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ABSTRACT 

Sloshing is a critical issue in many industrial contexts. 

In the food industry, it becomes particularly relevant 

during the filling of beverage cans and bottles with 

automatic rotary machines, when the uncapped filled 

containers move to the transfer star wheel, sud-
denly changing direction of motion and potentially 

causing the spilling of the product. Deep knowledge of 

the system behavior and the fluid dynamics in the 

domain is essential to guarantee the safety and quality of 

the final products and processing environment. In 

this study, Computational Fluid Dynamics (CFD) 
was used to simulate sloshing in beverage cans 

using two CFD software: commercial ANSYS 

Fluent and open-source OpenFOAM. Some mode-
ling strategies are explored with the aim of making the 

simulation more efficient without impacting the 

results, and an approach for tracking the maximum fluid 

level in the can is proposed. The modeling methodology 

was validated by means of an analytical model and by 

comparing the results calculated by the two software. 

Finally, operational insights were derived based on the 

results of a sensitivity analysis carried out by varying 

the star wheel diameter and the system productivity. 

INTRODUCTION 

Sloshing, the transient movement of liquids within a 

confined container, poses significant challenges in 

various industries. In transportation and maritime 

contexts, it can lead to loss of control over the vehicle or 

compromise the stability of the ship due to the movement 

of large volumes of fluid. 

The phenomenon of sloshing, however, also affects the 

processing activities of the food industry, mainly in the 

stages following the filling of containers, when they are 

transferred towards the sealing station. In this case, the 

undesirable effect is related to the spilling of fluids, 

which happens when the product overflows from the  

container due to the major stresses and acceleration 
experienced during the motion. Spilling leads to loss of 

product, contamination of the processing environment, 

and possible deposition of fluids on the outer walls of the 

container that could compromise the integrity of the 

product and the sealing process, undermining both the 

safety and the quality of the final product.

This phenomenon is particularly relevant during the 

filling of beverage cans, due to the very limited 

headspace and the high rotation speeds of the transfer star 

wheel that increase the probability of sloshing. In this 

case, the occurrence of sloshing and spilling mainly 

impacts the seaming of the cans.

A deep understanding of the dynamics of the fluid inside 

the cans as they travel between the filling and sealing 

stations, as well as a detailed knowledge about the 

behavior of the free surface, are crucial for correctly 

defining the productivity, thus the rotational velocity of 

the machines, reducing testing times, wastes, and quality 

issues. In this context, numerical simulation can be of 

significant support, providing the decision-makers with 

useful insights and data for detailed analyses, while 

considerably reducing experimental testing.

Over time, analytical models of sloshing have been 

developed and validated (Ibrahim 2005) regarding 

mostly simple geometries and standard boundary 

conditions. To increase the modeling precision and 

correspondence to the actual conditions, simulation can 

be a crucial tool (Elahi et al. 2015). For example, 

simulation can be used to predict the severity of sloshing 

in relevant applications (Zheng et al. 2020). As always 

when it comes to simulation results, validation is 

required, and it can be usually based on the comparison 

with theoretical or experimental results (Elahi et al. 2015; 

Guo et al. 2010). To capture in detail the fluid dynamics 

involved with the sloshing phenomenon, Computational 

Fluid Dynamics (CFD) plays a key role, as it allows for 

modeling complex fluid-structure interactions under 

various conditions, considering realistic container 

geometries, custom transfer trajectories, as well as 

complex and even multiphase fluids usually processed in 

the food industry. CFD has been applied to simulate a 

huge variety of food industry processes in the last years 
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(Szpicer et al. 2023; Ian Wilson and John Chew 2023), 

also thanks to the increase in the computation resources 

and the presence of numerous simulation software. To 

perform CFD simulation, indeed, several commercial and 

open-source software are available. While commercial 

CFD software offer benefits such as technical support, 

updates and enhanced usability, open-source tools 

provide flexibility and free access, albeit requiring more 

expertise.

Despite the relevance of sloshing in the beverage 

industry, to the best of the authors’ knowledge, no studies 

in the literature have dealt with this particular issue to 

date. Indeed, most articles in the literature have focused 

on the sloshing of fluids in tanks (Liu and Lin 2008) 

during transportation, sloshing occurrences and effects in 

the aerospace (Saltari et al. 2021; Tang et al. 2018) and 

naval applications, and the different methods that could 

be implemented to mitigate this phenomenon, e.g., 

introduction of different geometries and characteristics of 

baffles (Yu et al. 2020; Zhang 2019). In the context of 

sloshing in the field of automatic machines, Guagliumi et 

al. (2021) have presented a technique for analyzing 

sloshing in cylindrical containers performing rectilinear 

movements. Guagliumi et al. (2022) have proposed a 

discrete linear model of sloshing, implementable in real-

time for the feedforward anti-sloshing control of 

container motion.  

This article presents a simulation approach, implemented 

with both commercial ANSYS Fluent and open-source 

OpenFOAM CFD software, to predict sloshing during 

the transfer of beverage containers after filling. The 

calculated inclination angle of the free surface is 

validated with theoretical data. In addition, using two 

different tools allows to inter-validate the simulation 

models by comparing the respective results. Some 

modeling strategies are explored, aiming at making the 

simulations more rapid and efficient. Then, the results of 

the simulations are discussed, proposing an approach for 

tracking the level of the fluid during the transfer of the 

container and detecting the occurrence of sloshing. 

Finally, a sensitivity analysis is performed to assess the 

effect of different transfer star wheel diameters and 

productivity levels on the maximum level reached by the 

fluid. 

Table 1: Characteristics of the two carousels 

Diameter 

[mm] 

Number of 

heads 

Rotational 

speed 

[rev min-1] 

Filling 

carousel 

1080 24 13.89 

Transfer star 

wheel 

720 16 20.83 

METHODS 

Analyzed scenario 

The fluid behavior inside a can during the transition from 

the filling carousel to the transfer star wheel, as depicted 

in Figure 1, was analyzed. For this purpose, the period 

from the end of the filling process to the exit from the 

transfer star wheel was simulated. In the simulated 

machine, the filling is completed about 40 degrees before 

the carousel change; it was assumed that, at that time, the 

free surface conformation within the can was already 

stabilized. 

Since the filling carousel has a larger diameter than the 

transfer star wheel, and since the tangential velocity must 

be the same, the latter has a higher rotational speed.  

A real industrial context was considered, characterized 

by a productivity of 20’000 cans per hour (c/h). 0.5-litre 

can geometry, having an inner diameter of 0.033 m and 

height of 0.15 m, was modeled. 

Table 1 reports the geometric characteristics and the 

operating conditions assumed for the two carousels. 

Based on the data, the law of motion of the can, in terms 

of the evolution of angular velocity over time, and as a 

consequence, of centrifugal acceleration over time, can 

be derived. 

In Figure 2, the angular velocity and the centrifugal 

acceleration characterizing the motion of the can are 

presented: at 0.5 s the can is assumed to transfer from the 

filler to the star wheel. 

Figure 1: Scheme of the simulated line 
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Figure 2: a) angular velocity and b) centrifugal 

acceleration characterizing the motion of the can in the 

simulated system  

Table 2: Characteristics of the fluids 

Air Water 

Density [kg m-3] 1.225 998.2 

Dynamic viscosity [Pa s] 1.8e-5 1.0e-3 

Surface tension [N m-1] 0.072 

Numerical simulation 

In this study, we explore the capabilities of CFD 

simulation for studying sloshing phenomena in industrial 

bottling processes.  

Aiming to assess the reliability of the proposed approach, 

the results obtained with two different software, namely 

ANSYS Fluent and OpenFOAM, were compared.  

The single reference frame (SRF) method was adopted to 

reproduce the behavior of the fluid inside the can as it 

moved within an absolute reference frame with a given 

law of motion. This method consists of an alternative 

approach, less computationally demanding compared to 

the traditional moving mesh method, that can be adopted 

when simulations involve moving regions, allowing to 

study them in their respective reference frames. 

Figure 3: Hexahedral mesh of the computational domain 

A multiphase simulation was set up using the Volume-

of-Fluid (VOF) method, which is appropriate for the 

simulation of immiscible fluids being separated by a 

well-defined interface surface (free surface) (Hirt and 

Nichols, 1981). Air and water were considered as fluids, 

whose properties, although well known, are summarized 

in Table 2.  

Under the conditions considered, a significant but not 

abrupt free surface perturbation was expected, not 

affecting the entire volume of fluid contained in the can, 

but only the upper part. For this reason, it was decided to 

include only the upper 3 cm of the can in the calculation, 

as the lower part of the cylinder contributed minimally to 

the sloshing dynamics. This assumption was validated by 

comparing the results obtained by simulating the whole 

can geometry with those obtained with the reduced 

domain. 

To ensure a high-resolution capture of the fluid behavior, 

a hexahedral mesh, with equilateral elements having a 

dimension of 3 mm, was defined (Figure 3). To better 

compare the results obtained, the same mesh was used 

with both solvers. 

The law of motion was finally assigned to the mesh by 

imposing the acceleration field represented in Figure 2.  

Moreover, a gravitational field, with a downward 

acceleration of 9.81 m/s2, was applied. 

Inclination of the free surface 

To identify the initial condition, i.e., the shape of the 

liquid-free surface inside the can at the end of the filling 

process, especially in terms of inclination angle (θ) with 

respect to the horizontal plane, an ad-hoc simulation was 

conducted. Starting from a resting condition (θ=0°), the 

revolution of the can on the filling carousel was 

simulated until the stationarity condition was reached. 

The inclination of the free surface was then measured and 

compared with the angle calculated by solving the 

balance of forces acting on the fluid, as described also in 

Elahi et al. (2015): 

𝜃 = 𝑎𝑟𝑐 𝑡𝑎𝑛 (
𝑎𝑟

𝑔
)         (1) 

Where ar is the centrifugal acceleration in the radial 

direction and g is the gravitational acceleration, acting in 

the y direction.  

This comprehensive procedure served as a robust 

foundation for determining the initial free surface angle 

in the first carousel and ensured accurate initialization for 

subsequent simulations. Furthermore, it allowed to 

validate the simulation approach with well-established 

theoretical notions.

After the initial inclination angle was obtained and 

validated as described, the simulation of the transition 

phase from the filling carousel to the transfer star wheel 

was performed. The simulation was run using both 

software packages, setting the angle determined as the 

initial condition. The simulation outcomes were then 

compared, to check whether the results obtained with 

a

a

b

a
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both software, in terms of liquid sloshing inside the can, 

starting from an identical initial condition, were the same. 

This further step is intended as an inter-validation step of 

obtained results. 

 

Maximum fluid level Ymax 

To qualitatively assess sloshing, it is sufficient to observe 

the behavior of the free surface during the movement of 

the can. To make a more accurate and precise assessment, 

the maximum height reached by the free surface during 

the can motion, Ymax, was also calculated and traced 

over time. This parameter can be very useful in assessing 

the impact sloshing may have on the process quality and 

efficiency. When Ymax is lower than the total height of 

the can, even if sloshing is happening, the liquid doesn’t 

leak out. In this scenario, therefore, sloshing does not 

represent an issue. On the other hand, when Ymax 

exceeds the maximum height of the can, the liquid may 

overflow from the can and negatively affect the filling 

process. 

The comparison of the results obtained with the two 

software was then performed in two ways: 

- a comparison of the trend over time of the 

maximum height reached by the free surface. 

- a frame-by-frame comparison between the 

shape of the free surface computed by the two 

software in specific time intervals. 

Finally, the proposed method was used to evaluate the 

effect that some operational and design parameters have 

on liquid behavior. In particular, the impact of transfer 

star wheel diameter and line productivity was evaluated. 

 

RESULTS 

The first phase of the study aimed to identify the 

computational domain. To have a trade-off between 

computational time and results accuracy, it was decided 

to compare the results achieved considering only the 

upper part of the can (30 mm), with the results obtained 

considering the whole can. The results are shown in 

Figure 5a. 

Based on the graph, it can be observed that as the can 

moves from the filling carousel to the transfer star wheel 

(t=0.5 s) sloshing occurs. A wave is generated that 

reaches its maximum peak 0.14 s after the transfer and 

then continues fluctuating throughout the period 

considered. The results of the two simulations are 

perfectly overlapping: the percentage deviation between 

the two curves is always less than 3.9%. It can therefore 

be concluded that the liquid in the bottom of the can does 

not significantly affect the dynamics of sloshing and can 

consequently be excluded from the computational 

domain. 

The second phase of the study focused on identifying the 

liquid condition at the exit of the filling carousel. To 

validate this condition, the angle of inclination of the free 

surface under the effect of the centrifugal force generated 

by the rotation of the carousel was calculated in two 

different ways. The balance of forces acting on the free 

surface (eq. 1) leads to an angle value of 6.64 degrees. 

Below are the results of a simulation that, starting from a 

resting condition (θ=0°), simulates the revolution of the 

can on the filling carousel until the inclination angle of 

the free surface is stabilized (Figure 4). 

Measuring the inclination angle that the free surface 

reaches under stationary conditions yields a theta value 

of 6.24 degrees which results in a deviation of 6% from 

the theoretical value, calculated with eq.1. This deviation 

can be considered acceptable because it is included 

within the range of accuracy that the mesh size allows 

for. 

The following phase of the study focused on the sloshing 

occurring as the beverage can moved from the filling 

carousel to the transfer star wheel. A comparison 

between the results obtained with ANSYS Fluent and 

those obtained with OpenFOAM, is shown in Figure 5b 

for the value of Ymax, while a representation of the free 

surface, calculated with the two software, at several time 

steps is presented in Figure 6. 

 

 
 

Figure 4: Initial (a) and final (b) state of the free surface 

 

 

 

a

a 

b

a 

a

a 

b

a 
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Figure 5: a) comparison of standard vs reduced domain; 

b) comparison of results calculated with OpenFOAM vs 

ANSYS Fluent  

 
 

Figure 6: Free surface of the fluid inside the can at 

different time steps, calculated with ANSYS Fluent 

(left) and OpenFOAM (right) 

 

It can be concluded that the results of the two CFD 

software agree both in the prediction of the maximum 

fluid level reached inside the can and in the oscillation 

frequency of the wave itself. Even the shapes of the free 

surface calculated by the two software appear to be in 

good agreement. 

 

Finally, the proposed simulation approach was used to 

evaluate the impact that some processing and geometric 

parameters have on liquid behavior. The evolution of 

Ymax reached by the liquid inside the can for different 

diameters of the transfer star wheel is presented in Figure 

7a, while the levels observed with different productivity 

values are shown in Figure 6 

7b. 

It can be seen that the maximum height reached by the 

liquid decreases as the diameter of the transfer star 

increases. 

 

 
Figure 7: Ymax with a) different star wheel diameters 

and b) different productivity levels 

 

This correlation appears to be linear. On the other hand, 

regarding the correlation between Ymax and productivity, 

it can be seen that between 18’000 and 20’000 cans per 

hour, there is a much greater difference than between 

20’000 and 22’000 cans per hour. This indicates that this 

correlation is probably not linear in nature. This aspect 

needs to be investigated in more detail in future research 

studies. 

 

CONCLUSIONS 

In the present study, a method for predicting liquid 

sloshing occurring during container motion in transfer 

carousels during the filling process is presented.  

In-depth knowledge of this phenomenon is a big 

advantage in both the design and management phases of 

automatic filling. A rigorous step-by-step approach was 

followed to identify the optimal simulation settings that 

would allow to obtain accurate results in times consistent 

with industrial needs. The reliability of the simulation 

approach was first validated by comparing the results 

with those obtained from an analytical model in a simple 

case study (i.e., can in uniform rotary motion around a 

fixed axis). 

A subsequent inter-validation phase, conducted by 

comparing the results obtained with two different 

software (i.e., ANSYS Fluent and OpenFOAM) in a 

more complex case study, reproducing a real-world 

a

a 

b

a 
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context in which the can passes from the filling carousel 

to the transfer star, confirmed the consistency of the 

results. The findings suggest that both tools can 

significantly support the optimization phase of the 

industrial processes by accurately modeling complex 

fluid dynamics, thereby reducing testing time and 

enhancing production efficiency. 

The developed approach represents a novelty within the 

scientific literature because to date there is no study 

outlining fluid dynamic simulation models to simulate 

sloshing during filling processes. The presented approach 

allows to evaluate the behavior of the liquid inside the 

can between the end of the filling process and the 

seaming by allowing to assess the impact that some 

design and operational parameters have on the behavior 

of the liquid. In future activities, experimental tests will 

be performed to further validate the proposed approach. 
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