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ABSTRACT 

 

NUMERICAL INVESTIGATION AND DYNAMIC MODELLING OF 

SLOSHING IN A LIQUID PROPELLANT LAUNCH VEHICLE  

 

 

 

Kalēp­ēlar, Alp 

Master of Science, Mechanical Engineering 

Supervisor: Prof. Dr. Yiĵit Yazēcēoĵlu 

Co-Supervisor: Assoc. Prof. Dr. Mehmet Bülent Özer 

 

 

August 2025, 266 pages 

 

The complex dynamics of propellant sloshing in liquid propellant rocket engine 

tanks significantly affect the stability, control, and structural integrity of launch 

vehicles. To analyze and estimate the effects of lateral sloshing on a system, this 

thesis presents a dynamic model methodology for use in the early design phase.  

An experiment was conducted to validate the analytical approach, linear potential 

theory, which forms the basis of the dynamic model. Consistent results were obtained 

by comparing the natural frequency from the experiment with the analytical solution. 

A numerical approach using FLOW-3D was employed to analyze various parameters 

and validate the dynamic model. The comparison of slosh-induced lateral forces and 

moments shows that the dynamic model aligns well with the numerical results.  

The dynamic model was linked to a 3-DOF rocket dynamics model to study the 

effects of aerodynamic coefficients. It was found that sloshing forces and moments 

increased with higher lift coefficients and lower drag coefficients. The moment 

coefficient was analyzed in terms of amplitude and frequency, considering it as 

oscillatory. An increase in the moment coefficient amplitude led to greater sloshing 

effects. Additionally, the analysis of the moment frequency showed that sloshing 
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intensified as the natural frequency approached. The critical case was examined with 

and without baffles. 

Keywords: Liquid Propellant Rocket Engine, Sloshing Dynamics, Equivalent 

Mechanical Model, Numerical Approach, Experimental Methods
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ÖZ 

 

SIVI YAKITLI FIRLATMA ARA¢LARINDAKĶ ¢ALKALAMANIN 

SAYISAL ĶNCELENMESĶ VE DĶNAMĶK MODELLEMESĶ 
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Aĵustos 2025, 266 sayfa 

 

Sēvē yakētlē roket motoru tanklarēndaki yakēt ­alkalanmasēnēn karmaĸēk dinamikleri, 

fērlatma ara­larēnēn kararlēlēĵēnē, kontrol¿n¿ ve yapēsal b¿t¿nl¿ĵ¿n¿ ºnemli ºl­¿de 

etkiler. Yanal ­alkalanmanēn bir sistem ¿zerindeki etkilerini analiz etmek ve tahmin 

etmek i­in bu tez, erken tasarēm aĸamasēnda kullanēlmak ¿zere bir dinamik model 

metodolojisi sunmaktadēr. 

Dinamik modelin temelini oluĸturan analitik yaklaĸēm olan doĵrusal potansiyel 

teorisini doĵrulamak i­in bir deney y¿r¿t¿lm¿ĸt¿r. Deneyden elde edilen doĵal 

frekansēn analitik ­ºz¿mle karĸēlaĸtērēlmasēyla tutarlē sonu­lar elde edilmiĸtir. ¢eĸitli 

parametreleri analiz etmek ve dinamik modeli doĵrulamak i­in FLOW-3D kullanan 

sayēsal bir yaklaĸēm kullanēlmēĸtēr. ¢alkalanma kaynaklē yanal kuvvet ve 

momentlerin karĸēlaĸtērēlmasē, dinamik modelin sayēsal sonu­larla iyi bir uyum 

i­inde olduĵunu gºstermektedir. 

Dinamik model, aerodinamik katsayēlarēn etkilerini incelemek i­in 3 serbestlik 

dereceli bir roket dinamiĵi modeline baĵlanmēĸtēr. ¢alkalanma kuvvetlerinin ve 

momentlerinin daha y¿ksek kaldērma katsayēlarē ve daha d¿ĸ¿k s¿r¿kleme 

katsayēlarēyla arttēĵē bulunmuĸtur. Moment katsayēsē, salēnēmlē olduĵu d¿ĸ¿n¿lerek 
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genlik ve frekans a­ēsēndan analiz edilmiĸtir. Moment katsayēsē genliĵindeki artēĸ, 

daha b¿y¿k ­alkantē etkilerine yol a­tē. Ayrēca, moment frekansēnēn analizi, doĵal 

frekansa yaklaĸtēk­a ­alkantēlarēn yoĵunlaĸtēĵēnē gºsterdi. Kritik durum, 

engelleyicilerle ve engelleyiciler olmadan incelendi. 

Anahtar Kelimeler: Sēvē Yakētlē Roket Motoru, ¢alkalanma Dinamiĵi, Eĸdeĵer 

Mekanik Model, Sayēsal Yaklaĸēm, Deneysel Yºntemler 
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CHAPTER 1  

1 INTRODUCTION   

The usage of rockets in the space industry has rapidly increased by the recent 

technological developments. Therefore, the design and the producibility of the rocket 

engines has become vital. Rocket engines can operate using chemical, electrical and 

nuclear energy sources. Today, chemical rocket engines are one of the most preferred 

propulsion alternatives. Chemical rocket engines can be categorized regarding the 

properties of the propellant that is used. The propellant can be solid, liquid or gas. 

Among these the solid and liquid propellants are the most commonly used.  

The propellant, used in solid propellant rocket motors (SPRMs), is a solid mixture 

of oxidizer and the fuel. Those types of motors are more compact and less 

complicated than the other systems. Even though, SPRMs have higher thrust, they 

have poor performance and can only be used for a single ignition. Therefore, liquid 

propellant rocket engines are preferred rather than SPRMs for upper orbit level 

missions. 

The liquid propellant rocket engines (LPREs) use liquid propellant(s) in a single tank 

or multiple tanks. The performance of LPREs is higher and more than a single 

ignition and variable thrust can be applied by using the required system equipment. 

Since the level of thrust in LPREs is low, those types of rocket engines are generally 

used in upper orbits. Even though, LPREs have advantages, they have components 

with movable parts such as pumps and valves, which makes the engines more 

complicated to control.  

One of the vital components of LPREs is the propellant tanks. Different types of 

tanks and tank configurations are used in different systems. Spherical, cylindrical 

tanks with spherical or elliptical domes are commonly used tank geometries [1, 2],  

for example, a cylindrical tank with an elliptical dome is used in the Saturn V rocket 
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[3]. Tank shapes may also change based on the tank configuration, such as tanks with 

tandem, concentric, and multiple tank configurations [4] as shown in Figure 1.1. The 

propellant tanks occupy a larger fraction of the entire rocket. Therefore, total mass 

of the tank configuration should be assessed carefully since any unintentional 

increase in the mass decreases the performance of the rocket.  

  

Figure 1.1: Propellant Tank Configurations, (a) Tandem Propellant Tank with 

Common Bulkhead, (b) Concentric, (c) Multiple Propellant Tanks [5]  

The propellant in the tanks, is in unrestricted state so that the movement of the 

propellant may cause sloshing in the tanks. Sloshing occurring in the tanks in LPREs 

is an important problem and has a significant effect on the system.  

Sloshing, in general, is the movement of the liquid-gas interface, which may cause 

additional forces and moments on the system. Depending on the motion of the tank 

or the container, lateral, vertical, and rotational sloshing occur [6]. 

The sloshing can also be observed in various situations beyond rockets. For example, 

structural damage may occur in pools, dams, and water storage tanks due to sloshing 

resulting from vibrations caused by earthquakes [7]. Sloshing can be observed in the 

ships carrying liquid containers and the tankers carrying liquids. Due to the slosh 

forces, the stability of the ship may be reduced and its motion may be affected [8, 9]. 

The cargo containers are filled with liquid during transportation to prevent sloshing 
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[6]. Similarly, if the sloshing in the tankers is not restricted, the stopping distance of 

the vehicle is significantly affected. The effect of sloshing on the stopping distance 

of the vehicle is reduced by using baffles. Finally, it is possible to observe sloshing 

in the fuel tanks of cars [10] and airplanes [11], which has a significant impact on 

the stability and control of these vehicles. 

In rocket propellant tanks, sloshing can shift the center of gravity of the vehicle, and 

additional forces and moments may occur. Sloshing is mainly observed due to the 

translational motion of the vehicle, pitching/yawing/rolling, and the overlap of the 

control frequency or bending frequency with the sloshing frequency [6]. It can be 

seen in different phases of the flight, such as launching, ascending, and maneuvering. 

Numerous instances of rocket failures attributed to sloshing can be found in the 

literature. In the first flight of Saturn 1, rotational sloshing at around 100th second of 

the flight occurred in one of the liquid oxygen tanks due to the coupling of the control 

frequency and the sloshing frequency. The baffles became dysfunctional due to the 

low fluid level when sloshing occurred in the tanks. This causes the slosh amplitudes 

to increase in the yaw direction [6]. Another accident triggered by sloshing was the 

failure of the early Jupiter ballistic missile in 1957. Aluminum cans that fit into the 

fuel tank and float on the fuel's surface were used to resolve the sloshing problem as 

the first solution [12]. In a recent instance, an oscillation, which appeared at around 

90 seconds of the second flight of the SpaceX Falcon 1 rocket in 2007, resulted in 

an instability that caused flame-out of the engine. It was thought that the primary 

contributor to the instability was the liquid oxygen slosh. As an improvement, slosh 

baffles were added to the system [13]. 

For a stable flight, the effect of sloshing phenomena on the system should be studied 

in the design stage. To study the consequences of sloshing, the motion of the liquid 

should be examined by analytical, numerical, and experimental methods. 

The fluid motion can be modelled for simple tank geometries under certain 

assumptions. The obtained solutions can be used to develop equivalent mechanical 

models and expand the scope of the solution. Generally, the equivalent mechanical 
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models are used to associate a spring mass or a pendulum system with fluid motion 

caused by sloshing. 

To obtain more comprehensive solutions, numerical methods should be used. The 

motion of the liquid can be solved numerically by using Computational Fluid 

Dynamics (CFD) techniques. CFD is ideal for simulating desired conditions, but 

requires long solution times. In cases where the computational time is too high, 

analytical solution methods can be used under certain assumptions. 

It is also possible to examine the effect of sloshing occurring in the system 

experimentally. Although the test apparatus is designed for getting results quickly, 

the experimental methods are costly and can be difficult to imitate real conditions. 

Therefore, mathematical models and simulations are commonly used.  

To guarantee a stable flight and reduce the effect of the sloshing, slosh suppression 

devices are often used. Those devices can be investigated under liquid-surface-

devices and baffles. Similarly, the performance of slosh suppression devices can be 

studied analytically, numerically, and experimentally. 

The introduction chapter covers the sloshing phenomena formed in propellant tanks 

in LPREs, modelling approaches for the lateral sloshing motion, a brief explanation 

of the damping of the sloshing, slosh suppression devices, and the thesis structure.   

1.1 Sloshing Phenomena in Liquid Propellant Rocket Engines 

The majority of spacecraft have tanks filled with liquid fuel, which makes up over 

40% of their starting mass [14].  As a result of the motion of the rocket, the liquid is 

disturbed, and the sloshing phenomenon occurs. This may cause the center of gravity 

to shift and produce extra forces and moments. Formation of these forces can lead to 

dissipation of liquid energy by means of viscous effects or pressure losses. Apart 

from the motion, frequency also has a significant impact on sloshing. There are an 

endless number of modes for sloshing. Mode shapes are divided into symmetric and 

antisymmetric mode shapes [15]. Antisymmetric mode shapes are effective in 
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shifting the center of gravity and producing further force and moment. Among these 

modes, the one with the lowest frequency has the most significant effect. Low slosh 

frequencies shouldn't coincide with the vehicle's control frequency and bending 

frequency during the flight.  

Lateral, vertical, and rotational sloshing can be observed in the rocket tanks. The 

motion amplitude and the frequency applied to the tank can change the behavior of 

the liquid inside. Lateral sloshing occurs as a result of the translational and pitch/yaw 

motion of the rocket. Depending on the motion, the liquid can make planar, non-

planar, swirl, and chaotic motions. In Figure 1.2, different fluid behavior originating 

from lateral sloshing can be seen [16]. The rotational movement of the rocket around 

its own axis is called roll motion. This motion is generally seen on spinning 

spacecraft. Due to roll motion, the propellant in the tank starts to rotate. Similarly, 

the previously mentioned lateral sloshing can cause the liquid to begin rotating.  
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Figure 1.2: Lateral Sloshing Motions [16] 

Vertical sloshing can be seen in propellant tanks (Figure 1.3). This movement can 

be caused by vertical vibrations or by lateral sloshing motion. Since the sloshing that 

generally occurs in the vertical direction has symmetric modes, its effect on the 

vehicle is low. 

 

Figure 1.3: Vertical Sloshing Due to Vertical Excitation [6] 
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Among the types of sloshing, the lateral sloshing is the most critical problem. It is 

expected to occur during the rise and orientation of the rocket. For this reason, the 

main issue to be addressed in this thesis is the lateral sloshing. 

1.1.1 Modeling of Lateral  Sloshing 

The lateral sloshing is crucial in the design of a rocket for a stable flight. Ottander et 

al. [17], emphasized that the first lateral slosh mode is the primary liquid motion of 

concern. To investigate the stability and the effect of the sloshing on the system, 

modeling is necessary. Analytical, equivalent mechanical, and numerical methods 

have been developed to estimate the impact of the lateral slosh motion. 

1.1.1.1 Analytical Approaches 

An exact solution of the general problem of fluid oscillations in a moving container 

can be used to model lateral sloshing. Linear potential flow theory was used for the 

calculations. The following assumptions should be considered to solve the problem. 

¶ Rigid Tank 

¶ Inviscid Flow 

¶ Homogeneous Fluid 

¶ Incompressible Fluid 

¶ Irrotational Flow 

¶ Small Displacements, Velocities, and Slopes of Liquid Free Surface 

¶ No Sinks or Sources 

¶ No Surface Tension Effects 

¶ Constant Ambient Pressure 

The coordinate systems to be used during the solution are placed on the free surface 

of the liquid as shown in Figure 1.4. Here ᾀ π is the mean free surface and ᾀ ‚ 

is the disturbed free surface. 
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Figure 1.4: Coordinate System Used in Equations of Analytical Solution 

 Ͻɳὠᴆ π (1.1) 

 ‫ᴆ ᶯ ὠᴆ π (1.2) 

 

For an incompressible fluid, Equation 1.1 is obtained from the continuity equation, 

and Equation 1.2 can be used for irrotational flow. In the equations, ὠᴆ is the velocity 

vector of a fluid particle and .‫ᴆ is the vorticity 

The velocity potential is applicable in the case of incompressible fluid and 

irrotational flow. For both Cartesian and Cylindrical coordinates, defined on the 

liquid free surface, the velocity is defined as ὠᴆ ‰ɳ ὼȟώȟᾀȟὸ and ὠᴆ

‰ɳ ὶȟ—ȟᾀȟὸ, respectively. Here, ‰  is the total velocity potential.  
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The velocity components in terms of velocity potential are given in Equations 1.3 

and 1.4. 
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A combination of Equations 1.1 and 1.2 results in Equation 1.5, which is the Laplace 

Equation. The Laplace equation is the governing equation for the analytical lateral 

sloshing problem. 
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To solve the differential equation, boundary conditions are necessary. The free 

surface boundary condition is determined by using Equation 1.7, which is the Euler 

Equation. Equation 1.8 can be obtained by integrating the combination of Equation 

1.7,  ὠᴆ ‰ɳ  and ὠᴆϽ​ὠᴆ ​ὠ , which is the general formula for irrotational 

flow. Equation 1.8 is called Kelvinôs Equation. In the equations, ὖ is the pressure, ” 

is the fluid density, g is the gravitational acceleration, and ὅὸ is the integration 

constant. 

 ‬‰
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”
 

(1.9) 

 

Equation 1.9 is obtained after the linearization operation, which is performed on 

Equation 1.8 by using the small displacements, velocities, and slopes assumption. 

​ὠ π. The integration constant, ὅὸ was absorbed by ‰ . The operations were 

completed by assuming that the ullage pressure is constant [15]. As a result, at the 

mean free surface, ᾀ π, Equation 1.9 is valid. 



 

 

10 

 Ὀ‚

Ὀὸ

‬‚

‬ὸ
ὠᴆϽ​‚

‬‰

‬ᾀ
 

(1.10) 

 ‬‚

‬ὸ

‬‰

‬ᾀ
π 

(1.11) 

 

Additionally, a fluid particle on the free surface is assumed to stay on the free surface. 

To ensure this, the velocity of the surface with respect to the particle is equalized to 

the particle velocity as given in Equation 1.10. Likewise, a linearization operation 

was completed for small displacements, velocities, and slopes to obtain Equation 

1.11 at the mean free surface, ᾀ π [15]. 

 ‬‰
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(1.12) 

 

The combination of Equation 1.9 and Equation 1.11 gives the free surface boundary 

condition. The free surface boundary condition is defined at the mean free surface, 

ᾀ π,  is given in Equation 1.12. 

 ‬‰

‬ὲ
ὺ 

(1.13) 

 

To solve the problem, the boundary conditions at the tank wall are necessary. At the 

tank wall, Equation 1.13 was used. Here, ὲ is the normal direction of the tank wall 

and ὺ is the normal direction velocity of the tank wall. 

 ‰ ‰ ‰ (1.14) 

 ​‰ ὠᴆ (1.15) 

 

The tank motion was implemented into the equation by using Equations 1.14 and 

1.15. In the equations, ‰  is the tank velocity potential, ‰ is the potential of the fluid 

relative to the tank and ὠᴆ is the tank velocity. Several analytical solutions for a 

cylindrical tank under specific motions are given in Appendix A. 
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1.1.1.2 Equivalent Mechanical Approaches 

Equivalent mechanical models are a valuable tool for examining tank sloshing. 

Through the use of masses, springs, and pendulums, they reduce the complex fluid 

behavior to a more simplified system. In Figure 1.5, a spring mass and a pendulum-

type mechanical model are represented. As seen from the figure, while a spring mass 

system includes a moving mass, a damper, a spring, and a fixed mass, a pendulum 

system consists of a pendulum bob, a damper, and a fixed mass. In both systems, the 

moving masses represent different modes of sloshing. Depending on the increase in 

the number of modes, the number of moving masses, springs, and dampers may 

increase. 

Parameters in the system vary depending on the model type used. These parameters 

are the stiffnesses of the springs, damping coefficients of the dampers, masses of the 

moving masses and the fixed mass, the distances of the masses to the specified 

reference in the spring mass system, while in the pendulum system they are the 

lengths of the pendulum, damping coefficients of the dampers, masses of the 

pendulum bob and the fixed mass, the distances of the hinge points to the reference. 

Mechanical system parameters can be determined by using analytical expressions 

[15], numerical or experimental data [18]. 

 

‫
Ὧ
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(1.16) 
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(1.17) 

 

The equations used in the models depend on these parameters. This can be seen most 

clearly in the calculation of the natural frequency. The natural frequency calculations 

of the spring mass and pendulum systems are given in Equations 1.16 and 1.17 [15], 

respectively. 
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Spring mass and pendulum systems can be used for modeling linear planar liquid 

motion. More complex models, such as spherical pendulums, can be used to simulate 

the rotating and chaotic sloshing for non-linear sloshing events [19, 20]. 

 

Figure 1.5: Spring Mass and Pendulum Type Equivalent Mechanical Models 

The usage of equivalent mechanical approaches has advantages over the other 

methods. The benefits are listed below. 

¶ CFD simulations are more complicated than mechanical models, particularly 

when dealing with complex tank designs or non-linear behavior. Mechanical 

models are suitable for control system design and early stages of 

development, as they require less computational time and resources. Faster 

iterations in the design process are made possible by this simplicity. 

¶ Other structural or vehicle dynamic models can be readily combined with 

mechanical models. This is used to examine the behavior of the entire system, 

including how the sloshing of liquid interacts with the stability and control 

of the vehicle. 

¶ Even though they are simplified, mechanical models can offer useful physical 

information about the sloshing. They can be used to comprehend how various 
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parameters, such as excitation, tank shape, and liquid fill level, impact the 

sloshing response. 

Although mechanical models provide many benefits, they have several 

disadvantages. They may not adequately represent complicated or non-linear 

phenomena like wave breaking or splashing. Although CFD methods are more 

computationally expensive, they are frequently required for detailed physics.  

1.1.1.3 Numerical Approaches 

In conditions where analytical and mechanical models are insufficient, numerical 

analysis of sloshing is an essential method for comprehending the complex behavior 

of liquids in propellant tanks. CFD analysis may be required for the following cases: 

¶ Linear assumptions fail when a large amplitude sloshing occurs. 

Additionally, the nonlinear behavior of liquids, such as splashing and wave 

breaking, invalidates the linear assumptions. Therefore, CFD may be used to 

investigate those. 

¶ Complex tank geometries, such as common bulkhead tanks, make solutions 

with analytical and mechanical models difficult. Furthermore, the propellant 

tank may include submerged parts such as propellant management devices. 

Analytical and mechanical models are not capable of solving such problems. 

¶ When the tank structure is impacted by the motion of the liquid and vice 

versa, fluid-structure interaction (FSI) analyses are necessary.  

Numerical techniques can be categorized into two general types: mesh-based and 

mesh-free. 

Mesh-based methods solve the governing equations with the relevant boundary 

conditions on a grid of elements or cells that discretizes the computing domain. Finite 

Volume Method (FVM), Finite Element Method (FEM), and Finite Difference 

Method (FDM) are different mesh-based methods [21]. In these methods, techniques 



 

 

14 

such as Volume of Fluid (VOF), Arbitrary Lagrangian-Eulerian (ALE), and marker 

and cell (MAC) are used to track the liquid free surface.  

On the other hand, mesh-free methods do not use a predefined mesh. Mesh-free 

methods depicted the fluid as a collection of particles or points rather than depending 

on a predetermined mesh. Smoothed Particle Hydrodynamics (SPH), the Meshless 

Local Petrov Galerkin (MLPG), and Finite Point Methods are mesh-free methods 

[21].  

A numerical analysis is completed in the following order [22]: 

¶ Problem Definition: The Problem domain, fluid properties, and boundary 

conditions should be decided. Required outputs of the problem should be 

defined.  

¶ Discretization of Domain: After selecting a numerical technique for 

discretization, the domain should be discretized.  

¶ Governing Equations: By using fluid properties and predicting the flow 

behavior, suitable fluid models should be chosen. 

¶ Boundary Conditions: Suitable boundary conditions should be established. 

¶ Solution Method: A numerical solution method to solve the discretized 

equations should be selected. 

¶ Post-Processing: The results should be analyzed by using visualization or 

extracting the necessary data.  

In a numerical approach with a mesh-based method, generally, a mesh independence, 

a validation, and a verification study are completed [23]. The mesh independence 

study is conducted to show how much the outcomes depend on the mesh density. 

Furthermore, a validation study is completed to validate the simulationôs validity to 

see if it matches the physical reality. On the other hand, the purpose of the 

verification is to ensure that the model is implemented correctly. 
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1.1.2 Experimental Approaches 

Experimental approaches are performed to understand and validate the models of 

liquid sloshing. Experiments are still essential to investigate the free surface motion 

precisely because of the complexities and computing requirements of numerical 

models. The experiments are generally carried out on a small scale [24] and shake 

tables [25] or 6 Degree of Freedom (DOF) simulators [26] to excite fluid in the tank. 

The excitation profile and fluid parameters, such as liquid level and liquid properties, 

are crucial in slosh-based tests. 

Transient events such as quick stops [27] and sinusoidal movements [28] at different 

frequencies and amplitudes are examples of common excitation profiles. To study 

resonant behavior, the excitation frequency is frequently adjusted around the fluid's 

theoretical natural frequencies [29]. 

Since it has a significant impact on the natural frequencies, wave properties, and 

overall sloshing response, the liquid filling level is a crucial element. Usually, a 

variety of filling levels from shallow to deep water conditions are included in the 

experiments [30]. 

Although studies  [27, 31, 32] may utilize other fluids to examine the effect of liquid 

properties on sloshing, water is commonly chosen due to its well-known 

characteristics and ease of use. 

Different measurement techniques, such as level sensors [27] and laser measuring 

devices [33], are used in the tests to measure the movement of the liquid free surface. 

Load cells can be used to measure the force and moment created by the sloshing [27]. 

The pressure change caused by sloshing at a certain point can be examined with the 

assistance of a pressure transducer [26]. 

It is also possible to examine the slosh motion by image processing [28, 34]. In such 

cases, high-speed cameras can be used. In methods such as Particle Image 
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Velocimetry, information about the flow pattern can be collected by using laser 

illumination and recording it on high-speed cameras [33]. 

1.1.3 Damping of Sloshing 

The dissipation of energy from the oscillating liquid motion inside the propellant 

tank is referred to as damping in sloshing. If a container is continuously excited at 

its natural sloshing frequency without damping, the wave amplitudes grow 

enormously, causing structural or control stability issues. Briefly, damping 

transforms the liquid's kinetic and potential energy into heat by gradually decreasing 

the amplitude of the sloshing waves. The liquid damping is mainly caused by viscous 

damping and pressure losses due to internal structures inside the propellant tank. 

The damping ratio can measure the energy dissipation of the liquid. The damping 

ratio [6] can be measured by: 

¶ Ring Force Method 

¶ The Drive Force Method 

¶ The Wave Amplitude Response Method 

¶ The Wave Amplitude Decay Method 

¶ Anchor Force Decay Method 

Among them, the wave amplitude decay method is commonly used.  
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(1.18) 

 

In this method, a specific motion is given to the tank. After tank motion stops, the 

rate at which the free surface displacement decays is measured [6] and the damping 

ratio is calculated by Equation 1.18 [35]. In the equation, ὢ  and ὢ  represent the 

ὲth and (ὲ ά)th wave amplitude peaks, respectively.  
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1.1.3.1 Viscous Damping 

This is the damping due to the viscosity of the fluid. Friction occurs both between 

fluid-fluid and fluid-wall as it moves. Particularly in the boundary layers close to the 

walls, this friction releases energy as heat. Although it always takes place, the 

viscous damping is sometimes relatively small and insufficient for propellant tanks 

inside a rocket. 
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To model the viscous damping, several empirical relations are commonly used for 

different tank shapes [6]. Equations 1.19 and 1.20 are used for a cylindrical tank and 

a spherical tank, respectively [6]. In the equations, ’ is the kinematic viscosity, ὶ is 

the tank radius, Ὣ is the gravitational acceleration and Ὤ is the liquid height. ‏ is the 

damping factor, which is equal to the ς“‒. For higher damping values, ‏ is  

and the damping ratio is . 

1.1.3.2 Slosh Suppression Devices 

In the literature, it is mentioned that the spacecraftôs attitude control system requires 

a damping ratio to be higher than 0.01 [15]. Therefore, different techniques have 

been developed to minimize the effect of sloshing in a rocket. One of these 

techniques is passive slosh control, commonly applied by a slosh suppression device 

in launch vehicles. To design a slosh suppression device, mainly, the requirements 

given below should be satisfied.  
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Those are: [36] 

¶ High Damping Effect 

¶ Minimum Weight 

¶ Minimum Space 

¶ High Mechanical Strength 

¶ Easy to Assemble 

In the following parts of this section, different types of slosh suppression devices 

were investigated. Mainly, slosh suppression devices are investigated under movable 

devices and fixed baffles.  

1.1.3.2.1 Damping by Liquid Surface Devices 

Movable devices or liquid surface devices, such as floating cans, diaphragms, and 

bags, are used to minimize the sloshing effect inside the propellant tank in a rocket. 

The movable devices move with the liquid free surface and absorb the energy of the 

liquid in different liquid levels. Thin perforated material with a hollow sphere is used 

to make floating cans. When the cans are stacked closely, the sloshing forces are 

effectively dampened [6]. In Figure 1.6, an image of floating cans inside a tank is 

given. 
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Figure 1.6: Floating Cans in a Tank [6]  

Diaphragms and bags are positive expulsion devices that are used to prevent gas 

ingestion. Generally, they are made from elastomeric materials. Additionally, they 

have the ability to reduce the sloshing effect. It is found that diaphragms can suppress 

the second mode and the liquid swirl effect [6]. In these types of devices, the material 

thickness is an effective parameter that determines how much sloshing is damped. It 

is noted that as the material thickness increased, the damping ratio increased [6]. In 

Figure 1.7, a picture of a diaphragm test tank is given. 
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Figure 1.7: Diaphragm Tank [37] 

1.1.3.2.2 Damping by Baffles  

In addition to the movable devices, thin metal sheet plates called rigid baffles are 

used to reduce sloshing effects. They are physical barriers that cause turbulence, 

eddies, and flow separation by interfering with the sloshing motion. Baffles are 

assembled on tank walls and absorb the fluid energy at a specific liquid level range. 

Baffles can be used as a ring or a non-ring, depending on the fluid movements.  

Cruciform baffles are one kind of non-ring-type baffles. These baffles are effective 

against sloshing caused by rotation, but are not efficient against sloshing caused by 

lateral motion. The damping provided by cruciform baffles is independent of liquid 

depth. In Figure 1.8, a cruciform baffle placed in a cylindrical tank is given. 
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Figure 1.8: Cruciform Baffles [36]  

On the other hand, symmetrical ring baffles are the most effective against lateral 

sloshing. The geometrical properties and the distance from the liquid level of a ring 

baffle influence the damping of the ring baffle. According to the studies, for a given 

baffle depth, damping increases with the baffle width. For a given ring baffle, as the 

liquid level increases, the effectiveness of the baffle decreases [36].  

A variety of modifications can be made to the ring baffles [6].  In Figure 1.9, different 

ring baffle configurations are given. Most of the given baffle configurations were 

tested, and it was found that flat plate ring baffles provided the best damping [6]. To 

save weight, most baffles are perforated. For a given baffle depth, decreasing percent 

perforation causes damping to increase [36]. This means that the damping produced 

by a perforated ring baffle is lower than that produced by a solid ring baffle.  
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Figure 1.9: Ring Baffle Configurations [6] 

A theoretical approach to predict the damping of a ring baffle is limited. In a circular 

cylindrical tank with a baffle, the damping can be predicted by using Miles' Equation 

theoretically [38].  
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Miles' equation assumes that the liquid is oscillating in its fundamental frequency, 

which is determined by the potential flow theory. As well, it accepts that the flow is 

unaffected by the free surface or the tank bottom [6]. Miles' equation is given in 

Equation 1.21 [15]. 

In the equation, Ὤ is the depth of the baffle, ὶ is the tank radius, ύ is the baffle 

width, and – is the wave amplitude / free surface elevation. Later, the range of 

validity was extended by the experiments of OôNeill. The equation was also modified 

by Bauer [39].  Bauer took into consideration the possibility that during sloshing, a 
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portion of the baffle might emerge from the liquid. In addition, the lowest damping 

occurs when the free surface is slightly below the baffle and appears as πȢψ– below 

the baffle [15].  In this study, Miles' equation was used since the baffles were 

submerged in the liquid. 

1.2 Motivation of the Study 

The research aims to develop a pendulum model that simulates the lateral sloshing 

phenomenon observed in rocket propellant tanks. The model can be used to prevent 

slosh risks that may occur during the preliminary design stages and will be used in 

the design of tank interiors. Therefore, important parameters such as tank 

configurations and fuel properties, which are different design parameters, are 

included in the model. 

This study includes additional experimental and numerical studies to validate and 

verify the model. These also facilitated the understanding of the basic characteristics 

of sloshing and the working principle of baffles. In addition, different baffle design 

parameters were examined, and the most ideal design was revealed.  

A three-degree-of-freedom rocket dynamics model was used to demonstrate that the 

resulting model can be combined with different physical modules. The parameters 

affecting rocket dynamics, such as aerodynamic coefficients, were examined using 

this model. 

According to the literature survey completed throughout the study and to the best of 

the authorôs knowledge, this thesis makes the following contributions: 

¶ No flexible model was found in terms of tank configurations that models 

sloshing dynamics. 

¶ No model was discovered in the literature that is connected to the rocket 

dynamic model and verified by CFD and experimental methods. 

¶ There is no study in the literature on the effect of aerodynamic coefficients 

on sloshing. 
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1.3 Structure of the Thesis 

Chapter 1 introduces the importance of sloshing, mainly on rocket propellant tanks. 

Furthermore, the modeling approaches for lateral sloshing focus on analytical, 

equivalent mechanical, numerical methods, and experimental studies. Brief 

information is given about the damping of sloshing. Viscous damping and different 

slosh suppression devices from the literature are presented. 

 

Chapter 2 focuses on previous work on lateral sloshing. It provides information 

about studies conducted in the literature using analytical, equivalent mechanical, 

numerical, and experimental methods. 

 

Chapter 3 presents an experimental approach to validate the analytical 

methodology. By using a quick stop test setup, the natural frequency of a rectangular 

tank is measured. The comparison of the analytical and experimental natural 

frequency is included in this chapter. 

 

Chapter 4 is devoted to numerical studies. Using the commercial program FLOW-

3D, a numerical model was built. The FLOW-3D model is validated by using 

experimental, numerical, and analytical studies from the literature. The FLOW-3D 

model is then used to investigate different sloshing and baffle design parameters in 

a rocket propellant tank. An optimum baffle was selected through a design space. 

 

Chapter 5 introduces the pendulum model. First, the derivation of the pendulum 

model is given. The model is then validated by using the FLOW-3D model under 

different circumstances. Lastly, the combination of 3ïDOF and pendulum model is 

completed. The effect of aerodynamic coefficients on sloshing is presented. 

 

Chapter 6 covers the culmination of this ongoing project. There will also be a 

discussion on potential future research. 
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CHAPTER 2  

2 LITERATURE REVIEW  

In the past, several investigations on the issue of liquid sloshing with free surfaces 

inside moving containers have been conducted. Problems with sloshing in the 

propellant tanks inside rockets have drawn a lot of attention. 

In this chapter, the historical background of modelling of lateral sloshing in terms of 

analytical, equivalent mechanical, and numerical approaches was summarized, and 

a summary of experimental studies in the literature was presented. Studies on slosh 

suppression devices were also included in the relevant sections. 

2.1 Analytical  and Equivalent Mechanical Approaches 

Potential theory serves as the foundation for most analytical solutions. The velocity 

potential is used to express the wave elevation, water velocities, pressure, and overall 

forces and moments. For small oscillations located distant from the resonance 

frequencies, linearized problem solutions are valid. The behavior of the fluid within 

the tank near the lowest resonance frequency must be predicted using nonlinear 

theory [40]. 

Initially, the eigenfrequencies and functions for a few tank designs for which the 

governing equations have been analytically solved are provided in Lamb [41]. Then, 

the potential theoretical solutions for sloshing in tanks experiencing harmonical 

oscillations for different tank forms were introduced by Abramson [6]. Using 

linearized potential theory, Bauer [42, 43] investigated the theoretical theory of fluid 

oscillations in space vehicle containers and their impact on stability. 

In general, equivalent mechanical models were created using analytical solutions. 

Mechanical models may vary depending on the movement to be applied to the liquid 
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and the tank shape. Hu et al. [44] constructed a novel analytical formula for the 

sloshing mass locations of corresponding mechanical models for liquid-filled 

cylindrical tanks using periodic movements of lateral sloshing modes and potential 

flow theory. The research of Liu et al. [45] introduces a 3DOF pendulum model to 

investigate the dynamics of liquid sloshing in a rigid spherical tank. Later, the model 

is tested under planar, large-amplitude planar, and large-amplitude non-planar cases. 

A two-pendulum model is developed to predict slosh behavior on the Europa Clipper 

mission by Ng and Benson [46]. Figure 2.1 shows the pendulum model developed 

by Ng and Benson [46]. 

 

Figure 2.1: Pendulum Model from Literature [46] 

 

In some studies [14], equivalent mechanical models are coupled with the rocket 

dynamics models to control the stability of the spacecraft. For this purpose, both 

spring mass and pendulum models are used with a Linear Quadratic Controller and 

a Lyapunov-based controller. In Figure 2.2, the spring mass model defined in the 

spacecraft is given. 
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Figure 2.2: Mass Spring System for Spacecraft [14] 

2.2 Numerical Approaches 

In numerical approaches, both mesh-based and mesh-free methods are used in 

sloshing problems. Yu et al. [47] investigated the effects of a vertical permeable 

baffle and a vertical impermeable baffle on sloshing using finite element and 

arbitrary LagrangianïEulerian (ALE) method.  Güray et al. [48] investigated 

sloshing displacement in a rectangular tank by using the smooth particle method 

(SPH). The SPH code was verified with an experiment and the results of a finite 

volume analysis. It is found that the SPH approach is quite decent in simulating the 

sloshing waves. The results are given in Figure 2.3. Guan et al. [49] emphasize the 

boundary-element approach for solving the nonlinear sloshing issue in three-

dimensional baffled tanks. By comparing the outcome with the experiment and 

relevant literature, the model is validated. 
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Figure 2.3: Sloshing Snapshots from Literature [48] (Experimental Study, ANSYS 

Fluent and SPH Method) 

There are sloshing analyses involving different tank shapes in the literature. 

Commonly used tank shapes are rectangular, cylindrical, and spherical tanks. 

Akyildiz [50], worked on a numerical study to investigate the effects of vertical 

baffle on sloshing in two-dimensional rectangular tank. Kim et al. [51] worked on a 

CFD analysis to thoroughly examine the lateral sloshing of liquid in a spherical tank. 

The results can be seen in Figure 2.4. In a study performed by Benson and Ng [52], 

STAR-CCM+ CFD models of a circular cylindrical tank without a ring baffle and a 

circular cylindrical tank with one were examined using the finite volume method. 

The natural frequency and the damping ratio were used to investigate the accuracy 

of the models. 

 

Figure 2.4: Sequence of Sloshing in a Spherical Tank [51] 

Analyses are primarily performed to determine the sloshing frequency and damping 

ratio, and to examine the sloshing characteristics. Yang et al. [53] investigated the 



 

 

29 

liquid slosh damping using a CFD tool. The challenges of simulating slosh with a 

very low damping ratio are covered in this study. The researchers modeled sloshing 

utilizing the volume of fluid approach with the CFD-ACE+ tool. They finished a 

mesh convergence analysis for various sizes of bare tanks and a tank with ring baffles 

using the experimental data that was already available. According to the study, as 

the tank size increases, the number of meshes required to achieve the desired 

damping ratio also increases.  

Utilizing the open-source CFD toolbox OpenFOAM (Open Field Operation and 

Manipulation), several numerical simulations were conducted to investigate the 

effects of filling level, excitation frequency, and amplitude on liquid sloshing by 

Chen and Xue [54]. The experimental data completely validated these simulations. 

Furthermore, the fluid-gas interface and the vorticity field around a baffle are studied 

by Yang et al. [55] using Loci-STREAM VOF, a verified CFD solver created at 

NASA MSFC, to emphasize the dissipation processes at various slosh amplitudes. 

The study discovered some crucial factors influencing fluid damping from a baffle, 

including non-dimensional slosh frequency, surface liquid depth to tank radius (h/R), 

local slosh amplitude to baffle width, and local slosh amplitude to baffle thickness. 

According to the results, three different regimes were found as ὃὸϳ ς for constant 

damping, ς ὃὸϳ ρπ for linear damping and ὃὸϳ ρπ for nonlinear damping. 

The outcomes are given in Figure 2.5. 

FLOW-3D is a commercial software commonly used in sloshing problems. In the 

study of Hu et al. [44], FLOW-3D simulation data are compared with the analytical 

formulas to confirm the newly generated expression. Musgrove and Coogan [56] use 

FLOW-3D to calculate the damping ratio of an oblate spheroid tank, a circular 

cylindrical tank with and without baffles. While doing this, they recommend the rule 

of thumbs for meshing in FLOW-3D. A few of these are described as follows: 
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¶ Z-X, Y-Z, and X-Y element aspect ratios should all be below 3.0.  

¶ Adjacent element ratios should always be less than 1.25 but as near to 1.0 as 

feasible. The development of an element's edge length in a single direction 

inside a single mesh block is referred to as the adjacent element ratio.  

¶ At least 100 elements across the tank should be used to resolve the mesh 

region surrounding the liquid free-surface.   

¶ The mesh resolution at the liquid free-surface is at least the same as the mesh 

resolution close the tank baffles. 

 

Figure 2.5: Comparison of CFD, Experimental Data, and Miles Equation at 

Different Amplitudes [55] 

FLOW-3D has been used to model several LNG tank sloshing scenarios in Lee et 

al.'s study [57]. Impact pressure was evaluated in relation to liquid turbulence, 

viscosity, density ratio, ullage pressure, and compressibility. Overall, there is a 

strong correlation between the current numerical results and the experimental data. 

Fluid structure interactions (FSI) can be investigated in a sloshing analysis. The 

study completed by Sances et al. [58], examines the sloshing phenomena in a 

diaphragm propellant tank. A lateral velocity for excitation is used, and the amplified 

diaphragm deformation is given in Figure 2.6. 



 

 

31 

 

Figure 2.6: Amplified Diaphragm Deformation Results [58] 

The turbulence model used in the analysis can also affect the results. Turbulence 

models used in the literature are listed in Table 2.1. Since turbulence models are 

primarily used in the literature, it was decided to use the turbulence model in this 

study. 

Table 2.1: Turbulence Model Selection in Literature 

Authors Turbulence Model 

Cai et al. [59] 

LES 

LES 

Wright et al. [60] LES 

Liu et al. [61] LES and VLES 

Tahmasebi et al. [62] 

RANS 

RNG k-e 

Park. et al. [63] k-e 

Arslan et al. [9] k-e 

Godderidge et al. [64] k-e 

Liu et al. [65] k-e 

Thiagarajan et al. [66] k-e 

Hu and Kamra [67] k-w 

He et al. [68] k-w SST 

Mahfoze et al. [69] 

No Model 
Modaressi-Tehrani et al. [70] 

Battaglia et al. [71] 

Yu et al. [47] 
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2.3 Experimental Approaches 

Specific parameters such as natural frequency and damping ratio can be easily 

achieved by conducting experiments. From the experiments, empirical relations can 

be obtained. Empirical correlations for the damping ratio for different tanks are 

included in [15]. 

Several experiments were conducted to validate the equivalent models and numerical 

results. Pérez et al. [72] conducted experiments to validate a mechanical model. To 

determine the model's parameters of slosh frequency, slosh mass, and pendulum 

hinge point location, random excitation experiments were conducted. The analysis 

and test findings agreed well and fell within the predicted limits. To determine 

smooth-wall damping and baffle damping, free decay tests were performed. The tests 

also confirmed the validity of Miles' equation for baffle damping. In the various areas 

of the tanks, baffle configurations with one or several baffles were examined. In the 

study of Konopka et al. [73] both an experiment and a simulation environment were 

used to study first-mode water sloshing. A 1.2 m diameter Perspex tank was installed 

on the DLR Hexapod system in the Institute of Space Systems' Cryo-Lab in Bremen 

for the experiment. One of the study's goals was to demonstrate that a controller in 

the hexapod system's real-time loop can actively dampen sloshing water in a large 

tank. 

In the study of Maleki and Ziyaeifar [74], a theoretical damping model based on 

Laplace's differential equation has been developed to examine the damping impact 

of vertical blade baffles and horizontal ring baffles in the seismic design of circular 

cylindrical liquid storage tanks. To investigate the validity of the theoretical models, 

several experiments using a tank model on a shake table have been conducted. The 

experimental apparatus that Abbas and Mansour used is given in Figure 2.7. 
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Figure 2.7: Experimental Apparatus [74] 

Experimentation is the fastest approach to getting a result. Hari et al. [75] conducted 

an in-house experiment and measured acceleration time histories, the slosh height, 

and the slosh-related natural frequencies. Furthermore, experiments can be used to 

understand the parameters that affect sloshing. In the experiment conducted by 

Henry Cole [76], water in a two-dimensional tank and a cylindrical tank has been 

used to evaluate the damping of oscillating plates of different thicknesses over a 

range of frequencies and amplitudes at Reynolds numbers between 3000 and l70000. 

It is observed that damping is adversely affected by a thickness-to-breadth ratio 

greater than 0.1. Figure 2.8 gives experimental results. 

 

Figure 2.8: Baffle Thickness Effect on Damping Ratio [76] 
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In Table 2.2, a literature survey on sloshing modelling is provided. It is evident that 

pendulum and spring-mass models are typically used for a single, specific tank shape 

rather than for a multi-tank setup. Some models in the literature lack validation, 

while others are only validated under specific motion conditions. Therefore, this 

thesis primarily aims to develop a pendulum model that will be validated across 

different motions and various tank configurations. 

Table 2.2: Literature Survey for Modelling of Sloshing 

Reference Method 
Tank 

Geometry 

CFD 

Validation 

CFD 

Motion 

Multiple 

Tank Config. 

Liu et al. 

[45] 
Pendulum 

Spherical 

Tank 
Yes 

Only 

Harmonic 
No 

Ng and 

Benson [46] 
Pendulum 

Europa 

Clipper 

Tank 

Yes 
Only 

Damping 
No 

Merve 

Sahin [14] 

Pendulum 

and 

Spring 

Mass 

Tank Shape 

Information 

is not Given 

No No No 

Hern§ndez 

et al. [114] 
Pendulum 

Cylindrical 

Tank 
No No No 

Reyhanoglu 

et al. [115] 

Spring 

Mass 

Tank Shape 

Information 

is not Given 

No No No 
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CHAPTER 3  

3 EXPERIMENTAL  INVESTIGATION  

The experiments are suitable for studying the effect of lateral sloshing motion that 

can occur in the tanks of liquid-fueled rocket engines. To prevent sloshing in these 

tanks, it is crucial to determine the natural slosh frequency and damping ratio 

accurately. In the experiments, the motion of the tank can be simulated using 

different platforms. Generally, harmonic motion is applied to the tank.  After the 

movement has been applied for a specific period of time, the movement of the liquid 

can be examined by sudden stopping. A liquid free surface can be observed by using 

image processing, and the sloshing frequency and damping ratio can be calculated.  

In this study, to validate the analytical linear potential flow theory approach, an 

experiment was conducted. In the experiment, a small-scale test setup was installed, 

and the tank was excited by using a periodic velocity profile. After a specific period, 

a sudden stop is performed to obtain the sloshing frequency and the damping ratio 

of the rectangular tank. The compatibility of the measured natural frequency was 

then compared with the analytical methods. In the following sections, the equivalent 

sloshing model was obtained by using those analytical techniques.  

3.1 Experimental Apparatus and the Measurement Technique 

To find the natural frequency and the damping ratio of a given tank, an experimental 

study was carried out. Since the sensors are costly and measurement calibration takes 

time, the capture of liquid movement has been studied using image processing, as 

noted in the literature [34, 77]. Since the sloshing motion in a cylindrical tank is a 

complex motion, more than one camera is required to observe the sloshing behavior. 

Therefore, a rectangular tank was examined in this study. 



 

 

36 

The custom-made test apparatus (shown in Figure 3.1) consists of a cart moving on 

a 20  20 άά V-Slot profile with the assistance of a Nema 17 stepper motor 

mounted on a 100  20 ὧά wooden platform. A plexiglass floor (15  10 ὧά) was 

prepared on the cart to enlarge the area where the tank would be placed. The length 

that the cart can move on the V-Slot profile is 65 ὧά. The stepper motor and the cart 

are connected with a 6 mm belt. The tooth pitch of this belt is 2 άά. There is a 

pulley with an inner diameter of 5 άά and 20 teeth on the shaft of the stepper motor. 

There is another pulley with the same features in a free position opposite the stepper 

motor. The tooth spacing of the pulleys was 2 mm to fit the belt. A light source was 

used for illumination, and a light reflector was placed in front of it. 

 

Figure 3.1: Test Setup for Slosh Experiment 

The stepper motor was controlled with an Arduino UNO card using the A4988 

stepper motor microcontroller card. The breadboard configuration was prepared 

using the stepper motor tutorial given in the reference [78]. A 16V 100 microfarad 

capacitor and a 1K ohm resistor were used on the breadboard. The breadboard was 

connected to the electric socket with the support of a 12V adapter. In Figure 3.2, a 

picture of the breadboard configuration was given. 

It was mentioned that the tank motion was chosen as a periodic velocity profile. The 

one-cycle periodic velocity profile is shown in Figure 3.3. As input, the amplitude 

of the acceleration and the frequency were given.   
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Figure 3.2: Breadboard Configuration 

 

Figure 3.3: One Cycle of the Applied Periodic Velocity Profile 
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By using Equation 3.1 ï 3.3, ὺ, ὸ and ὼ are calculated. In order to give this motion, 

a prepared library called AccelStepper Library [79] was used. The programming was 

performed via Arduino software. 

In the study, the stepper motor was rotated with a full step and the acceleration 

amplitudes were 15000, 13000 and 11000 ίὸὩὴȾί. The maximum speed that the 

motor can reach in the given distance is found to be 8000 ίὸὩὴȾί. The total period 

number was selected as 30. Since there are 20 teeth on the pulley on the stepper 

motor and there is a 2 mm pitch gap on the belt, the distance per revolution of the 

stepper motor is found to be 40 άάȾὶὩὺ. The stepper motor rotates at 200 ίὸὩὴȾὶὩὺ. 

Accordingly, there is a stepper motor that moves at 0.2 άάȾίὸὩὴ. Therefore, the 

acceleration amplitude is converted 0.75, 0.65, 0.55 άȾί, respectively. In Figure 

3.4-3.6, the input motion as position, velocity and acceleration is given for 0.75 

άȾί and 2.2973 Hz, respectively. 

 

Figure 3.4: Position Time Graph for Amplitude 0.75 m/s2 and Frequency 2.2973 Hz 
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Figure 3.5: Velocity Time Graph for Amplitude 0.75 m/s2 and Frequency 2.2973 Hz 

 

Figure 3.6: Acceleration Time Graph for Amplitude 0.75 m/s2 and Frequency 

2.2973 Hz 

A rectangular tank with the dimensions 11.7  1  11 ὧά (Figure 3.7). In this tank, 

the width is 1 cm to minimize the effects of the third dimension as much as possible. 
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Figure 3.7: The Rectangular Tank Used in the Experimental Investigation 

 

To calculate the natural frequency and damping ratio for a given scenario, first, the 

free surface elevation was recorded. A 30 frames per second camera was used with 

a 1/8 slow motion capacity. Therefore, the interval between frames is equal to 1/240 

second.  

The image processing was performed by using the Image Processing Toolbox in 

MATLAB.  The frames after the quick stop were used to investigate the sloshing, and 

the number of frames is limited to 1024 frames for a better Fast Fourier Transform 

(FFT). The operation was performed in four steps as shown in Figure 3.8.  

In Step 1, the cropping operations are performed using the last frame in which the 

liquid is in its static condition. From left to right, the frame boundaries were arranged 

up to the ruler. Pixels corresponding to 0 and 9 cm on the ruler are used as the lower 

and upper limits. The pixel that the liquid level corresponds (ὴὭὼ) is measured via 

the marker placed on the tank 2 cm away from the tank wall. During this process, 

the image is made black and white by using filtering.  

 
Ὤ

Ὤ ὴὭὼὴὭὼ

ὴὭὼὴὭὼ
 

(3.4) 
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In Step 2, for each frame, after the filtering is completed, the pixel (ὴὭὼ 

corresponding to the current liquid level is calculated. The fluid level from the tank 

bottom is calculated using Equation 3.4. In the equation, ὴὭὼ is the number of pixels 

in the vertical direction and Ὤ  is the initial liquid level. 

 – Ὤ Ὤ  (3.5) 

 

After calculating the liquid level at all frames, the change of free surface 

displacement with time in Step 3 is obtained by Equation 3.5. By using the 

ñsmoothdataò function in MATLAB , the free surface displacement was smoothed. 
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In the final step, by using Equations 3.6 and 3.7, the damping ratio was calculated 

from the smoothed data. In the equations, ά is the fifth peak after the initial peak 

(ὲ π.  

 ‫
‫

ρ ‒
 (3.8) 

 

To find the damped natural frequency, the liquid free surface data is used for FFT. 

For the process, the ñfftò function available in MATLAB was used. Then, the natural 

frequency is calculated by using Equation 3.8. 
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Figure 3.8: Image Processing Operation 

3.2 Test Matrix  

The test matrix used in the experiment is given in Table 3.1. Five different cases 

were investigated. Each case was repeated three times to minimize the possible 

errors. In Cases 1, 2, and 3, the liquid level was set to 4 cm, and different amplitudes 

(0.75, 0.65, and 0.55 m/s2) were given to the tank. The excitation frequency was 

selected as the natural frequency at which the sloshing will be chaotic.  

 
‫ Ὣ

“

ὒ
ÔÁÎÈ 

“

ὒ
Ὤ  

(3.9) 

 

The corresponding natural frequency according to the Equation 3.9 which is the 

analytical solution of the governing equations given in Reference [40] is 2.2973 Hz. 
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Likewise, in Cases 4 and 5, the liquid level was set to 2 and 3 cm, respectively, and 

the tank was moved with the natural frequency at the relevant liquid levels. The 

maximum amplitude of 0.75 m/s2 was used for those cases. 

Table 3.1: Test Matrix 

Case Number Liquid L evel (cm) Frequency (Hz) Amplitude (m/s2) 

1 4 2.2973 0.75 

2 4 2.2973 0.65 

3 4 2.2973 0.55 

4 3 2.1098 0.75 

5 2 1.8095 0.75 

3.3 Experimental Results 

Five cases were carried out with three runs. The free surface displacement and the 

FFT results obtained as a result of these runs. Appendix B presents the outcomes of 

the cases. In Figure 3.9, eight frames of the liquid motion captured in the first run of 

Case 1 are given. The results of the first run of Case 1 are shown in Figures 3.10 and 

Figure 3.11. 
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Figure 3.9: Frames from the First Run of Case 1 

  

Figure 3.10: First Run of the Case 1: Free Surface Elevation - Time Graph 
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Figure 3.11: First Run of the Case 1: Amplitude - Frequency Graph 

From the obtained results, the damping ratio and natural frequency were calculated 

for each run. The average of the three runs was reported as the result of the case and 

used for comparison with the analytical natural frequency. In Table 3.2 and Table 

3.3, the effect of amplitude and the effect of liquid level on the damping ratio and 

natural frequency can be seen.  

Table 3.2: Effect of Acceleration Amplitude *  

Amplitude  

(m/s2) 

Freq. 1 

(Hz) 

Freq. 2 

(Hz) 

Freq. 3 

(Hz) 

Damp. 

Ratio 1 

Damp. 

Ratio 2 

Damp. 

Ratio 3 

Ave.Nat. 

Freq.(Hz) 

Ave.Damp. 

Ratio 

0.75 2.3443 2.3443 2.3443 0.0217 0.0211 0.0215 2.3443 0.02143 

0.65 2.3443 2.3442 2.3442 0.0222 0.0194 0.0197 2.34423 0.02043 

0.55 2.3442 2.3442 2.3442 0.0194 0.0197 0.0196 2.3442 0.01957 

*  Case 1,2 and 3 / Liquid Level: 4 cm 
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Table 3.3: Effect of Liquid Level *  

Liquid 

Level (cm) 

Freq.1 

(Hz) 

Freq.2 

(Hz) 

Freq. 3 

(Hz) 

Damp. 

Ratio 1 

Damp. 

Ratio 2 

Damp. 

Ratio 3 

Ave.Nat. 

Freq.(Hz) 

Ave.Damp. 

Ratio 

2 1.8769 1.877 1.877 0.0449 0.0465 0.0465 1.87697 0.04597 

3 2.1100 2.1101 2.1100 0.0247 0.0254 0.0243 2.11003 0.02480 

4 2.3443 2.3443 2.3443 0.0217 0.0211 0.0215 2.3443 0.02143 

*  Case 3,4, and 5 / Amplitude: 0.75 m/s2 

The results, plotted in Figure 3.12, indicate that the natural frequency does not 

depend on the amplitude of the acceleration but varies essentially with the liquid 

level. In linear sloshing motion, the natural frequency is constant. However, in 

nonlinear motion, the frequency may vary depending on the amplitude. On the other 

hand, the damping ratio increases with the amplitude of the acceleration. As the fluid 

velocity increases, the friction losses due to viscosity increases, which induce an 

increase in the damping.  

 

Figure 3.12: Average Damping Ratio ï Acceleration Amplitude and Average 

Natural Frequency - Acceleration Amplitude Graph 

Additionally, the findings indicate that the natural frequency increases as the liquid 

level increases.  To verify the analytical approach, the experimental results were 

compared with the analytical natural frequency obtained from Equation 3.9. It is 

found that the maximum difference between them is 3.59%. This demonstrates that 
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the accuracy of the analytical methods is at a sufficient level. Furthermore, it is found 

that the damping ratio increases as the liquid level increases. As the liquid level 

decreases, the effect of the tank bottom becomes dominant, which can cause the 

damping ratio to increase. As the liquid level increases, the effect of the tank bottom 

vanishes, and the liquid is observed to dampen more gradually. Figure 3.13 illustrates 

the previous concept in further detail. 

 

Figure 3.13: Average Damping Ratio ï Liquid Level, Average Natural Frequency 

ï Liquid Level, and Analytical Solution Comparison Graph 

The second run of Case 2 was repeated by taking free surface measurements from 

different points. Accordingly, it was observed that the damping ratio increased as the 

measurement point approached the wall edge and decreased as it moved away. The 

damping ratio was found as 0.0211 at 2 cm away from the tank wall and barely 

changed toward the tank center. On the other hand, the damping ratio increased to 

approximately 0.0245 as the measurement point was taken close to the tank wall. 

This implies a nearly 16% increase in the damping ratio, probably due to the viscous 

layer formed at the tank wall, which is likely to enhance the damping of the liquid 

free surface elevation.  
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CHAPTER 4  

4 NUMERICAL INVESTIGATION  

Experimental methodologies are costly and demanding if one desires to examine the 

behavior of fluid inside the propellant tank of a rocket during flight phases. 

Furthermore, the experiments can be limited by factors such as fuel and 

environmental conditions. For this purpose, numerical investigations are performed. 

In this section, the numerical investigation of sloshing by using commercial software 

FLOW-3D is presented. The governing equations and the turbulence models that are 

used in this study are specified. In this study, to validate the governing equations and 

verify the numerical methods used, results from an experiment on a partially filled 

rectangular tank under translational excitation, as documented in the literature, were 

initially used. Similarly, the pitching motion of a propellant tank was examined 

through a pitching experiment applied to a rectangular tank. Finally, a comparison 

was made among different numerical models given in the literature for a circular 

cylindrical tank with and without a baffle under translational excitation. By using the 

identical circular cylindrical tank and the validated model, the sloshing behavior 

under different conditions and motions was investigated by FLOW-3D. Several 

baffle designs were also inspected to select the optimum one. The FLOW-3D model 

was ultimately used to validate and verify the mechanical model developed, as 

presented in Chapter 5. 

4.1 FLOW -3D Software 

For the simulations, FLOW-3D software was used. It is a commercial computational 

fluid dynamics software in which the computational grid discretizes the defined flow 

domain, and the governing equations are solved by using numerical methods for the 

given boundary conditions. 
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 The FLOW-3D software offers advantageous features for precisely solving free 

surface flows with reduced computational time. FLOW-3D includes a mesh 

generation algorithm called Fractional Area/Volume Obstacle Representation 

(FAVOR), in which a structured grid is easily implemented on geometry without any 

distortion of elements. Structured grids can be implemented on geometry using mesh 

blocks. This property of FLOW-3D makes the discretization of a geometry faster 

than body-fitted elements. In Figure 4.1, a geometry transformation with the FAVOR 

algorithm is given. 

Besides the advantages of the FAVOR algorithm, it also has disadvantages, such as 

distorting the geometries and not capturing the liquid-gas interface properly. The 

disadvantages become apparent when the mesh density is low in the specified 

regions. In addition, since there are only structured grids in FLOW-3D, meshing 

complex geometries is difficult. 

 

Figure 4.1: FAVOR Algorithm [80] 

Additionally, the software includes the Volume of Fluid (VOF) approach to solve 

multiphase problems. It is a volume tracking method used in an Eulerian grid where 

the free surface is investigated in a fixed grid [81]. The VOF method is based on 

storing the fluid volume portion on each cell by using a function called fluid fraction. 

The function must have a value between 0 and 1 [82]. Figure 4.2 expresses the 

principle of the Volume of Fluid in FLOW-3D. Here, the fluid fraction is symbolized 

by Ὂ. 
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Figure 4.2: Basic Theory of VOF [82] 

In addition to the two fluid solutions, FLOW-3D has the capability of solving only 

one fluid in a given problem. In such issues, the region of the second fluid is called 

a void. The governing equations are only solved in elements with a fluid fraction of 

one, and the void is used to express the boundary condition [83].  

This property of the program is appropriate for sloshing problems. Due to the minor 

inertial effects of the gas above the liquid, the gas can be neglected, and a one-fluid 

approach can be used. As a result, fewer elements are included in the computational 

grid, and the problem takes less time.  

4.2 Governing Equations and Models 

In this part, governing equations and turbulence models, which are Unsteady 

Reynolds Averaged Navier Stokes (URANS) models [100], are used in this study. 

For both rectangular and circular cylindrical tank cases, the Cartesian coordinate 

system is preferred. For a circular cylindrical tank, the cylindrical coordinate system 

is not desired due to a singularity point that appears at the center of the cylindrical 

coordinate system. Therefore, both the governing equations and models are given by 

means of a Cartesian coordinate system. 
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4.2.1 Mass Continuity Equation  

The mass continuity equation used in FLOW-3D is described in this section. 
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The mass continuity equation used in FLOW-3D is given in Equation 4.1 [84]. Here, 

ὠ is the fractional volume open to flow, ” is the fluid density, όȟὺ and ύ are 

velocities in ὢ, ὣ and ὤ directions. ὃ , ὃ  and ὃ are area fractions open to flow, 

Ὑ  turbulent diffusion. In the equations, the fractional volume and fractional area 

open to flow are special parameters that are introduced in FLOW-3D due to the 

FAVOR algorithm. Additionally, the turbulent diffusion term is generally used when 

a fluid with non-uniform density is preferred [85]. It has a coefficient given by ‡ 

which is equivalent to Ὓ
‘
” where Ὓ is the turbulent Schmidt Number. The mass 

source term is neglected since it is used when an additional injection of mass is 

necessary [85].  

4.2.2 Momentum Conservation Equations 

This part defines the momentum conservation equations utilized in FLOW-3D. 
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The momentum conservation equations used in FLOW-3D are given in Equation 4.3 

- 5 [84]. Navier-Stokes equations in FLOW-3D have some extra terms to be used in 

exceptional cases, for instance, porous media or injection of a mass. Since no mass 

source is used in the simulations, the mass source term is neglected in the given 

equations. 

In the equations, Ὃ, Ὃ and Ὃ are body accelerations, Ὢ, Ὢ and Ὢ are viscous 

accelerations, ὦ, ὦ and ὦ are flow losses occur in exceptional cases, and ὴ is the 

pressure of the fluid. The flow losses will be neglected since the sloshing cases do 

not include such physics.  
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The viscous accelerations need to be calculated by using Equation 4.6 ï 8. In 

turbulent flow, the viscous accelerations need to be calculated when the fluid 

viscosity changes [85]. Here, ύίὼ, ύίώ and ύίᾀ are wall shear stresses in different 

directions. Assuming a zero tangential velocity on the section of any area closed to 

flow, the wall shear stresses are modeled.  
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The † terms given in the equations are shear stresses and are calculated by using 

Equation 4.9 ï14. It can be seen that ‘, the dynamic viscosity is used. 

In turbulent flows, the amount of the wall shear stress is altered by a law of the wall 

velocity profile that is assumed close to the wall [84]. Therefore, the distance 

between the wall and the first grid point close to the boundary is essential to calculate 

the wall shear stress precisely [86].  
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FLOW-3D uses Equation 4.15 - 17 to calculate the wall shear stress. To estimate the 

wall shear by using the wall function, ώ  should be between 30 and 500 [84]. 

 ‘ ”ὺ ὺ  (4.18) 

 

In such a flow, the viscosity is the sum of the molecular and turbulent values [84]. 

Equation 4.18 is used for variable viscosity calculations where ” is the liquid density, 

ὺ is the molecular kinematic viscosity and ὺ is the turbulent kinematic viscosity. 
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4.2.3 Fluid Interfaces and Free Surfaces 

This section outlines the fluid interface equations employed in FLOW-3D. 
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The Ὂ function defines the fraction of fluid. To compute time evolution, Equation 

4.19 needs to be satisfied in the liquid free surface [84]. The diffusion term can be 

neglected since it is only applicable to turbulent mixing of two fluids [84]. In the 

equations, the time rate of variation of the fraction of fluid related to the mass source 

for fluid is neglected [84].  

4.2.4 Non-Inertial Reference Frame Motion 

For cases like sloshing, non-inertial reference frame motion is preferred. Non-inertial 

reference frame motion embeds the computational grid in a non-inertial reference 

frame that moves with the body [84]. In FLOW-3D, as an input, three components 

of linear acceleration and three components of angular velocity/acceleration can be 

used. Also, the rotation center can be selected through the program.  

 Ὃᴆ Ὣᴆ Ὗᴆ  ᴆ ὶᴆ Ὑᴆ  ᴆ Ὑᴆ ς ᴆ όᴆ  ᴆ  ᴆ ὶᴆ Ὑᴆ  (4.20) 

 

Equation 4.20 is used to implement the effect of the acceleration of a rigid body on 

a liquid element (Ὃᴆ which is moving with the rigid body. Here, Ὣᴆ is constant 

gravitational acceleration, Ὗᴆ is translational acceleration,  ᴆ is angular velocity, and 

 ᴆ  is the angular acceleration of the rigid body. Ὑᴆ is the position vector of the body 

fixed coordinate system with respect to the inertial reference frame. όᴆ is the velocity 
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of the fluid element and ὶᴆ is the position of the fluid element as described in the 

program manual.  

In FLOW-3D, equations are solved in the body coordinate system [84]. In the given 

analyses, the accelerations were defined in both non-inertial and inertial reference 

frames. Those were separated as ὢ, ὣ, ὤ and ὢ, ὣ, ὤ , respectively. The force and 

moment results obtained are defined on ὢ, ὣ, ὤ.  

4.2.5 Turbulence Models 

Turbulent flow's high-energy flow state and its self-generated large and small eddies 

are shown by turbulent kinetic energy, Ὧ. To find the turbulent kinetic energy, the 

transport equation can be used. Three different types of two-equation turbulent 

models are implemented in FLOW-3D. These are Ὧ ‐ , Renormalized Normal 

Group (RNG) Ὧ ‐ and Ὧ .turbulent models, respectively ‫  
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All turbulence transport models use turbulent kinetic energy to calculate the 

turbulent viscosity. Ὧ ‐ and 2.' Ὧ ‐ models use Equation 4.21 while Ὧ ‫ 

uses Equation 4.22 [84]. Here, CNU is a constant, ‐ is the turbulent dissipation term 

and ‫  is the turbulent specific dissipation rate term. ‐ and ‫  are calculated by 

using different transport equations for different turbulent models.  
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To calculate the turbulent kinetic energy, both Ὧ ‐ model and Ὧ ‐ RNG model 

uses a transport equation given in Equation 4.23. In Equation 4.23, ὖ is the turbulent 

kinetic energy production term, Ὃ  is the buoyancy production term, ὈὭὪὪ is the 

turbulent diffusion term and ‐ is the turbulent energy dissipation term [84]. These 

terms have parameters that are special to FLOW-3D. The CSPRO turbulence 

parameter included in the turbulent kinetic energy production term has a default 

value of one. The CRHO parameter involved in the buoyancy production term is 

zero; however, it is accepted as 2.5 in thermally buoyant flow problems, as 

mentioned in the manual [84]. The parameter given as ‡ in the turbulent diffusion 

term, the diffusion coefficient of Ὧ. This parameter is calculated by using another 

parameter called ὙὓὝὑὉ whose default value is one. Different turbulence models 

use different transport equations to calculate the turbulent dissipation.  
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On the other hand, Ὧ model uses Equation 4.27 to calculate the Ὧ term. In this ‫ 

equation, ‍ᶻ is a partial function changes with a parameter ὼ and the parameter 

RMTKE used in diffusion term is taken as 0.5. The details these equations can be 

found from the manual [84]. 

4.2.5.1 ▓ Ⱡ Model 

This section provides information regarding the Ὧ ‐ turbulence model in FLOW-

3D. 
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In addition to the Equation 4.23, the Equation 4.28 should be solved. In the equation, 

ὈὭὪὪ is the diffusion of dissipation and ὅὈὍὛρ, ὅὈὍὛς, ὅὈὍὛσ are constants 

derived empirically, whose values are 1.44, 1.92 and 0.2, respectively [84]. ὅὔὟ, a 

constant defined in Equation 4.21, is 0.09. 

4.2.5.2 ▓ Ⱡ RNG Model 

Similar to the Ὧ ‐ model, this model uses Equation 4.23 and 4.28. ὙὓὝὑὉ, 

ὅὈὍὛρ, ὅὔὟ are constants derived explicitly whose values are 1.39, 1.42 and 0.085, 

correspondingly. ὅὈὍὛς is found from turbulent kinetic energy and the turbulent 

production terms [84]. Generally, Ὧ ‐ RNG model is applicable to low intensity 

turbulence flow and to flow that has strong shear regions. 
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In both Ὧ ‐ and Ὧ ‐ RNG model, when ‐ approaches zero as well as Ὧ 

numerical problems such as unphysically large values of ὺ can be seen. To prevent 

this, a minimum value for ‐ is defined in FLOW-3D. The minimum value for ‭ 

can be found by Equation 4.30 [84]. In the equation, the maximum turbulent length 

scale, called TLEN, is used. As a default, TLEN is set to 7% of the smallest domain 

dimension.  

4.2.5.3 ▓ ⱷ Model 

The Ὧ .model is another turbulence model that is implemented in FLOW-3D ‫ 

Mainly, it is used in close wall boundaries and in flow with streamwise pressure 

gradients, such as jets and wakes.  
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To calculate the ‫ , Equation 4.31 is used in FLOW-3D [84]. In the equation, ‌ 

parameter and the turbulent dissipation diffusion coefficient called ὙὓὝὈὑὉ used 

in ὈὭὪὪ is taken as 13/25 and 0.5, respectively.  ‍ is a function related to a 

parameter called ὼ . More details of the given equation can be found in the user 

manual [84]. 
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4.3 Boundary Conditions 

As discussed before, the discretized flow domain has boundaries that limit the 

problem. In FLOW-3D, a mesh block can have six different mesh boundary 

conditions. Those boundary conditions can affect the behavior of the liquid.  

Some of the boundary conditions that can be used in the program are given below 

[84]. Periodic boundary conditions can be used if any fluid that exits via one of the 

boundaries is reintroduced through the other boundary in the pair.  The specified 

pressure/velocity boundary can be applied if a specific pressure or velocity value 

needs to be appointed to the boundary. The volume flow rate boundary condition is 

used when a specific volume flow rate is necessary at the boundary. The wall 

boundary condition is applied to the surface or a solid boundary. It implements the 

zero-velocity condition normal to the boundary and the no-slip condition at the 

boundary. Lastly, symmetry boundary conditions can be used in the case of a 

symmetrical phenomenon.  

In this study, a tank geometry is used as a complement function, which inverts the 

body where the fluid domain appears inside, and the inner surface of the tank walls 

is selected as the solid boundaries. The mesh boundaries are left as symmetrical 

boundaries as the default option. 

4.4 Solution Method 

The solver procedure of FLOW-3D is named the finite difference solution method. 

It consists of three steps [84]: 

The first phase involves computing new time-level velocities using the explicit 

approximations of the momentum equations, Equations 4.3ï4.5, based on the initial 

values or previous time step values.  
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Secondly, to satisfy the mass continuity equation, Equation 4.1, the pressure values 

are iteratively modified in each cell, and the velocity changes due to pressure 

adjustments are added to the velocities calculated in the first step. 

Lastly, to calculate the new fluid free surface configuration, Equation 4.19 is solved. 

The three steps are completed when the simulation time exceeds. During the 

procedure, if the stability criterion is not satisfied, then the time step is reduced. 

Additional information about the solution method can be found in the FLOW-3D 

User Manual [84]. 

4.5 Verification and Validation Simulations 

The cases that are found from the literature are performed to guarantee that the 

governing equations and the boundary conditions are appropriately selected and the 

inputs are given correctly. In this section, the results of these studies are explained. 

4.5.1 Translational Harmonic Acceleration on a Rectangular Tank 

As the first case, the rectangular tank sloshing experiment conducted by Chen and 

Xue [54] was used. In the experiment, the tank was excited with a translational 

harmonic motion by utilizing a six-degree-of-freedom (6-DOF) motion simulation 

platform, called a hexapod. The dimensions of the rectangular tank are given in 

Figure 4.3. 
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Figure 4.3: 3D View and Dimensions of Rectangular Tank 

 

Chen and Xue used different amplitudes and frequencies to validate their 

OpenFOAM numerical model. In this study, to validate the model and to verify the 

numerical methods used, one of Chen and Xueôs cases, in which the excitation 

amplitude is 7 άά, the excitation frequency is 4.749 ὶὥὨȾί, was used. The 

excitation frequency was selected as the first mode natural frequency in which the 

sloshing will be the severest.  
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The first mode natural frequency was found from the assumption of potential flow 

theory for rectangular tanks, which is given in Equation 4.32 [54, 6]. Here, ‫  is 

known as the natural frequency of sloshing in a rectangular tank where ὲ is the mode 

number, Ὣ represents gravitational acceleration, ὒ is the horizontal length of the tank, 
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and Ὤ shows the liquid level in the tank.  For the given scenario, the mode number is 

selected as 1 to find the first natural frequency. 

 ώ ὃίὭὲ‫ὸ (4.33) 

 ὺ ὃ‫ὧέί‫ὸ (4.34) 

 ὥ ὃ‫ίὭὲ‫ὸ (4.35) 

 

The acceleration profile for this type of motion was calculated by using Equations 

4.33 - 35 and was used as an input in FLOW-3D software, as given in Figure 4.4. 

 

Figure 4.4: Acceleration Profile (Amplitude: 7 mm, Frequency: 4.749 ὶὥὨȾί) 

The acceleration input was defined on the coordinate system whose center was 

located at the containerôs center of geometry. Additionally, the gravitational 

acceleration was taken as constant in the ὤ direction. The container was filled with 

water up to 90 mm, and the fluid pressure was captured by using a pressure probe, 

which was placed on the positive Y-axis side of the container, 30 mm above the tank 

bottom. The density and the dynamic viscosity of the water are used as 998.2 ὯὫάϳ  

and 0.001 ὖὥϽί. 
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In the present thesis, the grid and time independence studies were first completed. 

Then, different turbulence model outcomes were compared with the experimental 

and the numerical results that were taken from Chen and Xueôs [54].  

4.5.1.1 Grid  and Time Independence Study 

Grid independence study for the given case was completed by using one mesh block, 

with each grid configuration having different element sizes. In a grid study, as the 

element size decreases and the number of elements increases, the results are expected 

to change less than in the previous configuration. The grid and time independence 

studies had been carried out for 5 seconds of simulation due to the requirement of 

high computational effort in finer grid resolutions.  The details of the configurations 

are given in Table 4.1, and the Y-Z plane views of the configurations are shown in 

Figure 4.5. 

Table 4.1: Grid Configurations for Case 1 

Grid  Configuration  Element Size (mm) Element Number (#) 

Mesh A 12 90.000 

Mesh B 6 600.000 

Mesh C 4.5 1.400.000 

Mesh D 3 4.700.000 

Mesh E 2.75 6.000.000 

Mesh F 2.5 8.000.000 
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Figure 4.5: Y-Z Plane View of Grid Configurations  

To complete the grid study, the numerical settings were decided as in Table 4.2. For 

faster convergence, ὉὖὛὃὈὐ was selected as 0.0001 and ὋὓὙὉὛ subspace size was 

chosen as 30 in accordance with the recommendations given in the manual [84]. The 

simulations were completed by using a 12-core processor with a base speed of 2.50 

GHz. 

The turbulence model was used to capture the effects of turbulence and chaotic, 

violent flow. In Chapter 2, it was given that the most common method used to model 

the turbulence effects was Ὧ ‐ model. Therefore, for the grid study Ὧ ‐ model 

was used. Later, this model was compared with other models to find which one is 

the best. 
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Table 4.2: Grid Independence Settings for Case 1 

Settings Selection 

VOF Split-Lagrangian Method 

Momentum Approximation First Order 

Near Wall Flux Calculation Immersed Boundary 

Maximum Time Step 0.001 s 

Pressure Solver Implicit 

Viscous Stress Solver Explicit 

Free Surface Pressure Explicit 

Advection Explicit 

 

As a result of the mesh independence study, the forces along the Y direction were 

obtained. Then, the sloshing forces were used to calculate the Force Mean Absolute 

Percentage Difference (ὊὓὃὖὈ), which was used for the grid independence 

convergence check. The calculation was completed by comparing the grids with the 

finest grid, Mesh F. 

 

Figure 4.6: Grid Study for Case 1; Forces Along Y Axis 
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Although the general compatibility of graphs is typically used in the literature [54], 

this study introduces the concept of force percentage difference.  

 
‏

Ὂ Ὂ

Ὂ
ρzππ 

(4.36) 

Therefore, the force percentage difference ‏  was calculated by Equation 4.36 

using 125 different points for each of the Mesh types A to E with respect to Mesh F. 

In the equation, Ὂ represents the force obtained by Mesh A / B / C / D / E and Ὂ is 

the force obtained by Mesh F (Table 4.1). The mean average of the ‏ gives ὊὓὃὖὈ 

for a mesh configuration.  

The ὊὓὃὖὈ results along with the computational time are given in Table 4.3. As 

the cell size decreases, so that the number of elements increases, the 

ὊὓὃὖὈ decreases but the computational time increases. Therefore, the optimum 

grid configuration was selected as Mesh D, in which a 3 mm cell size was used. Mesh 

D has ὊὓὃὖὈ less than 1% and takes less time than finer configurations. The 

following time independence study and turbulence model comparisons were 

completed by using the Mesh D configuration. The chosen mesh configuration also 

satisfies the recommendations given in Chapter 2. The mesh independence 

investigation was feasible at this level due to the computational limitations. 

Table 4.3: Grid Independence Results for Case 1 

Mesh Configuration Force Mean Absolute 

Percentage Difference (%)  

Computational 

Time 

Mesh A (12 mm) 4.81 0.02 

Mesh B (6 mm) 2.03  0.18 

Mesh C (4.5 mm) 1.36 0.80 

Mesh D (3 mm) 0.63 4.15 

Mesh E (2.75 mm) 0.48 υ.25 

 

Following the mesh independence study, the time independence study was 

completed for the given case. Since the variable time step size method was used in 
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FLOW-3D, the time independence study was carried out by limiting the time step 

size. Four different maximum time step sizes were used to find the optimum one, 

while keeping all other parameters given in Table 4.2 constant. In the simulations, 

among the settings shown in Table 4.2, only the maximum time step value was 

changed to make a comparison. Likewise, the convergence was checked by 

calculating the mean absolute percent difference between forces in the Y direction. 

In Figure 4.7, the forces exerted by the fluid for different maximum time step values 

are given.  

 

Figure 4.7: Time Study; Forces Along Y Axis 

Likewise, to calculate the force percent difference ‏  for time independence, 

Equation 4.36 was used at 125 different points. In the given equation, Ὂ represents 

force values calculated by using the maximum time step of 0.002 / 0.001 / 0.0005 

seconds and Ὂ is the force values are calculated by the maximum time step of 

0.00025 seconds.  Then by taking the mean average of ‏ȟὊὓὃὖὈ for each 

maximum time step configuration is found. 

The results of the time independence study are given in Table 4.4. As the maximum 

time step size decreases the ὊὓὃὖὈ decreases and computational time increases. 

Since, the ὊὓὃὖὈ and Computational Time are likely to cross at the optimum time 

step size, the maximum time step size was selected as 0.001 seconds. Due to 
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computing constraints, the time independence investigation was possible at this 

level. 

Table 4.4: Time Independence Study Results 

Maximum Time Step 

Size (s) 

Force Mean Absolute 

Percentage Difference (%)  

Computational 

Time 

0.002 0.49 2.00 

0.001 0.22 4.15 

0.0005 0.10 5.20 

0.00025 0 7.60 

4.5.1.2 Turbulence Model Comparison 

To decide on a turbulence model in the sloshing cases, the turbulence models were 

compared. The turbulence models that were used are determined as Ὧ ‐, Ὧ ‐ 

RNG and Ὧ .models ‫  
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(4.37) 

 

To understand the requirement for a turbulence model in sloshing cases, the 

Reynolds Number is calculated. The Reynolds number is defined by Equation 4.37 

for a harmonically exciting rectangular tank [87, 57, 88].  Here, ” is the liquid 

density, ὃ is the excitation amplitude, is the excitation frequency, ὒ is the ‫ 

characteristic length, which is the horizontal length of the tank, and ‘ is the dynamic 

viscosity of the liquid. 

As a result, the Reynolds number is approximately ςz ρπ for the given harmonic 

motion. Kim et al. [87] stated that the Reynolds Number over ρȢψz ρπ has a strong 

nonlinearity in a rectangular tank. Additionally, it can be deduced from the study of 

Lee et al. [57] that the turbulence model can capture the non-turbulent effects. 

Furthermore, from the study of Rhee [89], it is concluded that a turbulence model is 

necessary to capture the turbulence effects. Therefore, in this study, a turbulence 
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model is used to capture both the impact of linear, non-linear fluid motion and 

chaotic phenomena. 

The mesh and time independence cases were repeated for three different turbulence 

models, and the results were compared with the experimental values [54]. The 

simulation time is extended up to 10 seconds to observe the chaotic flow. The 

pressure values computed from the computational analyses were used to calculate 

the dynamic pressure. The values were then compared with the experimental 

minimum/maximum pressure measurements [54].  

The data provided by Chen and Xue [54] were read by using Plot Digitizer. Since 

there may be a deviation in the collected points, the gathered data points were plotted 

on the original graph. This process is given in Figure C.1 in Appendix C. This was 

done to show that the collected points had a certain level of accuracy.  

The data provided by Chen and Xue [54] was shown in Figure 4.8 (A). In the figure, 

the comparison between the turbulence models and experimental pressure values is 

given. In Figure 4.8 (B), the laminar model (no model) and Ὧ ‐ model comparison 

was given. The turbulence model was decided to be used because the laminar model 

produces unphysical peaks when the flow becomes chaotic. 

Likewise, the fraction of fluid contours for different turbulence models was 

correlated with the experimental snapshot for four different moments in Figure 4.9. 

In the given figure, experimental snapshots obtained from Chen and Xueôs work [54] 

and numerical results are presented in the order of 8.70, 8.80, 8.92, and 9.17 seconds. 

Different turbulent models, experimental values, and fluid fraction contours are 

consistent with each other.  

Furthermore, it can be seen that no chaotic fluid motion was observed at the 

beginning of the motion, but as the motion proceeded, flow breaks were observed as 

a result of the liquid's impact on the tank surface. It was noticed that these flow 

breaks caused sudden pressure losses. 
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Figure 4.8: Pressure ï Time Graph to Compare Minimum/Maximum Experimental 

Pressure Values [54] and Different Turbulence Model (present thesis) (A), Pressure 

ï Time Graph to Compare k-‐ Model and Laminar Model (B) 

 

 

(A) 

(B) 
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Figure 4.9:Fraction of Fluid Contour of Turbulence Models (present thesis) and 

the Numerical, Experimental Snapshots from Chen, Xueôs Work [54] 
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(4.38) 

In addition to the comparison made in Figure 4.8 (A) and Figure 4.9, the difference 

between the experimentally obtained peak pressure value and the corresponding 

numerical value at the same time was calculated by using Equation 4.38 as in [90]. 

In the equation, ὖ represents the numerical values, and ὖ shows the experimental 

pressure values.  By taking the mean average of the ‏, the Pressure Mean Absolute 

Percent Difference ὖὓὃὖὈ was calculated. For this operation, 20 points were 

used. Zhang et al [90] show that nine points were enough for this operation. The 

results are seen in Table 4.5. According to the given table, the mean values for the 

differences were 5.754%, 5.923%, and 5.841% for Ὧ ‐, Ὧ ‐ RNG, and Ὧ ‫ 
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model, respectively. Since the one with the smallest mean value difference is Ὧ ‐ 

model, it was decided to continue the simulation with the Ὧ ‐ model. For Ὧ ‐ 

model, ώ  value was investigated. It was found that the time-average ώ  was 39, 

which was in the recommended range given in the manual [84].  

Table 4.5: Pressure Values Comparison 

 Experimental [54] Numerical 
  

Ὧ ‐ Ὧ ‐ RNG Ὧ ‫ 

Point # Time(s) ὖ (kPa) P (kPa) ‏ (%) P (kPa) ‏ (%) P (kPa) ‏ (%) 

1 0.642 -0.062 -0.055 11.290 -0.055 11.290 -0.055 11.290 

2 1.232 0.111 0.109 1.802 0.109 1.802 0.109 1.802 

3 1.968 -0.156 -0.149 4.487 -0.149 4.487 -0.149 4.487 

4 2.538 0.221 0.225 1.810 0.225 1.810 0.225 1.810 

5 3.288 -0.187 -0.189 1.070 -0.189 1.070 -0.189 1.070 

6 3.736 0.309 0.302 2.265 0.302 2.265 0.302 2.265 

7 3.961 0.319 0.341 6.897 0.341 6.897 0.341 6.897 

8 4.679 -0.225 -0.207 8.000 -0.207 8.000 -0.207 8.000 

9 5.035 0.430 0.452 5.116 0.452 5.116 0.452 5.116 

10 5.289 0.417 0.441 5.755 0.441 5.755 0.441 5.755 

11 5.825 -0.229 -0.195 14.847 -0.194 15.284 -0.195 14.847 

12 6.312 0.472 0.509 7.839 0.509 7.839 0.509 7.839 

13 6.580 0.455 0.469 3.077 0.470 3.297 0.468 2.857 

14 7.086 -0.305 -0.268 12.131 -0.268 12.131 -0.269 11.803 

15 7.539 0.559 0.531 5.009 0.527 5.725 0.529 5.367 

16 7.799 0.483 0.498 3.106 0.495 2.484 0.499 3.313 

18 8.522 -0.285 -0.268 5.965 -0.270 5.263 -0.265 7.018 

17 8.801 0.580 0.529 8.793 0.516 11.034 0.519 10.517 

19 9.046 0.456 0.447 1.974 0.442 3.070 0.446 2.193 

20 9.770 -0.234 -0.225 3.846 -0.225 3.846 -0.228 2.564 

PMAPD 
  

/ 5.754 / 5.923 / 5.841 
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The chosen models and settings are given in Table 4.6. All analyses in the thesis 

were completed using these models and settings. A concluding comparison is 

presented between preferred models, settings, and numerical and experimental 

results found in the literature [54], as shown in Figure 4.10. The data on the figure, 

Chen and Xue [54] used, was gathered by using Plot Digitizer. Plotting the collected 

points on the original graph was necessary since there could be an irregularity in the 

data. This procedure is described in Figure C.2 in Appendix C. This was carried out 

to demonstrate the accuracy of the points gathered. 

Table 4.6: Chosen Models and Settings for Sloshing Cases 

Models Selection 

VOF One-Fluid 

Turbulence Ὧ ‐ 

Settings Selection 

VOF Split-Lagrangian Method 

Momentum Approximation First Order 

Near Wall Flux Calculation Immersed Boundary 

Maximum Time Step 0.001 s 

Pressure Solver Implicit 

Viscous Stress Solver Explicit 

Free Surface Pressure Explicit 

Advection Explicit 
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Figure 4.10: Pressure ï Time Graph to Compare Chen & Xueôs [54] Work and 

Preferred Models, Settings in the present thesis 

4.5.2 Pitching Harmonic Acceleration on a Rectangular Tank 

The second scenario was performed to validate the model and verify the numerical 

settings given in Table 4.6 under pitching conditions. For this purpose, one of the 

benchmark test cases conducted by Antonio Souto-Iglesias et al. [91, 92, 93, 94] 

related to wave impacts was used. The test inputs and outputs were found from the 

web page [95]. It includes time histories of the pressures measured at particular 

points, along with repeatability registers and the associated roll angle history of the 

sloshing tank's periodic rotational motion. The scales of the rectangular tank are 

given in Figure 4.11. 
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Figure 4.11: 3D Schematic of the Tank Dimensions 

As an input, periodic angular motion is given to the tank. The origin of the coordinate 

system used to define the motion input was placed at the center of the container's 

bottom. In Figure 4.12, the recorded angular velocity of the tank is given. The 

angular velocity is used as motion input, and FLOW-3D uses numerical 

differentiation to determine the angular acceleration by using the angular velocity 

[84]. In addition, in the ὤ direction, the acceleration caused by gravity is taken to be 

constant. The data was given by Antonio Souto-Iglesias et al. [91, 92, 93, 94] as the 

test information. A pressure probe was positioned on the container's negative X-axis 

side, 93 mm above the tank bottom, and used to measure the fluid's pressure after the 

container was filled with water up to 93 mm. Likewise, the density and the dynamic 

viscosity of the water were used as 998.2 ὯὫάϳ  and 0.001 ὖὥϽί in the simulations. 
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Figure 4.12: Periodic Angular Motion of the Tank 

First, the study on grid independence was finished. After that, the results were 

compared with the experimental results taken from the work of Antonio Souto-

Iglesias et al. [91, 92, 93, 94]. 

4.5.2.1 Grid Independence Study 

A single mesh block with varying element sizes for each grid configuration is used 

for the grid independence research. Because finer grid resolutions demand a lot of 

computing, the grid convergence investigations were only run until the first 

maximum pressure peak observed, which was around the first 2 seconds of the 8.35-

second simulation.  Configuration information is provided in Table 4.7. 

Table 4.7: Grid Configurations for Case 2 

Grid Configuration  Element Size (mm) Element Number (#) 

Mesh A 4 600.000 

Mesh B 3 1.300.000 

Mesh C 2 4.000.000 
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The numerical settings were used as shown in Table 4.6 to complete the grid 

research. In compliance with the manual's recommendations [84], a 

ὋὓὙὉὛ subspace size of 30 and an ὉὖὛὃὈὐ of 0.0001 was used for quicker 

convergence. A 12-core CPU running at 2.50 GHz was used to finish the simulations. 

The forces acting in the X direction were determined as a result of the mesh 

independence analysis. The forces exerted along the X-axis can be found in Figure 

4.13. 

The Force Mean Absolute Percentage Difference (ὊὓὃὖὈ), like in the previous 

case, was applied. At 125 different points, Equation 4.36 was used to calculate the 

force percentage difference. In the equation, Ὂ represents force values calculated by 

using mesh configuration A / B and Ὂ represents force values calculated by using 

mesh configuration C. The mean average of the ‏ gives ὊὓὃὖὈ for a mesh 

configuration. As a result, mesh configuration A had a 1.01% and mesh 

configuration B had a 0.54% difference with respect to mesh configuration C. The 

mesh configuration B was used for the experimental comparison since it had a 

difference of less than 1%. Additionally, the chosen mesh configuration meets the 

recommendations provided in Chapter 2. The mesh independence analysis was made 

possible at this level because of computational limitations. 

 

Figure 4.13: Grid Study for Case 2; Forces Along X Axis 
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4.5.2.2 Comparison of CFD Model with Experiment Data Presented in the 

Literature  

The comparison with pressure values obtained from the experimental work carried 

out by Antonio Souto-Iglesias et al. [91, 92, 93, 94]  was completed. Due to the noise 

issue in the experimental results, the experimental results were only compared during 

the mesh independence period. For an improved evaluation, a filtering process was 

first necessary. The filtering process was performed using the 9th-order Savitzky-

Golay filter. The ñsgolayfiltò function in the Signal Process Toolbox in MATLAB 

was used in this process. To compare the experimental and numerical results, the 

numerical pressure values at the liquid level were converted to dynamic pressure. In 

Figure 4.14, the comparison between the experimental result [91, 92, 93, 94], the 

numerical result, and the filtered experimental data is given.  

 

Figure 4.14: Comparison Between Experimental Result [91, 92, 93, 94], 

Numerical Result (present thesis), and the Filtered Data  

From Figure 4.14, the maximum pressure value in the filtered data and the numerical 

result are compared. It is found that the maximum pressure value is 348.21 Pa in the 

filtered data. The numerical result shows that 343.02 Pa is the highest-pressure value. 

Both maximum pressure values were measured at approximately 0.92 seconds. As a 

result, a 1.49% difference between the experimental and numerical data is obtained.  
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Then, a rough comparison was made with the pressure data from the entire 

experiment. This comparison is given in Figure 4.15.  Lastly, the liquid behavior of 

the experimental and numerical results was associated in Figure 4.16. Accordingly, 

although there are specific differences in the maximum peaks and fluid interfaces, it 

was seen that the selected models, methods, and inputs are generally suitable for 

modeling sloshing problems. 

 

Figure 4.15: Comparison Between Entire Experimental Results [91, 92, 93, 94] 

and Numerical Results (present thesis) 
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Figure 4.16: Liquid Interface Comparison of Experimental [91, 92, 93, 94] and 

Numerical Results from the Present Thesis 

4.5.3 Translational Harmonic Acceleration on a Circular Cylindrical 

Tank 

Since the tank types, which are similar to cylindrical structures, are generally used 

in rockets, the modeling of sloshing is focused on circular cylindrical tanks in this 

thesis. For this reason, a validation study was carried out on a circular cylindrical 

tank. 

Biswal et al. [96] developed a numerical model using the finite element method to 

compute the non-linear sloshing response of liquid in both rectangular and circular 

cylindrical tanks. Xue et al. [97] developed an OpenFOAM model and used the 

results of Biswal et al. [96] to validate their model. In the present study, the results 

of both Biswal et al [96] and Xue et al. [97] were used for the validation of the 

FLOW-3D model and the verification of the numerical settings given in Table 4.6. 

Although the model developed by Biswal et al. [96] is applied to the circular 

cylindrical tank with an annular baffle, only the results for the cylindrical tank 
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without a baffle were used in the present study. The validation study was carried out 

with Xue's model [97] by adding a baffle to the cylindrical tank. Xue's study [97] 

was considered sufficient because it matched the model of Biswal et al. [96]. 

Figure 4.17 shows the dimensions of the circular cylindrical tank used in the FLOW-

3D. In the model, the excitation frequency was selected as 5.8 ὶὥὨȾί and the 

excitation amplitude was chosen to be 2 mm. The excitation frequency is the natural 

frequency of the circular cylindrical tank at the given liquid level.  

 

Figure 4.17: 3D View and Dimensions of Circular Cylindrical Tank 

 

‫
Ὣ‚

ὶ
ὸὥὲὬ

‚Ὤ

ὶ
ȟὲ ρȟςȟσȣ 

(4.39) 

Equation 4.39, given in Appendix A, which is based on the assumption of potential 

flow theory for circular cylindrical tanks, was used to determine the first mode 

natural frequency. In the equation, ‫  is the natural frequency of sloshing in a 

circular cylindrical tank, where ὲ is the antisymmetric mode number, ‚ is the 

eigenvalue of the solution for the desired mode number, Ὣ is the gravitational 

acceleration, ὶ is the radius of the tank, and Ὤ represents the liquid level in the tank.  

In the given scenario, to find the first natural frequency, the mode number is selected 



 

 

83 

as 1 in and the corresponding ‚ is ρȢψτρ. These result in a natural frequency of 5.8 

ὶὥὨȾί. 

 ὼ ὃίὭὲ‫ὸ (4.40) 

 ὺ ὃ‫ὧέί‫ὸ (4.41) 

 ὥ ὃ‫ίὭὲ‫ὸ (4.42) 

 

Equations 4.40ï4.42 were utilized to determine the acceleration profile for this kind 

of motion, which was then used in the FLOW-3D program as shown in Figure 4.18. 

The coordinate system whose center was situated at the center of geometry of the 

container was used to define the acceleration input. Furthermore, the gravitational 

acceleration was assumed to be constant in the ὤ direction. A pressure probe, 

positioned on the positive X-axis side, 503 mm from the center, and 508 mm above 

the tank bottom, was used to measure the free surface displacement after the 

container was filled with water up to 508 mm. The water's density and dynamic 

viscosity are selected as 998.2 ὯὫάϳ  and 0.001 ὖὥϽί, respectively. 
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Figure 4.18: Acceleration Profile (Amplitude: 2 mm, Frequency: 5.8 ὶὥὨȾί)  

4.5.3.1 Grid Independence Study for Circular Cylindrical Tank  

Using a single mesh block with varying element sizes for each grid configuration, 

the grid independence study for the cylindrical tank case was finished. In the grid 

studies, the results should vary less than in the prior configuration when the number 

of components grows and the element size decreases. Due to the significant 

computing effort required for higher grid resolutions, the grid independence 

investigations were conducted for 5 seconds of simulation.  The X-Z and X-Y plane 

views of the setups are shown in Figure 4.19, and Table 4.8 provides the 

configuration specifics. 

Table 4.8: Grid Configurations for Case 3 

Grid Configuration  Element Size (mm) Element Number (#) 

Mesh A 10 1.200.000 

Mesh B 8 2.200.000 

Mesh C 6 5.100.000 

Mesh D 4 17.000.000 
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Figure 4.19: X-Z and X-Y Plane View of Grid Configuration B  

The numerical settings were used as shown in Table 4.6 to finish the grid study. In 

compliance with the manual's recommendations, a ὋὓὙὉὛ subspace size of 30 and 

an ὉὖὛὃὈὐ of 0.0001 were used for faster convergence [84]. A 12-core CPU running 

at 2.50 GHz was used to finish the simulations. 

As a result of the mesh independence investigation, the forces along the X direction 

were obtained. The Force Mean Absolute Percentage Difference (ὊὓὃὖὈ), which 

was used to verify grid independence convergence, was then computed using the 

forces. By comparing the grids with Mesh D, the best grid, the difference calculation 

was finished. 



 

 

86 

 

Figure 4.20: Grid Study for Case 3; Forces Along X Axis 

At 125 points, the force percentage difference (‏) was computed using Equation 

4.36. Ὂ stands for the force values determined by using Mesh A, B, and C in the 

equation, and Ὂ for the force values determined by utilizing Mesh D (Table 4.8). The 

ὊὓὃὖὈ for a mesh configuration is the mean average of the ‏. Only this level of 

mesh independence was possible because of the rise in computational time. 

Table 4.9 presents the mesh independence results. The first column of the table 

shows the mesh configuration, followed by the second column with the ὊὓὃὖὈ 

findings and the third column with the computational time. It is evident that as the 

ὊὓὃὖὈ decreases, the cell size decreases, the element number increases, and the 

calculation time increases.  

As a result, Mesh B, with its 8 mm cell size, was chosen as the ideal grid layout. 

Mesh B takes less time than finer setups and has an ὊὓὃὖὈ of less than 1%. 

Additionally, the chosen mesh configuration meets the mesh recommendations 

provided in Chapter 2. Only this level of mesh independence was possible because 

of the rise in computational time. 
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Table 4.9: Grid Independence Results for Case 3 

Mesh Configuration Force Mean Absolute 

Percentage Difference (%)  

Computational 

Time 

Mesh A 1.50 1.75 

Mesh B 0.63 3.75 

Mesh C 0.61 13.6 

 

4.5.3.2 Comparison with Literature  ï Circular C ylindrical Tank Without 

Baffle 

As mentioned before, Biswal [96] and Xueôs models [97] were used for circular 

cylindrical tank without baffle validation studies. The results of the models were 

obtained from Xue [97]. Since the results were obtained using Plot Digitizer, Figures 

C.3 and C.4 in Appendix C are given to show that the deviations in the points are at 

acceptable levels. 

Figure 4.21 shows the comparison of the liquid free surface elevation with the 

literature models. Mesh B, which was selected as the most ideal grid, was used in 

the comparison. The results of Mesh B are shown in the figure with the red line, 

while blue dots and the black dashed line show the model results of Biswal [96] and 

Xue [97], respectively. As shown in the graph, the sloshing movement is consistent 

across different models. 
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Figure 4.21: Liquid Free Surface Elevation Comparison  

Additionally, by using the peak values of the free surface elevation peak of the 

numerical result obtained by using the FLOW-3D, the Free Surface Absolute Mean 

Percentage Difference (ὊὛὓὃὖὈ) was calculated with respect to the corresponding 

free surface elevation values at the same time for different models.  

 
‏

– –Ӷ

–Ӷ
ρzππ 

(4.43) 

To calculate the ὊὛὓὃὖὈ, Equation 4.43 was used. In the equation, – represents the 

numerical and –Ӷ shows the model-free surface elevation values.  By taking the mean 

average of the ‏, The Free Surface Mean Absolute Percent Difference ὊὛὓὃὖὈ 

was calculated. For this operation, 18 points were used. The results are seen in Table 

4.10. According to the given table, the mean values for the differences were  6.236% 

and 3.073%, which are acceptable for a sloshing problem. 
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Table 4.10: Liquid Free Surface Elevation Values Comparison 

  
Biswalôs  

Model [96] 

Xueôs 

 Model [97] 

Numerical Result 

(Mesh B) 

Point # Time(s) Free Surface 

Elevation (mm) 

Free Surface 

Elevation (mm) 

Free Surface 

Elevation (mm) 

Biswalôs 

Model ŭ (%) 

Xueôs  

Model ‏ (%) 
 

1 0.500 3.933 4.069 4.842 23.112 18.997 

2 1.070 -8.141 -8.296 -9.011 10.687 8.619 

3 1.620 11.883 14.011 14.088 18.556 0.550 

4 2.150 -16.525 -17.741 -17.829 7.891 0.496 

5 2.700 22.845 22.586 23.479 2.775 3.954 

6 3.240 -24.410 -26.067 -26.847 9.984 2.992 

7 3.790 33.361 32.342 32.940 1.262 1.849 

8 4.330 -32.786 -33.399 -34.392 4.898 2.973 

9 4.850 42.511 42.128 43.721 2.846 3.781 

10 5.410 -40.876 -41.166 -42.584 4.178 3.445 

11 5.950 51.946 53.033 53.426 2.849 0.741 

12 6.490 -47.355 -49.617 -50.039 5.668 0.851 

13 7.030 60.459 62.727 64.453 6.606 2.752 

14 7.580 -56.286 -57.757 -57.732 2.569 0.043 

15 8.120 73.621 73.787 74.086 0.632 0.405 

16 8.670 -62.467 -64.530 -64.989 4.037 0.711 

17 9.210 82.766 85.966 84.262 1.808 1.982 

18 9.750 -70.712 -71.924 -72.048 1.889 0.172 

FSMAPD     6.236 3.073 

4.5.3.3 Comparison with Literatureï Circular C ylindrical Tank With  

Baffle 

The results obtained from Xue's model [97] were compared with the annular baffle 

added to the previously mentioned cylindrical tank. A cylindrical tank with a ring 

baffle added is given in Figure 4.22. As shown in the figure, Ὄ  represents the 

distance of the baffle from the tank bottom. The Ὄ  value was examined at two 

different values and compared with the model. Those were 101.6 and 355.6 mm, 
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respectively. The ring baffle placed inside has an inner radius of 304.8 mm. 

According to this value, the baffle width is 203.2 mm. The baffle thickness was taken 

as negligible in Xueôs model [97]. It has been mentioned in the literature that ring 

baffles with zero thickness and baffles with a thickness to width ratio of 0.04 have 

similar effects [76]. For this reason, the baffle thickness is determined as 8 mm so 

that the baffle thickness to width ratio would be 0.04. 

The identical conditions were applied to the tank to validate the circular cylindrical 

tank with a baffle. Since Xueôs model [97] includes an 8-second solution, the 

analysis time was selected as 8 seconds. 

 

Figure 4.22: Cylindrical Tank with a Baffle 

Since the baffle thickness was selected as 8 mm, to capture the fluid movement 

around the baffle, Mesh D is used for the analysis. The vorticity magnitude contour 

was investigated as given in Figure 4.23. As discussed in Reference [76], in the 

figure, due to a low thickness-to-width ratio, a vortex core is formed and moves away 

from the baffle. 
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Figure 4.23: Vorticity Magnitude Contour 

However, due to the high computational time (approximately two days), a different 

mesh configuration, called Mesh E, was used as an alternative. This grid 

configuration consists of 4 mm and 8 mm mesh blocks, which are consistent with 

the mesh settings outlined in Chapter 2. In the Mesh E, 4 mm elements cover the free 

surface and the baffle level. The transition level from 4 mm to 8 mm was determined 

based on the results found in Section 4.5.3.2. 

From these results, the approximate maximum peak point was found. 0.8 times this 

value was determined as the distance between the baffle level and the transition level. 

Below the transition level, larger elements can be used as the baffle loses its effect 

[15]. In Figure 4.24, the grid configuration E is given for two different baffle levels. 

From the figure, it can be seen that the mesh formation varies depending on the baffle 

level. 
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Figure 4.24: X-Z Plane View of Grid Configuration E for Ὄ  101.6 and 355.6 mm 

A comparison was made between Mesh D and Mesh E for Ὄ  is 355.6 mm. As a 

result, it is found that both of the grid configurations provided the approximate 

results. In Figure 4.25, the comparison is given. Consequently, since Mesh D and 

Mesh E take approximately 83 hours and 38 hours, respectively, by using 12 cores, 

Mesh E is decided to be used in the following baffle comparison studies. 

Furthermore, the results were compared with Xueôs model [97]. Similar to the 

previous cases, the data was gathered by using Plot Digitizer. Plotting the collected 

points on the original graph was necessary since there could be a divergence in the 

data. This procedure is described in Appendix C's Figure C.5 and Figure C.6. This 

was done to demonstrate the degree of precision of the points gathered. 

In Figure 4.26, the comparison with the literature for two different baffle levels is 

given. The FLOW-3D model is also appropriate when a baffle is used in a circular 

cylindrical tank. 
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Figure 4.25: Comparison of Mesh D and Mesh E for Hb: 0.3556 m by Using Free 

Surface Elevation 

 

Figure 4.26: Liquid Free Surface Elevation Comparison of Numerical Model and 

Xueôs Model [96, 97] for Two Different Baffle Levels 

 

 

 




























































































































































































































































































































































