noise

baffles will be studied. For the purpose of physical testing, the 3D models of the two baffles were
considered and prototypes for each model were made (Fig. 7.1., Fig. 7.2.).

Q_ h

AP,

Fig. 7.1. Link Baffle assembled in fuel tank Fig. 7.2. Fishbone baffle assembled in fuel tank

The following parameters shall be considered for the purpose of the study:
e The amount of liquid inside the tank : 15L, 25L, 35L, 45L;
e Vehicle speed: 10km/m, 30km/h;

In order to carry out functional analysis and acoustic tests, prototype parts were made for the two
technical solutions of baffles as well as for the generic tank presented in the thesis.

The prototypes of the two slosh noise baffles were made using 3D printing FDO1 technology. Due to
technical limitations, a material other than the recommended one was used. The material used to make
prototypes is ECOMAX PLA — polylactic acid. This is a premium material used for 3D printing of
prototypes of various components, a semi-crystalline resin with high mechanical properties.

The static analysis of these concepts was carried out considering a different material, Polyamide 6+PP,
so there will be differences in the functional analysis due to the different properties of the two materials
mentioned. Table 6.1 shows some of the mechanical characteristics of the material used for 3D printing
of the two technical wave breaker solutions, compared to the mechanical properties of Polyamide that
was used in numerical simulations — treated in Chapter 5.

Tab. 7.1. Mechanical properties of the material Polyamide 6 +PP vs. ECOMAX PLA [ULP15]

Mechanical properties Polyamide 6+PP ECOMAX PLA
Density 1.26 g/cm? 1.24 g/cm?
Traction resistance [MPa] 200 MPa 56 MPa
Break resistance, yield [MPa] 140 MPa 34 MPa
Breaking elongation 500 % 8%
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It can be seen in Tab. 7.1 that the material used for 3D printing provides lower breaking resistance as
well as lower elasticity. The test will be carried out using this material due to the financial limitation of
the project, the noise level analysis is not influenced by these parameters, there is only the risk of
interruption of the test due to the risk of breaking the slosh noise baffle prototype.

7.2. 3D printing

In order to carry out the acoustic tests on prototype parts, a fuel tank was carried out considering a
simplified, cuboid form based on the dimensions presented in Chapter 1 of the paper.

Several simple constructive solutions have been adopted to adapt to the vehicle used for testing. Thus,
the tank was built of 10mm plexiglass plates, transparent so that the movement of the liquid inside is
easily viewed by the observer and the associated camera. It was placed on a melamine PAL plate to
make it as simple as possible to catch it by the vehicle to be used for physical tests (fig. 7.3).

- g - ‘
Fig. 7.3. Simplified fuel tank

In order to present the introduction of baffle into the tank mounted in the final position, a 140mm hole
was made in the tank ceiling. This is carried out according to the outer size of the pump Fuel Delivery
Module flange, (Fig. 7.4).

— - - — - ——
- -

Fig. 7.4. Detail Simplified fuel tank — module fixing straps

Starting from the simplified 3D models of wave breakers, the prototype parts used for physical testing
were made. The production of these parts was carried out with the help of 3D printers belonging to the
Polytechnic University of Bucharest — Faculty of Industrial Engineering and Robotics, Product
Development Laboratory. Thus, the following sub-components were:

1.Lower body Fuel Delivery module(Fig. 7.5);
2.Central body for lower fixing of module columns (Fig. 7.6, Fig.7.7, Fig. 7.8)
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Fig. 7.5. Body Fuel Fig. 7.6. Central Fig. 7.7. Central Fig. 7.8. Central housing for lower

Delivery module housing— top Housing attachment of module columns —side
view view

3.Columns Fuel Delivery module x 3 pieces ( Fig.7.9);
4.Upper flank Fuel Delivery module ( Fig. 7.10, Fig. 7.11, Fig. 7.12);

Fig. 7.9. Columns Fig. 7.10. Upper flange— overview Fig. 7.11. Upper Fig. 7.12. Upper
Flange — Bottom  Flange — Top View
View

5. Link Structure ( Fig. 7.13);
6.Fishbone module structure ( Fig. 7.14);
7.Adjacent Cylinder (Fig. 7.15)

Fig. 7.13. Link structure Fig. 7.14. Fishbone Fig. 7.15. Adjacent cylinder and attachment of
module structure fishbone structures to it

As can be seen from Fig. 7.16-18, the assembly of 3D printed parts that form the Fuel Delivery module
assembly to be used in all acoustic tests has been carried out. It was also checked that the module is
fixed within the tank by correctly positioning the clamps on the upper face of the Fuel Delivery module
flange.

Fig. 7.16. Fix column Fig. 7.17. Fuel Delivery Fig. 7.18. Detail grip flange upper
on Fuel Delivery module Fuel Delivery module through the
module two straps
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The assembly of these parts was carried out using self-locking pins, and a 2mm diameter steel cable
passed through the holes of the Links and adjacent cylinders. (Fig. 7.19).

Fig. 7.19. Assembly details Linkffle

The prototype of the Fishbone slosh noise baffle was carried out using the same method of making
subcomponents as in the Link slosh noise baffle, i.e. 3D printing.

: “ N

Fig. 7.20. Assembly details Fishbone baffle

The assembly was done by directly joining the parts through the T-type channels according to the
design, as can be seen in the Fig. 7.20.

7.3. Definition of test method and test scenario

To date, no standard method of recording the noise level produced by the slosh noise phenomenon has
been based, so, within the thesis, a method of own has been created to record the noise level and to
study the influence of the introduction of slosh nose baffle on it. The method will form the basis of the
experimental research on the recording of the noise level as perceived by the driver of a motor vehicle.
Thus, the testing included the design of two stages: (1) the construction and installation of a prototype
tank in a vehicle and the recording of noise, carried out with a standard device. Thus, a variant of testing
and recording of data has been defined that can also be used in similar subsequent research.

To carry out the proposed tests, the prototype tank is fixed to a frame and mounted inside a Dacia-
branded vehicle, Model Lodgy. As shown in Fig. 7.28, a frame is mounted above the tank to be used to
support the decibel level recording device. The device is located at a height of 500mm above the tank
and is maintained in the same position by the supporting frame. This eliminates the variation in the
distance, position and movement of the recording device (Fig 7.21).
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Recording
Device Support
Frame
Fixing system on
tank mode

Ensemble Fuel Tank

fastening

system on

machine

Fig. 7.21. Prototype tank mounted in the vehicle

Noise recording was done using an Iphone brand smartphone, model 5S, using the BOSCH iNVH version
1.1. The application is specially developed by Engineers at Robert Bosch for measurements of vibrations
and noise inside vehicles and the detection of noise sources in them during field tests by simple use with
the help of a smart device.

Tests will be made using as input parameters in the analysis:
- the amount of liquid in the tank: 15l, 25I, 35I, 45I;
- vehicle speed: 10km/h, 30km/h
- absence or presence of a slosh noise baffle inside the tank.

In order to make a set of records as conclusive as possible, the physical tests were carried out in a closed
space which ensured a run of the vehicle at a speed of up to 30 km/h and sufficient braking space. Thus,
a warehouse with a running length of about 120m was chosen, with asphalt road surface. The test in this
space ensured a minimal influence of external noise factors.

7.3.1. Recording data on noise variation in a slosh noise baffle-free tank

The initial test was performed by recording the noise level at rest (with the engine off), the lack of
movement in the tank and no other external factors existing. This measurement is carried out to identify
the level of background noise perceived by the device used. Variations can be observed around 31 dB.

RESULTS
Sampling Frequency = 44100.000000
BlockSise =4096.000000

=  Variatia nivelului zgomotului de fond Window = Hanning

: Weighting = A Weighting

© 35 Averaging = Instantaneous

g MinFrequency =20

E 30 V_\WM—’W MaxFraquency = 20000

E Time [s] OverallLevel [Db]

: =

2 1 4 7 1013 16 19 22 25 28 31 34 37 40 43 46 49 52 55 58 61 64 67 70 73 76 z

= 0.2 31

NR. INREG. 0 a
0.4 32
0.5 31
0.6 30
Fig. 7.22. Variation in background noise level Fig. 7.23. Excerpt from Bosch

app
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In Fig.

7.23. results extracted from the Bosch INVH app are presented.

Case "S1" is the vehicle's 10 km/h run before braking, using 15L of liquid in the prototype tank. In Fig.
7.24 we can see the behavior of the waves produced at the time of braking.

Fig. 7.24. Case S1 with 15L of liquid, without baffle

The test was intended to record the level of decibels (Y-axis) throughout its duration, and on the basis of
the recorded data, the analysis of the efficiency of some baffles in terms of the noise level produced.

In the graph in Fig. 7.25, you can see the recording of the raw simulation data. Also, within this graph,
the macro-level of the analysis could be identified the times of the increase and decrease in the decibel

level, thus:
A. Red Area —represents the start of the engine and the acceleration of the vehicle;
B. Blue Area — represents the time of braking of the vehicle;
C. — represents the time of engine shutdown (option Start/Stop);
D. Green Area — represents the moment of total rest of the vehicle, basically the background noise
and noise made by the free movement of the waves in the tank.
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Fig. 7.25. Test graph S1

Simulations and recording of data on the cases described (running at 10km/h and 30 km/h with a
quantity of 15I, 25, 35, 45l) without a wave breaker mounted in the tank, are found in detail in the
doctoral thesis.
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7.3.2. Recording of noise level variation data in a tank equipped with a Link baffle

The tests will be carried out using the same method as in the previous case, after the introduction of the
Link baffle into the tank, as can be seen in Fig. 7.26 and Fig. 7.27.

Fig. 7.26. Link slosh noise baffle Fig. 7.27. Link Baffle introduced in tank

The prototype test shall be carried out using the same steps as in the case of the test carried out
without the presence of a baffle. Thus, for the first case, 'Z1', the amount of liquid of 15L and a run of
the vehicle of 10 km/h was used. In fig7.28 can be observed the way the liquid moves to the front of the
fuel tank at braking moment. The wave that is formed can be observed.

v ! Y e aiee
VEha

\ r-
Fig. 7.28. Caz Z1 — Wave generation in the tank during braking moment

The result of the noise level test can be seen in the graph in Fig. 7.29. A decrease in noise variation
(green area) can be seen on the graph, but the comparative analysis is shown in the thesis. The graph
identifies the same 4 areas described in Chapter 7.3.1. thus:
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Fig. 7.29. Graphic test Z1

The simulations and recording of the data on the cases described (running at 10km/h and 30 km/h
with a quantity of 15I, 25I, 35I, 45l) using the Za wave breaker mounted in the tank, are found in
detail within the doctoral thesis.

7.3.3. Recording of noise variation data in a tank equipped with Fishbone slosh noise
baffle

The tests shall take place under the same conditions as those in sub-chapter 7.3.2, the only variable
added being the Fishbone baffle, Fig. 7.30.

As can be seen in Figure 7.30, the baffle is easily inserted into the tank through the tank hole intended

for the Fuel Delivery module, Fig. 7.31. Then insert the Fuel Delivery module into the tank while fixing
the wave breaker.

L

Fig. 7.30. The Fishbone baffle s inserted into the Fig. 7.31. The Fuel delivery module is positioned
tank through the tank hole intended for the in the tank while also fixing the wave breaker

Testing of the prototype is carried out using the same steps as in previous cases. Thus, the first
simulation, "F1", was carried out using 15L of liquid (Fig. 7.32) and a vehicle run of 10km/h. In Fig. 7.33,
the graph showing the variation in the decibel level in this test is presented.
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- _Fig. 7.32. Case F1 — Wave formation in the tank at braking time
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Fig. 7.33. F1 Test Chart

Similar behavior can be observed as in the case of the Link baffle. This identifies the same four areas
described in subchapter 7.3.1.

The simulations and recording of the data on the cases described (running at 10km/h and 30 km/h with
a quantity of 15I, 25I, 351, 45l) using the Fishbone baffle mounted in the tank, are found in detail within
the doctoral thesis.

7.4. Interpretation of noise variation

In order to analyses the data obtained from physical tests, it was considered to filter the data from the
graphs obtained according to the following observations:
- noise level: 29-31dB - record when the engine is switched off and only background noise is
recorded;
- noise level: 42-45dB — recorded at the time of braking and stopping the engine;
- noise level variation: 29-45dB - recorded after the engine shutdown represents background noise
and noise produced by waves formed in the tank;
- Only 18 cases of the 24 previously proposed will be analyzed due to lack of records in the case of
the use of the Za wave breaker at 45L (details in head 7.3.2. in the doctoral thesis)

In order to determine the efficiency of the introduction of a slosh noise baffle into the tank and to
reduce the level of "slosh noise" noise, the records of the cases presented shall be analyzed. This will
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analyses the variation in the noise recorded after the engine has stopped until the background noise is
recorded.

To carry out a classification of the three groups of cases, the averages of the recorded noise values
(decibels), their variation and their distributions will be compared.

To carry out this comparative analysis of the noise level recorded in the case of the tests carried out, as
well as to establish the statistical basis for comparison on the effect on the noise level following the use
of a slosh noise baffle, a standard graphic report of each test will be made using an equal number of
records for each case.

This summary graphic report is made with the help of the software application for statistical calculation,

Minitab - a software developed by Pennsylvania State University since 1972. [MIN20],[MIC18].

Raport - Nivelul Zgomotului de fond [Db]

Anderson-Darling Normality Test

A-Squared 1.20

e P-Value <0.005
Mean 31.229

L StDev 0.406
\ Variance 0.165
Skewness -0.866318

Kurtosis 0.510164

N 78

Minimum 30.024

1st Quartile 31.030

Median 31.236

3rd Quartile 31.560

Maximum 31.788

’}4 95% Confidence Interval for Mean

31.138 31.321
95% Confidence Interval for Median
31.180 31.401

* % 4‘::7 95% Confidence Interval for StDev

0.351 0.482

95% Confidence Intervals

Median I |

3110 3115 31.20 31.25 31.30 3135 31.40

Fig. 7.34. Summary report

The median and the average both measure the central trend, but "unusual" values, called extreme
values, can affect the median less than the average affects. If the data is symmetrical, the average and
median will have the same value. In the experimentally measured data, it can be observed that the
average is 31.2dB and the Median is equal to 31.22dB. This may indicate that we do not have unusual
values in the data string [MIN20],[MIC18], [ILI09].

Standard deviation is one of the most common parameters for measuring dispersion, indicating the
degree of scattering of data relative to the mean. The natural or random variation of a process can also
be called noise. In the case of background noise level analysis, a relatively low standard deviation value
can be observed, with 0.46dB considering the average of 31.2dB [ILI09].

In the case studied, the background noise level shows a negative asymmetry, most values being around
the average of 31.2dB, a small number of records being oriented to the left around 30dB values.

Extreme values are those values in data that are at a great distance from other values and can strongly
influence the outcome of the analysis. In the case of our analysis, such data in the extreme range
represent noise values that are considered noises produced by the waves in the tank. In the background
noise level data, it can be observed that there are no such [ILI09].
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7.5. Comparative analysis of data on the variation in decibel levels in the cases studied

Considering the same method of analysis as in the case of background noise, the data taken specific to
the 3 cases studied previously were analyzed. The doctoral thesis contains the data and analysis of the

18 simulations considered. The results of this analysis can be found in Table 7.2.
Tab. 7.2. Centralization of data on the variation in decibel levels in the three cases studied

Crt. No. | Case | Average [dB] DISF[)EZ]SIO“ Median | Quartile1 | Quartile 3 D(Ig;fng)e
1 F3 30.75 7.9 30.75 29.73 30.27 0.54
2 Z2 31.81 11.454 30.46 30.075 31.115 1.04
3 Z1 31.12 2.26 30.89 30.465 31.259 0.794
4 F4 31.95 18.47 29.96 29.5 31.3 1.8
5 Z6 31.8 7.29 30.97 30.63 31.59 0.96
6 Z5 31.67 6 30.8 30.3 31.84 1.54
7 F1 32.25 15.23 30.71 30.23 31.98 1.75
8 4 32.08 6.2 31.26 30.79 32.35 1.56
9 F6 32.43 15.6 30.77 30.3 32.4 2.1
10 F2 33.14 15.24 31.62 30.99 32.72 1.73
11 F5 32.39 9.5 31.4 30.6 32.86 2.26
12 Z3 32.446 11.02 30.84 30.29 33.36 3.07
13 S3 33.69 19.46 31.48 30.92 34.62 3.7
14 S2 34.606 10.8 33.55 32.149 36.43 4.281
15 S4 33.95 21.48 31.34 30.85 38.58 7.73
16 S1 33.15 22.75 30.08 29.77 38.617 8.847
17 S6 34.47 28.07 31.5 30.7 39.18 8.48
18 S5 40.48 43.3 37.55 35.24 45.43 10.19

It can be observed that in cases of non-use of a slosh noise baffle (S1-S6), we find higher values for all
characteristics. In the table was performed sorting by increasingof the value of recorded data by
Quartile 3, which characterizes the highest 25% of the recorded values.

The difference (A) represents the difference between the largest 25% of the recorded values — Quartile
3 — and the lowest 25% of the recorded values — Quartile 1 —. The difference (A) can be considered the
most effective parameter for interpreting the noise variation caused by the breakage of waves in the
tank. The study was carried out to determine the noise variation caused by the breakage of waves in the
tank when stopping any other disruptive factor.

Quartile 1 values are located between 29-32dB for most tests. Thus, it can be said that in the case of
tests, the highest amount of the first 25% of the recordings is confused with the background noise.

According to Quartile 3 values, a considerable difference can be observed between the test performed
without slosh noise baffle and the tests carried out with the two baffles. Thus, the maximum value of
the first 75% of the recorded values is between 34.6dB and 45dB in the case of non-use of a slosh noise
baffle. With the introduction of baffles, Quartile 3 values decrease, thus the values between 30.27dB
and 33.36dB are observed.

Lower Difference (A) values can be observed when using a baffle 0.54dB — 3.07dB, while if a baffle is not
used, the difference (A) increases depending on the case studied 3.7dB — 10.19dB. It can be interpreted
as a decrease in the noise level produced by the waves in the tank with baffle is used.
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Tab. 7.3. Centralization of tested cases
Crt. No. | Case Average Dispersion Median | Quartile 1 | Quartile 3 | Difference
[dB] [02] (Q3-Q1)
S 35.06 30.1 32.79 30.89 38.87 7.98
z 31.82 7.4 30.85 30.43 31.78 1.35
F 32.156 14.01 30.71 30.05 32.28 2.23

According to data centralization, the following observations can be made in Tab. 7.3:

- Introducing a slosh noise baffle reduces the average decibel values recorded from 35dB to 32dB;

- The difference in recorded values (decibels) decreases from 8dB to 1.3dB in the case of the
introduction of the Link baffle ;

- The dispersion of recorded noise values (decibels) decreases from 30.1dB to 7dB when using the
Link baffle;

- The differences between the cases of the use of the two slosh noise baffles, Mean, Median and
Dispersion of the recorded decibel values showing similar behavior when using one of the two
slosh noise baffles.

According to the functional analysis carried out by testing the two prototypes in a tank, a decrease in
the noise level, identified as a slosh noise phenomenon, can be observed.
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CHAPTER 8: General conclusions, personal contributions,
dissemination of results, future research directions

8.1. General conclusions

The doctoral thesis entitled " Research on development of slosh noise baffles for automotive fuel tanks"
presents the research undertaken by the author on the development of innovative technical solutions of
integrated and adaptable wave breakers in existing fuel tanks in order to improve the phenomenon of
slosh noise, by shaping the dynamic behavior of the fuel in the tank. Moreover, this was the very main
objective of the thesis.

The general conclusions of the research carried out are as follows:

1.

The wing wave breaker has a wing deformation of 2300mm and a risk of breaking the wings, the
largest deformation of the three concepts analyzed. It also presents a risk of breakage, the
material being able to yield at 180 MPa considering the application of a force of 100 N
perpendicular to the wings. The Wing Wave Breaker has the greatest deformation of the wing
under normal operating conditions >13mm. For the reasons listed above, it did not pass the
stage of making the prototypes and confirming the results by carrying out the physical tests.
This concept has been abandoned from research point of view.

Under normal conditions of use, the “link” wave breaker will withstand breakage and can
change its shape/position by up to 35mm.

The Fishbone wave breaker shows the slightest deformation of the wing under normal operating
conditions <5mm;

For use under extreme conditions it is recommended to use a material with polypropylene-like
properties, but with a breaking resistance >100 MPa;

From mathematical point of view, it was carried out to transpose the phenomena of movement
of fluid inside the tank, representing both the waves produced and the braking phenomenon
associated with the slosh noise effect, into mathematical and analytical models. These allowed
mathematical modeling of the free surface of the fluid under the hypothesis that we do not
have a solution for breaking the waves inside a tank, compared to the situation where we
encounter the slosh noise solutions integrated into the tank. Thus, it emerged that the
amplitude of the movement of the free surface of the fluid in the case of the implementation of
an anti-slosh noise solution of the type of baffle is reduced by half compared to the movement
of the free surface of the fluid contained in a baffle free fuel tank that.

For “Link” type baffle and fishbone wave breakers, the analysis continued with physical tests
demonstrating the effectiveness on the modelling of the dynamic fuel behavior in the vehicle
tank, as well as the representativeness of the numerical simulations performed. In addition, the
risk of rupture within the link wave breaker was confirmed by physical tests.

Introducing a wave breaker reduces the average decibel values recorded from 35dB to 32dB;

The difference in recorded decibel values decreases from 8dB to 1.3dBb in the case of the
introduction of a the link wave breaker;

The variation in recorded decibel values decreases from 30dB to 7dB when using a link wave
breaker;

50



UPB

Summary of doctoral Research on development of slosh noise baffles for Oana-Maria D.
thesis automotive fuel tanks MANTA (BALAS)

10.

The differences recorded between the cases of the use of the two types of wave breakers are
small, with Media, Mediana and Difference in decibel values showing similar behavior when
using one of the two types of wave breakers.

The implementation of any wave-breaking solution between the two studied (link type or
fishbone type) shows a noticeable improvement in terms of generated noise, as can also be seen
in Figure 8.1.
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Fig.8.1. Variation of noise level depending on the technical solution of slosh noise baffle
implemented

8.2.Personal contributions

Following the research presented, the author made personal contributions to the field of modeling the
dynamic behavior of the fuel inside the tank of a vehicle by:

1.

Realization of the bibliographical study on the current state of the art of the tanks in terms of
manufacturing technologies, fuel trend and regulations, (Chapter 1);

Realization of a benchmark on the state of the current state of the art of the tanks in terms of
the litters, dimensions, technologies used, the presence of slosh noise baffle solutions, (Chapter
1);

Generating 3D models of generic components to simplify the numerical simulation process,
(Chapter 4);

Designing three innovative technical solutions of wave breakers fixed on the delivery pump
module within a fuel tank, (Chapter 4) . For the three technical solutions designed, patent
applications have been launched in France and Romania, as well as a European patent extension
for one of the solutions. Most of the applications submitted have been formalized in patents.
Development of static numerical simulation scenarios for technical wave breaker solutions so as
to capture cases of deformability and breaking resistance as close as possible to actual and
extreme use (Chapter 5);

Transposition of the phenomenon of slosh noise (waves as well as the phenomenon of braking
that generates waves) into mathematical modeling that led to the creation of numerical and
analytical mathematical models. Their analysis allowed to identify the behavior of the
movement of the free surface of the fluid in the studied hypotheses (without integrated wave
breaker, respectively with the integrated wave breaker in the fuel tank), (Chapter 6).
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7. Identification of the mathematical correlation between the movement of the free surface of the
fluid and the level of noise associated with Bernoulli's Integral, (Chapter 6).

8. Development of the computing code in Matlab so as to generate free surfaces related to
simulated scenarios with wave-breaker-free fuel tank, (Chapter 6);

9. Development of the computing code in Matlab so as to generate free surfaces related to
simulated scenarios with the fuel tank including integrated wave breakers, (Chapter 6);

10. Development of the computing code in Matlab to study the amplitude of waves related to
simulated scenarios, (Chapter 6);

11. Develop a test method to reproduce waves in real-world conditions and a scenario for
alternatives and test conditions. As presented in the thesis, there is currently no standardized
procedure for the reproduction of the slosh noise phenomenon, (Chapter 7);

12. Design and construction of a test bench for the reproduction of waves inside a tank under real
running conditions, (Chapter 7);

13. Conducting a set of experiments to measure the noise level produced by the waves generated
inside the tank when they collide with the tank walls, (Chapter 7);

14. Develop a methodology for filtering recorded data so as to identify wave noise, which generates

the slosh noise effect. Separation of this type of noise from background noise and engine or
vehicle braking noise (Chapter 7).

8.3.Dissemination of results

Some of the results obtained from research carried out within the doctoral school were disseminated
through:

Publication of four scientific articles:

1. ,Study regarding the influence of the fuel tank constructive characteristics on slosh noise
effect”, Balas O., Balas R., Doicin C., Applied Mechanics and Materials - Submitted: 2015-09-20 ISSN:
1662-7482, Vol. 834, pp. 22-27 Revised: 2015-10-25 doi: 10.4028/www.scientific.net/AMM.834.22
Accepted: 2015-10-26 © 2016 Trans Tech Publications, Switzerland Online: 2016-04-19

2. ,Research and constructive solutions on the reduction of slosh noise”, Balas O., Balas R.,
Doicin C., IOP Conf. Series: Materials Science and Engineering 161 (2016) 012003 doi:10.1088/1757-
899X/161/1/012003-

3. ,Statical Analysis of Slosh Noise Baffle”, Balas O., Balas R., Ulmeanu M., Murzac R., Doicin C,,
Macromolecular Symposia 389(1):1900119, DOI: 10.1002/masy.201900119.

4. ,Construction and testing of the wave breaking prototype - slosh noise baffle”, Balas O., Balas
R., Murzac R., Ulmeanu M., Doicin C. — being published, UPB Scientific Bulletin, Series D, 2021

Participation in two scientific conferences:

1. ICAMAT 2015 — Advanced Manufacturing Technologies, Romania
2. IMANEE 2016 - Innovative Manufacturing Engineering and Energy Conference, Grecia

A European patent: EP3296136 (A1) — 2018-03-21: Anti-clapping device of a fuel tank of a motor
vehicle

Four patents of invention (France & Romania):
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1. Patent of invention: FR3060480 (A1) — 2018-06-22. Data deposit : 2016/12/20: Dispositif anti-
clapot d’un reservoir de carburant d’un vehicule automobile;

2. Patent of invention: RO132647 (B1) — 30-09-20. Data deposit 2016/12/20: Dispozitiv anti-
clipocit pentru un rezervor de carburant al unui autovehicul

3. Patent of invention: FR3061090 (A1) 2018-06-29: Dispositif anti-clapot d’un reservoir de
carburant d’un vehicule automobile

4. Patent of invention: FR3055835 (B1) — 2018-08-31: Dispositif anti-clapot d'un reservoir de

carburant d'un vehicule automobile

Publication of seven patent applications (three applications in France, three applications in Romania,
one European patent application)

ok wnNneE

Patent application: FR3060480 (A1) — 2018-06-22. Deposit Date: 2016/12/20
Patent application: RO132647 (A2) — 2018-06-29. Deposit Date 2016.12.20
Patent application: FR3061090 (A1) 2018-06-29. Deposit Date: 2016/12/27
Patent application: RO132679 (A2) — 2018-06-29. Deposit Date 2016.12.27
Patent application: FR3055835 (A1) — 2018-03-16. Deposit Date 12.09.2016
Patent application: RO132428 (A2): 30.03.2018. Deposit Date 12.09.2016

8.4.Future research directions

The research presented in the doctoral thesis contributes to the deepening of the conditions for the
occurrence of the phenomenon of slosh noise and to the improvement of wave reproduction methods
to test various technical solutions. Future research directions may be considered as possible:

1.
2.

Research on plastics used in the construction of slosh noise baffles.

Research on the design variants of slosh noise baffles in order to make their manufacturing
process more efficient

Research on the correspondence between noise, frequency and amplitude within the
phenomenon of breaking waves inside a tank.

Research on mathematical modeling that highlights the correspondence between the
movement of the free surface and the noise level generated through Bernoulli's integral
Research on the behavior of potential energies through mathematical modeling for tanks that
do not present solutions for slosh noise reduction compared to fuel tanks showing on-board
baffles.

Research on the behavior of kinetic energies through mathematical modeling for tanks that do
not present solutions for slosh noise reducing baffles compared to fuel tanks that show on
board baffles.
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