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Abstract: The launching safety of explosive charge drastically affecting the application of high explosive
should be used with care. The researchers are interested in the low cost and high efficiency of FAE (fuel air
explosive) charged warhead. However.few references about the launching safety of the mixed fuel, especially
under high launching load.can be found. In this paper,the pressure and pressure-rate in the mixed fuel during
launching was analyzed by the explosion mechanics programming Object MMIC. The analysis shows that the
pressure and pressure rate are different from those obtained from the traditional launching safety theory.
Therefore,it is necessary for FAE weapon to establish a new launching safety theory by means of the innova-

tive method combining the pressure wave stage with the inertia stage.
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1 Introduction

The launching safety of explosive charge,which affects interior ballistic performance and design of
weapons including guns, projectiles,fuses and propellant charge,has been the sophisticated subject of
extensive studies. With new warhead technologies being designed and developed to obtain high power,
it is necessary to improve the interior ballistic performance. A high initial velocity can be achieved
when the gun chamber pressure increases to 500~ 700 MPa. Furthermore, these high velocities add
major concerns to what affect the warhead’s design and intended performance. Therefore, the launch-
ing safety of explosive charge drastically affects the application of high explosive-.

The launching safety depends on the property of explosive under impact loading. Conventional
launching safety research concentrates on the stage of inertial loading action during launching of war-
head. The launching of the explosive charged warhead is described as two stages™!. The first is the
stage of pressure wave action,in which the pressure wave transmits from the bottom to top of the
warhead. The second is the stage of inertial loading action,in which the charge is under inertial loading

for acceleration during launching of warhead. The first stage is the most dominant for the launching
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safety of charge. Few references on the first stage were reported,and the present studies on launching

BJ mainly concentrate on the second stage.

safety

FAE has been used in a variety of warheads to gain an excellent efficiency, so the increasing
researches are interested in the low cost and high efficiency of FAE warhead. FAE,a mixed fuel, con-
sists of metallic particle and liquid ingredient""*’. Thus a special phenomenon will occur during
launching because of the liquid ingredient. The physical state of the fuel correlates with its initial phys-
ical state and launching load. Under low launching load, the physical state of the liquid ingredient is
consistent with that of the solid ingredient and no risk will occur. However, under high launching
load, the liquid ingredient may be separated with solid ingredient during launching, which introduces a
safety risk. Therefore,it is urgent to study the launching safety of the mixed fuel especially under high
launching load.

In this paper,the explosion mechanical programming Object MMIC! is used to study the dynam-
ic mechanical properties of the mixed fuel during launching, including the influence of pressure and
pressure rate at different positions. Studies in this domain have the potential for gaining information on
the underlying behavior of the mixed fuel,leading to predictions for launching safety of the mixed fuel.

[7-9]

The software Object MMIC has used to analyze explosion action in rock,soil and air extensively

and successfully. It has been proven this code is reliable.

2 Computational Models

Object MMIC compiled by the C™" language is a Eulerian Multi-Materials numerical method
based on objected-oriented. The programming is considered to be of high reliability and maintainability
proved by many emergent engineering problems" .

2.1 Solution Method

The Multi-Materials problem,which means that there are no less than three kinds of materials in
the computational zone and in a cell,is always an important research content in the Eulerian numerical
method. Rectangle discrete meshes in the axial symmetry or plane coordinates system are applied to
treat with the interaction among two or more materials. All the physical properties are located at the
center of a cell while the artificial viscosity is located at the center of the side of a cell. Through the
pressure effect step and advection step,we can get the computing scheme to resolve the problem. The
computing recycle is as following™" .

(a) Calculating the partial stress of the cell according to the deformation geometry relationship
and the stress-strain relationship.

(b) The pressure effect step,also called Lagrange’s step,considering the effect of pressure gradi-
ent and partial stress to get the temporary velocity and internal energy.

(¢) Advection step,also Euler step, remapping the mass, momentum and energy on the Euler
mesh to gain the new cell velocity,mass,and energy of each materials in the cell.

(d) To the mixed cell advection,we use two methods.

An advanced method, which is the mixed cell including two kinds of materials,is presented based
on the thought of Youngs''® and Yul', The volume ratios of eight cells around the donor cell are used
to decide the interface in the mixed cell (Fig. 1). A approximately straight line in the mixed cell repre-
sents the interface of materials. The slope of the straight line is decided by the distribution of the vol-
ume ratios of eight cells around the donor cell A. After the slope is decided, the position of the straight

line is decided by the volume ratio of materials in the donor cell. According to the reconstructed inter-

face,the volume flow from the donor cell to the accept cell can be calculated, then the flow of mass,
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momentum and energy can be calculated.
The SLIC (Simple line in cell) method is used
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vection volume is calculated according to the distri- P

bution state in the cell. .
Fig. 1

(e) Calculating the pressure of each cell based
on the equation of state.

(f) Calculating the next time step according to the stable
condition and starting a new recycle.

The new material interface method can describe the objects
with complicated shape and improve the material transport preci-
sion.

The continuous computational domain is divided into 150 X
200 rectangular grid. To deal with the boundary condition"'*, a
row of cell is appended to the boundary cell of the computational
domain. z-axis is a symmetry axis. The gun shell is an immovable

boundary.and the rest boundaries are transmitting boundaries.

The interface of materials in the cell
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2.2 Numerical Model O...
The physical model used to simulate the propellant field is r
simply depieted in Fig. 2. Fig. 2 Arrangement of initial field

2.3 Governing Equations

A non-conservation partial differential equation is defined as follows!®
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The above four independent equations are conservation equations of mass,

tively. Where ¢,7,and z are variants of time and space;p is the density;u,
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momentum,energy,respec-

and u. are radial and axial

velocity of particle, respectively; p is the hydrostatic stress; S, s Sy »S.. are radial, circumferential and

axial partial stress,respectively;S,. is the radial/axial shear stress;and e,a
and modified coefficient of yield stress,respectively.

2.4 Equations of State
[13]

An ideal air law""*" is expressed as

pi =r— Dpe;

,[3 are ratio energy,constant

(2

where 7 is the polytropic index,p; is the density of air,and e; is the ratio internal energy.

The equation of state of the mixed fuel is needed in the simulation. However,no equation of state

of the fuel can be gained at present. Because the mixed fuel consists of solid,liquid and air ingredients,
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so the equation of state' is described as
ki (P — Do) Uk ko (P — Do) ik P\
= s | | ————————+1 : 3
fr— { o [ P10 cto - ] Hax [ (020(;0 + ] T ( P ) } )

where p, is the initial density of the mixed fuel,a; 00 scio (i=1,2,3) are the relative volume, density

and sound speed of solid,liquid and air at p,= p, srespectively;and &, sk, ,k; are adiabatic coefficients
of solid,liquid and air,respectively. For the mixed fuel,p, =1.49 g/cm®,p10=2.2 g/cm’ ,0,0=1.0 g/cm?’,
030 =1.2X10 P g/em’ 10 =4500 m/s,c0=1500 m/s,c30 =340 m/s.k; =3,k, =3,k;=1. 4.

The shell of the projectile is made of metal,so the state equation of the shell can be calculated by

the Mie Griineisen equation,as follows

pe=pul —Tu/2) +Ip.(e, —ey) 4

with
Pu :/3/1/1+k/2/12+k/3/13 pn=0 (5
pu=F p 7w <0 (6)

The subscript “H” refers to the Hugoniot curve,while u=p,/p, —1 represents the compressed degree
and I' is the Griineisen parameter. ey, is the initial ratio internal energy per unit mass and e, is the ratio
internal energy per unit mass. p is the initial density and p, is the density. Lk, k5 are the material
constants, respectively.

Although the acting time of propellants and TNT are different, there are some approximations be-
tween them considering whether to satisfy the initial stage of launching. The initial stage of launching
is studied in the paper,and the duration is less than 100 ps. Hence, it is appropriate for propellant
product to use the JWL equation of statel'*'*,

2.5 [Initial Condition

For a FAE warhead, the mass m=10 kg, the outside shell diameter d;, =100 mm, the shell thick-
ness is 5 mm,the mass of the mixed fuel m, =4 kg, the inside shell diameter d, =90 mm,the propel-
lant length #=410 mm. The pressure and pressure rate of the mixed fuel during launching at the ac-
celeration a; =10"'g and a, =2X10"g are successfully simulated by Object MMIC, respectively.

The computation is reported as follows. The principal objective is to calculate the over-loading
force as well as the pressure of the mixed fuel based on the acceleration. The second approach, the

parameters of the propellant chamber are obtained by means of the coupling volume ratio of the pro-

pellant, calculated by the formula (7)" as follows
1
—p, D* (V, /V)N >
[J:[)()(VO/V)YZ 4‘0 p pk (7)
PV b=

where p is the pressure in gun, p, is the initial pressure in gun,p, is the initial density of the propel-
lant, D is the detonation velocity,V is the volume of the propellant when the pressure is p,V, is the in-
itial volume of the propellant. p, =0. 2 GPa is the pressure at separation point, V) is the volume of the
propellant at p= p,,7, and 7, are the polytropic indexes,of which y, =3 at p=>p.,7. =1. 4 at p<px.

The over-loading force is derived to be

F, =mya; =10° N (&)
Then the over-loading pressure of the mixed fuel is equal to
pr=F,/S=F,/(xd*/4) =0.127 GPa 9
From Eq. (7),V,/V, is solved
V,/V=0.234 (10

The equation for p, now is
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b =1.27 X 10°(V, /V)! an
Inserting Eq. (9) into Eq. (11),yields the coupling volume ratio of the propellant chamber V,/V=0. 17.
For the propellant,the diameter d'; =58 mm,and the height A, =50 mm,while for the propellant
chamber, the diameter d’, =100 mm,and the height 2, =100 mm.
By means of the same method the actual over-loading of the fuel p, =0. 254 GPa, the pressure
p,=1.55X10"(V,/V)?,and the coupling volume ratio of the propellant V,/V=0. 25. For the propel-
lant.the diameter ¢, =70 mm,and the height A", =50 mm, while for the propellant chamber., the di-

ameter d’» =100 mm,and height A, =100 mm.

3 Results and Discussion

3.1 The Pressure Distribution in the Fuel Medium

The mass ratio of the solid ingredient to the liquid ingredient in mixed fuel is 3 ¢ 2,and the densi-
ty of fuel p=1.47 g/cm?®. “L” is the vertical distance between the position of the fuel and the bottom
of the fuel. “R” is the horizontal distance between the position of the fuel and the symmetry axis,
where R is 5 mm.

The pressure history of the fuel at 10'g and 2X10*g are shown in Fig. 3. The figures show that
the pressure calculated at 2X10"g is greater than that at 10" g at the same distance. The pressure wave
produced by the propellant energy travels in the mixed fuel. There is a drastic release of the propellant
energy and a rapid expansion of the propellant gas product. On the pressure-time plot, the pressure

rises at a constant rate to a peak value,then drastically decreases to a stable state.
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Fig. 3 The pressure distribution of the fuel versus time at different distances at 10' g and 2X10'g

The momentum developed by the propellant energy is transformed to an impulse delivered to the
mixed fuel filled in an artillery projectile during launch. The warhead shell may then rebound and
strike the fuel again delivering a second impulse. In the impact mode,i. e. the stage of pressure wave,
the pressure in the mixed fuel rises more rapidly to a higher peak due to the inertia effect. The me-
chanical properties of the mixed fuel depend on its inertia effect and relevant effects. When the pres-
sure wave travels forward until it impacts the top of the mixed fuel,the mixed fuel is assumed to be
rigid,and the pressure and pressure rate can be inferred from the breech pressure,called as the stage of
traditional inertial over-loading, while in the impact mode, the pressure and pressure rate depend on
the total run. The release of the propellant energy and the mechanical properties of the mixed fuel,in
this mode,are originally obtained from the rapid release of the propellant energy.

It is revealed that the pressure-time curve in the mixed fuel is different from the traditional pres-
sure-time curve. It should be noted that the difference between the stage of pressure wave and the

stage of inertial over-loading cannot be ignored, where the pressure in both conditions is distinct.
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Therefore, an important conclusion drawn here is

241

that the traditional launching safety theory is not \
appropriate to the evaluation of FAE warhead’ s 20
launching safety. z 16 ,2X10%g

The plots of the peak pressure p,., against the % Lol
distance L at 10*g and 2 X 10'g are produced, as S
shown in Fig. 4. The figure shows that the pressure 0.8r ~.
initially decreases rapidly with increasing distance 0.4l ——
and then levels off to a sable state. The solution 510303040 =0~ c0 ;.E' 30
shows that the simulated pressure at the bottom of L/(mm)

the fuel has the maximum value.

3.2 Effect of the Stress Rate in Mixed Fuel

Fig. 4 The peak pressure of the fuel versus distance

at 10' g and 2X10'g
During the initial launching of the projectile,

the longitudinal over-loading of the projectile leads to impact on the fuel and the shell boundary as
well as the occurrence of pressure wave in fuel, where the pressure rate and deforming energy of the
charge are main factors. Hence,it is necessary for FAE fuel to analyze the pressure rate during launch-
ing. Pressure rate-time curves of the fuel during launching at 10'g and 2X10'g are shown in Fig. 5,

thereinto the pressure rate is approximately instantaneous loading and unloading, furthermore, the

peak value rises to 100 TPa/s.
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Fig. 5 The pressure rate distribution of the fuel versus time at different distances at 10'g and 2X 10" g
The pressure rate rises to a peak value before 400r
the maximum pressure. FAE fuel exhibits viscoplas- 350}
ticity"'" when the pressure rate reaches 100 TPa/s. FAE 3 3007
. . . L. . & 250+
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p Fig. 6 The peak pressure rate of the fuel versus

The plots of the peak pressure rate p,., versus distance at 10' g and 210 g

the distance L at 10'g and 2 X 10'g are shown in
Fig. 6. The pressure rate of 2X10'g is greater than
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that of 10" g at the same distance.

4 Analytical Results Compared with Experimental Data

To compare the numerical compute results with experiments, the stress in the FAE charge is
measured with dynamic pressure storage measurement system,as shown in Fig. 7. The experimental
configuration is shown in Fig. 8.

For a FAE warhead, the outer shell diameter is 90 mm,and the inner shell diameter is 85 mm.
The height of the mixed fuel is 100 mm,110 mm,120 mm,130 mm and 140 mm,respectively.

The dimension of the propellant is (30 mm X 25 mm. The pressure of the mixed fuel is measured
by the piezoelectric pressure-sensor.

The difference between the simulation and the experiment results is shown in Table 1. Seen from

Table 1,the simulation provides good results with the highest deviation of 7. 8%.

~—— Igniting wires

| Propellant

— Plastic pipe

Shell
Mixed fuel
Steel wall
Sensor
Fig. 7 Dynamic pressure storage measurement system Fig. 8 Experimental configuration
Table 1 Comparison between simulation and experiment data
H/(mm) Analytical result/(MPa)  Experimental data/(MPa) Deviation/ (%)

100 36. 27 34. 64 4.5

110 30. 94 30.13 2.6

120 28.13 25.94 7.8

130 25.23 25.07 0.6

140 21.74 20.76 4.5

5 Conclusions

The explosion mechanical programming Object MMIC is used to study the pressure and pressure
rate in the mixed fuel during launching. In the stage of pressure wave, the pressure and pressure rate
are obviously greater than those calculated by the traditional launching safety theory. The results of
the analyses indicate that the pressure wave stage and the inertia stage are different. The pressure
wave stage is a special stage for the mixed fuel, which cannot occur in the solid charge. Also, it is
needed to establish the launching safety theory of FAE warhead by means of the new and innovative

method combining the pressure wave stage with the inertia stage.

The author would like to thank Mr. WANG Zhong-Qi for use of his explosion mechanical programming Object
MMIC.
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