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Abstract: Different charge structures have different interior ballistic performance. Existing research
is based on experimental measurements or the lumped parameter method to obtain limited ballistic
characteristics, which indirectly impacts the analysis of the parameters’ distribution, requiring a
complex modeling solution process. Besides this, the ignition performance of different charge
structures needs to be further explored. The disadvantages of previous studies have limited the
feasibility of further optimization of the composite charge structure. In this paper, we apply a
two-dimensional two-phase flow method based on the Eulerian-Lagrangian model to study the
performance of different composite charge structures. First, we establish the mathematical model of
different particle types based on interior ballistics, which is directly related to the research foundation
of subsequent ballistic performance. Next, we investigate the multi-scale reaction flow of complex
charge structures by the two-phase flow method and obtain the distribution of parameters in the
chamber. Finally, we conduct a study with different particle charge parameters to explore the
sensitivity of ballistic characteristics to structural parameters. The results show that the tubular
propellant has good ignition performance in different charge structures, and the ignition consistency
can be improved by charging tubular propellant in the center of the chamber. However, more tubular
propellants are ineffective at significantly improving ignition performance, and result in a decrease
in combustion chamber pressure. These results may be promising for the optimization of various
charge structures.

Keywords: charge structure; two-phase flow; numerical simulation; interior ballistic

1. Introduction

The performance of the propulsion system can be improved by adjusting the charge
structure. The regularity of the ignition, flame spreading, and propellant combustion are
directly affected by the charge structure [1-3]. In order to meet ballistic, tactical, produc-
tion and economic requirements, the charge structure needs to be adapted to different
propulsion system types and propellant types.

The characteristics of large-caliber artillery are a large charging mass and long chamber;
therefore, in order to ensure the ignition consistency, most use tubular propellant [4-6].
Compared with granular propellant, the combustion surface of tubular propellant is small,
which is not conducive to the formation of high chamber pressure and high muzzle velocity,
and the degree of mechanization and automation is low [7-10]. In contrast, in medium-
caliber artillery, the composite charge structure is composed of tubular propellant with good
ignition performance and granular propellant with good combustion performance [11,12,12].
This not only avoids the hidden danger caused by the high density of single granular
propellant, but also avoids the shortcoming of a single tubular propellant being unable to
meet the requirements of combat technical indicators. In addition, for the fin-stabilized
projectile, some small granular propellant should be inserted into the tail to ensure the
charging density in the chamber [13-15]. Consequently, to obtain good interior ballistic
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performance for different artillery types, complex charge structures will be formed in
the chamber.

Meanwhile, the different particle sizes of complex charge structures result in dif-
fering ballistic performance. In order to investigate the influence of charge factors on
the ballistic performance of composite charge, the multi-scale reaction flow of composite
charge structure was numerically simulated. In this way, the combustion characteristics
of multi-phase and multi-scale reactive flow of composite charge structure are simulated
and revealed theoretically, and the best interior ballistic performance would be obtained.
At present, more precise mathematical models and numerical methods are explored in the
artillery multi-phase flow theory [16-18]. Recent advances in numerical methods include
the application of WENO, AUSM, SHUS and other high-precision schemes, which improve
the accuracy of numerical simulation [19-24]. It is easy to realize numerical modeling
and calculation while ensuring high precision, and these display good adaptability with
different calculation models. Therefore, the application of high-order numerical schemes
has become prevalent in the development of internal ballistic two-phase flow.

The main development in mathematical modeling is different particle description
methods based on Eulerian-Lagrangian model, such as the particle swarm model of the LPI
method and the CFD-DEM model [25-28]. The most essential variation between different
methods lies in their different spatial scales. Different methods have different solving
accuracy and computational efficiency, so they are suitable for different gas-solid two-phase
flow problems. In complex charge structures, different equations of motion need to be
established for different types of particle, so the two-fluid method is no longer applicable.

In this paper, the multi-scale, multi-phase flow process in the chamber is normalized
by use of the proposed particle element method. The multi-dimensional characteristics
of combustion gas and propellant particles in complex charge structures are simulated
in detail, and the ballistics performance and flow field distribution of different charge
structures are discussed. Ultimately, the sensitivity of gun interior ballistic performance to
structural parameters is explored by adjusting the charge parameters of different charge
structures. The research results can be used to improve the design and performance of
various artillery charge structures.

In summary, the main contributions of this study are threefold:

(1) The multi-scale reactive flows of complex charge structures are numerically studied;

(2) The ballistic properties and flow field distribution of different charge structures are
discussed in detail; and

(8) The sensitivity of ballistic characteristics to structural parameters is studied by adjust-
ing the charge structure.

2. Mathematical Model
2.1. Governing Equation of Gas Phase

The Eulerian-Lagrangian model, used for the modeling of the interior ballistics, is
based on the unsteady reactive two-phase flow with the propellants and their combustion
gases [29]. The gas phase applies the Eulerian coordinates, while the solid phase utilizes the
Lagrangian coordinates. The gas phase governing equations contain continuity equation,
momentum equation, energy equation, and the particle movement equation. Thus, the
governing equations are as follows [30]:
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In the above equations, ¢ is the volume fraction of gas phase, p; is the gas density, i,
is the gas velocity, ¢ is the internal energy of gas phase, p is the pressure of the gas, m;g,
is the mass flow rate of gas from the igniter, 1, is the mass generation rate of gas due to
propellant combustion, f; is the the interphase drag, u;,, is velocity of gas from the igniter,
Qp is the interphase heat transfer, Hc and Hjg,, are the stagnation enthalpy of the gas in the
chamber and flow from the igniter.

The governing equation of the particles in the Lagrangian coordinates becomes the
velocity equation of the propellants. The equation includes the interphase drag, contact, lift,
and gravity forces. Contact, lift, and gravity forces are negligible because they only slightly
affect propellant motion [31]. Based on the empirical equation by Ergun, the propellant
velocity equation used to calculate the drag force is given as follows:

d 1- -
2 1{150”f( ") 175l “p|} x (g — up) o)
P

dt  pp ad3 d

Considering the pressure differential force and interphase resistance, the equation of
motion of the tubular propellant can be obtained:

dup ¢ fsdx + ApAp — thcup
dt my

©)

where my, is the tubular propellant mass, A, is the tubular propellant area of the axial
direction, Ap is the differential pressure at the left and right ends.

2.2. Auxiliary Equation

In order to close the above calculation equations of the gas phase and particle elements,
a series of other auxiliary equations need to be provided as follows:

(1) Equation of state of gas phase

The Nobel-Abel equation is used for the equation of state:

(L) =rm o

where R is the specific gas constant and T; is the gas temperature. The co-volume «
compensates for the finite volume occupied by the gas molecules.

(2) Propellant combustion equation

When the solid propellant surface temperature reaches the assumed ignition tempera-
ture, the particle starts burning. An empirical burning law is used in the associated burning
rate calculations. The production rate of gases per particle is shown as follows:

_ (A —9)op dy
T 7

where p,, is the density of solid particles, and ¢ is the relative burned percentage of particles.
For porous propellant, mass produced by solid propellant combustion is calculated by the
geometrical functions of relative burnt percentage [32]:
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where Z is the relative burnt thickness, Zj is the relative burnt thickness when porous
propellant splits, 1; and 7 represent the burning rate coefficient and burning rate index, yx,
A, Xs, As and u are shape characteristic parameters of a propellant particle.

The tubular charge bundle burns according to the geometrical combustion law, and
the combustion rate equation adopts the exponential formula [33]:

te =t — [ uap"dt

(10)
r,="rj+ f,‘l/l1pndt

where, r¢9 and ryy are the initial outer diameter and inner diameter of single tubular drug,
respectively. 7. and r; are the outer diameter and inner diameter of the tubular drug at
any time.

The burning mass of the main charge at any time is:

mg = Y ppres (vl — i) — (2 = rD)|N (1)

where cq is the length of single tubular charge, and N is the number of roots of the tubular
charge bundle at the current position.

(3) Inter-phase drag

A model for drag force f; proposed by Gough [34] is used to calculate the inter-
phase drag;:

1—
fa= ( dp(p) g — up| (g — up)pgCy (12)
1.75 0<o <o
Cr =3 175[(1 = 9)90)/ (1= 90)9)]** 90 < ¢ < g1 (13)
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where d, is the effective diameter, Cy is empirical coefficient. ¢ = [1 + 0.02(1-¢9)/ @0l 71,
@0 is the settling porosity. C of tubular drug is as follows:

0.17 ¢ <06
Cr=2017-152%0° 06< ¢ <08 (14)
0.018 08<¢<1

2.3. Numerical Methods

The conservation equations in compatible forms of gas-phase are coupled quasi-linear
inhomogeneous hyperbolic partial differential equations (PDEs) with source terms. The
third-order TVD-type Runge-Kutta method is used for advancement in the time term and
the fifth-order WENO format is adopted for spatial discretization [35]. Meanwhile, the
movement equations for the particle elements are also ODEs; therefore, the Runge-Kutta
method is also used.

2.4. Initial and Boundary Conditions

For the interior ballistic progress of this work, the initial calculation conditions in the
chamber include the initial environmental parameters and the initial charge conditions of
the artillery, with experimental data as the source. There is the reflective boundary condition
for the wall, the axisymmetric boundary condition for the axis, and the moving boundary
condition for the projectile base. Since the WENO format uses multiple base points for
calculation, setting three virtual points outside the boundary converts the boundary points
into interior points to participate in the calculation; the calculation accuracy of the boundary
points is maintained in this way.
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3. Results and Discussion

The interior ballistics process of the standard AGARD 132 mm ballistic gun is validated
by the calculation. Only the projectile velocity, the maximum pressure at the chamber and
bottom are available, so Figure 1 shows the change in these physical quantities over time.
The confidence ranges of different simulations of other internal ballistic codes are marked as
the interval in Figure 1, indicating that our results are consistent with the expected results.

400

vi(m-s™)

t/ms
Figure 1. The velocity and pressure over time.

In order to explore the combustion and flow mechanism of different charge structures
under real conditions, four typical structures are selected for analysis based on the artillery
charging requirements. As shown in Figure 2, under the same chamber structure, four
charge cases are charged using tubular propellant and granular propellant, respectively.
Case 1 and Case 4 are fully tubular propellants and fully granular propellant charge;
Case 2 is the bottom granular propellant charge, suitable for fin-stabilized projectile; and
Case 3 is the center tubular propellant charge, suitable for high-density charging. Detailed
artillery structure parameters are shown in Table 1, and the charging structure parameters
are shown in Table 2.

Case 1 l=all Case 2 = 450mm

lg=31 Smm‘

>

—>

B l=765mm , r=15mm

\4

Figure 2. Schematic of different charge structures.

Table 1. The calculation conditions.

Parameters Value Parameters Value
projectile mass/(kg) 45.35 density of powder /(kg/m3) 1578
calibre/(mm) 132 specific heat ratio 1.27
tubular propellant burn rate coefficient 0.18 granular propellant burn rate coefficient 0.0784
tubular propellant burn rate index 0.75 granular propellant burn rate index 0.9
tubular propellant length (mm) 150 granular propellant length (mm) 25.4
tubular propellant diameter (mm) 6.06 granular propellant diameter (mm) 11.43
tubular propellant perforated diameter (mm) 2.2 granular propellant perforated diameter (mm) 11.43

tubular propellant geometry 7-hole granular propellant geometry slotted
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Table 2. Charging scheme of different structures.

Charge Structure The Mass of The Mass of Charging
Granular/kg Tubular/kg Density/(g-cm—3)
Case 1 fully tubular 9.5 0 0.908
Case 2 bottom granular 55 4 0.908
Case 3 center tubular 0.5 9.0 0.908
Case 4 fully granular 0 9.5 0.908

3.1. Ballistic Performance of Different Charge Structures

The four different charge structures are simulated and the pressure curves obtained;
these are shown in Figures 3 and 4. As can be seen from the figures, Case 1 has the fastest
pressure rise, indicating that its combustion consistency in the chamber is the best. However,
the burning surface of tubular propellant is small, resulting in lower gas production rates,
so the chamber pressure is minimal. Case 2 was charged with granular propellant charge
at the bottom of the bomb compared with Case 1, and the pressure rise was almost the
same as Case 1. Due to the presence of granular propellant, the pressure is also slightly
higher than Case 1. Therefore, it shows that charging granular propellant at the bottom can
effectively ensure the flame transmission performance and improve the chamber pressure.

700 e
600 |- e
500
" 400 -
£
= 300 1 ¥ ---#-- Case |
‘q/ Case 2
-
200 |- vﬁ gasei
P v Case
¥y
100 [
0 L L L L L L L L
00 05 10 15 20 25 30 35 40 45

—=— Case 1

#/ms

Figure 4. The pressure of the different structures.

Case 4 uses full granular propellant charge, which has poor flame transmission per-
formance and the slowest pressure rise; however, the chamber pressure is highest, due
to multiple burning surfaces. Case 3 is charged with tubular propellant in the center of
the chamber. As can be seen from the figure, the pressure rises faster than Case 4, and
the chamber pressure was only slightly lower than Case 4. This indicates that the central
charge structure can guarantee the chamber pressure and improve the ignition consistency.
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3.2. Flame Propagation Performance

Figure 5 shows the pressure evolution of different charge structures in the period
of ignition transmission. It can be seen from the figure that, in 1.0-2.5 ms, the flame
transmission performance of each charge structure is significantly different. In Case 1, the
radial effect throughout the chamber disappears quickly. Except for the uneven pressure
distribution in the front area during the propagation process, the pressure distribution
in other areas is uniform, indicating good flame transmission performance. However,
in Case 2, the development of pressure in the area of tubular propellant charge is the
same as that of Case 1. There are obvious pressure discontinuities at the boundary of
granular propellant and tubular propellant areas; two different pressure distribution areas
are formed before and after the discontinuities.

pIMPa

pMPa
15 13

Case 3 Case 4

Figure 5. The pressure evolution of different charge structures.

The pressure development law of Case 3 is similar to that of Case 4. In the initial stage,
pressure distribution in a radial direction is basically the same. In the axial direction, the
bottom pressure of Case 3 rises more quickly, and the pressure distribution in the chamber
is more uniform. In contrast, the pressure of Case 4 showed obvious irregular distribution,
indicating that the charge structure of Case 3 was more conducive to consistent ignition in
the chamber.

Furthermore, the change of ignition time of propellant in the chamber was analyzed.
Figure 6 shows the evolution of the ignited area in the chamber of different charge struc-
tures at different times. The asterisk represents when this position is ignited, and the
different colors indicate the ignition area of the propellant in the chamber at different times.
According to the ignition time, the axial flame spreading in the area with tubular propellant
is relatively fast, as shown in Case 1 to Case 3. Figure 7 shows the position of axial ignited
time, which is significantly higher than the axial transmission of granular propellant.
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Figure 6. The evolution of the ignited area in the chamber of different charge structures.
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Figure 7. Axial flame transmission.

0.6

Case 1

Case 2
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In terms of radial flame transmission, the charge structure of Case 1 and Case 2 is
basically the same, so the law of radial flame transmission in the early stage is close to
the same. However, in Case 4, the radial flame transmission of granular propellant was
obviously hindered. Radial ignited time is shown in Figure 8. The radial transmission of
granular propellant is the worst, and the effect of central charge structure is better than
that of granular propellant, because of partial tubular propellant. In general, the ignition
consistency of tubular propellant is significantly better than that of granular propellant.

0.06
I —@—Casel
0.05 —@— Case 2
—a—Case 3
—@— Case 4
0.04 -
Eo0t
=
0.02 -
0.01 -
000 1 1 1 1
0.0 0.5 1.0 1.5 2.0

#/ms

Figure 8. Radial flame transmission.
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3.3. Influence of Tubular Propellant and Granular Propellant Proportion

According to the above ballistic performance analysis, the performance of the Case 2
mixture charge structure is significantly different from that of Case 1. In practice, the charg-
ing length of the tubular propellant needs to be adjusted according to tactical requirements
and the length of the projectile tail. Therefore, the influence of the charging proportion
of the tubular propellant and the granular propellant on ballistic performance should be
investigated in detail. In this section, based on the Case 2 charging structure mentioned
above, different tubular charging lengths were designed to study the influence of the mixed
charging ratio. The specific calculation parameters are shown in Table 3.

Table 3. Charging scheme of different tubular and granular proportion.

Scheme The Charging Length of Tubular/mm  The Charging Length of Granular/mm

1 300 462
2 450 312
3 600 162
4 750 12

Figure 9 shows the pressure distribution in the chamber of different tubular propellant
charging lengths at 3.0 ms. The blue area represents the interface between tubular pro-
pellant and granular propellant. As shown in Figure 9, the flow field is continuously and
evenly distributed in the respective distribution areas of tubular propellant and granular
propellant, and the pressure demonstrates obvious discontinuity at the interface. In addi-
tion, with the increase of the tubular propellant charging area, the pressure at the bottom of
the bullet rises rapidly, and the pressure in the chamber is larger.

a7
lroa=300mm > 52
—
47
2 52 \
- 52 5.2

Lroa=400mm

i Area of
the bullet
bottom

lra=500mm

L0a=600mm

0.0 0.1 02 03 04 05 06 T

Interface between rod and particle
Figure 9. The pressure distribution of different tubular propellant charging lengths at 3.0 ms.

The ignition position in the chamber is shown in Figure 10. In the initial stage, the left
of each charge structure is tubular propellant, so the flame propagation law is consistent. As
the flame reaches the interface successively, the velocity of axial propagation is different: the
longer the tube charge area, the faster the flame propagates along the axial direction. The
axial propagation velocity of flame under different charge lengths was further compared,
as shown in Figures 11 and 12. As can be seen from these figures, the tubular propellant
can effectively increase the propagation speed of the flame. However, as the tubular length
increases gradually, the increase of flame propagation speed becomes increasingly smaller.
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Figure 10. The ignition position of different tubular propellant charging lengths.
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Figure 11. Axial flame transmission position.
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Figure 12. Axial flame transmission velocity.

0.8

Figures 13 and 14 show the variation in ballistic performance. It can be seen that
changing the charging length of tubular propellant has little influence on the initial pressure
rise speed. However, less tubular propellant results in higher chamber pressure and greater
projectile velocity. Therefore, differing performances can be achieved by adjusting the
proportion of tubular propellant.
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Figure 13. The velocity of different structures.
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Figure 14. The pressure of different structure.

3.4. Influence of Center Charge Structure Parameters

As can be seen from previous research, the granular propellant charge pressure is high,
with poor flame transmission performance and inferior ignition consistency, compared
with tubular propellant charge. The central charge structure can significantly improve the
fire transfer performance of granular propellant, while ballistic properties such as chamber
pressure are less affected. Therefore, it is necessary to explore the flame transmission
performance and ballistic performance of different center charge structure parameters, and
determine the sensitivity of ballistic characteristics to structural parameters. Based on the
Case 3 charge structure, the axial and radial lengths of tubular propellant are adjusted
to investigate its influence on chamber pressure. The specific calculation parameters are
shown in Table 4.

Table 4. Charging scheme of center charge structures.

Radial Charging Axial Charging Length
Scheme Length of Tubular/mm Scheme of Tubular/mm
1 5 5 300
2 10 6 450
3 15 7 600
4 20 8 750

The pressure and projectile velocity curves of central tubular propellant charge struc-
tures with the same axial length and different radial length are shown in Figure 15. As
can be seen from the figure, the longer the radial length, the better the flame transmission
performance and the faster the projectile velocity at the same time. However, the greater
the tubular propellant charging is, the maximum chamber pressure is lowered slightly.
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Figure 15. The ballistic curves of different radial lengths.

Figure 16 shows the pressure distribution of different radial lengths and the cloud
diagram of burned percentage at 2.5 ms. The red and black areas in the figure are the
relative burned percentage in the current. It can be seen that the more tubular propellant
is charged, the more obvious combustion in the chamber is. The axial distribution of
average pressure in the chamber is shown above the cloud diagram. It can be seen that
the more tubular propellant is charged in the radial direction, the greater the pressure is in
the chamber, indicating better flame transfer performance in the initial stage. On the right
is the radial distribution of the average pressure in the chamber. The pressure gradually
decreases from the center to the barrel boundary. At this time, the more tubular propellant,
the better consistency of radial pressure is in the chamber, and the pressure is higher.

78
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0.15%
0.31%
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0.62%

0.77%
0.06

0.05

0.04

r/m

0.03

0.02

0.01

0.00
24

i ' " piMPa

Figure 16. The pressure distribution and the cloud diagram of burned percentage of different radial
lengths at 2.5 ms.

Further, increasing the axial charging length under the same radial length, and the pres-
sure in the chamber and the velocity of the projectile are obtained, as shown in the Figure 17.
As can be seen from the figure, the chamber pressure basically did not change, and with
shorter axial charging length, the chamber pressure is slightly higher. Figure 18 shows the
axial and radial pressure distributions of different radial charging length at 2.5 ms. There
is little difference in pressure distribution at this time, which is consistent with the law of
ballistic curve.
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Figure 17. The ballistic curves of different axial lengths.
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Figure 18. The pressure distribution and the cloud diagram of burned percentage of different axial
lengths at 2.5 ms.

To sum up, increasing the charging length and width of tubular propellant has little
influence on the flame transmission performance. In the ignition stage, the flame effect
area is related to the flame propagation speed and the charge structure. Generally, the
most influential part is at the bottom of the chamber, so it is most effective to conform
the charge structure to the bottom of the chamber. Therefore, the chamber pressure and
ignition characteristics should be considered comprehensively in a certain range when
designing the appropriate charge structure.

4. Conclusions and Prospects

In this work, we establish the mathematical model of different particle types based on
interior ballistics, subsequently obtaining the distribution of parameters in the chamber
by the two-phase flow method, and conducting a study with different particle charge
parameters to explore the sensitivity of ballistic characteristics to structural parameters.
The conclusions are as follows:

(1) By comparing the four charging structures, the tubular propellant has better igni-
tion performance than the granular propellant, and the ignition consistency can be
improved by charging tubular propellant.
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(2) The front and rear mixed charge structure and the center tubular propellant charge
has good ignition and fire transmission performance. The flame spreading time is
obviously smaller than that of the full particle charging structure, and is basically the
same as that of the full tubular charging structure.

(3) The mass and ignition properties of tubular propellants are nonlinear. As the tubular
length increases gradually, the increase of flame propagation speed becomes increas-
ingly smaller. More tubular propellants are ineffective at significantly improving
ignition performance, and would reduce the chamber pressure.

In the future, we will conduct more experiments to further verify the feasibility of
different charge structures. Furthermore, we plan to optimize the design of charge structure,
and providing more options for actual scenarios.
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