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Abstract. The scope of this paper is to examine sloshing with high amplitude, off-resonant roll 

excitation in a rectangular tank. A commercial CFD code with a homogenous multiphase model 

and VOF interface capturing approach is used to simulate the liquid motion. The results are 

validated by an experimental setup including piezoelectric pressure sensors and optical 

investigation of the flow. This comprises a qualitative observation of the free surface and an 

evaluation of the velocity field by means of an optical flow based in-house code. Whereas the 

pressure peaks are underestimated by the simulation, there is good agreement in the position of 

the liquid surface and the prediction of typical flow phenomena like wave overturning. 
 

 

1 INTRODUCTION 

The motion of liquid with a free surface in partially filled tanks due to external excitation is 

known as sloshing. It can be observed at a wide range of applications, comprising marine 

operations as well as automotive or spacecraft tanks [1, 2]. Automotive coolant or fuel tanks 

are typically exposed to high amplitude excitations due to driving manoeuvres as braking or 

going round bends. Sloshing liquid causes high impact pressure on the tank walls as well as air 

entrainment due to breaking and overturning waves. If the air is carried along into the coolant 

circuit or fuel supply it will cause severe damage to the engine. In order to prevent this and 

ensure sufficient liquid flow at the same time, various tank geometry modifications have been 

developed in the past. To avoid time consuming experimental test with manifold prototypes, 

numerical simulation of the sloshing flow is used to predict the motion of the liquid surface and 

entrapped air. For first test runs, the tank is assumed closed with no flow into or out of the 

system. Over the last decades, several approaches to investigate sloshing phenomena have been 

developed. While analytical methods are applicable only to a limited class of tank shapes like 

rectangular tanks [3], numerical methods feature a more general approach. To simulate sloshing 

motions, meshfree methods like smoothed particle hydrodynamics [4] as well as boundary 

element [5], finite difference [6] or finite volume method [7] are used. Methods based on 

potential theory can be used to simulate linear and nonlinear sloshing very well for many cases 
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[8,9]. However, they are not able to capture certain effects like wave overturning or breaking, 

that are typical for violent sloshing. Furthermore, dissipative effects due to damping devices 

are difficult to predict as the fluid is taken as inviscid. 

If the Navier-Stokes equations are solved with numerical methods (CFD), it is possible to 

take this effects into account. In [10] sway-induced sloshing in a rectangular tank was 

investigated by the use of the commercial CFD solver CFX-5. Comparing a homogeneous and 

inhomogeneous multiphase model, they observed good agreement between inhomogeneous 

computational results and experimental pressure data.  

In a study on the effects of turbulence model and free surface capturing methods on sloshing 

simulation results, [11] found out that the turbulence modelling had great influence on pressure 

impacts and free surface deformation whereas the choice of interface tracking model played 

only minor role in sloshing prediction. The LES model corresponded most closely to the 

experimental results compared with laminar assumption, RANS and VLES. However, [12] 

observed that the open-source finite difference CFD solver REEF3D, which uses the RANS 

approach, predicts the sloshing waves with good accuracy. The numerical results were 

compared to the experimentally determined free-surface elevation, which was measured using 

an ultrasonic sensor. Other typical methods to investigate the liquid surface elevation are wave 

gauges (capacitance probes) as used in [13], which only provide single point data, or camera 

footage that allows temporal and spatial resolution of the free surface deformation. In [14] a 

method to determine the surface displacement in PIV images using intensity gradients is 

developed. PIV or intensity gradients, as used in optical flow methods, are typically applied in 

the investigation of velocity flow fields as used in [15].  

Most of the studies regarding sloshing are conducted for harmonic tank excitation close to 

the natural frequency of the liquid. Characteristic excitation amplitudes for roll motion are 

found in the range of 1 to 5°, for sway or surge motion they can be found at about 1 to 5% of 

the tank length. The maximum amplitudes found in recent publications reach 50% of the tank 

length [16] or 8° [17]. The tank in the present study was designed to examine flow in automotive 

coolant tanks and therefore the excitation differs from other studies, that typically base on 

marine applications. The tank is subjected to an almost harmonic roll motion with a period T0 

of 2 s and an amplitude of 45° to model accelerations up to 1 g. Amplitudes at this dimension 

were not found in previously published studies. The flow in a rectangular tank with and without 

baffles is investigated numerically and the results are compared to experimental data which 

comprises observation of the position of the liquid surface, magnitudes of pressure impacts and 

the velocity field of the flow. For the numerical simulation an URANS k-ε-model is chosen, as 

violent sloshing with breaking waves is expected. 

2 COMPUTATIONAL MODELLING 

2.1 Governing equations 

In the following section the governing equations and the numerical setup used in this study 

are presented. To solve the equation system the numerical solver ANSYS CFX 15.0 is used. A 

homogenous multiphase model was chosen, to enhance speed and stability of the simulation 

process and make it applicable not only for academic research but also for industrial application. 

The homogenous model assumes that both phases, water and air, denoted as α and β, share a 

common flow field so that, with exception of volume fraction, only bulk transport equations 
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have to be solved. The conservation of mass for phase α can be described as 

𝜕

𝜕𝑡
(𝑟𝛼𝜌𝛼) +

𝜕

𝜕𝑥𝑖

(𝑟𝛼𝑢𝑖) = 𝑚 + Γ𝛼𝛽 . (1) 

Here rα represents volume fraction and ρα density of phase α, ui is the flow velocity. The 

terms m and Γαβ stand for mass sources and interphase mass transfer that were neglected. The 

momentum transport equation is given by 

𝜕

𝜕𝑡
(𝜌𝑢𝑖) +

𝜕

𝜕𝑥𝑖

(𝜌𝑢𝑖𝑢𝑗) = −
𝜕𝑝

𝜕𝑥𝑖

 +
𝜕𝜏𝑖𝑗

𝜕𝑥𝑗

+ 𝑏𝑖  
(2) 

where bi represent body forces and τij is a stress tensor that can be expressed as 

𝜏𝑖𝑗 = 𝜇 (
𝜕𝑢𝑗

𝜕𝑥𝑖

 +
𝜕𝑢𝑖

𝜕𝑥𝑗

) (3) 

The momentum transport equation uses bulk fluid properties for density ρ and viscosity μ 

which are defined as 

𝜌 = ∑ 𝑟𝛼𝜌𝛼 

2

𝛼=1

 
(4) 

and 

𝜇 = ∑ 𝑟𝛼𝜇𝛼 

2

𝛼=1

 (5) 

2.2 Numerical setup 

The governing equations (1), (2) are discretized using the finite volume method. The 

computational grid generated for the tank without baffles comprises 650 000 hexahedral 

elements, with a mean element size of 1.6 mm and the first node offset 0.8 mm from the wall. 

To assure grid independence of the results, maximum pressure peaks at different points are 

compared to those of a coarser grid as well as a finer one (2 350 000 elements). The results are 

presented in Table 1. 
 

Table 1: Results of the grid independence study. 

Grid 

elements 

Difference relative to the finest grid 

p1 p2 p3 

260 000 0.91% 0.85% 0.09% 

650 000 0.15% 0.71% 0.07% 

 

It’s apparent that there is only small deviation between the finest grid and the one used in 

this study. Using this mesh it was possible to accomplish short computing time as well as a 

sufficient resolution of the liquid surface. 

The turbulence model chosen for this study is the k-ε-model based on the eddy viscosity 

concept due to its numerical robustness. The present setup uses a high-resolution advection 
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scheme, a second-order backward Euler time marching scheme and a coupled volume fraction 

algorithm. The flow is defined as free surface flow and the time step-size is 0.001 s. For each 

geometry three cycles were simulated to avoid irregularities at the beginning of the motion and 

it appeared that the pressure data did not change after the second cycles so that only the last 

cycle was used for the evaluation. 

3 EXPERIMENTAL FACILITIES AND PROCEDURES 

The object of the experimental investigations is a modular, rectangular tank consisting of 15 

mm thick transparent acrylic panels. To enable the testing of different baffle types, the internal 

structures are interchangeable. The tank volume resembles typical coolant tanks, so no scaling 

effects have to be taken into account. To measure pressure impacts, five piezo-electric pressure 

sensors of type 112A22 by PCB are installed at the tank bottom and side walls. In Figure 1 the 

inner tank dimensions and the position of pressure sensors as well as the size and positions of 

the baffles can be seen. The used baffles are made of acrylic panels and have a wall thickness 

of 3 mm. The test rig consists of the tank itself which is tilted by a rotary indexing table and a 

camera with a position fixed in relation to the tank to maintain a constant frame.  

 

Figure 1: Dimensions of the tank and positions of pressure sensors and baffles 

The rotary drive is controlled via LabVIEW and the roll angle is measured at the same time.  

An oscillating model acceleration profile was developed considering typical sports car 

acceleration profiles and then converted into a roll motion around the y-axis using the following 

formula: 

𝜑 = 𝑡𝑎𝑛−1 (
𝑎

𝑔
) 

(6) 

where a and g represent the actual and the gravitational acceleration and φ is the equivalent 

angle. In Figure 2 the resulting angular excitation profile is depicted which resembles a 

harmonic motion. The excitation is defined by a period T0 of 2 s and an amplitude φ0 of 45°. 

This results in an angular frequency ω0 of 3.14 rad/s. 
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Figure 2: Roll angle of the tank over time. 

The sloshing response to the excitation depends on its frequency. If the excitation frequency 

of the tank is in the vicinity of one of the natural frequencies of the liquid in the tank, severe 

sloshing is expected. The first natural frequency for a rectangular tank can be estimated by 

𝜔𝑛 = √
𝜋𝑔

𝑙
𝑡𝑎𝑛ℎ (𝜋

ℎ

𝑙
) (7) 

where l features the tank length, h represents the filling level and ωn the first natural 

frequency. This formula is applicable for tanks without any baffle arrangements, because the 

liquid natural frequency shifts if the internal geometry is changed. For the given tank and filling 

level of 0.3 L the corresponding frequency is 9.53 rad/s. It is shown, that the measurements are 

operated at off-resonant conditions. Due to the symmetry of the excitation, only three pressure 

locations (p1, p2 and p3) will be regarded in the results section.  

For each tank configuration (without baffles and with vertical baffle arrangement) pressure 

data were recorded for 150 consecutive cycles with a sampling frequency of approximately 

8200 Hz.  The particular phase average of the last 100 measured cycles was analyzed to compare 

numerical and experimental results. In addition the camera recorded pictures of the flow field 

with a rate of 240 frames per second. The optical examination was complemented with a vertical 

laser sheet using a 2.5 W continuous wave laser and polyamide tracer particles to highlight and 

determine the position of the liquid surface and the fluid movement. For the evaluation of the 

particle displacements between two successive images frames an optical flow based in-house 

code, developed and demonstrated in [18], was used. The used optical flow approach 

incorporates an multi resolution and multi scale scheme to handle large particle displacements. 

The robust method presented in [19] was used for image regularization to assure that 

displacement fields are smooth and displacement gradients kept limited. The results of the 

validation of the numerical results will be presented in the following section. 

4 RESULTS AND DISCUSSION 

4.1 Wall pressures 

In Figure 3 and 4 measured and calculated pressure history for both baffle configurations are 

presented. The pressure values were scaled by the maximum measured pressure over all sensor 
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points for each baffle configuration. In general, the predicted temporal distribution of pressure 

minima and maxima matches the pressure peaks in the experiment very well. Some minor 

deviations between the experiment and numerical simulation can be observed in terms of 

absolute pressure amplitudes and the relative phase which was observed in a similar manner in 

[10].  

 

Figure 3: Pressure history at three different positions for tank without baffles (solid black line: experiment, 

dashed red line: simulation) 

 

Figure 4: Pressure history at three different positions for tank with vertical baffles (solid black line: experiment, 

dashed red line: simulation) 

Considering the measured pressure history at point p1 there is a strong decrease in the second 

half of the cycle from 0.7 to 0.9 T/T0 for both baffle configurations. This occurs if the water 

flows away from the tank wall due to the tank movement so that for this period of time no liquid 

covers the sensor. While there are no hydrodynamic loads in this period, no strong pressure 

fluctuations should be observed. In the simulation this results in a nearly constant value because 
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the sensor is exposed only to atmospheric pressure, whereas in the experiments a strong 

pressure drop appears which seems unphysical. Similar behavior was seen in [20] for 

piezoelectric sensors but has not been finally clarified yet. 

4.2 Motion of the free surface 

To compare the displacement of the free surface directly, the free surface contour, i.e. the 

contour of 50% phase volume fraction derived from simulation results is plotted above camera 

shots of the experimental laser sheet. 

 

Figure 5: Evolution of free surface profile for tank without baffles. Position of pressure sensors is marked red. 

The solid red line represents the simulated free surface, the dashed red line marks the critical light intensity area. 

Figures 5 and 6 illustrate the free surface profiles. Because the laser sheet is reflected by the 

tank walls at some angles, there are areas with lower light intensity. These sectors are marked 
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with a dashed red line in Figure 5. The simulated results correspond closely to the real behavior, 

even enclosed areas of air as well as overturning waves can be observed. However there are 

some discrepancies in the baffled tank. Whereas at T/T0 = 0.2 the wall and roof impact is 

predicted well, at T/T0 = 0.3 the flow over the left baffle and the inclination of the liquid surface 

seem to be overpredicted. Similar behavior can be seen at the left baffle at T/T0 = 0.0 and the 

right baffle at T/T0 = 0.5, respectively. 

 

Figure 6: Evolution of free surface profile for tank with vertical baffles. Position of pressure sensors is marked 

red. The solid red line represents the simulated free surface. 

On the other hand the flow over the right baffle at T/T0 = 0.4 is not fully resolved by the 

simulation. This can be explained by the resolution of the computational mesh and the solver 

setup. The interface thickness typically spans several mesh elements as CFX does not use 

interface reconstruction methods. The enclosed liquid core in the case of very narrow water 
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streams cannot be resolved by the used mesh which was chosen for the benefit of shorter 

computing time. Nonetheless, regarding the prediction of phase distribution this model is  

suitable to predict air entrainment for design and optimization processes of coolant tanks. 

4.3 Velocity field 

In the following section velocity fields for the unbaffled tank will be discussed with a focus 

on the time around the maximum tilting angle where the most complex flow is expected. The 

analysis of the velocity fields within the laser light sheet was done using the optical flow 

approach; see [20] and [18]. As can be seen in Figure 6 the vertical baffles induce strong 

swirling and air entrainment. The entrapped bubbles cause strong reflections of the laser sheet 

and therefore disturb the evaluation of the velocity fields. The velocity values are made 

dimensionless using the tank length and the excitation period. 

 

Figure 7: Velocity field for tank without baffles and T/T0 = 0.65 (left: experiment, right: simulation). 

Figure 7 depicts the velocity field for T/T0 = 0.65 when the tank approaches the maximum 

tilting angle. As the water flows towards and upwards the right side of the tank, a typical vortex 

forms in the lower right corner of the tank because the liquid is not able to follow the sharp 

edge of the corner.When the liquid reaches the tank top, a water jet forms due to the high impact. 

Furthermore, experimental and numerical results show the overturning of the liquid front that 

results in a counterclockwise rotating swirl at the middle of the free surface. The flow 

phenomena as well as the velocity magnitudes are well predicted by the simulation. 

 

Figure 8: Velocity field for tank without baffles and T/T0 = 0.73 (left: experiment, right: simulation). The dashed 

black line marks critical light area. The dashed gray rectangle represents the section shown in detail in Figure 9. 
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In Figure 8 the downstream of the liquid can be seen when the tank reaches the maximum 

angle. Two main flow directions can be observed: the flow at the water front that is dominated 

by the overturning liquid and the flow towards the lower right corner that is driven by gravity, 

The deflection of the water at the rigid tank walls leads to formation of vortices in the lower 

half of the tank which are depicted in detail in Figure 9. The locations of the vortex cores differ 

slightly from simulated to experimental results, but in general the flow mechanisms and velocity 

magnitudes are in good agreement.  

 

Figure 9: Detailed view of the velocity field for tank without baffles and T/T0 = 0.73 (top: experiment, bottom: 

simulation). The dashed black line marks the vortex areas. 

In the numerical results in Figure 8, a counter clockwise vortex in the upper left corner can 

be observed that is not captured in the experiments. The reason for this could be found in the 

decrease of  image brightness in the top corner due to reflection at the tank walls which can be 

seen in Figure 5 at T/T0 = 0.1 – 0.4. Because of the lower contrast of the tracer particles, the 

computation of particle displacment can be incorrect in this region which is marked in Figures 

8 and 10 by a dashed black line.  

Figure 10 displays the flow field right before the tank tilts back. Whereas the two main flow 

directions towards the left and right lower corners of the tank can be seen in both images, the 

experimental flow field shows more turbulent structures that are not found in the simulation. 

Near the middle of the tank bottom a structure can be seen which resembles a hydraulic jump 

in the numerical results and leads to a clockwise rotating swirl in the measured flow field 

(dashed gray line in Figure 10). The other clockwise vortex in the lower right half of the tank 

which is already found at T/T0 = 0.73 continues in the experiments but has vanished in the 

simulation (solid gray line in Figure 10). This might be due to the dissipative character of the 

k-ε-model. 
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Figure 10: Velocity field for tank without baffles and T/T0 = 0.78 (left: experiment, right: simulation). The 

dashed black line marks critical light area, the gray lines mark flow phenomena 

The velocity at the wave front is underpredicted by the simulation. Again the flow structure 

in the upper right part of the domain was not captured satisfactorily in the experiments due to 

insufficient illumination. 

5 CONCLUSIONS 

Sloshing motion inside a rectangular tank with and without vertical baffles has been 

simulated numerically at exceptional high excitation amplitude and off resonant conditions to 

examine the applicability of the numerical code in the design and optimization process of 

automotive coolant tanks. As previous studies focus mostly on marine applications, the effects 

of high amplitude excitation were not investigated before. As a first step, the tank was 

considered a closed system without in- or outlets. Experiments have been conducted to validate 

the results regarding the pressure impacts at tank walls, position of the free surface and the 

velocity field. To enable numerical stability and fast computing speed, a medium mesh with 

element size of 1.6 mm and the k-ε turbulence model were chosen. It has been shown, that the 

simulation is able to predict the phase distribution and major flow phenomena like vortices 

sufficiently, but underestimates the pressure impacts. As wall pressures are only a minor 

concern in the design of coolant tanks and the main objective is to predict air entrapment, the 

numerical setup seems suitable for this application. In future work the interaction of flow 

through the tank and liquid movement due to external excitation will be examined. 
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