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Abstract. For gas generators based on pyrotechnic technology, as the structure
becomes more complex, the internal ballistic characteristic is no longer just related
to the flow field generated by propellant combustion. The fluid-structure interaction
in the system plays an important role. In order to accurately predict the internal
ballistic characteristic of the gas generator, a mathematical model of coupling the
flow field generated by propellant combustion and the structural evolution in the
system is established. The interior ballistic model is utilized to calculate the flow
field generated by propellant combustion, and the finite element method is applied
to simulate the structural evolution. The flow field and the structural evolution are
coupled through a user subroutine interface in ABAQUS. The accuracy of the
coupled model is verified by experiment, and the precision of the traditional
classical interior ballistic model is compared with that of the coupled model. The
results show that the pressure prediction error of the traditional classical interior
ballistic model is more than 46% for gas generators with complex structures. While
the coupling model is in great agreement with the experiment, and the error of
pressure prediction is less than 5.0%.
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1. Introduction

The gas generator based on pyrotechnic technology takes solid propellant as incendiary
agent and oxidizer, which is filled in the chamber and ignited by the ignition device to
generate high temperature and high pressure gas [1]. It is widely used in aerospace [2],
ship [3], petrochemical [4] and automobile [5] and other fields. So far, researchers have
done a lot of research on gas generators by means of theoretical analysis, experimental
verification and numerical calculation. Great progress has been made in optimizing the
structure, improving the performance and reliability, and reducing the cost [6-9].

With the application expansion of the gas generator, its requirements are becoming
higher and higher. As a result, the structure and operating environment of gas generator
become more and more complicated. And its interior ballistic characteristic can not only
consider the influence of propellant combustion. Taj Wali Khan et al. [10] found that the
characteristic speed and pressure of liquid rocket engine were strong functions of the
characteristic length of gas generator, and obtained the optimal characteristic length.
Salgansky E.A etal. [11] studied the performance of gas generators applied to high-speed
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aircraft at low temperatures and analyzed the effect of fuel type. Afanasiev N. A. et al.
[12] studied the problem of thermoacoustic instability in gas turbine combustor, and the
propagation of long wave in aerodynamic channel is described by quasi-linear equations.
Zhiyue Han et al. [13] studied a new flexible body deployment system for spacecraft and
analyzed the performance of gas generator.

In this paper, a mathematical model that coupling flow field of propellant
combustion and structural evolution is established for a gas generator with complex
structures. The traditional classical interior ballistic model and the coupled model are
used to simulate the corresponding interior ballistic characteristic. The simulation results
and precision of the two models are compared.

2. Gas Generator Structure Principle and Experiment
2.1. Structure Principle

The structure diagram of gas generator studied in this paper is presented in figure 1,
which mainly includes chamber, central sliding duct, burner, pistons and rubber cushion,
and so on. The central sliding duct is positioned by shear pins. The vent holes are
distributed in the wall of the burner along the axial direction, and each group is evenly
distributed in the circumferential direction. And these holes are sealed by the pistons,
which mounted on the central sliding duct, and their outer circumference is closely
attached to the inner wall of the burner. The sides of middle pistons are opened with a
plurality of the evenly distributed large diameter circular holes, the end piston side is not
opened holes.
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Figure 1. Structure diagram of gas generator.

The propellant is packed in the chamber. A metal diaphragm is used to seal chamber
exits. As propellant is ignited and begins to burn, the metal diaphragm is sheared
instantly when chamber pressure meets the set requirements, and the gas flows into the
central sliding duct with the unburned propellant particles. Thereafter, the gas fills the
space enclosed by the chamber, the central sliding duct, and the burner. The end piston
receives axial thrust but remains fixed within shear pin constraints. Until the axial thrust
increases to the point where the shear pin is severed, the central sliding duct and pistons
begin to move. The vent holes are opened and the gas gradually flows out. When the end
piston moves to the restricted position, the axial movement process ends and the gas
generator enters a stable state.

2.2. Experiment

The gas generator used in the experiment is presented in figure 2. Piezoelectric sensors
are used to obtain pressure data. A high-speed camera system is used to capture the
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timing sequence, brightness and shape of the flame at the vent hole outlet. The layout of

the experiment site is presented in the figure 3.
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Figure 2. The gas generator used in experiment. Figure 3. The experiment management.

Repeated experiments were carried out under different propellant mass conditions.
Select a group the experiment with a propellant mass of 500 g, the phenomenon of the
opening moment of the vent holes is presented in the figure 4. The pressure-time curve
and the response time 7 of the vent holes in the wall of the burner are obtained. The
former is the main characteristic of the gas flowing out of the gas generator, while the
latter represents the total time from the moment of ignition to the moment of opening the
holes. When the propellant mass is 500 g, the experimental value of T is 6.4 ms.

Figure 4. The opening moment of the vent holes.

The pressure at the burner will be used later to verify the accuracy of the model. And
it should be noticed that the relevant parameters of propellant and gas generator used in
the experiment are consistent with the data in the subsequent numerical simulation.

3. Traditional Classical Interior Ballistic Model

For the gas generator, the traditional classical interior ballistic model is usually used to
obtain the characteristic, such as the pressure at the burner and the response time 7.
Although the model simplifies the interaction and energy dissipation in the system.

Based on the interior ballistic theory, the following assumptions are made:

(1)The combustion of propellant follows the geometrical combustion law and
combustion velocity equation.

(2)The propellant gas obeys the Nobel equation.

(3)The composition of propellant and products is constant, and the propellant
impetus, co-volume parameter and specific heat ratio are constant.



X. Lu et al. / A Fluid-Structure Coupling Method 701

(4)The combustion of the propellant and the movement of the duct and the pistons
are carried out at an average pressure

(5)The flow of gas through the vent holes obeys the Bernoulli’s principle.

The main internal ballistic equations are presented as equation (1). The detailed
related formulas and the meaning of each symbol can be obtained from the reference
[14], not to be repeated here.
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The fourth order Runge-Kutta method is used to calculate the program with above
equations, and the internal ballistic characteristic of gas generator is numerically
simulated. The pressure comparison in the burner between the simulation result of the
traditional classical interior ballistic model and experimental result is presented in the
figure 5. The classical model only considers the relationship between the pressure and
the combustion degree of the propellant, ignoring the interaction with structural
evolution. The dissipated energy is still converted into gas pressure. Therefore, the two
start in good agree, but diverge more and more over time. The max error is more than
46%. In addition, the value of T obtained by the classical model is 9.7 ms, while being
6.4 ms in the experiment. Its error is 34%.
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Figure 5. The pressure comparison in the burner. Figure 6. The coupling strategy.
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Obviously, the traditional classical interior ballistic model has no ability to
accurately predict the internal ballistic characteristic of the gas generator with complex
structures.

4. Coupling Model

The process of propellant combustion and gas flow in gas generator is regulated by four
high and low pressure chambers and involves complex structural evolution, such as
friction between components, movement of central sliding duct and pistons, compressed
deformation of rubber cushion. All of these will in turn affect the flow field generated
by propellant combustion.

In the traditional interior ballistic model, a constant coefficient is used to simplify
the energy dissipation in the fluid-structure interaction. However, the friction dissipation
is a function of the kinetic parameters of the moving body and the structural parameters
of the system. And the strain energy of the rubber cushion cannot be described by the
simple linear coefficients. Therefore, the traditional interior ballistic model is not capable
of reflecting the fluid-structure interaction in the system.

In this paper, a numerical model of that couples flow field generated by the
propellant combustion and the structural evolution of the system is provided, through a
user subroutine interface VUAMP in ABAQUS. The coupling model is divided into two
sub-systems. One considers the propellant combustion in VUAMP, and the other one
considers the structural evolution in ABAQUS.

The fluid-structure interaction effect is complied by the interchange between load
calculated from VUAMP and kinetic parameters obtained from ABAQUS, as presented
in equation (2).

MU+ CU+KU =Q ()

Where U, U and U are the displacement, velocity and acceleration vectors,
respectively; M, C and K are the mass, damping and stiffness matrixes, respectively; and
Q is the loading vector.

The coupling strategy is presented in figure 6.

4.1. Interior Ballistic Model

Based on the classical interior ballistic model in Section 2, the equations governing the
propellant combustion are programmed in FORTRAN in VUAMP. For each time step
(about 1d-7s) of the moving body advances, the VUAMP obtains the real-time kinetic
parameters such as the displacement, velocity, acceleration from the finite element model
in ABAQUS, and applies them for combustion calculation. In turn, the calculated
pressure is conveyed to the actuator as the amplitude, and the next step is started. The
finite element model adopts the updated load and then carries on the subsequent
simulation. Until the coupling model meets the end criteria, the cycle calculation is
complete.



X. Lu et al. / A Fluid-Structure Coupling Method 703

4.2. Finite Element Model

The gas generator structure is simplified, and only the central sliding duct, pistons, rubber
cushion and part of the wall of the burner are considered. The corresponding finite
element model is established in ABAQUS. Hexahedral elements are preferred for
meshing. The grid size of the center sliding duct and pistons is 0.3 mm, the grid size of
the rubber cushion is 0.1 mm, and the grid size of the burner is 1.0 mm.

The material parameters of the above models are presented in table 1. The central
sliding duct, pistons and burner are made of carbon steel. The rubber cushion will use
nitrile rubber.

Table 1. The relevant material parameters.

Young’s modulus

Material Density (kg m™) (GPa) Poisson’s ratio Cio(MPa) Coi (MPa)
Carbon steel 7800 210 0.3 \ \
Nitrile rubber 1000 \ \ 1.9519 -0.3067

The phenomenological theory based on continuum mechanics assumes that rubber
is isotropic material and its mechanical behavior is characterized by strain energy per
unit volume [15,16]. In practical engineering applications, the results obtained by using
Mooney-Rivlin model for rubber materials meet the engineering solving needs. This
model supports most of the current technical units, especially the Mooney-Rivlin model
by setting two parameters is more widely used to solve the problem. The expression of
the two-parameter Mooney-Rivlin model is as follows in equation (3).

W= C10(11 -3)+ C01(12 -3) (3)

Where W is the strain potential energy, I; is the first-order strain invariant, I, is the
second-order strain invariant, and C;,. Cy; are Mooney constants.

In finite element analysis, the deformation of materials can be so intense that it is
difficult to predict in advance where and how contact will take place. Therefore, the

general contact options are chosen. And the friction formulation adopts the penalty
function with the coefticient 0.25.

5. Result and Discussion

Figure 7. The comparison of pressure in the
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The comparison of the pressure in the burner between simulation result of two models
and experimental result is presented in the figure 7. It can be seen that the curve
corresponding to coupling model is in great agree with the curve of the experiment. The
error is less than 5.0%.

In the figure 7, the pressure obtained from the experiment is slightly lower than the
pressure of the coupled model. And in the later period, the pressure corresponding to the
coupled model remains constant, while curve obtained from the experiment declines.
This is because the simulation ignores the thermal loss in the experimental environment
and the air leak of the device.

The values of T corresponding to three sources are presented in table 2. By error
comparison, it is also proved that the coupled model is superior to the traditional classical
interior ballistic model.

6. Conclusion

For gas generator with complex structures, a mathematical method is developed to
couple the flow field generated by propellant combustion and the structural evolution in
the system, through VUAMP, a subroutine interface in ABAQUS. With experimental
verification, the coupled model is capable of accurately predicting the internal ballistic
characteristic of gas generator. The error of predicted pressure is less than 5.0%, and the
error of T'is 3.1%.
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