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Abstract 

Propellant slosh in launch vehicles has been a major concern since the development of liquid propellant fuelled rockets. Unless 

sloshing in propellant tanks is controlled, it might cause vibrations of large amplitude which would result in instability of flight. 

This study presents a new method to model fuel sloshing in propellant tanks and extracts the fundamental slosh frequency. 

Computational Fluid Dynamics software, STAR CCM+ is used for the study. Volume of Fluid Model is used for modeling the 

fluid. The slosh frequencies of two cylindrical tanks of different dimensions are considered for the slosh studies. The proposed 

procedure is validated by comparing the slosh frequencies obtained using the software with those obtained using a closed form 

solution.  
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________________________________________________________________________________________________________ 

I. INTRODUCTION 

Sloshing is the lateral oscillation of the free surface of a liquid in a partially filled container and it is caused by any disturbance to 

the container. The amplitude of slosh depends on the amplitude of tank motion and the slosh frequency depends on the fill depth 

and tank geometry. Depending on the shape of the container and the type of excitation, the liquid surface may experience various 

motions like planar, non-planar, rotational, symmetric, and asymmetric. Hydrodynamic loads exerted by sloshing on the walls of 

the container can cause stability issues and structural damages. Hence, it is very important to predict and understand the sloshing 

loads for the safe movement of transportation systems such as oil tankers on roads, liquid tank cars on railways, ocean going 

vessels with liquid cargo, liquid propellant tanks used in spacecrafts and even in overhead water tanks subjected to external 

excitations. 

Controlling fuel slosh within propellant tanks of launch vehicles has been a major design concern since the advent of liquid 

propellant fuelled rockets. The dynamic forces arising from the motions of large liquid-fuel masses in launch vehicles could be 

very significant that the control system might not to be able to counteract them and the structure might not be capable to resist 

them. Also, coupling might occur between its components as it is a complex dynamical system and hence the control system natural 

frequencies, the elastic body bending frequencies and the fuel-slosh frequencies must all be broadly separated. If the dominant 

slosh frequencies are close to any of these frequencies it might result in large amplitude dynamic response problems or flight 

instability. The interference of the sloshing propellant with the motion of the space vehicle requires special attention throughout 

the entire course of flight as the largest portion of the total weight of the space vehicle is in the form of liquid propellant. 

Analytical, experimental or numerical methods can be used to study the sloshing response of tanks. Many assumptions and 

simplifications on the tank material, fluid properties and input motion are made to derive an analytical solution for sloshing. So, 

the resulting closed form solutions might lead to a deviation from the response of the actual system. Also, experimental works 

carried out to study the actual behaviour of the system are very time consuming, costly and can be performed only for specific 

excitations and boundary conditions. However, the sloshing response of a propellant tank can be predicted with sufficient accuracy 

using numerical methods like Computational Fluid Dynamics (CFD). CFD provides a numerical tool to simulate fluid flows by 

solving the Navier-Stokes equations. This study presents a method to model fuel sloshing in propellant tanks using the CFD 

software, STAR CCM+. Volume of Fluid (VOF) method is used to capture the fluid movement. 

II. METHODOLOGY 

When a liquid in a partially filled tank is subjected to an external excitation, it undergoes lateral oscillations at a particular frequency 

and this frequency is called the slosh frequency. This study aims to determine the fundamental slosh frequencies of two partially 

filled propellant tanks using STAR CCM+ software.  
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To determine the sloshing frequency, the tank is subjected to a sudden external excitation. A sudden excitation is applied to 

replicate the sudden disturbances to which a propellant tank is subjected during its flight course.  After the removal of this external 

force, the fuel is allowed to settle in the tank. The time varying force caused by the sloshing fluid on the tank wall is estimated.  

The fundamental sloshing frequency is obtained by converting the tank wall force from time domain to frequency domain using 

Fast Fourier Transform. 

The frequency obtained using the software is then compared with that obtained using an existing closed form solution to 

determine the level of accuracy of the method used. Fundamental slosh frequency, ‘f’ of a partially filled, rigid, cylindrical tank is 

given by (1). 

f =
1

2𝜋
√𝑔 ×1.841×𝑡𝑎𝑛ℎ(

1.841×ℎ

𝑅
)

𝑅
      (1) 

Where, ‘g’ is the acceleration due to gravity, ‘h’ is the fill depth, ‘R’ is the tank radius and '1.841' is the Eigen value for the first 

anti-symmetric mode of vibration.  

III. MODELLING 

Two bare cylindrical tanks of radii 2m and 1m, height 4m and fuel depth 2m are studied. The tank is modeled using the 3D CAD 

modeler within the software. The tank is converted from the 'Parts' level to the 'Regions' level to apply the meshing models. Once 

the required meshing models are set the tank is meshed. The meshing models selected are 'Surface Remesher', 'Trimmed Cell 

Mesher' and 'Prism Layer Mesher'. The 'Surface Remesher' remeshes the initial surface to provide a good quality mesh for the 

analysis. The 'Trimmed Cell Mesher' meshes the volume and the 'Prism Layer Mesher' makes the mesh near the boundaries finer 

to capture the fluid movement near the boundaries accurately. Table I gives the details of both the models.  
Table - 1 

Model Details 

Case Radius Height Fill Depth No of Cells No of Faces 

Case 1 2m 4m 2m 65968 193344 

Case 2 1m 4m 2m 126768 372544 

The required physics models are set after meshing. VOF method is chosen to model the fluid and gas phases. This method makes 

use of a color function to track the fluid movement. The physics models selected are 'Implicit Unsteady', 'Eulerian Multiphase', 

'Turbulent', 'K Epsilon Turbulence', 'Gravity' and 'VOF Waves'. ‘VOF Waves’ are used to initialize the fuel at the correct depth. 

Table II shows the properties of the fluids modelled. 
Table - 2 

Properties 

Case Density (kg/ m3) Dynamic Viscosity (Pa-s) 

Air 1.18415 1.85508E-5 

Fuel 1444 4.21648E-04 

Figures 1 and 2 shows the tank with 2m radius and 1m radius respectively. The time step of analysis is set to 0.01s. The external 

excitation is introduced to the tank by using a rotating reference frame and this external force is removed at 0.5s. After the removal 

of the excitation, the analysis is run till 15s. 

          
                                             (a)                                                       (b)                                                        (c) 

Fig. 1: Model Showing (a) Fill Depth of Case 1 (b) Mesh of Case 1 (c) Slosh Mode Shape of Case 1 
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(a)                                               (b)                                        (c) 

Fig. 2: Model Showing (a) Fill Depth of Case 2 (b) Mesh of Case 2 (c) Slosh Mode Shape of Case 2 

IV. RESULTS AND DISCUSSIONS  

 Results 

The force monitor plot and the frequency monitor plot of both cases are shown in Figs. 3 to 6.  The initial peak seen near 0.5s is 

expected due to the sudden removal of the excitation. The slosh frequency is obtained from the force monitor plot using Fourier 

Transform. Only the steady portion of the plot after the removal of the external excitation is considered for Fourier Transform. 

 
Fig. 3: Force Monitor Plot for Tank with 2m Radius 
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Fig. 4: Frequency Monitor Plot for Tank with 2m Radius 

 
Fig. 5: Force Monitor Plot for Tank with 1m Radius 

 
Fig. 6: Frequency Monitor Plot for Tank with 1m Radius 
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 Discussions 

A comparison between the frequency obtained using the closed form solution and the software is given in Table III. 
Table - 3 

Comparison between the Frequencies Obtained 

Case Star CCM+(Hz) Closed Form Solution (Hz) Difference (%) 

Case 1 0.459 0.466 1.5 

Case 2 0.663 0.6759 1.9 

It can be seen from Table III that the difference between the frequency obtained using the closed form solution and that obtained 

using the software is only 1.5% for the tank with 2m radius and 1.9% for the tank with 1m radius. So, this method can be used for 

obtaining the fundamental slosh frequency of propellant sloshing. 

V. CONCLUSIONS 

The fundamental slosh frequency of oscillation of two cylindrical tanks is obtained using STAR CCM+ software. These values are 

compared with the values obtained using an existing closed form solution. Both sets of values were found to be in good agreement 

with the closed form solution and the percentage difference is 1.5% for the tank with 2m radius and 1.9% for the tank with 1m 

radius.  This study assures the usage of STAR CCM+ software for modeling propellant sloshing and obtaining the fundamental 

slosh frequency. 
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