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Aiming at the impact process of a fuel tank, which is a transient energy conversion process, the material absorbs energy through
deformation to analyze the mechanical properties of the fuel tank during the impact process.,e defense node method is adopted
to simulate the dynamic response of the fuel tank during impact. ,e results show that it can accurately evaluate the safety of
the container.

1. Introduction

,e automobile fuel tank is the important component of the
automobile fuel supply system. ,e country has strict re-
quirements for its safety and environmental protection. To
make full use of the limited automotive chassis space and
adapt to various vehicle types, the shape of the automobile
fuel tank is varied. ,e classical mechanic’s method cannot
analyze and answer the fuel tank of various schemes at the
same time, and there can be no measured data at the be-
ginning of the design. ,erefore, it is significant to check the
strength and stiffness of the fuel tank effectively and quickly
and find out the weak links of the fuel tank to provide a
reference for the design and modification of the automobile
fuel tank. At the same time, to shorten the development
cycle, improve the quality of development, adapt to the rapid
growth of the market requirements, and enhance the
competitiveness of the product market have important
practical significance. However, the fuel tank manufacturer
still stays at the stage of trial and error in the design of fuel
tank structure, mainly relying on the experience of de-
signers, and hardly calculates and optimizes the shape of
reinforcing ribs, the thickness of the tank wall, the aperture
of the wave-proof plate, and so on, which results in the

unreasonable distribution of the material of the tank. ,e
general design process is to manually make fuel tank product
samples at first and then to find out the problems by testing
and modifying them. From design to the factory, a product
needs a long design cycle. Particularly for the fuel tank, it has
a large volume, complex structure, and many related in-
spection indicators, which leads to an increase in production
costs.

,e fuel tank impact test is a simulated impact test of the
product. ,e purpose of this test is to verify the product is
qualified in all aspects of the product when it is subjected to
external force shock or external force under normal oper-
ating conditions.

Because collision action is a complex process, it is af-
fected by many factors, such as the constraints of the col-
lision body, the relative speed of contact, the geometry and
duration of the contact surface, local plastic deformation,
and so on [1–3]. Aiming at the collision model of the system,
Stronge et al. analyzed the energy change during the oblique
collision and the velocity relationship before and after the
collision and established the dynamic model of viscous/
sliding friction contact [4]. ,e CEL method is used to
simulate the dynamic response of liquid storage vessel in the
process of drop collision and the space motion state of liquid
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at different times. By comparing with the results of previous
literature, the dynamic response and space state in the
process of drop collision are discussed in four cases, namely,
different drop angle, drop height, vessel thickness, and liquid
storage capacity, and the impact of factors on the vessel is
also discussed [5]. ,e composite structure is vulnerable to
all kinds of low-energy impact during the process of pro-
duction and application, which will make invisible visual
damage in the laminates and degenerate the mechanical
properties of the composite. Composite laminate is closely
related to structural safety and life expectancy. So, it is
significant to evaluate the low-energy impact resistance and
damage prediction of composite structures.

In a variety of collision detection algorithms, the ori-
ented bounding box algorithm had widely used. By using the
characteristics of the triangle surrounded by the rectangle in
the leaf node and the value calculated in the rectangle-
rectangle intersection test phase, the new algorithm contains
a better triangle-triangle intersection algorithm in the ori-
ented bounding box.,e two triangles are converted into the
same coordinate system and then test the two triangles., but
this step could be omitted by using the coordinates of the
bounding boxes to replace the coordinates of the triangles.
,is method reduces a lot of redundant coordinate trans-
formation operations compared to the original algorithm
[6]. Chai and Wu established a single-degree-of-freedom
collision vibration model and studied the effects of pa-
rameters, such as collision clearance, damping, stiffness, and
excitation frequency, on the bifurcation and chaos phe-
nomena of the system motion using nonlinear dynamic
analysis and numerical simulation [7]. Fan et al. use the
penalty stiffness method in the contact algorithm, by
adjusting the penalty stiffness value reasonably, controlling
the penetration distance effectively, and avoiding the ill-
conditioned stiffness matrix, which makes the calculation
result approach the true value [8]. Collision detection is a hot
topic in computer graphics, augmented reality, human-
computer interaction, and other fields. In recent years, real-
time simulation of large-scale complex scenes has attracted
many scholars’ attention, especially the emergence of cloud
computing and big data technology, which puts forward
higher requirements for real-time scene simulation, which
also brings unprecedented opportunities and challenges to
researchers. As the geometric complexity of the virtual
environment increases, the computational complexity of
collision detection greatly improved, and the interaction of
complex scenes consumes a lot of computer resources.
,erefore, the fast collision detection problem has become a
bottleneck in the virtual environment. How to design an
efficient collision detection algorithm to meet the require-
ments of real time and accuracy has become a current
problem to be solved. Qu had put forward a multiple date
parallel collision algorithm based on optimization operator.
,e search space is confined in a nonuniform local mini-
mum area to reduce the colony search time [9]. Chen et al.,
based on the local search algorithm of surface, characterized
the contact sheet by the coordinates of the center of the face
and the length of the feature, carried out presearch to quickly
eliminate potential contact pairs that would not occur

contact, eliminated the blind area of contact search, and had
good robustness and calculation accuracy [10]. Li et al.
propose an improved collision detection algorithm based on
deformable objects, which is difficult to solve the real-time
and fidelity problems of deformable objects. To improve the
efficiency of collision detection, an improved particle se-
lection method and the idea of a multiswarm particle op-
timization algorithm are used to construct a multiline group
on the multiline composed of the control point cluster and
the center point of the Snake model [11]. Due to the short
action time of external transient load and the difficulty of
experiment control, the measured data are limited, and the
continuous results in space and time are not obtained. Wang
simulated and analyzed the drop of metal cylinder structure
under empty shell condition by ANSYS/LS-DYNA software
and studied the strain distribution law of metal thin-walled
cylinder structure under different drop conditions (different
height and different fall angle). ,e variation of stress and
impact duration, impact force, and peak overload (impact
acceleration) are discussed [12]. An algorithm for simulating
friction contact between soil and rigid or flexible structure in
the SPH frame is proposed [13]. ,e calculation domain
divides into several subdomains, and the contact force is
used as a bridge to establish the connection between the
subdomains to finally realize the global solution. When the
SPH discretizes governing equations of soil motion in each
subdomain, the inherent boundary defects of SPH are
corrected. It makes the SPH particles near the contact
boundary have accurate acceleration, which ensures the
accuracy of contact detection. It is assumed that the soil SPH
particles are allowed to invade the structure locally.
According to the allowable residual invasion amount and the
principle of momentum, normal and tangential contact
forces of the contact surface are corrected by the slip con-
dition so that they do not exceed the limit friction. Com-
pared with the existing methods that usually use “particle-
particle” contact or ignore friction slip in SPH, the method
has higher calculation efficiency and accuracy. It is suitable
for the simulation of the interaction between geotechnical
materials and rigid or deformable structures. ,e accuracy
and stability of this method verifies in many examples. ,e
calculation shows that the SPH is based on a contact al-
gorithm. ,e results are in good agreement with the theo-
retical solution or the finite element solution. ,e algorithm
is effective and can be used to expand the calculation ability
and application scope of the SPH. Considering the fluid-
structure interaction effects in the analysis of liquid storage
container dropping [14], CEL method simulates the inertia
effect of fluid and the lateral hydraulic pressure to the
container, and the fluid-structure interaction effects on the
deformation and dynamic response of the container during
the process of dropping are considered.,e numerical result
shows that the method can provide a more accurate eval-
uation of vessel safety and structural design. ,erefore, the
CELmentioned in the paper also provides a reference design
evaluation method for the same structure. Considering
particularity and uncertainty of drop impact crashworthi-
ness design, the dynamic response of drop impact and
impact crashworthiness robust design has been made. Drop
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impact crashworthiness robust design optimize is based on
crashworthiness evaluation for virtual drop test [15]. ,is
work enriches the design theory and method for dynamic
design. Precision electronic products mobile hard disk and
liquid-solid coupled fluid-filled containers are chosen as two
samples to investigate the capability of dynamic drop im-
pact, crashworthiness design, optimism of structural pa-
rameters, and design of crashworthiness.

,e collision of the fuel tank is a transient energy
conversion process in which the material absorbs energy
through deformation. However, the structure of the fuel tank
is sophisticated, which will lead to long calculation time and
difficulty to ensure accuracy in collision operation. Aimed at
the structural characteristics of the fuel tank, this paper
adopts a defense node algorithm that avoids solving si-
multaneous equations and ensures constraints and accu-
rately calculates contact force.

2. Kinetic Analysis of Tank Collision

2.1. CollisionMechanical ofMaterials. For the collision body
made of the fuel tank, the maximum shear stress στ is related
to the surface pressure. ,e following simple formula ex-
presses their relationship [16].

στ � (1 + v) s cot−1s−1
  +

3
2 1 + s

2
 

⎡⎢⎣ ⎤⎥⎦q0(t). (1)

Among them, v is the velocity at contact.
,e maximum value of στ occurs at s ≈ 2/(1 + v)π and

q0(t) is the maximum surface pressure at given time t. For
materials with low shear strength, collision will cause shear
failure near the surface. ,e maximum value occurs at 0.5 t0,
and then its duration occurs at t0. ,e equivalent plastic
strain criterion is used for the failure of fuel tank structural
materials. When the equivalent plastic strain of the element
reaches the threshold, the material is destroyed, and the
corresponding part is deleted.

2.2. Fluid-Solid Coupling Analysis. ,e dynamic character-
istics of liquids are affected by the geometrial parameter,
filling height, internal structure distribution, frequency, and
amplitude of load excitation. At the same time, the physical
properties of liquids, such as density, compressibility, and
viscosity, also have different effects on the dynamic
performance.

,e basic principle of the continuum equation is the
conservation of mass. ,e mass δm contained in the La-
grangian infinitesimal fluid unit δVis as follows [17]:

δV � ρδm. (2)

In the formula, m is mass and ρ is density.
For the mass conservation is satisfied in the Lagrangian

fluid unit, the mass does not change with time; that is to say,
the following equation is satisfied.

dδm

dt
� δV

dρ
dt

+ ρ
dδV

dt
. (3)

,e fluid is a uniform, nonviscous, and incompressible
theoretical fluid, ignoring the fluid-solid momentum
transfer and the local pressure-density linear relationship
[18]. ,e coupling equation is

Ms 0

A
T
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⎡⎣ ⎤⎦ €u €p  +
Ks −A

A
T

Kf

⎡⎣ ⎤⎦
u

p
  �
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⎧⎨

⎩

⎫⎬

⎭. (4)

Here, Ms and Ks are the mass matrix and stiffness matrix
of the structure;Mf andKf are themassmatrix and stiffness
matrix of the fluid, respectively; A is a fluid-solid coupling
matrix; Fs and Ff are structural loads and acoustic loads,
respectively; u is the structural node displacement vector;
and p is the fluid node pressure vector.

On the coupling interface Γ, the displacement and load
balance conditions meet the following formula:

d
s

· e
s

+ d
f

· e
f

� 0,

σs
· e

s
+ σf

· e
f

� 0.
(5)

Here, ds and df are the displacement vectors of the solid
domain and fluid domain interfaces, respectively. σs and σf

are the stress vectors at the interface of the solid domain and
the fluid domain, respectively. es and ef are the unit dis-
placement base vectors of the solid domain and the fluid
domain interface, respectively.

3. Contact Analysis

3.1. Research on Contact Problems during Collision Contact.
,e collision process of the fuel tank has nonlinear char-
acteristics. When the collision height is short and the impact
energy is small, the elastic force F(x) of the cushioning
material has a linear relationship with the deformation x.
,at is to say, simplifying the buffer material becomes a
single-degree-of-freedom spring-mass system with a con-
stant stiffness coefficient in the process of drop impact.

,e dynamic impact process is a series of dynamic
processes varying with time. Subjected to shock excitation,
the system will produce a corresponding shock response. It
proves theoretically that the maximum value is related to the
duration of shock τ and the inherent period Tn of the system
itself after shock excitation. When Tn < τ, the maximum
shock response of the system may be twice the peak value of
the shock wave, while when Tn > τ, the shock response will
be weakened. ,e impact process is a transient energy
conversion process, and the buffer material absorbs energy
through deformation.

3.1.1. Kinematic Constraints. ,e contact and collision
structure of the fuel tank is shown in Figure 1. When two
contacts are in contact, two points xt

2 and xt
1 coincide at the

contact interface. Point xt
2 is the orthogonal projection of

point xt
1 on boundary Γ1 of contact 1 on boundary Γ2.

According to kinematic constraints, the formula is as follows
[19].
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x
t
1 − x

t
2 •e1 ≥ 0. (6)

Among them, e1 is the usual unit vector.

3.1.2. Dynamic Constraints. ,e contact force on the unit
contact surface is pressure, and its pressure value pe should
be satisfied.

pe > 0. (7)

,e tangential friction pet on the contact surface is the
resultant force of the tangential contact forces in the other
two directions.

pet �

���������

p
2
et2 + p

2
et3



. (8)

Among them, pet2 and pet3 are the tangential friction
forces of unit tangent vectors e2 and e3, respectively.

If the Coulomb friction model is adopted, when the
maximum static friction force is less than the maximum
static friction force, the points on the two contact surfaces
are relatively static; that is, the relative tangential velocity A
of the points on the two contact faces is

v
t
t � v

t
1 − v

t
2  − v

t
1 − v

t
2  · e1 e1 � 0. (9)

Among them, vt
1 and vt

2 are the tangential relative speeds
of points xt

1 and xt
2, respectively.

When it is equal to the sliding friction, point xt
1 and

point xt
2 are relatively slipped:

v
t
t• p

t
1,c − p

t
1,c · e1 e1 ≤ 0. (10)

Because the collision time is short and the tangential
force is relatively small relative to the normal force, the
influence of the tangential force during the collision is
ignored.

3.2. Contact Force Algorithm for Contact Collision.
,rough the analysis of the contact interface, the contact
point is found out, and then the contact force is calculated by
using the motion law of the object. ,e value of the contact
force contact constraints is limited. ,e contact point is not
allowed to penetrate the contact boundary, and the contact
force cannot be tensile.

,e usual methods to calculate the contact force are the
penalty function method and the Lagrange multiplier method.
,ese twomethods are quite different in the explicit algorithms
and the implicit algorithms. Lagrange multiplier method in-
volves solving the simultaneous equations of unknown contact

forces, which cannot be directly used in the explicit algorithm;
in contrast, it does not solve any simultaneous equations.
,erefore, in the explicit algorithm, the penalty function
method is often used to calculate the contact force.

,e penalty function method has the disadvantages of
introducing artificial error and affecting the stability of the
explicit algorithm. To make the error introduced by penalty
function method small enough, choose reasonable penalty
parameters, effectively control the stability of it, and select
appropriate penalty parameters is the most significant
problem of using penalty function method to calculate
contact force. Another one is the calculation of contact
penetration. To avoid the error caused by the penalty
function method and the influence on the stability of the
solution, some particular algorithms are used to solve the
contact force by the Lagrange multiplier method, which
avoid solution of the simultaneous equations.

For implicit algorithm, whether the penalty function
method or Lagrange multiplier method is used, it involves
the establishment of contact stiffness matrix, and different
iterative algorithms have different requirements for contact
stiffness matrix. In the implicit algorithm, a new contact
point may not only affect the number of zero elements in the
coefficient matrix of the algebraic equation but also affect the
bandwidth of the coefficient matrix. When using the
Lagrange multiplier method, the total number of unknowns
increases, which leads to the change of dimension of the
coefficient matrix. So, these will affect the memory allocation
and management in the process of solving and also affect the
calculation workload. In the implicit algorithm, if the
penalty function method is used to calculate the contact
force, the penalty parameter should not be too large; oth-
erwise, the coefficient matrix may become ill-conditioned
and hinder the solution.

,e contact algorithm accomplishes the interaction
between colliding structures or components. Within each
time step of the solution, check whether the slave node
penetrates the main surface. If it penetrates, the force is
applied in a direction perpendicular to the main surface by a
penalty function to prevent further penetration of the slave
node, if not worn. Pass through and then proceed. In the
penalty function method, it is difficult to select the penalty
parameter value, and it is difficult to obtain the ideal cal-
culation result by experience. To ensure accuracy, the de-
fense node method is used to calculate the contact force.
,at is, the Lagrange multiplier method is used to satisfy the
constraints accurately, and the algorithm of solving simul-
taneous equations is avoided. ,e defense node is calculated
by adding a virtual contact point to each contact pair.

Assuming the mass of the defense node isM, the motion
equation of the defense node and the contact point can be
written as follows [20].

M1a1 � F1 + f1,

M2a2 � F2 + f2.
(11)

Among them, subscripts 1 and 2 represent, respectively,
from the contact point and the defense node. F and f are
normal force and contact force, respectively.
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Figure 1: Contact-impact interface model.
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,e Lagrange multiplier method is used to calculate the
contact force to satisfy the constraints. ,e motion equation
is obtained by using the central difference method from the
contact point and the defense node.

M1

τ
v1 −

t
s1−

τ
s1 /Δt 

Δt
�
τ
F1+

τ
f1,

M2

τ
v2 −

t
s2−

τ
s2 /Δt 

Δt
�
τ
F2+

τ
f2.

(12)

Among them, τ s, τv are the displacement and velocity
after contact; τs , τv are the displacement and velocity before
contact.

According to the same magnitude of the defense point
force and the force from the contact point, the normal
distance is 0, and the defense node force is 0.

τ
f1 � M1M2

τ
F2/M2 −

τ
F1/M1 +

l
v2/Δt −

l
v1/Δt −

τ
g/Δt 

M1 + M2( 
. (13)

Among them, τg is the total gap between the defensive
point and the contact point.

,e contact search algorithm plays a significant role in
reducing calculation time and improving calculation accu-
racy. Any contact level has its contact domain, which can be
defined as an extension domain. If a slave falls into an
extension domain of the main block, the two may contact to
form a test pair. If a slave falls into the contact area of it
(edge, point), the two contact and shape a contact pair [21].

Contact search includes precontact search and post-
contact search. ,e precontact search is usually divided into
two steps, namely, global search and local search, for the
slave points that are not in contact state in the previous
calculation. ,e global search roughly determines the slave
points that may be contacted and the main blocks that may
be contacted with the slave points processed, which is to find
out all the test pairs. Local search accurately locates the target
of the slave point, calculates the penetration of the slave
point relative to its target point, and judges the contact state
of the slave point, to find out all contact pairs from the test
pair.

,rough the contact search algorithm, all the slave points
in contact state and their corresponding main blocks (edges,
points) in the mechanical system are determined, and the
homologous contact force algorithm is used to calculate the
contact force. Use the explicit calculation of the central
differential and use the contact algorithm to solve the
problem. ,en, the acceleration of the nodes is used to
calculate other physical quantities.

3.3. Stress Failure Criteria. ,e surface pressure is caused by
collision, the failure form is caused by three-dimensional
internal stress, and the time sequence of various failure
forms. ,erefore, appropriate failure criteria can be adopted
for the three-dimensional stress state caused by a collision at

each point in the collision object. For composite materials,
there are three common criteria:

Cai-Hill Tsai-Hill Strength ,eory

σ2L
F
2
L

−
σLσT

F
2
L

+
σ2T
F
2
T

+
τ2LT

F
2
LT

� 1. (14)

Hoffman Failure Criterion

σ2L − σLσT

FLtFLc

+
σ2L
F
2
L

−
FLc − FLt

FLtFLc

σL +
FTc − FTt

FTFTt

σT +
τ2LT

F
2
LT

� 1.

(15)

Tsai-Wu Tensor ,eory

σ21
FLtFLc

−
σ1σ2�����������

FLtFLcFTFTt

 +
σ22

FLtFLc

+
σ26
τ2

+
FLc − FLt

FLtFLc

σ1 +
FTc − FTt

FTFTt

σ2 � 1.

(16)

For the plane stress-strain state, the improved maximum
stress failure criterion is used to judge the failure of the
matrix material.

3.4. Analysis of Simulation Results. ,e fuel tank used in this
calculation is shown in Figure 2. According to the re-
quirements of the enterprise, use 348 kg slider impact the
fuel tank at the height of 2.04m, and the fuel tank is filled
with liquid. For the convenience of analysis, it is considered
that the baffle and the slider are rigid parts, and two points of
their collision are taken as test data, respectively. ,e stress
simulation results are shown in the figure.

After the tank collides, the displacement deformation in
different directions can be obtained. Since the collision
mainly occurs in a different direction, the major deforma-
tion is shown in Figure 3.

(a) Before the collision
(b) Displacement diagram in the x-direction after the

collision
(c) Displacement diagram in the y-direction after the

collision
(d) Displacement diagram in the z-direction after the

collision

In terms of displacement, the front end with relatively
large deformation is taken. As the fuel tank is a curved part,
it is convenient to fix the sensor. ,e sensor is placed on the
plane of the fuel tank in the front section. After measuring its
position, the collision and simulation experiments are
carried out (Figure 4). In the process of impact test, the
major deformation is in the x-axis direction, so this test also
mainly considers the impact on the x-axis, and the simu-
lation results are consistent with the experimental results,
meeting our impact requirements.
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Figure 2: Fuel tank structure diagram.
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Figure 3: Displacement diagram of the fuel tank. (a) Before the collision. (b) Displacement diagram in the x-direction after the collision. (c)
Displacement diagram in the y-direction after the collision. (d) Displacement diagram in the z-direction after the collision.

(a)

60.00

50.00

40.00

30.00

di
sp

la
ce

m
en

t (
m

m
)

20.00

10.00

0.00
0.00 0.020

simulation value
experiment value

0.040 0.060
time (s)

0.080 0.100 0.120

(b)

Figure 4: Fuel tank configuration and stress-strain diagram. (a) Test point. (b) X displacement of test point.
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4. Conclusion

In this paper, the structure of the fuel tank is analyzed, and
themechanical analysis of the collision bodymade of the fuel
tank is carried out. In the collision operation, the problems
such as long calculation time and difficulty to guarantee
accuracy are caused. ,e collision impact process of the fuel
tank is analyzed, and the deformation process of the fuel
tank is simulated and analyzed by the defense node algo-
rithm.,is study has important practical significance for the
actual collision process of the fuel tank.
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