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In this study, the stress, strain, and flow blocking effect of the explosion-proof

honeycomb structure of a UAV fuel tank are analyzed when it is impacted by

continuous fluid caused by explosion, and themain stress concentration areas and

overall stress distribution are analyzed. It simplifies the problem due to the

symmetry of the barrier and explosion-proof structure of the UAV fuel tank.

Taking a three-layer superposition model of the UAV fuel tank as the research

object, the stress and strain of the material structure under detonation impact are

analyzed by a bidirectional fluid structure coupling method. The simulation results

of choke flow of the fuel tank structure are obtained, which provides reference for

the structural optimization design of the honeycomb barrier and explosion-proof

material for the UAV.
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1 Introduction

Explosion-proof material is a kind of functional material which is filled in flammable

and explosive gas or liquid containers to prevent the gas or liquid from exploding. At

present, metal foam materials, metal honeycomb mesh materials, and organic compound

foammaterials are widely used as explosion-proof materials (Han et al., 2011). Explosion-

proof materials adopt barrier and explosion-proof technology and equipment to isolate

the burning or explosion flame so that it cannot spread to other equipment through

pipelines.

The geometrical structure and internal structure section of a UAV fuel tank are shown

in Figure 1. The UAV fuel tank is a rectangular geometric structure with a length of

700 mm, a width of 200 mm, and a height of 100 mm.

The UAV fuel tank barrier explosion-proof material is an important material used to

fill the fuel and oil tanks of weapons and equipment to prevent the tank from being killed

and exploded in the event of accidental damage such as a direct fire strike or impact. It

divides the inner cavity of the container into many “small single cavities” as shown in
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Figure 2. When flammable and explosive gases encounter open

fire, the flame is torn into countless small “flame clusters”when it

passes through the honeycomb explosion-proof material. The

front of the flame is in a discontinuous state, and the energy

(thermal energy and kinetic energy) of the flame will be absorbed

by the explosion-proof materials. Under the action of large

Rayleigh motion, the flame gradually loses its thermal balance

and cannot maintain combustion and propagation, resulting in

the extinction of the whole flame front, which plays a role in

curbing the propagation of the flame, thus causing the

attenuation of the shock wave generated by combustion or

explosion.

2 Experiment section

2.1 Simplification of the barrier and
explosion-proof model of the UAV fuel
tank

In practical application, a certain amount of hexagonal

barrier and explosion-proof materials is usually filled into

containers (fuel tanks, oil tanks, etc.), as shown in Figure 2. It

can be seen from the figure that the location and direction of the

barrier and explosion-proof materials after loading are random

and have no regularity, and there is no specific cavity formed by

the combination of multiple spherical materials. Based on this, it

can be judged that the spherical barrier and explosion-proof

effect do not depend on the combination of materials, so the

impact resistance of the whole oil tank and barrier and explosion-

proof materials can be simplified as the impact resistance of a

single spherical barrier and explosion-proof material. For a

specific single model, three different explosion locations are

selected, and the equivalent charge is unified to 50 g according

to the requirements. The specific working conditions are

introduced later.

2.2 Simplification of the initial state

In the field of numerical simulation, the finite element method

and finite difference method are still the main numerical analysis

methods for calculating explosion impact problems. The current

finite element software programs have Lagrange and fluid-structure

coupling algorithms (Bungartz, 2006).

The Lagrange method is mostly used to solve solid mechanics

problems. The Lagrange method uses the Lagrange element to

describe explosive materials and structures at the same time

(Chen and Kim, 2009; Zhou et al., 2009). The interaction between

explosive materials and structures is realized by defining the contact

relationship or adopting a common grid. The advantage of the

Lagrange method is that the nodes and elements move together

with the deformation of materials, and its grid also deforms with the

deformation of structures, so the deformation of various material

interfaces and free interfaces in the computational domain can be

clearly observed. The Lagrange method has great advantages in

solving small deformation problems of solid materials. For the

analysis of flow-through coupling problems and large deformation

problems of solids, the computer calculation is often terminated due

to the excessive distortion of the grid, which leads to the reduction of

analysis accuracy and even the generation of negative volume.

When solving the fluid–solid coupling problem, some

scholars put forward the method of coupling Euler–Lagrange,

that is, the arbitrary Lagrange–Euler method, which has the

advantages of the Lagrange method and Euler equation

method in computational fluid dynamics (ANSYS, Inc, 2009;

Paolo, 2010; Liu and Lin, 2008; Lucy, 1977; Monaghan, 1988;

Rabczuk et al., 2006). They are organically combined to form a

hybrid technology, called the ALE method for short.

In this study, the ALE algorithm is used to realize the explosion

process by using a fluid structure coupling algorithm. First, the Euler

algorithm is used for explosives and other fluid materials, and the

Lagrange algorithm is used for other structures, and then the

interaction is processed by the fluid structure coupling

FIGURE 1
Diagram of the full geometry of the UAV fuel tank and its interior section.
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command. The advantage of thismethod is that themesh points can

move with the material at the same time and can also be fixed in

space. Even the mesh nodes can be fixed in one direction and move

with the object in the other direction. ALE’s computational grid can

move in any form in space, which overcomes the problem of

numerical calculations of large deformation of solids. When

analyzing fluid–solid coupling problems, the ALE method can

easily establish complex models and can establish fluid and solid,

respectively. At present, this method has become an important

numerical analysis method for analyzing large strain problems.

2.3 Fluid structure coupling method

The ALE method in LS-DYNA is used to describe the fluid

unit, and the fluid structure coupling calculation is carried out

with the structure described by the Lagrange method to simulate

the failure process of the UAV fuel tank structure during

explosion.

Its advantage lies in ensuring energy conservation and

computational stability in the contact process. In the process

of an explosion, when the fluid comes in contact with the

FIGURE 3
Finite element model of the fluid structure interaction interface and fluid structure coupling keyword card

FIGURE 2
Structure model view of the barrier and explosion-proof material of the UAV fuel tank. (A) Isoaxonometric. (B) Top view. (C) Side view (right and
front).
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structure, the fluid is generally regarded as the main

substance and the structure as the slave substance. In each

calculation step, it is first checked whether each slave node

penetrates the main material surface, and if it does not

penetrate, it would not do any treatment to the slave

node, which ensures the calculation stability and takes

into account the calculation speed. As a result, it greatly

saves calculation time.

FIGURE 4
Explosion model of different explosion locations of the UAV fuel tank structure. (A) Explosion location point 1. (B) Explosion location point 2. (C)
Explosion location point 3.

FIGURE 5
Boundary setup and explosion spreading process.

FIGURE 6
Explosion process of the UAV fuel tank structure. (A) Explosion location point 1. (B) Explosion location point 2. (C) Explosion location point 3.
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2.3.1 Oil tank fluid control equation
Fluid flow follows the basic physical conservation laws, including

the conservation of mass, momentum, and energy. The governing

equations of the law of conservation of mass and momentum of

general compressible Newtonian fluids are described as follows.

zρf
zt

+ ∇ · (ρfv) � 0 (1)
zρfv

zt
+ ∇ · (ρfvv − τf) � ff (2)

where, ff—volume force vector; ρf—fluid density; v—velocity

vector of the fluid; and τf—shear force tensor.

2.3.2 Control equation of the solid structure of
the oil tank

ρs
€ds � ∇ · €σs + fs (3)

The conservation equation of the structural part is derived

from Newton’s second law.Here, ρs—solid density; €ds—local

acceleration vector in the solid domain; €σs—Cauchy stress tensor;

and fs—volume force vector.

2.3.3 Fluid–solid interface equation of the fuel
tank

τf · nf � τs · ns (4)
df � ds (5)
v � _ds (6)

In the equation, τf and nf are the normal stress on the fluid

domain side and the normal stress on the solid domain side at the

fluid–solid coupling interface, respectively; df and ds are the side

displacement of the fluid domain and the solid domain, respectively,

at the fluid-solid coupling interface; and _ds is the local velocity vector

in the solid domain.

Based on the aforementioned fluid structure coupling method,

the alternate solution method is used to solve the fluid structure

coupling problem by the LS-DYNA simulation solver. The alternate

solution method divides the fluid and structure into two separate

solution domains, alternately solves these two domains at each time in

the numerical solution process, and transfers relevant physical

quantities through the coupling interface. The nodal velocity on

the coupling interface is transferred to the fluid as the velocity

boundary condition of the fluid region, and the ALE method is

used to solve the fluid region independently. The nodal forces on the

coupling interface are transferred to the structure as the force

boundary conditions in the solid domain, and the dynamic

equations are solved separately by the traditional method.

2.4 Model construction and working
condition setting

2.4.1 Physical and solid modeling
The whole problem is divided and coupled by engineering

analysis software ansys/lsdyna, and the bidirectional coupling of

Euler and Lagrange can be completed for the finite element

model in the software. The specific keywords of fluid structure

coupling are set as shown in Figure 3.

FIGURE 7
Section selection schematic diagram (left XY direction, right ZX direction). (A) Detonation wave convergence, (B) Detonation wave
convergence.
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2.4.2 Working condition setting
2.4.2.1 Initial condition

The specific numerical simulation conditions are as follows.

The shock tube with a size matching the fuel tank structure of the

UAV is also set as a rigid wall, and the charge size is 1.6 cm

spherical charge. The explosion process of the charge in the shock

tube is numerically simulated by ANSYS/LS-DYNA finite element

software, and the initiation process of 50 g spherical charge is

FIGURE 8
Overpressure at the measuring point in front of the UAV fuel
tank structure. (A) Explosion location point 1. (B) Explosion location
point 2. (C) Explosion location point 3.

FIGURE 9
X-direction velocity of the measuring point in front of the
UAV fuel tank structure. (A) Explosion location point 1. (B)
Explosion location point 2. (C) Explosion location point 3.
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simulated by multi-material arbitrary Lagrangian–Eulerian

method provided by LS-DYNA. Because the structure ball is

complex and symmetrical, the full model numerical simulation

is adopted to display the shell transparently. The charge is located

in the center of the shock tube, 2 cm away from the UAV fuel tank

structure, as shown in Figure 4:

2.4.2.2 Boundary condition

Because of the asymmetric model of the complex structure, it is

impossible to consider simplified symmetry. The non-reflective wall

around the model is used to simulate the response of a filled

explosion-proof structure under explosion, as shown in Figure 5.

FIGURE 10
Y-direction speed of the measuring point in front of the UAV
fuel tank structure. (A) Explosion location point 1. (B) Explosion
location point 2. (C) Explosion location point 3.

FIGURE 11
Z-direction velocity of the measuring point in front of the
UAV fuel tank structure. (A) Explosion location point 1. (B)
Explosion location point 2. (C) Explosion location point 3.
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2.4.2.3 Coupling control

The large-scale general finite element software LS-DYNA

used in this study contains amature ALE algorithm function. The

fluid structure coupling algorithm is used to realize the explosion

process. The Euler algorithm is used for explosive and other fluid

materials, and the Lagrange algorithm is used for other

structures, and then the interaction is processed by the fluid

structure coupling command. The advantage of this method is

that the grid points can move with the material at the same time,

and can also be fixed in space; the grid nodes can even be fixed in

one direction and move with the object in another direction.

ALE’s computational grid can move in any form in space, which

overcomes the difficult problem of numerical calculations of

large deformations of the solid.

2.4.2.4 Material parameter

A high explosive material parameter needs to be combined

with the JWL equation of state describing the pressure–volume

relationship of explosion products. Specifically, the semi-

empirical equation of state with parameters determined by the

cylinder test can accurately describe the expansion-driven work

process of explosion products. The unit pressure p of explosion

products of high explosives is obtained from the equation of state,

and the p–V relationship of the JWL equation of state is as

follows:

P � A(1 − ω

R1V
)exp(−R1V) + B(1 − ω

R2V
) exp(−R2V) + ωE

V

(7)
In the equation, V is the relative volume, E is the initial

internal energy of explosive per unit volume, and A, B, R1, R2,

and ω are all constants of the equation of state.

A, B, R1, R2, and OMEG are the parameters in the

aforementioned equation of state expression; E0 is the initial

energy density; and V0 is the initial relative volume.

LS-DYNA provides a null material model combined with

linear polynomial equations of state to describe materials with

fluid behavior (such as air). In the null material model, the

constitutive relation of themodel is provided, and the polynomial

equation of state is used to calculate the pressure. In the

calculation, the gas in the standard state is regarded as the

ideal gas.

3 Results and discussion

3.1 Physical processes and analyses

At the start of ignition, TNT expands rapidly in the form of

spherical waves, as shown in the following figure.

3.1.1 Analysis of the force of the spherical barrier
and explosion-proof material

The spreading process of the explosion shock wave inside

the model is shown in Figure 6. In Figure 6A, when the charge

explodes, it contacts the UAV fuel tank frame with the

FIGURE 12
Total speed of measuring points in front of the UAV fuel tank
structure. (A) Explosion location point 1. (B) Explosion location
point 2. (C) Explosion location point 3.
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explosion wave. The deformation of the frame absorbs part of

the energy, and some existing UAV fuel tank walls block the

spreading of shock waves. When the explosion shock waves

meet the structure like a funnel mouth, a jet is formed at the

hole and the shock waves converge and expand at a distance

behind the wall through the hole and finally fill the whole

space. In Figure 6B, the charge explodes. Because the charge is

inside the UAV fuel tank structure and is affected by the

structure, the explosion radiates outward under the guidance

of the structure. Due to the explosion inside the structure, the

whole structure is obviously damaged, and the skeleton is

quickly crushed and broken. In Figure 6C, the charge explodes

at the top. With the spreading of the explosion wave, it

expands outward under the guidance of the shape of the

UAV fuel tank skeleton, and the overall frame has good

compressibility in the axial direction.

3.1.2 Obstruction of the spherical barrier and
explosion-proof materials to impact fluid

There are many guiding inlets in the fuel tank structure of the

complex UAV, which guide the explosion wave to converge or

diverge after the external explosion. Whether it converges or

diverges has a great relationship with the explosion location.

The spreading process of the explosion shock wave inside the

model is shown in Figure 7. In Figure 7, when the charge explodes, it

contacts the UAV fuel tank frame with the explosion wave. The

deformation of the frame absorbs part of the energy, and some

existing UAV fuel tank walls block the spreading of shock waves.

When the explosion shock waves meet the structure like a funnel

mouth, a jet is formed at the hole, and the shock waves converge and

expand at a distance behind the wall through the hole and finally fill

the whole space. In Figure 7A, the charge explodes. Because the

charge is inside the UAV fuel tank structure and is affected by the

FIGURE 13
Explosion-proof stress nephogram of the UAV fuel tank structure. (A) Explosion location point 1. (B) Explosion location point 2. (C) Explosion
location point 3.

FIGURE 14
Explosion waveform after explosion-proof of the UAV fuel tank structure. (A) Explosion location point 1. (B) Explosion location point 2. (C)
Explosion location point 3.
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structure, the explosion radiates outward under the guidance of the

structure. Due to the explosion inside the structure, the whole

structure is obviously damaged, and the skeleton is quickly

crushed and broken. In Figure 7B, the charge explodes at the

top. With the spreading of the explosion wave, it expands

outward under the guidance of the shape of the UAV fuel tank

skeleton, and the overall frame has good compressibility in the axial

direction.

In Figure 8, curves a and c have similar trends. From the location

point of view, both of them play a certain role in weakening the

explosion wave after structural crushing. The structures

corresponding to a and c are crushed the most. The attenuation

of explosion pressure is also the largest, showing the law that with

the compression. When the explosion pressure is equal to the self-

deformation force of the structure, the explosion pressure is the

largest at this time, and then it begins to decelerate, reaching a stable

state whichmeans that the structure crushes to the limit. The energy

absorption also reaches the limit, and the explosion pressure of the

explosionwave tends to be stable. The explosion pressure in groupA

decreased rapidly from 150Mpa to 70 Mpa and then increased

briefly with the arrival of the reflected wave. The location of c is

placed on the upper side, so the contact area is larger, the ability to

block an explosion is stronger, and the explosion peak value is

smaller. It is verified that the energy absorption of the structure is

different when compressed in different directions.

Observing location B alone, because the explosion point is

located inside the structure, the internal explosion is complex,

and the space is small, the structure will be destroyed in a short

time. It can be seen that in this case, the explosion attenuation is

not obvious, this location explodes, and the explosion-proof

ability of the structure is weak.

The simulated measured velocities at different observation

points are shown in Figures 9–12. It can be seen that the

process of the structure is very similar to the redistribution of

deformation in a structural inhomogeneous body, which is

consistent with the conclusion of Maruschak et al. (2012).

Because locations of the explosion in Figures 13A,C are

external, the speed increases all the time before they start

to contact the frame. After contacting the UAV fuel tank

frame, the frame starts to be compressed and the speed

decreases obviously. After being compressed to a certain

value, the whole structure is completely crushed, and the

speed does not decrease. For Figure 13B, because of the

small internal space, the velocity begins to decrease after

loading to a certain value, and because the structure is

destroyed prematurely, it does not play a good role in

decreasing the explosion velocity.

It can be found from the explosion-proof stress nephogram

shown in Figures 13–15 that the honeycomb barrier and

explosion-proof structure of the UAV fuel tank can effectively

FIGURE 15
Explosion wave velocity nephogram during the explosion process of the UAV fuel tank structure.
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block the high-speed and high-pressure fluid and shock waves

produced by the explosion, greatly reduce the flow velocity, and

prevent the rapid diffusion of the explosive fluid. The size of the

low-flow velocity area formed by the honeycomb barrier and

explosion-proof structure is closely related to the projection size

of materials perpendicular to the flow velocity direction and the

material connection strength between superimposed structures.

4 Conclusion

According to the flow field shown in the given figure, the

complex structure has more cavities which can diverge explosion

waves when explosion waves enter large cavities from small

calibers. On the contrary, it plays a convergent role.

Under the impetus of transverse and longitudinal explosion

sources, the compression forms of the structure are different, the

longitudinal compression performance is the best, which can

bear greater explosion load, the transverse compression is

limited, and the internal compression is the worst, which can

easily cause damage prematurely and lose energy absorption. The

honeycomb structure of the UAV fuel tank explosion-proof

materials may cause the vortex growth of the fluid, but this

phenomenon can be eliminated by stacking in large quantities.

When the honeycomb structure of the explosion-proof

material impedes the high-speed and high-pressure fluid

produced by the explosion, the main stress concentration area

is the contact point of the structure, so it should be considered to

improve the compressive strength of the structure by increasing

the reinforcement.

The aforementioned analysis is based on a single structure.

When there are many structures, the explosion wave

continuously undergoes repeated processes such as

convergence and divergence, and finally gets a greater

weakening of explosion pressure, which plays a good

explosion-proof role. When the number of structures

reaches a certain amount, there is a high probability that

any explosion point would have a corresponding structure to

match it, and the explosion resistance performance of the

UAV fuel tank structure of the group should be relatively

stable.
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