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Abstract:    The influence of baffle position on liquid sloshing during the braking and turning of a tank truck was studied using a 
volume of fluid (VOF) model. The forces, their positions and weight distribution during braking and the forces and rolling moment 
during turning were calculated. The reliability of the calculation method was validated by comparisons with experimental results. 
The results showed that during braking, liquid splashes in the tank and the maximum forces and G (the ratio of weight acting on the 
front axle to the rear axle) are large when A (the ratio of the arch area above the baffle to the area of cross section)≤0.1. When 
A≥0.2, as the position of the baffle is lowered, the maximum of Fx (the force in direction x) first decreases then increases, and the 
maximum of Fy (the force in direction y) and G increase. During turning, liquid splashes in the tank and the maximum forces and 
M (the rolling moment) are large when D (the ratio of the arch area above the baffle to the area of cross section)≤0.2. When D≥0.3, 
as the position of the baffle is lowered, the maximums of Fy, Fz (the force in direction z) and M increase. 
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1  Introduction 
 

When a tank truck is moving during braking, 
turning, or bumping, the liquid in the partially filled 
tank will slosh or even splash due to the oscillation of 
the unrestrained free surface of the liquid. An addi-
tional impact force will act on the tank which offsets 
the truck’s centre of gravity. In such circumstances, an 
accident may result from wandering, rolling over or 
from prolonging the stopping distance when braking. 
During braking, the unsteady weight distribution due 
to liquid sloshing will reduce the working life of tires 
and other parts. The study of liquid sloshing in tank 
trucks can provide data on the forces acting on the 
tank which can be used for simulating handling sta-
bility. 

Many general and basic problems of liquid 
sloshing have been studied. Most studies involved 
simple tank structures (Armenio, 1996; Romero et al., 

2005), but the inner structures of liquefied petroleum 
gas tank trucks are complex. There are many large 
baffles in a tank truck. Sometimes the truck moves 
with uneven speed and in practice there are also 
complicated dynamic fluid-structure coupling prob-
lems (Armenio, 1996; Kim and Yun, 1997). Most 
current studies of this kind are in the field of aero-
nautics and astronautics (Yue et al., 1996). Liao et al. 
(1999) studied the additional stress caused by storing 
liquid in a vessel during emergency braking. The 
stress on vessels with different border-length or 
height-diameter ratios was analysed. Bao (2002) in-
vestigated the characteristic problem of liquid slosh-
ing in a Dewar flask. The boundary value problem of 
the differential equation of liquid sloshing was 
transformed into the extreme-value problem of a 
function in integral form. Based on the extreme-value 
principle, the eigen-frequencies of the Dewar, a 
spherical and a cylindrical container were obtained. 
Gedikli and Erguven (2003) investigated the effect of 
a rigid baffle on the natural frequencies of the liquid 
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in a cylindrical rigid container using a variational 
boundary element (VBEM) based on Hamilton’s 
principle. Cho and Lee (2004) introduced a velocity- 
potential-based nonlinear finite element method for 
the accurate simulation of large amplitude liquid 
sloshing in a 2D baffled tank subject to horizontal 
forced excitation. Chen (2006) studied liquid sloshing 
and the 3D free surface of the liquid in a transportable 
pressure vessel using a numerical method. He meas-
ured the sloshing liquid forces acting on the rigid wall 
of the vessel and on a baffle inside the vessel which 
prevented liquid sloshing. The potential for baffles to 
increase the hydrodynamic damping of sloshing in 
circular-cylindrical storage tanks was investigated by 
Maleki and Ziyaeifar (2008). Both horizontal ring and 
vertical blade baffles were considered. An estimation 
of the hydrodynamic damping ratio of liquid sloshing 
in baffled tanks undergoing horizontal excitation was 
developed analytically using Laplace’s differential 
equation solution. Hasheminejad and Aghabeigi 
(2009) used linear potential theory to study the natural 
sloshing frequencies of transverse modes in a cylinder 
container with or without a pair of inflexible baffles. 
Successive conformal coordinate transformations in 
conjunction with the method of separation of vari-
ables and the relevant boundary conditions were used 
to obtain standard truncated matrix eigen-value 
problems. Eswaran et al. (2009) analyzed sloshing 
waves for baffled and un-baffled tanks. Numerical 
simulations were carried out based on volume of fluid 
(VOF) techniques with arbitrary-Lagrangian-Eulerian 
(ALE) formulation. This approach adopts the dis-
placement of a solid and the pressure and displace-
ment in the fluid as variables to model the coupled 
system. 3D liquid sloshing in a tank with baffles was 
studied using the spatially average Navier-Stokes 
equations (Liu and Lin, 2009). The large-eddy- 
simulation approach and the second-order accurate 
VOF method were employed. Panigrahy et al. (2009) 
carried out a series of experiments using a liquid 
sloshing setup. He estimated the pressure developed 
on the tank walls and the free surface displacement of 
water from the mean static level in relation to the 
changing excitation frequency of the shaking table 
and the fill level in the tank with and without baffles. 

In this paper, numerical simulation of liquid 
sloshing during the braking and turning of a tank 
truck with a baffle set at different positions was 

conducted using the computational fluid dynamics 
(CFD) software fluent. The influence of baffle posi-
tion on the forces, their positions and weight distri-
bution during braking, and on the forces and rolling 
moment during turning were studied. 
 
 
2  Computational model and method 

2.1  Governing equations 

In this study, the VOF method was adopted to 
simulate the two phase flow inside a tank truck. The 
flow is unsteady turbulent flow produced by the in-
teraction of gas and liquid phases. The governing 
equations are as follows: 
Continuity equation: 
 

0.i
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u
t x

ρρ ∂∂
+ =

∂ ∂
                            (1) 

 
Momentum equation: 
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(2) 
 
where u and p are velocity and pressure, respectively. 
As the VOF method was adopted, ρ and μ are the 
average density and dynamic viscosity based on the 
volume fraction, respectively. 
 

( )w w w a1 ,ρ α ρ α ρ= + −                       (3) 

( )w w w a1 ,μ α μ α μ= + −                       (4) 

 
where αw is the liquid volume fraction, ρw and ρa are 
the liquid and gas densities, respectively, and μw and 
 μa are the liquid and gas viscosities, respectively. The 
κ-ε turbulent model was adopted to simulate the tur-
bulent flow. 

2.2  Tank model and computational grid 

The tank studied in this research was a horizontal 
cylindrical container of circular cross section used as 
a liquefied petroleum gas tank truck. The total length 
of the tank was 8.6 m and the inner diameter was 
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2.254 m. The inner space was divided by baffles into 
four compartments of roughly equal size. The thick-
ness of the baffle between each compartment was ne-
glected. The length of each compartment was 2.15 m 
(Fig. 1). The front axle was located at the center of the 
front wheel and the rear axle was located at the center 
between the two back wheels. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

Since liquid sloshing in each of the four com-
partments is the same during braking and nearly the 
same during turning, the forces acting on each com-
partment are the same during braking and nearly the 
same during turning. To reduce the number of grids 
and the time cost of computation, only one com-
partment is considered. There is one baffle in a 
compartment. The origin is located at the center of the 
left end face of the compartment (Fig. 2). Axis x is 
pointing in the direction of the front of the truck. 

Since the thickness of the baffle is far less than 
the size of the compartment, the thickness of the baf-
fle is neglected. The computational domain is the 
inside volume of one compartment and is divided into 
structured hexahedral elements. The total number of 
elements is 4×104 (Fig. 2). 

 
 
 
 
 
 
 
 

2.3  Boundary and initial conditions 

The boundary condition of the inside surfaces of 
one compartment and the surfaces of the baffle are no 
slip wall boundary condition. At initial moment, the 
interface between the gas and liquid phases is parallel 
to the xz plane. The velocities of the gas and liquid 
phases relative to the compartment are zero. The 
pressure of the gas phase is 1.01×105 Pa. 

2.4  Computational method and parameters 

The coupling between pressure and velocity is 
via the pressure implicit split-operator (PISO) algo-
rithm. The pressure-correction equation is discretized 
with the body force weighted scheme. The convective 
term is discretized with the first-order upwind scheme. 

The gas and liquid phases are air and oil, re-
spectively. Air is taken to be an ideal compressible 
gas with a dynamic viscosity of 1.81×10−5 kg/(m·s). 
Oil density is 830 kg/m3 and dynamic viscosity is 
3.32×10−3 kg/(m·s). The time step of unsteady cal-
culation is 0.005 s. 

 
 

3  Validation of computational method 
 

To verify the accuracy of the computational 
method used in this study, the calculated sloshing 
frequencies were compared with the test results of Li 
et al. (2007). Li et al. (2007)’s model was also a 
horizontal cylindrical container of circular cross sec-
tion, with a length of 0.310 m and a radius of 0.145 m. 
The media inside the container were air and water. 

The container and the media inside moved to-
gether along axis z with a velocity of 0.1 m/s (Fig. 1). 
At the initial moment t=0, the container suddenly 
stopped moving and then sloshing occurred periodi-
cally inside the container. 

In this study, liquid transverse sloshing fre-
quencies were calculated for seven liquid filling ratios 

y

x 

z 

Fig. 2  Mesh of computational domain 

Fig. 1  Profiles of tank truck. (a) Side view and (b) back
view of tank truck (unit: m) 
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from 0.2 to 0.8. The calculated frequencies and the 
test results are listed in Table 1. The errors between 
them are within 7.27%. Therefore, the computational 
method used in this study was verified. 

 
 
 
 
 
 
 
 
 
 
 

4  Computational results and analysis 

4.1  Liquid sloshing during braking 

The baffle was located on the plane of x=1.075 m 
(Fig. 3). S2 is the area of the baffle, and S1 and S3 are 
the arch areas over and under the baffle, respectively. 
The followings are the definitions of A and B: 

 
1 2

1 2 3 1 2 3

,   .S SA B
S S S S S S

= =
+ + + +

             (5) 

 
According to legislation, the baffle in tank: 

A≤0.2, B≥0.4. 
 
 
 
 
 
 
 
 
 

 
 
The liquid filling ratio was 0.85. The tank truck 

was moving with a uniform speed before braking. At 
the moment t=0, the tank truck started braking with a 
deceleration a=7.5 m/s2. In this study, six cases were 
calculated for B=40% and A from 0.1 to 0.6. The 
absolute values of forces acting in a single compart-
ment in directions x and y at different moments are 
given in Figs. 4a and 4b. Fx is in the direction of axis x 
and Fy is in the opposite direction, along axis y. 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

Figs. 4a and 4b show that the curve for A=0.1 is 
obviously different from the others, having a signifi-
cant crest and trough around t=0.45 s. The other 
curves show regular variation. 

Figs. 5–7 show liquid sloshing on the cross sec-
tion of z=0 at different moments for A=0.1, A=0.2 and 
A=0.3, respectively. The light shading represents the 
gas phase and the dark shading represents the liquid 
phase. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 1  Computational and test results 
Filling 
ratio 

Test result 
(Hz) 

Computational 
result (Hz) 

Error 
 (%) 

0.2 1.288 1.389 7.27 
0.3 1.384 1.423 2.74 
0.4 1.401 1.463 4.24 
0.5 1.406 1.515 7.19 
0.6 1.591 1.562 1.82 
0.7 1.688 1.675 0.78 
0.8 1.766 1.763 0.17 

(b) (a) 

(c) 
 

(d) 

Fig. 5  Distribution of two phases during braking, A=0.1. 
(a) t=0.00 s; (b) t=0.40 s; (c) t=0.45 s; (d) t=0.65 s 

 

Fig. 4  Force in directions (a) x and (b) y during braking
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Fig. 3  Profiles of the baffle during braking. (a) Direction 
x; (b) Direction y 
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Figs. 5–7 show that liquid splashing produced by 
the baffle at A=0.1 causes the significant crest in 
Fig. 4a. When the baffle is moved downwards 
(A≥0.2), it is totally immersed during the entire 
braking process. Liquid splashing disappears and the 
forces vary regularly again. 

Fig. 8 shows the pressure distribution on the 
cross section of z=0 at the moment of the appearance 
of the crests at A=0.1, A=0.2 and A=0.3 in Fig. 4a. The 
pressure is the average pressure acting on each side of 
the baffle. The differences in pressure on each side in 
the above three cases are 12 872 Pa, 11 142 Pa and 
9718 Pa, respectively. It is apparent that the biggest 
pressure difference at A=0.1 produces the significant 
force crest in direction x. 

Fig. 9 shows the maximum forces with the baffle 

in different positions. When 0.2≤A≤0.6, the lower the 
position of the baffle, the larger is the force in direc-
tion y. The force in direction x decreases first and then 
increases, reaching the minimum at A=0.3. Thus, a 
baffle can reduce the forces acting on the tank at 
0.2≤A≤0.3. 

 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
The positions acted upon by forces Fx and Fy 

with the baffle in different positions are shown in 
Figs. 10a and 10b. 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

(a) (b) 

(c) (d) 

Fig. 6  Distribution of two phases during braking, A=0.2.
(a) t=0.00 s; (b) t=0.40 s; (c) t=0.45 s; (d) t=0.65 s 

(a) (b) 

(c) (d) 
Fig. 7  Distribution of two phases during braking, A=0.3.
(a) t=0.00 s; (b) t=0.40 s; (c) t=0.45 s; (d) t=0.65 s 

Fxm 

Fym 

Fig. 9  The maximum of Fx and Fy during braking 
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Fig. 10  Positions of (a) Fx and (b) Fy during braking 
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Fig. 8  Pressure distributions at crest moments during 
braking. (a) A=0.1 (t=0.45 s); (b) A=0.2 (t=0.45 s); (c) 
A=0.3 (t=0.40 s) 

(a)                            (b)                             (c)  
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The highest position of Fx becomes higher and 
the position of Fy moves backwards as the position of 
the baffle is lowered. 

The weight distribution of the entire vehicle is 
changed as a consequence of braking. The forces of 
the liquid in the four compartments of the tank truck 
acting on the front and back axles can be obtained 
from the results of a single compartment. The weight 
distribution G is defined as the ratio of the force on 
the front axle to the force on the rear axle. Fig. 11 
gives the variation in the weight distribution in rela-
tion to the position of the baffle. The dotted line 
represents the weight distribution when the tank truck 
is moving with a uniform speed. 

 
 
 
 
 
 
 
 
 
 
 

 

The weight distribution during braking is greater 
than that at a uniform speed. The curve of A=0.1 dif-
fers from the others. There is a significant crest 
around t=0.45 s. When 0.2≤A≤0.6, the weight distri-
bution increases with the baffle in lower positions. 

4.2  Liquid sloshing during turning 

The baffle was located on the plane of z=0 
(Fig. 12). The area of the baffle is S5, and the arch 
areas over and under the baffle are S4 and S6, respec-
tively. The followings are the definitions of C and D: 

 

5 4

4 5 6 4 5 6

,   .
S SC D

S S S S S S
= =

+ + + +
        (6) 

 
 
 
 
 
 
 
 
 

The liquid filling ratio was 0.85. The tank truck 
was moving with a uniform speed before turning. At 
the moment t=0, the tank tuck started turning with a 
centripetal acceleration a=8 m/s2. Six cases were 
calculated for C=40%, and D from 0.1 to 0.6. The 
absolute values of Fy and Fz at different times are 
given in Figs. 13a and 13b. Fy is in the opposite di-
rection of axis y, and Fz is in the direction of axis z. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 

 

 

 

 

 

 

 
The curves of D=0.1 and D=0.2 are obviously 

different from the others. There are two significant 
crests around t=0.5 s for D=0.1 and D=0.2 (Fig. 13b). 
The other curves show regular variation. 

Figs. 14–16 show liquid sloshing on the cross 
section of x=1.075 at different moments for D=0.1, 
D=0.2 and D=0.3, respectively. 

The cause of the significant crest is the same as 
mentioned above. Fig. 17 shows the pressure distri-
bution on the cross section of z=0 at the moment of 
the crests at D=0.1, D=0.2 and D=0.3 in Fig. 13b. The 
differences in pressure on each side of the baffle for 
the above three cases are 11 183 Pa, 10 063 Pa and 
8508 Pa, respectively. It appears that the greater 
pressure differences at D=0.1 and D=0.2 produce the 
significant force crests in direction z. 

Fig. 11  Weight distribution during braking
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Fig. 13  Force in direction (a) y and (b) z during turning
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Fig. 12  Profiles of the baffle during turning. (a) Direc-
tion z; (b) Direction y 
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The maximum forces of Fy and Fz increase as the 

baffle is lowered (Figs. 13a and 13b) except for the 
curves of D=0.1 and D=0.2. When D≥0.3, the higher 
the baffle, the smaller are the forces acting on the tank. 
Fig. 18 shows the maximum forces with the baffle in 
different positions. 

 
 
 
 
 
 
 
 
 
 
 
 
 

 

One of the important forces affecting transverse 
stability is the rolling moment. The rolling moment M 
in this study is the force acting on a single compart-
ment about an axis through the point of R and parallel 
to axis x in Fig. 1. The rolling moment M and the 
maximum of the rolling moment Mmax at different 
time points are shown in Figs. 19 and 20. 

 
 
 
 
 
 
 
 
 
 
 
 

(a)                          (b)                          (c) 

    (d)                                    (e) 

Fig. 14  Distribution of the two phases during turning, 
D=0.1. (a) t=0.20 s; (b) t=0.40 s; (c) t=0.45 s; (d) t=0.55 s; 
(e) t=0.60 s 

 

                (a)               (b)                (c) 

                             (d)                  (e) 

Fig.15  Distribution of the two phases during turning,
D=0.2. (a) t=0.20 s; (b) t=0.40 s; (c) t=0.45 s; (d) t=0.55 s; 
(e) t=0.60 s 
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Fig. 18  The maximum of Fy and Fz during turning 
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     Fig. 19  The rolling moment during turning 
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Fig. 16  Distribution of the two phases during turning,
D=0.3. (a) t=0.20 s; (b) t=0.40 s; (c) t=0.45 s; (d) t=0.55 s; 
(e) t=0.60 s 

Fig. 17  Pressure distributions at crest moments during 
turning. (a) D=0.1, (t=0.46 s); (b) D=0.2 (t=0.46 s); (c) 
D=0.3 (t=0.41 s) 
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Liquid splashing causes the significant crest of 

the rolling moment at D=0.1 and D=0.2. When D≥0.3, 
the crest of the rolling moment increases as the baffle 
is lowered. 

 
 

5  Conclusion 
 

When the tank truck is braking, at A=0.1, liquid 
splashes in the tank and the maximum forces and 
weight distribution ratio G are large. When A≥0.2, as 
the position of the baffle is lowered, the maximum of 
Fx first decreases and then increases, reaching a 
minimum at A=0.3. The maximums of Fy and G in-
crease, the highest position of Fx becomes higher and 
the position of Fy moves backwards. 

When the tank is turning, at D≤0.2, liquid 
splashes in the tank and the maximum forces and M 
are large. When D≥0.3, as the position of the baffle is 
lowered, the maximums of Fy, Fz and M increase. 
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Fig. 20  Maximum rolling moment during turning 
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