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Introduction: This study presents a comprehensive design and analysis of a 300L
steel fuel tank intended for heavy off-road vehicles. The design process integrates
numerical simulations and experimental investigations to optimize the tank’s
performance and durability under various operating conditions.

Methods: The design methodology involves CAD model optimization, numerical
analysis setup, and experimental validation. CAD model optimization simplifies
the tank geometry while retaining structural integrity. Numerical analysis setup
includes defining boundary conditions, meshing strategies, and simulation
parameters. Experimental validation entails testing the tank under dynamic
loading conditions to assess its structural response.

Results: Numerical simulations reveal insights into stress distribution,
deformation behavior, and fluid dynamics within the tank. Experimental tests
confirm the numerical predictions and provide valuable data formodel validation.
Key results include stress concentrations in critical areas, deformation patterns
under different loading conditions, and fluid flow characteristics.

Discussion: The integrated approach combining numerical simulations and
experimental tests offers a comprehensive understanding of the fuel tank’s
behavior. Findings highlight areas for design improvement, such as
reinforcement of stress-prone regions and optimization of fluid flow
dynamics. The study contributes to enhancing the performance, reliability, and
safety of fuel tanks for heavy off-road vehicles.
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1 Introduction

Cross country vehicles, specifically tracked, off-road, vehicles are
important in various industries such as construction, mining,
defense, and agriculture. These vehicles are designed to traverse
harsh and challenging terrains, and therefore must meet strict safety
and performance requirements to ensure their efficient and reliable
operation. These vehicles consist of complex sub-assemblies among
which fuel systems and tanks are of great importance. Steel is a
commonly used material for the fuel storage tanks of these vehicles
due to its durability, strength, and ease of production. Alternatively,
high density polyethylene or fiberglass composite are also used for
constructing fuel tanks.

The design and analysis of steel fuel tanks for tracked off-road
vehicles is a complex process that involves a thorough
understanding of the material properties, loading conditions,
and safety requirements. This research paper provides an
overview of the design and analysis of steel fuel tanks for
cross country vehicles, including the materials, fabrication
methods, and analysis techniques used. The paper will also
discuss the various codes and standards that govern the design
and construction of fuel storage tanks for off-road vehicles, and
the testing and inspection procedures used to ensure the safety
and performance of these tanks.

2 Literature review

Cameron (Rout et al., 2022) highlighted that the recent shift in
alternative fuel has introduced alternatives like battery and hydrogen
powered vehicles. But for remote operations and high load
requirements, diesel powered powerpacks are preferred. All the
new powertrains, namely, electric and hydrogen are still
dependent on the production of renewable energy sources to
reduce carbon footprint. Additionally, there has been a striking
development in the production of carbon fuels through sunlight, and
carbon dioxide from the atmosphere resulting in carbon neutral
Hydrocarbon fuels (Schäppi et al., 2022). These new methods will
help in sustainable development without changing the present
infrastructure.

For designing robust, safe, and high-quality fuel tanks various
analyses can be carried out with the help of modern-day finite
element analysis methods. This caters to near-net development by
taking all factors for development by curtailing the financial burden.
In order to store volatile fuel safely, a pressurized vessel is necessary.
Nevertheless, the vessel is susceptible to damage caused by an
increase in internal pressure, which may surpass the designated
operating pressure or critical pressure. To prevent failures, it is
essential to conduct finite element method analysis to identify
critical stresses and study potential deformations in the vessel
(Annamalai et al., 2021).

Yang Gao (Gao et al., 2018a) analyzed the fuel tank for an
armored vehicle for static and dynamic loading, which aided in
optimizing the tank design. The FEM analysis technique for static
and fatigue loading accurately pointed out design flaws using a stress
distribution diagram. Areas where major loads will be transferred to
welds were identifiable. Guidance on the installation of the tanks and
improving the service life of tanks for armored vehicles was given.

Ţălu (Ţălu and Ţălu, 2018) designed and analyzed a paralepipedic
fuel tank under pressure and varying temperatures, which
demonstrated that Von Mises stresses decreased with a rise in
temperature and then started increasing after 40°C. It was
observed, that the linear deformation factor attenuated with the
rise in temperature continuously.

For passenger vehicles automotive industry standard 095 is
followed for road worthiness, which holds a compulsion before
utilization. A high-speed vehicle which is primarily used for cross
country applications, will require additional robust testing
parameters defined initially keeping the performance
requirements in mind. Two tests, a hydraulic test and an
overturn test are carried out on metallic tanks, keeping in the
purview of the operator and various terrains the vehicle is availed
(kumaran et al., 2023).

Welding is the primary method of joining different steel
components. Hence, it is important to predict the strength of
welded joints under static and dynamic loading conditions.
Gheorghe Asachi (Heinemann et al., 2021) used the FEM
method with different types of mesh elements to predict the
stress concentration and deformation. The tetra linear elements
were found to be more accurate as compared to tetra quadratic
elements in predicting Von Mises stress data. In his welding
research, Abubkr H (Hemer et al., 2020) found that when joining
the base metal with a weld metal, the weld metal exhibits higher yield
and tensile strength. The FEM results of the Charpy impact test
showed higher crack lengths as compared to experimental results.
Also, the hardness values were highest at the heat affected zones and
weldedmetal has slightly higher values than base metal. This shows a
greater risk of failure of welded joints during cyclic loading and
indicates a need to predict and study intricately about
weldment fracture.

Banagar (Banagar, 2015) predicted the stress concentrations and
deformations under self-loading and full load conditions for a
pressure vessel. The joint efficiency is assumed as 0.7 and stress
concentrations were highlighted at support and nozzle regions.
Hence, a pressure vessel is subjected to self-load, external loads,
and thermal loads, which may cause failure instantaneously or even
due to fatigue loading. There are various welding techniques
available, but welds produce heat affected zones, which in turn
hardens the metal around the joint and promotes cracks and rusting.
Abbasi (Abbasi and Salmani, 2008) and Basak (Basak et al., 2016)
studied different welding processes to certain that manual brazed
joints offer the best results for corrosion resistance. Also, the anti-
corrosion coating should have a higher melting point than the
welding operation temperature to ascertain the long life of the
steel welded fuel tanks.

Another type of physical change inside the fuel tank happens
due to the excitation of free liquid volume, due to external
accelerations. Primarily during accelerating, stopping, and
turning the liquid changes its shape which may result in
incorrect fuel level readings, fuel starvation to the engine, and
structural loading on the vehicle itself. As the analytical solutions
for computational fluid dynamics are very difficult, the numerical
approach is the preferred method for sloshing analysis. In recent
years, CFD programs have become a prominent tool to
understand liquid and gas flow behavior. It can also aid in
predicting the transfer of heat, mass, phase change, chemical
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reaction, mechanical movement, and stress deformation of
structural components (Zawawi et al., 2018).

Various research methods for different types of tank shapes
undergoing varied types of excitation have been studied in recent
times. With the advancement in computer hardware and
software technology, CFD solutions have become easier to
solve with closer to real-net values. Frosinia, Zhang, Enhui,
Ren He, and Kim (Frosina et al., 2018; Kim et al., 2020;
Zhang et al., 2020; Zhang and He, 2020) have individually
done research on different tank designs accompanied by
different shapes, sizes, and designs of baffles. But to the best
of the authors’ knowledge, very little work has been carried out
for the design and analysis of steel fuel tanks for military off-road
vehicles. With low variation and appropriate tool methods,
analysis of 300 times fuel tank is performed in this work, for
a free liquid surface boundary region.

3 Materials and methods

3.1 Design methodology

The initial steps consist of deciding the storage capacity as per
defense standards and range requirements, along with the material
of construction which will be steel, aluminum, HDPE, or composite.
The shape of the tank is primarily decided by understanding the
placement of the tank in the vehicle assembly. The tank will be
accompanied by the general sub-components such as filters,
strainers, drain plug, pump, etc. as per specific requirements.

The tank will be undergoing testing before-hand as per
international and automotive standards (Everyspec, 2007;
Everyspec, 2008; Indian Standard, 2023b; Indian Standard, 2023a;
kumaran et al., 2023) for safety and performance criteria. The
inspection and maintenance of the tank should be easy
throughout its life of use. This study is focused on a
comprehensive analysis of multiple parameters related to the
structural and operational capability of a diesel fuel tank, whose
detailed information is tabulated in Table 1.

3.2 Preliminary fuel tank design

The fuel tank is formed into a shell using 2 mm stainless steel
plates through sheet metal operations. The complete flowchart is
visualized in Figure 1. The fuel tank outer structure consists
primarily of three components, one outer shell, and two side
closing plates, and three interior baffles which will also work as

FIGURE 1
Preliminary fuel tank design flow chart.

FIGURE 2
CAD model of Tank.

TABLE 1 General information of tank.

Value Units

LENGTH OF TANK 1,040 mm

WIDTH OF TANK 1,022 mm

HEIGHT OF TANK 300 mm

THICKNESS OF TANK 2 mm

VOLUME OF TANK 0.3014753 m3

DENSITY OF DIESEL 830 kg/m3
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stiffener or support structures as shown in Figure 2. The choice of
2 mm thickness sheets due to its availability in the manufacturing
domain requirement and act as a strong barrier to withstand the
loads without exceeding the weight limit of 71 kg of the fuel tank at
the design stage.

3.3 Material specifications

The properties of steel, with a density of 7,850 kg/m3 and Elastic
modulus of 1.93 × 1011 Pa (Indian Standard, 2008) were used for
defining structural characteristics. Two general grades of stainless
steel were considered for constructing the pressure vessel as per IS
6911 (1992) and IS 513 (2008). Their material composition and
tensile strength are as per Table 2 (Indian Standard, 1992; Indian
Standard, 2008).

After defining a preliminary design and material, the tank is tested
for hydraulic pressure as per AIS 095 for structural rigidity, then for
sloshing phenomena due to external excitation, and finally, weldment
analysis for weak spots under hydraulic loading. Additionally, the
fatigue life of different components is estimated, formulated, and
summarised for review and testing of the prototype tank.

4 Results and discussions

4.1 Maximum internal pressure analysis

In our specific fuel system, the tank in consideration is
connected to a high-capacity nose tank, which at full capacity
will exert a pressure head of 1 m on the analyzed tank. There is no
pumping system attached in between, and the two tanks are
connected using a 16 mm diameter pipe, the flow of the fuel is
primarily due to gravitational pull.

Hence, a static pressure head of 1 m of diesel fuel is considered
the maximum operating pressure of the tank at full capacity. This
pressure will be used for the actual loading of the tank at 8,142.3 Pa.
For dynamic loading conditions, the testing pressure will be
30,000 Pa as per AIS 095 under which the tank may deform
permanently, but not be cracked or lead to leakage of any fuel
for which observations must be made after the tests (kumaran et al.,
2023). This corresponds to the structural analysis of the tank.

4.1.1 Boundary conditions and CAD model
optimization

The tank is secured from all six sides and held tightly in place
with the help of multiple studs, rubber straps, and adjacent walls.
This arrangement will allow for an easy replacement. These supports
will induce higher stresses on the tank due to normal reactions.

Along with stresses, maximum deformation is also measured to
predict any interference with nearby components.

The overall tank comprises various components, and to enhance
the efficiency of numerical analysis, certain assumptions are
integrated into the design. The tank model for CAD optimization
follows these assumptions (Du, 2017; Gao et al., 2018b).

1. Exclusion of Internal Components: Holes and pipes within the
fuel tank are disregarded, focusing solely on the rigid and
structural components.

2. Neglect of Seam and Spot Welds: The influence of seam and
spot welds between plates is not considered; instead, the entire
fuel tank is treated as an integral enclosure with
uniform thickness.

3. Applied Pressure Direction: The overall pressure is exclusively
directed outward onto the internal walls of the tank, with no
consideration for the impact on internal components.

The comprehensive tank model is developed using PTC Creo
Parametric 7.0.5.0. This optimized approach ensures an effective
numerical analysis while simplifying the model to key structural
elements, contributing to the overall robustness of the study.

4.1.2 Numerical analysis setup and meshing
The constant pressure analysis is conducted using the static

structural module in Ansys 2022 R1. The optimized CAD model is
imported into DesignModeler, where the mid-surface of the sheet metal
parts is generated to facilitate simplified volume meshing. To ensure a
robust simulation, bonded connections are defined at weld joints
between tank parts, and appropriate boundary conditions are
established.

Key Numerical Analysis Setup Details.

• Analysis Method: Constant pressure analysis is performed
utilizing the static structural module within Ansys 2022 R1.

• Simulation Duration: The time of simulation is conducted
for a duration relevant to achieving accurate and
meaningful results.

• Meshing Strategy: The mid-surface approach is employed for
sheet metal parts to streamline volume meshing complexities.

• Contact Definitions: Bonded connections are specified at
welding joints to simulate the structural behavior of the
tank parts accurately.

• Boundary Conditions:Detailed specifications are provided to
ensure the simulation accurately reflects real-world conditions
and interactions.

By incorporating these details, a more comprehensive
understanding of the intricacies involved in the numerical

TABLE 2 Composition and strength of 304 S2 steel as per IS 6311 and CR2-D steel as per IS 513.

C (%) Mn (%) S (%) P (%) Yield strength (MPa) Ultimate tensile strength (MPa)

304 S2 (IS 6911) 0.03 2.0 0.030 0.045 180 440

CR2-D (IS 513) 0.12 0.50 0.035 0.040 240 370

Note: The provided Ultimate Tensile Strength (UTS) values are considered under a linear model for the yield strength, as the yield strength implies a constant relationship between stress and

strain up to the point of yield.
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analysis setup will be achieved. Meshing is done in Ansys Mesher,
the mesh has been optimized initially and then checked for
convergence issues for critical areas. The mesh is said to
converge if the change in results is less than 5%. The final
mesh contains 95,574 nodes and 90,498 elements with a
percent change of 3.54% in terms of stress and 0.25% for

deformation. Hence, the results are said to be converging and
are availed for final outcomes.

4.1.3 Results
The final results were evaluated for equivalent stress and total

deformation in the parts. The dynamic loading conditions for the
tank analysis involve subjecting the tank to an acceleration of
0–32 kmph within a time span of 6 s. This translates to a general
acceleration value of 1.48 m/s2 for the initial 6 s from a state of rest.
The emphasis is placed on analyzing the time aspect to assess
potential fuel starvation at the pump inlet inside the tank and to
quantify the forces exerted on the tank walls in the direction of
excitation.

The detailed parameters of the dynamic loading
conditions include.

• Acceleration Profile: 0 to 32 kmph in 6 s: Constant
acceleration profile for initial which is 1.48 m/s2 6 s

• Acceleration Value: 1.48 m/s2 for the initial 6 s.
• Objective: Evaluate the impact on the pump inlet, observe fuel
starvation, and quantify forces on the tank walls during the
acceleration period.

By providing these additional details, aiming to offer a clearer
understanding of the dynamic loading conditions applied during the
tank analysis.

i. For actual loading conditions
• The actual loading condition shows fairly, less stresses in the
range of 160–202 MPa which is concentrated on the baffles
where they are joined with the corrugated side walls of the
tank as shown in Figure 3.

• The tanks show deformations mainly in the regions of
minimal supports from baffles and side walls of the tank,
in the range of 1.1 mm–1.597 mm.

ii. For dynamic loading conditions
• For the dynamic loading conditions, the tank shows a high
concentration of stress at the top face where the baffles are
joined near the side walls of corrugations at 431.4 MPa as
highlighted in Figure 4.

In other areas the stresses are below 270 MPa.

• The tank shows high deformation in areas where stiffener
support is not present. A maximum of 5.88 mm of
deformation is observed in the max location. The other
three areas show deformation of between 4 and 5.8 mm.

Note: A thorough investigation into mesh sensitivity has
been conducted. The mesh has been refined in critical areas, and
sensitivity analysis has been performed to ensure the reliability
of the reported maximum stress value in Figure 4B. These
measures aim to enhance the robustness of the findings and
provide more accurate insights into the tank’s behavior under
dynamic loading conditions.

The results show high stress and deformation in areas of
minimal support from the overall tank geometry, which is
expected. As the stress values are below the tensile yield

FIGURE 3
Tank under actual loading (A) Equivalent Stress, (B) Maximum
Equivalent Stress, (C) Total deformation.
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strength of 440 MPa for 304S2 steel, the design can be
carried forward. It is expected that in further analysis
(i.e., weldment analysis) due to the addition of welds, the tank

shell will suffer lesser stress concentration under dynamic
loading conditions. Then CR2-D material can also be
considered at the final stages.

4.2 Stability analysis–sloshing

The fuel stored inside the tank undergoes various external
excitations during the vehicle operation primarily during
accelerating, braking, and turning. Accompanied with cross
country traversal the problem becomes more complex. As the
liquid volume reacts to the external forces, for large tanks effects

FIGURE 4
Tank under dynamic loading (A) Equivalent Stress, (B)Maximum stress region on the tank shell, (C) Secondmaximum stress region on the tank shell,
(D) Total deformation.

FIGURE 5
(A) - Fluid Volume without baffles. 9 (B) Fluid volume with baffles.

TABLE 3 CFD Mesh statistics.

Mesh w/o baffles Mesh with baffles

Orthogonal quality (min) 0.20188 0.20015

Aspect ratio (max) 8.9876 10.997

Number of nodes 1,35,882 14,58,229

Number of Elements 6,92,033 80,06,780
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like variation in the center of mass and structural loading on tank
walls happen and thus affect the steering and braking
performance of the vehicle. To counter the problem, baffles
are used in the form of suppression devices of various shapes
and sizes inside the tanks. This helps by reducing the pressure
and moments of liquid mass. The tank shape and liquid-free
surface crucially define the sloshing characteristics.

4.2.1 Governing equations
The mathematical model to represent the sloshing

phenomena in terms of analytical equations is given by
conservation of mass, momentum, and energy. The topic is
only introduced here, as it is vastly discussed in the
references. The Volume of Fluid (VOF) method developed by
Hirt and Nicholas (Hirt and Nichols, 1981) is quite renowned for
capturing liquid-free surfaces. The method represents properties
of either one phase or a mixture of phases depending on volume
fraction. The ratio of the volume of phase in the cell to the volume
of the cell is defined as volume fraction. The volume fraction will

either be 0 (empty), 1 (fully filled) or in between 0 and 1 (a
mixture of air and liquid).

VOF equation

∂α
∂t

+ ui
∂α
∂xi

� 0

With, ρ1 + ρ2(1 − α) � 1
μ1 + μ2 1 − α( ) � 1

Where ρ is density and μ is viscosity.
The fluid is assumed as incompressible, and surface tension and

cavitation are neglected. The incompressible Navier-stokes equation
is used to describe the sloshing behavior of fluid in general which is
based on the conservation of mass and momentum

∂ui

∂xi
� 0

∂ui

∂t
+ uj

∂uj

∂xi
� −1

ρ

∂p
∂xi

+ ]
∂2ui

∂xj∂xj
+ bi

FIGURE 6
Liquid Free surface ISO and side view at (A) 1.06513 s for tank without baffles, (B) 2.49428 s for tank with baffles.

FIGURE 7
Lateral force on tank wall during excitation (A) with baffles. (B) Lateral force on tank wall during excitation with baffles.
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Where bi is the body force, ] kinematic viscosity, ρ is fluid
density, p pressure, t time, and ui is the velocity vector.

The flow is considered to be dominantly turbulent, and
irrotational which increases the dissipation of energy, heat

transfer, and drag. The turbulent k-ε model proposed by
Comini, G., and S. Del Giudice (Comini and Del Giudice,
1985) is a very popular turbulent model for industrial
applications of CFD. Turbulent kinetic energy k and

FIGURE 8
(A) Weld CAD solid geometry. (B) S-N reference graph for fatigue analysis.
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dissipation rate ε are used to find Reynolds’s stress. The transport
equations are given by

ρ
∂k
∂t

+ ρuj
∂k
∂xj

� τ ij
∂ui

∂xj
− ρε + ∂

∂xj
μ + μt

σk
( ) ∂k

∂xj
[ ]

ρ
∂ε
∂t

+ ρuj
∂ε
∂xj

� Cε1
ε

k
τij

∂ui

∂xj
− Cε2ρ

ε2

k
+ ∂
∂xj

u + μt
σε

( ) ∂ε
∂xj

[ ]
Where Cε1 = 1.44, Cε2 = 1.92 and σk = 1.00, σε = 1.30 are

constant values. As the number of equations increases, there is an
increase in the overall computation time.

4.2.2 Physical model
The complete fluid volume is defined in PTC Creo for the tank

with (Figure 5A) and without baffles (Figure 5B). The pump design
is simplified to reduce the complexity of the mesh.

4.2.3 Motion/external excitation and
numerical setup

Themodel is compared to an internal fuel tank with a 25% fill level,
which has been excited as per the acceleration of 0–32 kmph in 6 s.
Hence, a general acceleration value of 1.48 m/s2 for the first 6 s from
rest. Importance is given to analyzing the time to check if the pump inlet
inside the tank is ever starved of fuel and how much force is exerted on
the walls of the tanks in the direction of excitation. The case is set up in
Ansys Fluent 2022 R1, meshing is done in Ansys Mesher with a
maximum element size of 100 mm as tetrahedron elements with the
following mesh quality as per Table 3.

The multiphase VOF model for viscous k-omega SST turbulent
model is defined for solving. With a total time of 6 s, a non-iterative
time advancement scheme is defined with adaptive time advancement.
The smallest time step size is defined as 0.0001. To comprehensively
examine the forces acting on the tank walls in the direction of
acceleration, the setup includes defining visual representations for
insights into the fluid dynamics, flow patterns, and the impact of
forces on the tank walls throughout the simulation period.

4.2.4 Results
4.2.4.1 Tank without baffles

After analyzing the result, and force plot shown in Figure 7A,
the external acceleration generates 3 waves, which splash at time

periods of 1 s, 3.3 s, and 5.7 s hence, with high pressure
generation on the walls of the tank in the opposite direction
of acceleration due to liquid inertia. The first wave exerts a
maximum force of the order of 150 N and the other two
waves of the order of 125 N, which is generally termed
splashing phenomena inside the tank.

The significance of the liquid free surface beneath the pump
becomes apparent during dynamic motions, as there is a risk of fuel
starvation for the pump. When examining the worst-case scenario
for the fuel level inside the tank, the isometric and side views
emphasize a critical moment at 1.06513 s, as illustrated in
Figure 6A. At this point, the pump inlet is dangerously close to
being exposed to air.

4.2.4.2 Tank with baffles
The Force plot for the tank with baffles in Figure 7B, shows

waves splashing on the walls at 1.75 s, 2.4 s, and 5.2 s. But the forces
on the walls are of a lower magnitude of 100 N for the first two and
96 N for the third splash.

Hence, the addition of baffles has reduced the peak force
transferred to the tank walls by 33%. The general load on the
walls is in the range of 75 N–100 N due to the pressure head,
therefore the turbulent kinetic energy generated inside the tank is
of not much great concern. Additionally, the worst condition for the
liquid free surface occurred at 2.49 s during which the condition was
like as per Figure 6B.

As the pump is active during vehicle acceleration, fluid is sucked
into the pump, there will be air sucked by the pump in the case of the
tank without baffles. The baffles have helped greatly in reducing
internal excitations. Hence, the design of baffles has aided the
performance of the tank.

4.3 Weldment analysis

The weldment analysis of steel fuel tanks allows us to identify
areas of weld failures during actual and dynamic loading. The
general seam weld strength depends on the weld design, process,
and materials. Although generally there is a certain level of defect in
the welds, which is considered a weld quality factor during
calculations, the welds are assumed to be of the same strength as
base material in our case.

FIGURE 9
Tank stresses under actual loading. (A) Top view, (B) Stress concentration, (C) Top view of tank and weld deformation.
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4.3.1 Model setup, boundary conditions
and meshing

An updated design model from the maximum internal pressure
analysis introducing the various seam welds has been enlisted as
solid parts in the assembly as showcased in Figure 8A. These welds
will be replaced with the bonded connections in between parts
holding them together and the corresponding connections in
between various parts will be removed.

The welds are tested for the same working pressure of actual
loading at 8,142.6 Pa and a dynamic load condition of 30,000 Pa.
Additionally, fatigue analysis of the tank with respect to fatigue

loading under 120% of the working pressure values is carried out,
this helped in predicting the minimum life cycle of various joints and
parts. Fatigue is a major concern in the design and analysis of steel fuel
tanks, as repeated loading can cause the welded joints to fail over time.
A weld strength fatigue numerical analysis is essential to ensure the
reliability and safety of the fuel tank under repeated loading conditions.

As indicated in Figure 8B, a close-to-net similar material
from the Ansys fatigue material database, hot rolled high strength
low alloy steel, is used as input characteristics for evaluation of
cyclic loading failure for steel to predict the life of various
components.

FIGURE 10
(A) Top view of tank stresses under dynamic loading, (B) view of tank, (C) major stress on tank shell, (D) major stress on tank shell, (E) stress
concentration of welds.
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The mesh size is defined while considering the size of welds, the
mesh has been refined and then verified for convergence issues by
refining it. A change in result of less than 5% has been set as the limit of
convergence. The convergence study is then carried out for which the
change in results for stress is 1.63% and deformation of 0.84%.
Observing the miniscule change in results 10 mm of global size with
2.5 mm of body and face sizing at contacts is chosen for results. The
mesh contains 2,82,306 nodes and 2,13,972 elements.

4.3.2 Results
The results were analyzed for equivalent stress and total

deformation of parts for both, actual and dynamic loading conditions.

i. For actual loading conditions
• Under normal loading conditions, the tank undergoes stress
concentrations at the welds with minimum supports from
nearby baffles and corrugations as shown in Figure 9A.

• The welds undergo a maximum stress of 173.64 MPa as in
Figure 9B, at other locations it is less.

• The major deformation is in the areas of minimum supports
from side walls, corrugations, and baffles. Which is of the
order of 1.34 mm as shown in Figure 9C.

ii. For dynamic loading conditions
• Under the conditions, the tanks show high deformation
where minimum support from baffles and corrugations are
present. With an upper limit of 4.95 mm.

• The side plates show a maximum bulging of
around 3.4–3.6 mm.

• The stress concentration is maximum around the areas of
weld surrounding the areas of max deformation and below
286 MPa in the tank shell as shown in Figures 10A, B.

• The first and second highest stresses on the tank shell are of
the order of 286 MPa (Figure 10C) and
276 MPa (Figure 10D).

• The internal welds have suffered maximum stresses
up to 639 MPa, which may result in the breaking of
the welds under dynamic loading conditions as shown
in Figure 10E.

FIGURE 11
(A) Minimum life of various tank welds under cyclic loading, (B) Lowest weld life view under fatigue loading.

Frontiers in Mechanical Engineering frontiersin.org11

Verma et al. 10.3389/fmech.2024.1360590

https://www.frontiersin.org/journals/mechanical-engineering
https://www.frontiersin.org
https://doi.org/10.3389/fmech.2024.1360590


4.4 Fatigue analysis setup

Fatigue is the major cause of failure for parts undergoing
loading. The analysis will help in predicting the life of the
components. During maintenance and fault analysis these
analysis results will help in deciding important areas to look
first for signs of crack generation or failure. A similar model with
the change in load values of 120% of the actual loading condition,
which will be 9,770.76 Pa is assumed to predict the fatigue life of
various components. The Ansys fatigue tool is used to predict
fatigue life and damage data.

The loading conditions are set to be zero-based, where the loads
are not fully reversed but periodically move from zero to amaximum
value and then back to zero. The mean stress theory implemented is
Gerber which is generally used for ductile materials. The fatigue
strength factor is set as 1, which means the strength of loads will not
diminish with the number of cycles.

The maximum equivalent stress is of the order of 211.15MPa at
120% of the actual load, which is below the yield strength of thematerial.
The tank is supposed to work for a minimum of 105 load cycles. The
result shows the minimum life of the maximum stressed components at
5.2286e+7 cycles in Figure 11 with other areas having higher life cycles.

The results are coherent with our earlier analysis results, that the
welds with minimum support from nearby components will be
deformed the most, resulting in early failure of the welds in
those locations.

4.5 Prototype development and test results

It is important to verify the simulation results through prototype
development and testing as per specified loading conditions for
comparison. The prototype was developed using the same 2 mm
thickness IS 513D material, the outer sheets were joined together

FIGURE 12
(A) Prototype Tank, (B) Apparatus to generate internal pressure, (C) Pressure gauge, (D) Testing of the tank, (E) Finished tank surface and welds.
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using the tungsten inert gas (TIG) welding process. The inner baffles
were welded using the shielded metal arc welding (SMAW)
technique. The final weight of the tank without the internal
pump and other devices and without any liquid content is
67.8 kgs, which is very close to the predicted weight of 71 kgs
earlier. The testing equipment is designed as per the requirement
of testing parameters.

The pressure test will be carried out before the tanks are painted,
and thoroughly washed in clean water. All outlets and thread
connections shall be sealed off with a treaded plug or with a blind
socket except one where a pressure gauge is fitted. The tank shall be
pressurized gradually to the specified pressure and held for 5 min.

4.5.1 Experimental setup
Figure 12A shows the prototype tank manufactured, the final

operations of surface finishing and painting will be done after the
test results are verified. The final tank is as shown in Figure 12E. For
generating maximum pressure inside the tank, a simple device that
comprises a hand operated pump, pumping water from the reservoir
tank fixed below it. The outlet from the pump is connected to a
pressure gauge which will display the pressure built up in the tank as
shown in Figure 12B. The gauge has a least count of 0.1 kg/cm2 with
maximum pressure measurable up to 7 kg/cm2 as in Figure 12C.
Figure 12D shows the tank connected to the testing apparatus and
being tested.

4.5.2 Results
The final measurements of the deformation of the tank are

found at the highlighted location as marked in Figure 13 which are
measured to compare the value from FEM results. The areas of
maximum bulging are observed in the same locations as per the FEM
results stated. The areas highlighted in Figure 10E are measured for
deformation and values provided in Table 4 for three
pressure values.

The above Figure 14, shows the comparison of experimentally
measured vs. FEM results for the Pressure values in bar of 0.1 (4.08%),

FIGURE 13
Deformed Tank under Pressure load.

TABLE 4 Experimentally measured values of deformation in tank.

Pressure gauge reading (kg/cm2) Deflection measured in tank (mm)

0.1 1.4

0.2 3.3

0.3 5.1

FIGURE 14
FEM vs. Experimental results comparison.
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0.2 (0.12%), and 0.3 (2.91%) respectively for the three pressure values.
As the error values are below 5%, we can assume the simulation to be
accurate for future analysis, corresponding to real time analysis.

5 Summary and conclusion

The paper is a comprehensive numerical and experimental
analysis of the internal tank of 300L capacity for a heavy, off-
road, tracked, ground vehicle. The tank has been initially analyzed
for actual loading conditions which will resemble the working
pressure of the tank in ideal conditions. Also, the tank has
undergone dynamic loading conditions at 0.3 bar as per AIS 093.
Both the tank and welds were analyzed under desperate conditions.
The CFD analysis of external excitation of the tank under
acceleration was analyzed for sloshing in the tank to predict fuel
starvation and forces on the tank walls. The three numerical and
experimental analyses have been able to conclude on the
following points.

1. The maximum internal pressure analysis highlighted the areas
of maximum stresses in the order of 160 MPa–200 MPa under
actual working pressure of the tank, with a maximum
deformation of 1.59 mm in the areas that are weakly supported.

2. For dynamic loading conditions, the tank shows a maximum
stress of 431.4 MPa which is due to the bonded contact region
between the baffles and side wall of corrugations of the tank,
with a maximum deformation of 5.8 mm.

3. The sloshing analysis justified the design of baffles used, the net
turbulent kinetic energy inside the liquid media was
minimized. The peak forces on the tank walls were reduced
from 150 N to 100 N. Although the baffle adds weight to the
tank, it aids in the performance of the tank.

4. The welded joints highlighted a much clearer picture as there
are more components to distribute stresses keeping the overall
average values at lower region. Under actual loading
conditions, the welds have been stressed to a maximum of
173.64 MPa, and maximum deformation of tank walls of
about 1.34 mm.

5. Under dynamic loading conditions, the welds reached a
maximum stress of 639MPa, whereas the tank walls were
stressed until a maximum value of 277 MPa. With
maximum structural deformation of 4.96 mm at weakly
supported areas of the tank. This adheres with the hydraulic
test as per AIS 093.

6. By the use of the fatigue tool, the life of various components has
also been predicted for a cyclic, zero-based load of 120% of the
working pressure of the tank, which highlighted the maximum
stressed welds will have a minimum life of 5.2286e+7 cycles
which is fairly high for the system as compared to the
requirement.

7. The material CR-2 D as per IS 513 is indicated as a suitable
alternative for the construction of the steel tank, which was
tested for three pressure values. The test results were compared

with FEM results, indicating a general error in the range of less
than 5% to comprehend the cohesive work.
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