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Abstract: The dynamic response performance of a large, cylindrical, fluid-filled steel container under high-speed

impact is evaluated through fluid-structure interaction analysis using arbitrary Lagrange-Eulerian (ALE) method.

The ALE method is adopted to accurately calculate the structural behavior induced by the internal liquid impact of

the container. The stress and strain results obtained from the finite element analysis are in line with the experimen-

tal shell impact data. The influences of drop angle, drop height, and flow impact frequency are discussed. Calcula-

tion results indicate that the impact stress and damage of the container increase with drop height. However, the

amplitude of the oscillation and the impact stress increase when the container and flow impact resonance occur at a

certain drop height. The impact stress shows a nonlinear relationship with drop angle.
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0 Introduction

Liquid storage containers are used in many
areas. The improvement of the crashworthiness
of containers requires the conduct of numerous
physical tests. However, these tests are expen-
sive and complicated. On the contrary, numerical
simulations can calculate and indicate deforma-
tion, stress distribution, and so on while necessi-
tating minimal resources'’. Therefore, impro-
ving container design and studying the dynamic
response of containers are beneficial. Liquid con-
tainer impact can be divided into two stages: the
dynamic response and the fluid-structure interac-
tion (FSI). Extensive research has been carried
out to improve the performance of liquid contain-
ers. In recent years, the problem of liquid storage
containers has attracted increasing attention'*"!.
In the 1970s, the arbitrary ILagrange-Eulerian
(ALE) method was applied for the first time to

calculate FSI®®, Banks et al.' described an
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added-mass partitioned algorithm for solving FSI
problems involving inviscid compressible fluids
that interact with nonlinear solids undergoing
large rotations and displacements. Elahi et al. [**
used volume of fluid method to solve the problem
of two-dimensional liquid sloshing inside a con-
tainer. Yu et al. """ developed a multiphase finite
element (FE) simulation method to simulate the
interactions among the solid and fluid phases in an
impact tank trunk. Ruiz et al."® developed a
computationally efficient numerical model for the
study of the dynamic behavior of liquid storage
tanks. Musa et al. "*) used an in-house FE model
to analyze the earthquake response of liquid stor-
age containers under vertical excitations. Their
results revealed the feasibility of estimating the
capacities of a number of steel conical tanks. Chen
et al. " studied the sloshing of stratified liquid
with density in a three-dimensional cylindrical

tank. Instead of using velocity potential for uni-
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form liquid, they adopted governing equations
and boundary conditions in terms of a pressure
function and a density function. New frequencies
made the motion history of the free surface irreg-
ular. Yu et al. ' studied the free surface oscilla-
tion of the liquid inside elastic containers on the
basis of a mixed Eulerian-Lagrange approach. Al-
though the ALE method has been proven effective
for FSI problems. some researchers doubt its effi-
ciency because of its computational intensity™'®,
The response of shield buildings under seismic

1.7, who found

loading was studied by Lu et a
that the analysis of FSI could improve the design
of liquid storage tanks. Ren et al, ['*! studied the
interaction between a structure undergoing large

deformation and the fluid.

1 Finite Element Discretization

1.1 ALE method

In the ALE description, the mass equation
can be described as
M+p%+c‘,ﬁ:0 @b)
ot dx; dx;
where y is the ALE coordinate, x the Eulerian
coordinate, and p the fluid density. ¢; is the ALE
relative velocity, ¢;=u; —v;, here v; is the veloci-
ty of the referential coordinate and u; the velocity
of the material.

The motion equation is

E)llj ( ol ) - E)ui — gZEZLL .
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where b; is the unit body force.
The constitutive relation of Newtonian fluids

and the strain-velocity relation are introduced as

du; 9u,»> (3)

05 = PO +’u<(71j dx;

where p is the kinematic viscosity. Natural and
essential boundary conditions are imposed on the
boundary.

In this work, the constitutive equation of the
fluid is composed of the equation of state and the
material model. The equation of state defines the
volumetric compression behavior of the fluid, and

the material model defines the relationship be-

tween the shear stress and the shear strain rate.

1.2 Fluid structure interaction

The approach used in this work to solve the
FSI problem is apenalty-based FE method with an
ALE description.

The gas-to-liquid interface can be modeled
with no separation and no slip contact, that is,
the two materials are firmly attached together a-
long their interface. Alternatively, the two mate-
rials can share common nodes along their inter-
face to achieve the same modeling effect while a-
voiding contact definition. By contrast, the gas-
to-liquid contact definition performs well when
the entire container structure is modeled with sol-
id elements. The “shared nodes” strategy results
in a relatively stable contact performance.

Container deformation can be described as

d%u _ doy
Os E)[Z

+ f €Y

X a dx;
where X denotes the Lagrange coordinate, p, the
density of the structure, f; the body force, and u
the displacement of the structure.

Egs. (1)(2)(4) are coupled under the follow-
ing geometric compatibility and mechanical equi-
librium conditions that should be satisfied on the
FSI interfaces.

_u
ar | x

Fi+F, =0 (6)

where F; and F, are the interaction forces acting

%

5

on the FSI interfaces.

The penalty function method is employed to
process solid boundary and fluid boundary. This
method can promote energy conservation during
the coupling process. The standard projection
method consists of two steps: a predictor step and
a corrector one. In the predictor step, an auxilia-
ry discrete velocity, which does not satisfy the di-
vergence-free condition, is computed. In the cor-
rector step, an iterative correction is introduced
to enforce the incompressibility constraint. This
projection allows us to solve the pressure and ve-
locity field separately, although it does not recov-
er the original boundary conditions on pressure,
which are defined implicitly in the original mo-

[19]

mentum equation"'””. The coupling force calculat-
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ed on the basis of the penalty function is

_d*Z dZ | m,+ my oK A2
F.= dz T dz + m, —m; V, z

where & is the damping coefficient, m, the solid

D

mass, m; the {luid mass, « the scaling of quality,
and A;,V; ., and K, denote the unit area, unit vol-

ume, and element capacity., respectively.

2 Model

2.1 Experimental procedure

An experiment was conducted to investigate
the dynamic response of a cylindrical container
under impact conditions. The diameter and height
of the container were 2. 2 m and 7 m, respective-
ly. The thickness of the container was 30 mm. It
held 70% water to its capacity (in volume). In
the experiment, the container was dropped onto a
concrete surface by activating the quick-release
mechanism at a height of 20 m.

The experimental setup is shown in Fig. 1.
Pressure transducers were instrumented to meas-
ure the stress of the container. During the experi-
ment, the bottom and shoulder exhibited signifi-
cant deformation. Therefore, the bottom and
shoulder required attention in the dynamic simu-
lation. A pressure transducer was added at posi-
tion 2 to obtain a detailed understanding of the

dynamic response of the container.

Water-filled
container

Shoulder
Gas (Position 1)

Pressure

Liquid transducers

Container body e
(Position 2)

Bottom
(Position 3)

Fig. 1 Sketch map of experimental apparatus

2.2 Numerical procedure

Belytschko-Tsay shell elements with four
nodes were used to discretize the container and
floor. Exactly 5 860 quadrilateral shell elements
were divided between the container and the floor.
The FE model is shown in Fig. 2, and the floor is

assumed to be rigid.

(a) Rigid floor

(b) Container
Fig. 2 FE models

When a container is not fully filled with wa-
ter, a significant amount of air exists above the
water level, as shown in Fig. 3. Owing to the ex-
cessively large deformations of the fluid inside a
tank, a pure LLagrange description may not be an
appropriate option. Hence, a multi-material ALE
formulation with a second-order accurate advec-
tion method was chosen for the treatment of the
fluid in this study. “Multi-material” means that
each element of the mesh can contain two or more
materials, such as water and air in this case. The
ALE formulation allows the motion of the mesh
to be independent of the material flow without
causing distortion problems™, The fluid inside
the box (water and air) is discretized with eight-
node solid hexahedron elements with an ALE for-
mulation. The total number of the elements and
nodes of the whole system are 42, 112 and 43,
814, respectively.

(b) Liquid region

(a) Calculated Euler region

Fig. 3 FE model of Euler domain
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The present investigation is focused on large
container and simple container designs. In the ex-
periment, the drop height is H, the thickness of

the container is Th, and thus, the impact speed is

v ( v=+/2gh ). The drop angle is §. A schematic
of such a cylinder container, which was supplied
by a national defense experiment, is given in Fig.
4, which shows the main characteristics, drop an-
gle §, and dimensions.

The parameters of the steel, liquid, and gas
materials are summarized in Table 1. The liquid
parameters were based on the properties of wa-
ter, and the gas parameters were based on the
properties of air. The coefficient of friction was
assumed to be 0. 6 for steel-on-steel contact and
0. 3 for the contact between the container and the

rigid floor™!-.

Fig. 4  Sketch map of cylinder container and geometrical

data

Table 1 Material properties

Gas Water

Container

Density/(kg * m™*) 1.29

Specific internal energy/

Density/(kg + m *) 1 000

Specific internal energy/

Density/( kg + m *) 7 850

ke D 83 950 ke 211 041  Young’s modulus / GPa 206
Specific heat ratio 1.4 Bulk modulus / MPa 2 200 Poisson’s ratio 0.3
Yield stress / MPa 420

Fracture strain 0.3

The contact between the container surface
and the rigid floor surface was defined, and the
FSI between the container and the Euler domain
was established. Under impact conditions, both
domains showed an initial speed V', which corre-
sponded to the drop height H. The drop angle
was defined as § to make the results of the FE

model and theoretical predictions comparable.

3 Results and Discussion

3.1 Comparison of experimental and numerical

results

In this section, the results of numerical sim-
ulation are compared with those of the physical
test. Fig. 5(a) shows the principal stress curves
of the shoulder, body, and bottom of the contain-
er. During impact, the bottom was the first to
come into contact with the floor. Thus, its stress

reached the peak value of 550. 2 MPa.

The slope of the trace represents the stress
rise rate. When the shoulder touched the floor,
the water moved with it. Thus, the shoulder
stress reached 443 MPa, The maximum stress of
the container body was 178 MPa. Fig. 5(b) dis-
plays the deformation of the container. Only the
shoulder and the bottom exhibited plastic deform-
ation during impact.

Fig. 6 shows the comparison of stresses at
Position 3. The stress curves exhibited character-
istics of strong nonlinear oscillations. The stress
increased dramatically from zero to the maxi-
mum. Then, the stress decreased, and Position 1
touched the floor. The numerical simulation and

experiment showed a good agreement.
3.2 Dynamic response analysis

As a result of the limitations of laboratory
apparatus, carrying out additional experiments

under different conditions is difficult. On the con-
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(a) Stress history in the experiment

Shoulder
(Position 1)

Container body
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(b) Plastic deformation of the container in the simulation

Fig.5 Stress and deformation of the model

Experiment
—— Simulation

Experiment

Experiment
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(a) Position 1

(b) Position 2

0
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35

Time / s

(c) Position 3

Fig. 6 Comparison of experimental and simulation stress histories of the bottom of the container

trary, numerical simulations can easily accom-
plish these works. Moreover, numerical simula-
tions can facilitate the investigation and analysis
of the results. The dynamic responses of the con-
tainer were simulated and analyzed in two as-
pects: drop angles and drop heights.

3.2.1

Eight simulation tests were performed ac-

Drop angle

cording to different drop angles (10°, 20°, 30°,
40°,50°,60°,70°, and 80°)to examine the effect of
drop angles. In these tests, the containers held
the same amount of water (70%), and all the
drop heights equalled to 10 m.

Fig. 7 shows the maximum stresses of the
bottom of the container under different drop an-
gles. The stresses under drop angles of 20°, 30°,
and 40° were larger than those under other drop
angles. This result is explained as follows. When
the angle was 10°, most of the water impact force
and gravitational force acted on the container bot-
tom. The container bottom under such condition

absorbed greater energy than it did under other

560
540 |
520 |
500 |
480 |

Principal stress / MPa

460 |

440 |

0 10 20 30 40 50 60 70 80 90
Angle/ (°)

Fig. 7 Maximum stresses of the container at different

angles

conditions; thus, its maximum stress was smal-
ler.

Fig. 8 presents the stress histories of Position
4, which lies on the axis of the symmetry of the
container around Position 3. When the drop angle
was less than 40°, the stress of Position 4 was
larger than that under other drop angles. There-
fore, the impact force on the bottom of the con-
tainer increased with the decrease of the drop an-

gle. When the drop angle was greater than 50°,
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_ Angle-40°
Angle-20°

Angle-30° /

Position 4

4

—Position 3

Angle-50°
Angle-60° ngle-50

0.01 0.02 0.03 0.04 0.05 0.06

Time / s

Fig. 8 Stress histories of Position 4 at different angles

the stress of Position 3 decreased.

Fig. 9 compares the kinetic energy histories
of the container under different drop angles. The
container bounced after impact. The kinetic ener-
gy increased with the rise of the drop angle. At
the drop angle of 70°, the impact time was the
shortest. Thus, the maximum stress of Position
3 decreased as the drop angle increased. In parti-
cular, when the drop angle was less than 40°, the
maximum stress of Position 3 showed no obvious

decrease.

Angle-70°
Angle-60°

Angle-50°

Angle-20°
Angle-40°

Kinetic energy / 10°J

Angle-10°

Angle-30°
0.01 0.02 0.03 0.04 0.05 0.06 0.07
Time /s
Fig.9 Kinetic energy histories of the container at differ-

ent angles

Fig. 10 displays the maximum stresses of the
three positions under different drop angles. In all
simulations, the stress of Position 3 was always
the highest. In addition, the stress of Position 1
was over 300 MPa when the shoulder touched the
ground. The stress of Position 1 increased with
the rise of the top angle. At the 50°angle, the
stress of Position 1 even reached 427 MPa.
Therefore, Position 1 became another frangible

area, in addition to Position 3, as the drop angle

Position 1
Position 2
Position 3

20 30 40 50 60

Drop angle / (°

Fig. 10 Maximum stresses at different angles

increased.
3.2.2 Drop height

This research also investigates the influence
of drop height on the container. In the simula-
tions, all the drop angles equalled to 50°, and the
containers held the same amount of water(70%).
The drop heights were 10,20,30,40,50,60, and
70 m.

Fig. 11 presents the stress histories of the
bottom of the container (Position 3) for two drop
heights. The patterns and periods of the main os-
cillation showed obvious similarities. The maxi-
mum stress of Position 3 at a 50 m drop height
was larger than the maximum stress at a 40 m
drop height. During impact, the stress increased
rapidly. Thereafter, the container showed plastic
deformation, the contact point showed depression
characteristics, and the principle stress de-
creased. A portion near the contact point im-
pinged on the ground, and the stress increased a-
gain. As the container bounced after the impact,
the stress decreased rapidly. The container wall

continued to oscillate. During impact, the water

»»»»»»»» Drop height-40 m
Drop height-50 m

Stress / MPa

0
0.00 0.01 0.02 0.03 0.04 0.05 0.06

Time / s

Fig. 11  Stress histories of Position 3 at different heights
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away from the wall did not indicate wall deforma-
tion, and waves traveled at high speeds, thus
producing high frequencies.

Fig. 12 shows the simulated water flow in the
fluid domain when the water reached the top of
the container at different drop heights. During
impact, the fluid away from the wall did not indi-
cate wall movement, and the waves started to

travel at the unconfined speed of 1 485 m/s

(«/Ki/,o), thus producing pressure magnitudes of
20.9, 29.7, 36.2, and 41. 9 MPa, which corre-
sponded to drop heights of 10, 20, 30, and 40 m.
By contrast, the fluid particles next to the con-
tainer wall started to move radially outward be-
cause of the deformation of the wall. This fluid
movement radiateda radial decompression wave
toward the bottle axis. The pressure at the bot-
tom continued to oscillate as a result of the radial
waves. At the same time, the large deformation
absorbed a high amount of impact energy. In ad-
dition, some superimposed pressure oscillations
traveling in different directions were observed in

the system immediately after impact. The value

(a) Drop height-10 m

(b) Drop height-20 m

(c) Drop height-30 m

(d) Drop height-40 m

Fig. 12 Water flow at 0. 2 s at different altitudes

of flow impact force showed minimal effect on the
container, but the flow could resonate with the
container. The impact frequency showed a signifi-
cant impact on the dynamic response of the con-
tainer.

Fig. 13 compares the stress histories of Posi-
tions 1 and 2 under different drop heights. The
maximum stresses of Positions 1 and 2 at a 40 m
drop height were larger than the maximum stres-
ses at a 50 m drop height; the amplitude of oscil-
lations were also higher in the former than in the
latter. This result can be attributed to the natural
oscillating frequency of the container, which was
close to the flow impact frequency at a 40 m drop
height. The natural frequency was 0. 332 Hz, and
the frequencies of Positions 1 and 2 at 50 and 40 m
drop heights were 0. 213 and 0. 319 Hz, respec-
tively, as shown in Fig. 14. Positions 1 and 2
showed minimal deformation upon impact; there-

fore, the natural frequency remained unchanged.

Drop height-40 m
Drop height-50 m

Stress / MPa

0.00 0.01 0.02 0.03 0.04 0.05 0.06
Time /s

(a) Position 1

Drop height-50 m
Drop height-40 m

Stress / MPa

0
0.00 0.01 0.02 0.03 0.04 0.05 0.06

Time / s

(b) Position 2

Fig. 13 Stress histories of Positions 1 and 2 at different

altitudes

Fig. 15 compares the maximum stresses of
three positions under different drop heights. At
40 m and 50 m drop heights, the stress of Posi-

tion 2 was nearly equal to the stress of Position 1.
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(a) Frequency of Position 1 at 40 m drop height
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(b) Frequency of Position 1 at 50 m drop height
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(c) Frequency of Position 2 at 40 m drop height

— — [
(=} W (=]

Amplitude /10’ um

()

20 25

Frequency / Hz

(d) Frequency of Position 2 at 50 m drop height

Fig. 14  Frequency of positions 1 and 2 at different alti-

tudes

Therefore, Position 2 became another frangible
area with the increase of the drop height. The
maximum stresses of Positions 1 and 3 increased
slowly.

Based on the above analysis, we can find that

Position 1 Position 2 Position 3

<
=
S
7]
o
=
wn

30 40
Drop height / m

Fig. 15 Maximum stresses at different altitudes

the larger the angle, the lower the height, the
smaller the stress of the tank. Therefore, when
designing the tank, the radius of the contour Fil-
let of the tank bottom and the thickness of the
tank should be as large as possible. In future re-
search, we can analyze the other factors, such as

liquid storage, and give more design suggestions.

4 Conclusions

Experiment results and numerical simulation
tests were analyzed to thoroughly understand the
dynamic response of fluid-filled containers upon
impact. Some conclusions are summarized as fol-
lows:

(1) The results of the multi-material ALE
method were in line with the experimental find-
ings. The multi-material ALE method was found
to be an effective method for predicting the dy-
namic response of fluid-filled containers.

(2) The drop angle exerted a significant
effect on container crashworthiness. According to
the experiment and simulation results, the bot-
tom of the container was a frangible position.
When the drop angle was greater than 50°, the
shoulder became another frangible position.

(3) The study of the effect of drop height re-
vealed that the maximum stress magnitude in-
creased with the increase of drop height. The wa-
ter flow impact frequencies were not the same at
different drop heights. When the drop height was
40m, the natural oscillating frequency of the con-
tainer was close to the flow impact frequency.

The amplitude of the oscillation and impact stres-
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ses of Positions 1 and 2 increased substantially.
In summary, the multi-material ALE meth-
od combined with numerical simulation can effec-
tively analyze the dynamic response of a falling
liquid storage container under transient impact.
The analysis results can meet the engineering re-

quirements.
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