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Available online: 31 December 2025 complex hydrodynamic challenges, particularly due to liquid sloshing
during dynamic vehicle motion. This study presents a numerical
validation of flexitank hydrodynamic performance under realistic
driving conditions, focusing on the pressure response and fluid motion
Flexitank, computational fluid within the flexible containment. A 1:8 scaled flexitank prototype was
dynamics (CFD), sloshing dynamics,  experimentally tested to measure transient wall pressures and
hydrodynamic pressure, validation ~ deformation using force-sensitive resistor (FSR) sensors, while a
study, bulk liquid transport computational fluid dynamics (CFD) model was developed in Ansys
Fluent to simulate the internal flow behavior. Comparison between
experimental and numerical results demonstrated strong correlation,
achieving a percentage different error below 8.5% throughout the
driving cycle. The analysis further revealed that deceleration events
generated 14-18% higher wall pressures than acceleration phases due
to inertial and pressure wave effects. The validated CFD framework
provides a reliable predictive tool for understanding sloshing-induced
behavior in flexible liquid containment systems and contributes to
safer, more efficient bulk liquid transport design.
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1. Introduction

The global logistics sector is expanding, with bulk liquid transport crucial in international trade. Flexitanks,
flexible containers placed inside shipping containers, offer a cost-effective, adaptable, and lightweight alternative
to traditional ISO tanks, intermediate bulk containers, and drums. However, their flexible nature and the dynamic
behaviour of contained liquids pose specific operational challenges. During acceleration, deceleration, or turning,
common in heavy-duty truck operations, the liquid sloshes, creating substantial hydrodynamic forces [1]-[3].
These forces can increase internal pressure, cause localised stresses, and deform the tank walls, potentially
leading to structural damage, leaks, or compromised vehicle stability [4], [5].

Sloshing and its associated hydrodynamic impacts are most critical during braking, often causing peak stress
on the front flexitank walls [6]. Previous studies have explored liquid sloshing using both computational and
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experimental approaches. Numerical methods such as Computational Fluid Dynamics (CFD) and Smoothed
Particle Hydrodynamics (SPH) have been widely employed to predict free-surface behavior and pressure
distribution. However, most studies focused on rigid-walled tanks or idealized boundary conditions, which fail to
represent the complex deformation characteristics of flexible polymer materials used in flexitanks [7], [8].
Furthermore, recent works have emphasized the need for validation of numerical predictions against realistic
dynamic conditions, yet few have achieved experimental correlation to verify simulation accuracy [3], [5].

Research into liquid motion in partially filled road containers has further highlighted the impact of sloshing
on vehicle dynamics and stability [9], [10]. Early work by Romero et al. [11] Included experimental assessments
of lateral sloshing forces in scaled road tankers, considering fill levels and container shapes, while Toumi et al.
[12] Also provided analytical models for longitudinal sloshing. Another significant contribution comes from the
extensive use of computational methods to simulate liquid behaviour. Qiong et al. [13], and Mi-An et al. [14],
among others, have utilised Computational Fluid Dynamics to model liquid motion and hydrodynamic pressure
distribution in various tank geometries. Additionally, Smoothed Particle Hydrodynamics, a mesh-free Lagrangian
method, has been employed by researchers like Zhe Sun et al. [15], and Ersin [16], for analysing highly deformable
systems like liquid sloshing, often coupled with finite element methods for fluid-structure interaction problems.
Experimental validation of numerical models is essential for ensuring simulation accuracy. Without it, models may
inaccurately represent sloshing forces, deformation, or stress concentrations.

Thus, this paper presents a validation study in which numerical simulations of flexitank hydrodynamics are
compared against in-vehicle experimental data. A scaled-down flexitank prototype was mounted on a vehicle and
instrumented to capture pressure responses and deformation patterns during realistic driving conditions. The
corresponding CFD model was subjected to identical driving inputs. By comparing numerical predictions with
experimental data, the accuracy of the numerical approach is assessed, thereby providing a validated framework
for future full-scale flexitank studies and design improvements.

2. Materials and Methods

2.1 Geometry Modelling

The geometry of the flexitank used in this study was constructed based on the specifications reported by MY
Flexitank Industries Sdn. Bhd. and follows the modelling approach presented by Mohamad et al. [3]. A three-
dimensional geometry was developed in SolidWorks and later imported into ANSYS Fluent for numerical
simulations. The reference full-scale flexitank has a rated capacity of 21,000 L with dimensions of 3028 mm
(length) x 2362 mm (width) x 2223 mm (peak height). Fig. 1 shows the geometry model of the flexitank created
using SolidWorks CAD software.

Peak
height

Length
(3,028 mm)

Width
(2,362 mm)

Fig. 1 Flexitank model

A scale factor of 1:8 was applied to the geometry to replicate the scaled-down in-vehicle experimental setup
for validation. The scaled model preserved the geometric similarity of the full-scale flexitank while reducing the
overall dimensions and capacity proportionally. This scaling ensured dynamic similarity in Froude number,
allowing meaningful comparison between numerical and experimental results. Table 1 compares the full-scale
flexitank and the 1:8 scaled-down model used for validation. Consequently, the scaled model capacity is reduced
from 21,000 L to approximately 41 L, making it feasible for in-vehicle experimental testing while maintaining the
hydrodynamic characteristics necessary for meaningful comparison with the full-scale numerical model.
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In this study, water was selected as the reference fluid due to its well-documented physical properties and
availability for validation testing. The density (p) and dynamic viscosity (1) were assigned as 997 kg/m? and 0.001
kg/m-s, respectively, based on standard fluid property values at room temperature (25 °C) [3]. These properties
were incorporated into the CFD solver to represent fluid behaviour accurately during transient sloshing
conditions.

Table 1 Comparison of full-scale and scaled-down geometry

Parameter Full-scale model Scaled-down model (1:8)
Capacity (L) 21,000 41

Length (mm) 3028 379

Width (mm) 2362 295

Peak height (mm) 2223 278

The flexitank wall material was modelled using linear low-density polyethene (LLDPE), which is commonly
employed in commercial flexitank manufacturing due to its high flexibility, chemical resistance, and durability.
The flexitank was simplified for numerical simulations as a single 0.3048 mm-thick LLDPE layer, representing the
actual multilayer construction used in practice. The mechanical properties of LLDPE, such as density, Young’s
modulus, Poisson’s ratio, and yield strength, were obtained from a combination of tensile testing and literature
values [17]. The tensile tests were explicitly performed to generate accurate stress-strain data, which were then
used as direct input for defining the material properties in the simulation model. By integrating experimentally
measured material parameters into the solver, the numerical predictions of flexitank deformation and stress
distribution under hydrodynamic loading were made more realistic and representative of the prototype material.

2.2 Numerical Procedure

This study simulated the model using CFD software, Ansys Fluent, to analyse hydrodynamic performance for
various filling volume capacities and fluid densities. A SIMPLE discretisation of pressure-velocity coupling is
chosen, which makes equation convergence difficult but increases solution precision. The k-w SST turbulence
model and scalable wall function are used.

The k-w SST turbulence model can solve turbulence parameters near the wall region, where an adverse
pressure gradient is developed [18]. Using Ansys software, the model was developed by coupling a fluid flow
solver with a mechanical solver. An interface established the connection between the fluid and structural domains
within these two solvers. Fig. 2 illustrates the computational domain used in this study. In the fluid domain, the
model's outer face is considered a fluid wall. The fixed support of the model was represented by the surface that
fully meets the container body. Meanwhile, the solid domain's outer wall is considered the fluid-solid interface
where the imported pressure from the fluid domain is attached.

(c) (d)

Fig. 2 The boundary conditions for (a) Fluid wall; (b) Fixed support; (c) Fluid-solid interface; (d) Imported pressure
from fluid solver
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Due to the model's simplicity, it was meshed using the hexahedron approach. The purpose is to reduce
numerical diffusion and aiding convergence. The Ansys Advanced Meshing module was used to generate a
structured hexa-dominant mesh. To analyse mesh independence, three different mesh resolutions are considered,
including coarse, medium, and fine mesh types. After performing the grid independence test, the medium mesh
type with 40 mm of element size and 1.2 growth rate, resulting 830,000 number of elements was selected for all
subsequent simulations. This mesh provided a balance between accuracy and computational efficiency, as the
variation in average wall pressure between the medium and fine meshes was less than 1%, indicating mesh
convergence. Furthermore, the medium mesh reduced computational cost by nearly 50% compared to the fine
mesh, without compromising result reliability. Therefore, the medium mesh configuration was adopted as the
reference model for all CFD analyses in this study.

The numerical simulation and the scaled-down in-vehicle experiment were subjected to representative
driving profiles to ensure consistency in validation. Two types of profiles were considered in this study. The first
profile was derived from the West Virginia University (WVU) Heavy-Duty Truck Cycle, focusing on a braking event
where the vehicle decelerates from approximately 16 km/h to a complete stop within six seconds [19]. This profile
was implemented as a transient boundary condition in the CFD solver to evaluate hydrodynamic performance
under standardised heavy-duty conditions.

The second profile was obtained from an actual in-vehicle test using a GPS data logger to collect real-time
velocity data during the scaled-down flexitank experiment. The velocity and time history from the logger captured
both acceleration and braking phases, as shown in Fig. 3. This experimental profile was also applied to the
numerical model to ensure that the simulation conditions closely replicated those encountered during physical
testing. By employing a standardised driving cycle and an experimentally measured driving profile, the study
ensured that the numerical model was validated under controlled conditions while also reflecting realistic vehicle
dynamics. This dual approach allowed for a comprehensive assessment of the model’s predictive capability.

16 ' M
Accelerating Decelerating

Velocity (m/s)

0 5 10 15 20 25 30
Time (s)

Fig. 3 Velocity profile obtained from the GPS data logger

2.3 Experimental Setup

An in-vehicle experiment was conducted to measure hydrodynamic behaviour induced by sloshing fluid inside a
scaled-down flexitank for numerical validation. The experiment was performed on campus road at Universiti Tun
Hussein Onn Malaysia, Pagoh Campus, Johor, Malaysia. This experiment collected data from the Force Sensitive
Resistor (FSR) sensor attached to a scaled-down flexitank. The data will then be compared with the CFD simulation
to validate the numerical setup.

An FSR sensor is connected to the Arduino UNO as shown in Fig. 4. The positive lead of FSR is connected to
the 5V pin on the Arduino, while the negative lead is connected to a digital pin. A 56K resistor is used as a pull-
down resistor to ensure the digital pin reads a low value when the FSR is not pressed. Then, a code created in
Arduino IDE is uploaded to Arduino UNO to monitor the value. This value is not the actual reading needed; it's a
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raw value from the analogue-to-digital converter of the Arduino. A calibration needs to be done on the sensor to
convert the reading to an actual one.

Calibrating an FSR sensor involves using a known weight to apply a specific amount of force to the sensor and
then recording the sensor's output value. This process is repeated multiple times with different weights, and the
results are plotted on a graph. These output values are then used to calculate a calibration factor that can be
applied to future readings to convert them into an accurate force measurement, achieving a linear correlation
coefficient of R? = 0.995 with an uncertainty of +2.1%. The slope of the line from this graph is the calibration factor
used to convert future readings into precise force measurements. The process is repeated for different pressure
points on the sensor to ensure it is calibrated correctly.

The experimental setup for this study consisted of a scaled-down flexitank, which was used to mimic the
behaviour of a full-scale flexitank. The flexitank was filled with water, and the pressure distribution within the
tank was measured using FSR sensors. The FSR sensors were attached to the flexitank at the top-back of the
flexitank, as shown in Fig. 5, to capture the pressure distribution throughout the package. The experiment would
involve driving the Perodua Viva on a predetermined test route that simulates different driving conditions, such
as braking, accelerating, and turning. The sensor data would be recorded during the experiment, allowing for the
measurement of the behaviour of the fluid within the flexitank under these different conditions. A GPS data logger
is used to collect vehicle data, such as velocity, during an in-vehicle experiment of a flexitank. The data collected
from the sensors was then analysed and compared to the results from a CFD simulation of the same system.

Arduino

B Attached
sensor

56K Q Resistor | Yl

Calibration load

Scaled-down
flexitank

FSR Sensor |/

A

Fig. 4 Pressure sensor setup Fig. 5 Experimental setup

3. Results and Discussion

3.1 Grid Independence Test

Grid independence is the term used to describe the improvement of results by using successively smaller cell sizes
for the calculations. A calculation should approach similar results as the mesh becomes finer, hence the term grid
independence. Fig. 6 shows the wall shear for 21,000 L flexitank size model with three different mesh resolutions.
Hence, the sizing of the mesh was increased approximately from the node of 75 K to 450 K nodes to observe the
significant changes of the velocity. Based on the grid independence test, there are no significant changes of the
wall shear numbers with average relative error below 1% in velocity from the medium (150 K nodes) to fine (450
Knodes). Thus, the subsequent simulations are set approximately equal or greater to 150 K nodes. As this model
achieves grid independence, the cell size should be successively smaller to minimize error due to discretization
and utilizing the same mesh setting on the other models.
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Fig. 6 Grid independence test result for three different mesh parameters

3.2 Mechanical Behavior of Linear Low-Density Polyethylene

The tensile test on the 12 Mil (0.3048 mm) LLDPE specimen was carried out to characterise the material
properties used in the flexitank. The representative stress-strain curve is shown in Fig. 7, where the material
exhibits an initial elastic region, followed by yielding and subsequent strain hardening before final fracture. The
failure is indicated by a sudden drop in stress after reaching the ultimate tensile strength.
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Fig. 7 Typical stress-strain curves of the LLDPE samples

The mechanical properties obtained from the tensile test are summarised in Table 2. For the 12 Mil LLDPE,
the Young’'s modulus was measured at 68.88 MPa, the yield stress at 14.76 MPa, the strain at yield at 16.45%, and
the strain at break at 421%. These values confirm that the material has significant ductility and strength, making
it suitable for flexitank applications. The relatively high yield stress and significant elongation at break suggest
that 12 Mil LLDPE can withstand the internal stresses induced by liquid sloshing and external pressures during
transport without experiencing permanent deformation. This combination of strength and flexibility ensures
reliable performance under dynamic loading conditions.
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Table 2 Mechanical properties of the LLDPE samples

Sample Young’s modulus Yield stress Strain at yield Strain at break
(MPa) (MPa) (%) (%)
12 Mil (0.3048 mm) 68.88 14.76 16.45 421.00

3.3 Numerical Validation with Experimental Data

The CFD result was validated by comparing the pressure on the outer surface at the top (back) of the scaled-down
flexitank package. Fig. 8 compares numerical and experimental pressure under a transient driving profile. The
dashed red line indicates the velocity profile used as the excitation input, while the solid black line and markers
denote the CFD predictions and experimental measurements, respectively.

The pressure trends clearly follow the variations in vehicle dynamics. During acceleration phases, both CFD
and experimental results show a sharp rise in pressure. This can be attributed to the inertial response of the liquid
mass, which shifts toward the rear wall of the flexitank, thereby generating a sudden increase in hydrostatic and
dynamic loading on the monitored surface. As the velocity reaches a near-steady condition, the inertial forcing
diminishes, allowing the liquid to redistribute and the pressure to stabilize at an intermediate level. Conversely,
during deceleration, the fluid continues its forward motion due to inertia while the tank experiences a retarding
force. This causes the rear surface to be relieved of significant fluid loading, leading to a rapid pressure reduction
that approaches zero as the vehicle comes to rest. Negligible inertial effects are present at stationary intervals,
and only residual sloshing is observed, resulting in near-zero measured pressures.

160 + + 16

- ~ | =—CFD
(=5}

& E

Nt S’ .

o - | = Experiment
2 =

7 5] .

3] =) Driving

o (7]

[=» > Profile

0 15 30
Time (s)

Fig. 8 Pressure values for both numerical and experimental

The CFD model successfully reproduces these dynamic characteristics, with simulation results closely
following the experimental measurements across all driving phases. Minor discrepancies are observed at peak
pressures and transition periods, which may be attributed to experimental uncertainties and modelling
assumptions such as turbulence representation and mesh resolution. Nevertheless, quantitative assessment
through relative error analysis confirms that the deviation remains below 8.5% throughout the entire driving
cycle, as shown in Table 3. This level of agreement validates the robustness of the CFD framework and supports
its applicability for predictive analyses of flexitank performance under dynamic loading conditions.

Table 3 Mechanical properties of the LLDPE samples

Experiment CFD

Average 44.83 48.85
Relative error (%) 8.23

Penerbit
UTHM



Int. Journal of Integrated Engineering Vol. 17 No. 8 (2025) p. 301-312 308

3.4 Effects of Critical Driving Condition on Flexitank

Hydrodynamics is concerned with the study and description of fluids in motion. The primary focus is on imparting
an understanding of the principles governing the conservation of mass, energy, and momentum. Flowing fluids
possess kinetic energy. This energy can be converted into potential energy (pressure, height) and vice versa.
Hydrodynamics can be used to model and predict the behaviour of liquids in a flexitank, including the amount and
frequency of sloshing that may occur. Sloshing is a phenomenon that occurs when liquids move inside a flexitank
due to changes in the container's motion or acceleration. The movement of liquids in a flexitank is affected by the
physical properties of the liquid, such as its density and viscosity, as well as the shape and size of the flexitank.

The critical driving condition is the speed at which the amplitude of the sloshing waves inside a container
reaches its maximum. This is the speed at which the container is most prone to sloshing and the speed at which
the largest amount of sloshing will occur. When a flexitank is being transported in a vehicle, the speed of the
vehicle, as well as the type of road surface and the quality of the suspension system, can all affect the critical
driving condition. If the vehicle travels at or near the critical speed, the sloshing inside the flexitank can become
more severe, increasing the risk of damage to the flex tank.

Numerous studies claimed that deceleration produces much higher pressures compared to the acceleration
scenario [20]-[25]. Hence, it is important to consider the critical driving conditions when transporting flexitank,
and to avoid traveling at or near the critical speed. Fig. 9 compares average pressure acted on flexitank for three
fluids with different densities under similar driving profiles. When the motion is accelerating, the effect on the
liquid in the flexitank is less severe because the acceleration is gradual, and the liquid has time to adjust to the
change in motion. However, when a vehicle suddenly brakes, the direction of motion changes abruptly, which can
cause the liquid in the flexitank to move in the opposite direction, increasing sloshing. Thus, it is essential to note
that braking should be done gradually and with enough distance from the stop point to prevent excessive sloshing.
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Fig. 9 Average pressure comparison between different fluid density

Table 4 indicates the pressure contour of different fluid densities based on a specific time, where the moving
direction of the flexitank is based on the positive x-axis direction. For the first 70 seconds, the flexitank is in an
initial accelerating condition. At this period, all contours show that the pressure is in the opposite direction of
vehicle motion. While looking at the blue colour pressure range, it showed that negative sign of the pressure value.
In hydrodynamics, when a vehicle is accelerating, the pressure acting on the vehicle is in the opposite direction of
the motion due to the phenomenon of added mass effect [26]. When a vehicle accelerates, it creates a disturbance
in the fluid around it, which in turn creates an additional force acting on the vehicle that is opposite to the direction
of motion. This additional force, called the added mass effect, is a result of fluid inertia, and it acts as an opposing
force to the acceleration of the vehicle.
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Table 4 Pressure distribution on flexitank structure for one driving cycle
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After a vehicle reaches a constant velocity after accelerating in a fluid, the hydrodynamic pressure acting on
the car will decrease and eventually get a steady state, as shown during 80 seconds to 100 seconds. The added
mass effect caused by the acceleration of the fluid around the vehicle will dissipate as the vehicle reaches a
constant velocity, and the pressure acting on the vehicle will return to the normal drag force caused by the fluid
resistance. In other words, as the vehicle's velocity becomes constant, the added mass effect will stop, and the
hydrodynamic pressure will be only due to the drag force, a function of the fluid density, viscosity, and the square
of the velocity. Therefore, the hydrodynamic pressure will decrease to a steady state value when the vehicle
reaches a constant velocity.

When braking is applied to a vehicle that is carrying fluid, the hydrodynamic pressure acting on the vehicle
will change as the vehicle's velocity decreases. The drag force, which was acting in the opposite direction of the
motion, will still be present, but it will decrease as the velocity of the vehicle decreases. In addition to the drag
force, the vehicle braking will also create a phenomenon known as the "pressure wave" that can cause an increase
in the hydrodynamic pressure on the vehicle [27], [28]. This pressure wave is caused by the abrupt change in
velocity of the vehicle, and it can cause an increase in the pressure on the front of the vehicle as it slows down,
producing 14%-18% more pressure compared to the accelerating condition.

As a vehicle suddenly brakes, the front of the vehicle slows down more quickly than the fluid around it. This
creates a region of high-pressure fluid in front of the vehicle, and a region of low-pressure fluid behind it. This
high-pressure region then propagates through the fluid as a wave, creating a pressure wave on the front of the
vehicle. The magnitude of the pressure wave depends on the rate of deceleration, the density and viscosity of the
fluid. The sloshing forces can cause stress on the flexitank structure, which can lead to deformation or even failure
of the flexitank if the forces are large enough [29], [30].

4. Conclusions

This study presented a numerical validation of flexitank hydrodynamic performance under realistic vehicle
driving conditions. A 1:8 scaled-down prototype was experimentally tested to measure transient pressure
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responses using calibrated FSR sensors, and the results were compared with CFD simulations developed in ANSYS
Fluent.

The findings demonstrated strong agreement between simulation and experimental data, with a percentage
different below 8.5%, confirming the predictive accuracy of the CFD model. The results also revealed that
deceleration conditions generated 14-18% higher wall pressures compared to acceleration due to fluid inertia
and pressure wave reflection.

The validated CFD framework provides a reliable tool for predicting hydrodynamic pressures and can be
applied to design optimization of flexitank wall thickness, baffle placement, and overall structural safety. This
work contributes to a better understanding of liquid sloshing behavior under transient motion, supporting safer
and more efficient bulk liquid transport operations. Future research will extend this validation approach to full-
scale flexitanks and include the effect of baffle geometry to further mitigate pressure peaks and wall deformation.
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