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This paper addressed three major challenges in the customization of mixed propellant charges: optimal
design, performance simulation, and manufacturing. Based on parametric modeling software
Grasshopper, parametric models of propellants with highly complex geometries were endowed with
combustion properties of multiple formulations, coupled with rapidly changing burning rate-pressure
field during iterative combustion to achieve visual and integrated simulation of burning surface regres-
sion, form function, and combustion performance of mixed charges, providing convenient theoretical
guidance for structural optimization design of customized strategies. Customized zones designed with
complex geometries and multiple formulations co-constructed in one propellant were prepared by
multi-material additive manufacturing techniques. Different customized zones of one or more propel-
lants were superimposed in the design sequence to customize the combustion performance. Mixed
charges for three cases of burning surface, burning rate, and joint control were discussed. The simulation
results matched well with the experimental results, including the progressively random perforated com-
bustion, variation of burning rate pressure exponent, and superimposed combustion of single and mul-
tiple charges with different customized zones. As an advanced engineering strategy urgently needed in
chemical engineering, this work not only opens the door to matching performance simulation-driven
design with MM-AM technologies but also serves as an efficient and common customization strategy
from design to manufacture.
� 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The propellant, as a chemical product, is the source of energy for
weapon launch systems. In recent years, the rapid development of
modern weapon systems towards long-range and high power has
placed higher demands on the control of combustion processes
for propellants (Luman et al., 2007; Chen et al., 2022). Therefore,
the customization of propellant combustion performance is an
advanced engineering strategy to meet the urgent requirements
of modern chemical engineering.
It is well known that the combustion performance of propel-
lants is mainly controlled by the burning surface and burning rate,
which depend on the geometry and formulation of the propellant,
respectively (Wurster, 2017; Jie-Yao et al., 2022). In order to con-
trol the combustion performance more effectively, mixed propel-
lant charges consisting of two or more different types (geometry
and formulation) of propellants have been developed (Fu et al.,
2021). Actually, the geometry of propellants is significantly hin-
dered by conventional manufacturing technologies and is generally
relatively simple (Rahimi et al., 2010; Yang et al., 2020a). Hence,
the current range of burning surfaces available for adjustment of
the mixed charges is limited. In addition, propellants of different
formulations in mixed charge usually burn together, making it dif-
ficult to flexibly control the burning rate change in the combustion
process (Xu and He, 2017; Yang et al., 2020b). Therefore, it is still a
great challenge to customize the combustion performance for cur-
rent mixed charges.

With the booming development of additive manufacturing
(AM), the first steps are being taken in the field of energetic mate-
rials (Muravyev et al., 2019; Zhang et al., 2022). AM technologies
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Nomenclature

2e1, 2e Initial web thickness and burned web thickness of
mixed charges

M1, MY, M Initial mass, burned mass, and instantaneous mass of
mixed charges

wi, mi, mYi Mass percentage, instantaneous mass, and burned
mass of the ith propellant in mixed charges

2ei, v1i, vi Burned web thickness, initial volume, and instanta-
neous volume of the individual grain of the ith propel-
lant in mixed charges

Z, W Web thickness fraction, and burned mass fraction of
mixed charges

t, p, pm, pb, D Combustion time, combustion pressure, maximum
pressure, ignition pressure, and loading density of
mixed charges

2eR, uR(p) Burned web thickness and burning rate of the refer-
ence propellant in mixed charges

fMC, Ki Force constant, and burning rate ratio of mixed charges
fi, ui(p), l1i, ni Force constant, burning rate, burning rate coeffi-

cient, and burning rate pressure exponent of the ith pro-
pellant in mixed charges

q, a Density and co-volume of the propellant
O, d0, 2e0, D0, H0 Geometric parameters, initial inner diameter,

initial web thickness, initial outer diameter, and initial
height in the parametric model of the propellant
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such as photocuring (Straathof et al., 2019; Li et al., 2021), material
extrusion (Chandru et al., 2018; Wang et al., 2022a), and laminated
object manufacturing (LOM) (Wang et al., 2022b) have been used
for the preparation of single-formulation propellants. Multi-
material additive manufacturing (MM-AM) allows not only the
easy fabrication of complex geometries but also the precise control
of material properties at different locations to achieve complex
structures with specific functional zones (Bandyopadhyay and
Heer, 2018; Yuan et al., 2020; Gu et al., 2021). The MM-AM enables
the preparation of a new generation of mixed charges with differ-
ent customized zones of combustion performance that are jointly
controlled by complex geometry and multi-formulation.

Unfortunately, the simulation of the combustion performance
of mixed charges has not been matched with the development of
manufacturing technology for a long time, which is another obsta-
cle to customized strategy in theoretical exploration. The design
and optimization of mixed charges still need to be guided by
extensive experiments (Jiang et al., 2021), rather than simulations.
In mixed charges, there are many charge parameters to be deter-
mined, such as the geometry, size, formulation, mass percentages
of each charge, etc., which leads to expensive and time-
consuming experiments (Xu and He, 2017; Yang et al., 2020).
Because of this, the interaction of various factors makes the com-
bustion process of mixed charges dramatically complicated. Sev-
eral methods have been investigated to simulate the combustion
performance of a single charge, such as analytical, numerical, and
solid modeling methods. Due to the complexity and difficulty of
establishing mathematical expressions for complex surfaces, the
analytical method usually calculates the simplified geometry
(Yang et al., 2021). The simplified geometry is not enough to repre-
sent the actual combustion process of the propellant, not to men-
tion ignoring the dramatic effect of different formulations on the
burning rate as a function of pressure (Zhang et al., 2019; Yao
et al., 2021). The numerical and solid modeling methods are theo-
retically applicable to arbitrarily complex geometries. Numerical
methods usually use interface tracing methods (Level Set and Min-
imum Distance Function, etc.) to transform geometric problems
into purely mathematical ones (Xiao et al., 2016; Ki et al., 2017;
Oh et al., 2020). This method is computationally intensive and
the results are sensitive to the mesh quality and the burning
rate-pressure field of the discrete geometry (Wei et al., 2018;
REN et al., 2021). The numerical dissipation is more severe for
complex structures (Hwang and Chiang, 2015). The solid modeling
method based on computer-aided design (CAD) software is able to
visualize the burning surface changes of propellant and output the
geometric configuration data (Rafique et al., 2015). However, the
reported methods based on CAD software such as UG, SolidWorks,
2

and Pro/E have to be developed secondarily using other program-
ming languages, due to their limitations (Wang et al., 2004;
Xiong et al., 2008). In our previous study, based on Grasshopper
(GH) software, a kind of parametric modeling software with visual
programming, the form function calculation and geometric opti-
mization design of complex geometric propellants were conve-
niently and efficiently realized (Wang et al., 2022c). The main
challenge for mixed charge combustion performance simulation
is the coupling between complex geometries and different formu-
lations of propellants and their co-constructed complex burning
rate-pressure fields. Therefore, how to simulate the combustion
performance of mixed charges with high accuracy and high effi-
ciency has always been a tricky problem faced by the industry.

This paper addressed three major challenges in the customiza-
tion of mixed propellant charges: optimal design, performance
simulation, and manufacturing. Propellant parametric models with
highly complex geometries were zoned to endow multiple materi-
als with combustion properties based on GH software. And the
coupling of parametric models with the rapidly changing burning
rate-pressure field was multi-iterated. Through visual scripts, the
integrated simulation of burning surface regression, form function
calculation, and combustion performance prediction of mixed
charges with complex structures (geometry and multi-
formulation) provided theoretical guidance for structural opti-
mization design and analysis of customized strategies. Integrated
simulations and experiments on the combustion performance of
three mixed charges with respect to the burning surface, burning
rate, and their joint control were discussed. The first two were
manufactured by conventional processes, while the last was a
new generation of mixed charges with different customized zones
of combustion performance in propellant proposed and prepared
based on MM-AM. This work aims to fill the gap in mixed charge
combustion performance simulation and open the door to combus-
tion performance customization, hopefully as a common cus-
tomization strategy.

2. Integrated simulation

Grasshopper (GH) is a parametric modeling software running
on the CAD software Rhinoceros, widely used in the field of archi-
tectural design. It visualizes the data operation process with node
types (Bertacchini et al., 2021; Vantyghem et al., 2021). ‘‘Compo-
nents” and ‘‘lines” form programs with certain functions without
writing conventional scripts, which greatly reduces programming
requirements and improves programming efficiency (Qi et al.,
2021). The created program can be saved as a custom component
for permanent use.
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The combustion process of propellants follows the ‘‘geometric
combustion law”, that is, it is assumed that the geometry and size
of all propellants are consistent and all surfaces burn along the nor-
mal direction at the same time (Bougamra and Lu, 2015). There-
fore, the propellants’ combustion process is represented by a
propellant grain. The basic idea of using GH software to simulate
the combustion performance of mixed charges was as follows:
Parametric models with combustion properties (force constant
and burning rate) were developed from the different propellant
formulations. The coupling of parametric models with the rapidly
changing burning rate-pressure field during the combustion pro-
cess was multi-iterated so that the dimensional parameters of
the parametric models change independently with the advance
of the combustion process. The burning surface regression of the
mixed charges was displayed in real-time, while relevant parame-
ters of parametric models were captured to complete the output of
the form function (W = f(Z)) and combustion performance (p = f(t))
of the mixed charges. The simulation method allows efficient inte-
gration of visual burning surface regression, form function calcula-
tion, and combustion performance prediction. The algorithm flow
and visualization program of the integrated simulation of mixed
charges were shown in Fig. 1, including four modules: parametric
modeling, form function calculation, combustion performance pre-
diction, and combustion driving.

Parametric modeling is the use of programs to generate numer-
ous model families with highly complex geometry that meet the
rules (Touloupaki and Theodosiou, 2017). The geometric parame-
ters can be changed dynamically to change the geometry and
dimension of the model, thus realizing the parameterization of
the model. The parametric modeling was detailed in our previous
study (Wang et al., 2022c).

The visualization program of the form function calculation
module was shown in Fig. 1b. In mixed charges, the sum of the
mass percentages of each propellant is 100 wt%. When there is only
one propellant, the calculation is made for that single charge with a
mass percentage of 100 wt%. The propellant that finally burned out
during combustion was defined as the reference propellant for
mixed charges. The burned web thickness and the web thickness
at the end of combustion of the reference propellant were defined
as the burned web thickness (e) and the initial web thickness (e1)
of mixed charges, respectively. The instantaneous volume (vi) of
propellants with complex geometry could be obtained from para-
metric models. The integral form function of the mixed charges
and the form functions of each propellant were calculated accord-
ing to the equations below.

Z ¼ e
e1

ð1Þ

w ¼ MY

M1
¼ M1 �M

M1
ð2Þ

M ¼
Xn

i

mi ¼
Xn

i

wi

qv1i
� qv i ð3Þ

Xn

i

wi ¼ 100wt:% ð4Þ

The combustion performance prediction module is the most
important part of the integrated simulation, and the visualization
program is shown in Fig. 1c. The combustion process of propellants
will produce a sharp change of high pressure, in turn, the change of
pressure will affect the combustion progress. The pressure of the
mixed charges (p) was generated by the co-combustion of all pro-
pellants and was expressed by the Noble-Abel equation
(Leciejewski and Surma, 2019). The combustion properties (force
3

constant and burning rate) are different for different propellant
formulations. The force constant represents the energy property
of the propellant, which describes the power capability
(Boulkadid et al., 2020). The force constant of the mixed charges
(fMC) was variable during combustion and depended on the force
constant and combustion progress of each propellant in mixed
charges, which was defined in the following equation. The burning
rate of different propellant formulations (ui) is described by Vieille
Law, which varies independently with p (Damse et al., 2007;
Leciejewski, 2008). Taking the burning rate of the reference propel-
lant as the benchmark, the ratio between the burning rate of each
propellant and the reference propellant was defined as the burning
rate ratio (Ki). Ki also varies independently with p during the com-
bustion of mixed charges. The combustion properties of different
propellant formulations were assigned to the different zones of
parametric models, coupled with the rapidly changing burning
rate-pressure field during iterative combustion to predict the com-
bustion performance of mixed charges.

mYi ¼ wi �mi ð5Þ

fMC ¼ f i �mYiPn
i mYi

ð6Þ

p ¼ pb þ
fDw

1� D
q � a� 1

q

� �
Dw

ð7Þ

Ki ¼ ui pð Þ
uR pð Þ ð8Þ

uiðpÞ ¼ l1i � pni ð9Þ
The visualization program of the combustion driving module

was seen in Fig. 1d. In the parametric model, the initial burning
surface of the propellant was defined at e = 0. With the increase
of e, the propellant geometry and instantaneous volume (vi) can
be dynamically displayed and obtained in real-time until the end
of combustion. The time when the combustion of the reference
propellant ended was defined as the combustion time of the mixed
charges (t). At the same time, the burned web thickness of each
propellant (ei) in mixed charges depended on its burning rate
(ui(p)). The Loop component in GH software was used to indepen-
dently drive t and ei. The step size was chosen to be 0.01 mm as our
previous study found that this step size has adequate accuracy to
meet the needs (Wang et al., 2022c).

deR
dt

¼ uRðpÞ ð10Þ

dei ¼ Ki � deR ð11Þ
The integrated simulation method not only visually fills the gap

of mixed charges combustion performance simulation, but also
flexibly applies to mixed charges with complex geometry and mul-
tiple formulations, which provides theoretical guidance for the
design, analysis and optimization of mixed charges based on
multi-material additive manufacturing.

3. Experiment

3.1. Materials and methods

For the mixed charges controlled by burning surface and burn-
ing rate respectively, coated propellant and variable burning rate
pressure exponent propellant were selected, both of which are typ-
ical charges prepared by the conventional process (Sanghavi et al.,
2007). The coated propellant mixed charges (1#) consisted of two



Fig. 1. (a) The algorithm flow of the integrated simulation. (b), (c), (d) The visualization program of the integrated simulation.
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different geometries of rosette-shaped 37-perf propellants (R37P)
and rosette-shaped 19-perf coated propellants (R19CP), both pre-
pared from the three-base formulation (TBF). The variable burn
rate pressure exponent propellant mixture charges (2#) consisted
of rose-shaped 19-perf geometry prepared in two formulations,
NC-NG-DEGDN (MNEF) and RDX-NC-NG-DEGDN (RMNEF). The
formulation composition and theoretical force constant were given
in Table 1.

Based on multi-material additive manufacturing technology
(MM-AM), a new generation of mixed charges with different cus-
tomized zones of combustion performance in propellant was pro-
posed. Currently, five of the seven generic additive
manufacturing technologies specified in ASTM show the feasibility
of MM-AM, including binder jetting, material jetting, material
extrusion, directed energy deposition, and sheet lamination
(Bandyopadhyay and Heer, 2018). In this paper, a new generation
of mixed charges named shell-deterrent propellant (SDP) was
introduced and manufactured using laminated solid manufactur-
ing (LOM) technology. SDP (3#) consisted of the cylindrical shell
and 7-perf propellants. The double-base formulation (DBF) and
single-base formulation (SBF) were used, respectively, as listed in
Table 1. The LOM printing process of propellants includes six steps:
feeding, cutting, spraying, lamination, exposure, and removal, as
detailed in our previous study (Wang et al., 2022b). The LOM print-
ing process of SDP was schematically seen in Fig. 2a. First, the
cylindrical shell propellant was printed, then 7-perf propellants
were automatically loaded into the shell propellant, and finally
the cap was printed to make it complete. The printed SDPs with
different dimensions were shown in Fig. 2b. They have increasing
shell thickness and height from left to right, forming the SDP mixed
charges (4#).
4

TBF, MNEF, RMNEF, DBF, and SBF represent the propellant for-
mulation names, which are respectively three-base formulation,
NC-NG-DEGDN formulation, RDX-NC-NG-DEGDN formulation,
double-base formulation, and single-base formulation. f represents
the theoretical force constant of the propellant formulation. NC,
NG, NQ, DEGEN, and RDX represent the propellant formulation
compositions, which are nitrocellulose, nitroglycerine, nitroguani-
dine, diethylene glycol dinitrate, and cyclotrimethylene trinitra-
mine, respectively.

3.2. Combustion performance test

The closed vessel test is an essential method to study the com-
bustion performances of propellants and the interior ballistic per-
formance of weapons, which provides a combustion environment
under high pressure (Boulkadid et al., 2020), as shown in Fig. 3.
The coated propellant mixed charges and the respective propel-
lants (1#, R37P, R19CP) were ignited at 20 �C with D of 0.2 g�cm�3.
The variable burning rate pressure exponent propellant mixed
charges and the respective propellants (2#, R-MNEP, MNEP) were
ignited at 20 �C with D of 0.2 g�cm�3. SDP (3#) and SDP mixed
charges (4#) were ignited at 20 �C with D of 0.14 g�cm�3 and
0.22 g�cm�3, respectively.

The dynamic vivacity curve (L-B curve) of propellants burning
in the closed vessel can be obtained. The relative pressure (B) rep-
resents the burning process of propellants. The dynamic vivacity
(L) reflects the comprehensive effect of geometry and formulation
on the burning process of propellants (Naya and Kohga, 2014).
Their definitions were as follows (Pauly and Scheibel, 2010; Tırak
et al., 2019). Comparing the theoretical L-B curve obtained from
the integrated simulation with the test L-B curve obtained from



Fig. 2. (a) Schematic diagram of the printing process for laminated object manufacturing of shell-deterrent propellant, (b) Printed shell-deterrent propellants.

Table 1
Formulation composition and theoretical force constant of mixed charges.

Names NC NG NQ DEGEN RDX Others f
/ wt.% / wt.% / wt.% / wt.% / wt.% / wt.% / kJ�kg�1

TBF 28.0 22.5 47.0 \ \ 2.5 1066
MNEF 53.7 29.9 \ 14.7 \ 1.7 1166
RMNEF 45.6 25.4 \ 12.5 15.0 1.5 1199
DBF 58.5 40.0 \ \ \ 1.5 1151
SBF 95.6 \ \ \ \ 4.4 1012
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the closed vessel test, not only can the accuracy of the simulation
be verified, but also the actual combustion process can be analyzed
to guide the design and optimization of mixed charges.

L ¼ dpðtÞ=dt
pðtÞ � pm

ð12Þ
B ¼ pðtÞ
pm

ð13Þ
4. Results and discussion

4.1. Coated propellant mixed charges

Coated propellant mixed charges occupy an important position
in the current mixed charges controlled by the burning surface. The
presence of the coated layer structure can serve to reduce the ini-
tial gas generation rate of propellants. However, the non-uniform
coating thickness in the conventional process would lead to the
randomness and non-simultaneity of the perforation combustion
process of coated multi-perforation propellants (Xiao et al.,
2014). In the integrated simulation, the coated propellant paramet-
ric model was easily developed. It is based on the multi-perforation
propellant parametric model with the addition of coated layer and
progressively random perforated combustion. Likewise, the coated
propellant parametric model is a family of models containing
coated 7-perf, coated rosette-shaped 37-perf, etc. The parametric
modeling of the multi-perforation propellant was detailed in our
previous study (Wang et al., 2022c).

The coated propellant mixed charges (1#) were composed of
70 wt% R37P (1#-0) and 30 wt% R19CP (1#-1), and the charge
parameters were listed in Table 2. 1#-1 was the reference propel-
lant for 1#. The burning surface regression simulation of R19CP
was seen in Fig. 4a. The L-B curves of R37P, R19CP, and 1# were
displayed in Fig. 4b, including the test curves obtained from the
closed vessel test and the theory curves from the integrated simu-
5

lation. It can be seen that test curves basically match theoretical
curves. In detail, test curves generally dropped slightly earlier
and slower than theoretical curves in the late stage of combustion,
which was caused by the fact that the geometry and size (web
thickness, diameter, and height) of all propellant grains cannot
be guaranteed to be exactly the same during the manufacturing
process, as well as the ignition of propellant grains was a gradual
process (Gao et al., 2021). As the R19CP (coated propellants) added
two stages of coated layer combustion and random burning perfo-
rations in the early combustion stage, the decline of the test curve
in the late combustion stage was advanced. The addition of R37P in
1# significantly increased the gas generation rate at the early stage
of combustion, resulting in improved consistency of R19CP perfo-
rated combustion, and reduced the difference between the test
curve and the theoretical curve at the late stage of co-combustion.

Therefore, the gradual random perforations combustion process
of coated propellant was visually and accurately simulated. Inte-
grated simulation can effectively predict, analyze and guide the
combustion performance of coated propellant mixed charges with
different charge parameters in a high-pressure environment, mak-
ing up for the current situation of relying heavily on closed vessel
tests.

4.2. Variable burning rate pressure exponent propellant mixed charges

A propellant controlled by burning rate was recently reported in
which the presence of RDX in the formulation varied the burning
rate pressure exponent at different pressure stages (Fu et al.,
2021). The reported combustion performance of their mixed
charges was still determined by extensive closed vessel tests.
50 wt% RMNEP (2#-0) and 50 wt% MNEP (2#-1) made up the vari-
able burning rate pressure exponent propellant mixed charges
(2#), and the charge parameters were shown in Table 3. In the inte-
grated simulation, 2#-0 was the reference propellant for 2#. The
burning rate coefficients and pressure exponents of different stages
were assigned to the parametric model of RMNEP (variable burn-
ing rate pressure exponent propellant). In addition, the formula-



Fig. 3. The schematic diagram of the closed vessel test.

Fig. 4. Closed vessel test and integrated simulation results of coated propellant
mixed charges. (a) The burning surface regression simulation of rosette-shaped 19-
perf coated propellant (R19CP), (b) Test and theory L-B curves for rosette-shaped
37-perf propellants (R37P), R19CP and their composition of coated propellant
mixed charges (1#).
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tions used to prepare RMNEP and MNEP differed, as did their com-
bustion properties (force constants and burning rates).

The burning surface regression simulation of 2# was seen in
Fig. 5a. The combustion process of RMNEP and MNEP in the mixed
charge was visualized. In the figure, the different stages of RMNEP
and MNEP were colored differently, representing the different
combustion properties assigned to them. The test and theory L-B
curves for RMNEP, MNEP, and 2# were plotted in Fig. 5b, obtained
from closed vessel tests and integrated simulations, respectively.
As can be seen from the figure, the theoretical and experimental
curves were in good agreement. This showed that the combustion
performance of variable burning rate pressure exponent propel-
lants and their mixed charges were effortlessly simulated. The the-
ory L-B curve of RMNEP started with low dynamic activity and then
appeared with a plateau-like effect, which was consistent with the
test curve. The combustion simulation of RMNEP at different pres-
sure stages demonstrated that this integrated simulation method
allowed convenient prediction of cases with different combustion
characteristics in one propellant by the same parametric model.
The general agreement between the theoretical and experimental
curves of the mixed charges indicated that the co-combustion pro-
cess of multiple propellants with different combustion characteris-
tics coupled with pressure can be predicted conveniently and
accurately.

Whether burning surface control or burning rate control, the
integrated simulation can be used as an efficient and common
method to fill the gap in the current combustion performance sim-
ulation of mixed charges. This provides a solid foundation for
designing and customizing mixed charges with complex structures
and multiple materials through MM-AM.

4.3. Shell-deterrent propellant

Based on MM-AM, a new generation of mixed charges was pro-
posed, defined as one propellant consisting of different customized
zones of combustion performance. The customized zone was made
up of complex geometries and multiple formulations. On the one
hand, the respective control advantages of the burning surface
and burning rate can be fully utilized in one propellant, and the
Table 2
Charge parameters of coated propellant mixed charges.

NO. Formulations O d0 2e0

/ mm / mm

1#-0 TBF R37 0.63 2.30
1#-1 TBF R19C 0.48 2.30

6

control range of both of them is no longer limited by the conven-
tional process. On the other hand, the advantages of the combined
control of the two are not only simple summation, but the different
customized zones can be superimposed to burn in the designed
sequence.

As a new generation of mixed charges, a class of shells and their
internal successive combustion of shell-deterrent propellant (SDP)
was introduced. By adjusting the formulation and geometry of the
shell propellant and the propellant inside the shell, the burning
rate and the burning surface of the SDP can be controlled simulta-
neously, to realize flexible and controllable combustion perfor-
mance. An SDP (3#) was printed using the LOM printing process,
consisting of cylindrical shell double-base propellant (3#-0) and
D0 H0 wi l1 n

/ mm / mm / wt.% / mm�s�1�MPa-n \

22.81 25.35 70 2.04 0.81
16.20 17.80 30 2.04 0.81



Table 3
Charge parameters of variable burning rate pressure exponent propellant mixed charges.

NO. Formulations O d0 2e0 D0 H0 wi l1 n

/ mm / mm / mm / mm / wt.% / mm�s�1�MPa-n \

2#-0 RMNEF R19 0.5 2.1 15.1 15.7 50 0.53 1.20
6.93 0.65

2#-1 MNEF R19 0.5 2.1 15.1 15.7 50 1.75 0.90

Fig. 5. Closed vessel test and integrated simulation results of variable burning rate
pressure exponent propellant mixed charges. (a) The burning surface regression
simulation of variable burning rate pressure exponent propellant mixed charges
(2#), (b) Test and theory L-B curves for RMNEP, MNEP, and 2#.
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7-perf single-base propellants (3#-1). The charge parameters were
listed in Table 4. 3#-0 and 3#-1 not only had different formulations
and geometries but also burned in a certain order. On the one hand,
they burned independently according to their geometries and com-
bustion properties, and on the other hand, they interacted with
each other due to being under the same combustion pressure.
3#-0 was the reference propellant for 3#.
7

Closed vessel test and integrated simulation results of 3# were
shown in Fig. 6, including burning surface regression simulation
(Fig. 6a), integral and respective form functions (Fig. 6b), test and
theory L-B curves (Fig. 6c). As can be seen from the figure, the four
stages of the SDP combustion process were clearly demonstrated
and simulated. There was no significant difference between the
experimental and theoretical L-B curves.

The first stage was the combustion of 3#-0. W increased slowly
with Z. L-B curves were relatively low and remained almost con-
stant. This indicated that SDP had a role in maintaining a low initial
gas generation rate.

The second stage was the slivering behavior of 3#-0 and the
beginning of combustion of 3#-1. When 3#-0 showed slivering
behavior, the inner surface of the shell propellant also began to
burn. All charges were exposed to the same combustion environ-
ment. Since the combustion of 3#-1 greatly increased the gas gen-
eration rate of SDP, the increasing trend of W with Z was
significantly greater than that of the first stage, and the L-B curves
also increased sharply. Due to the combustion regressivity of 3#-0
and its nearly half mass percentage, the theoretical L-B curve
showed a slightly decreasing trend. Similarly to the above, the igni-
tion process of 3#-1 grains was not instantaneous, resulting in a
slightly smaller rise and a slightly earlier and slower fall of the test
L-B curve than the theory curve. The gas generation rate at this
stage can be controlled by changing the mass percentage and com-
bustion progressivity of the SDP internal charge, etc.

In the third stage, 3#-0 continued to burn and the slivering
behavior of 3#-1 began until its burning ended. The increasing
trend of W with Z was smaller than that in the second stage, and
L decreased rapidly with the increase of B, because the slivering
behavior of 3#-1 dramatically reduced the gas generation rate of
SDP. This showed that 3#-1 was the dominant position of gas gen-
eration rate in 3#.

In the fourth stage, 3#-0 was burned to the end. Since the com-
bustion of 3#-1 has ended in the previous stage, the increasing
trend of W with Z continues to decrease. The L-B curves continued
to decrease until the end of the whole combustion process.

In short, the good agreement between experimental and simu-
lated curves strongly demonstrates that integrated simulation and
MM-AM techniques can be used as a customized strategy for the
entire process of mixed charges from design to manufacturing.
From the results of burning surface regression, form function and
combustion performance simulation and experiment, the combus-
tion performance of SDP can be understood comprehensively so as
to facilitate rapid customization. SDP is the first step in the design
and study of a new generation of mixed charges. The interior of an
SDP also can be filled with a variety of formulations and geome-
tries of propellants.
4.4. Shell-deterrent propellant mixed charges

The combination of different next-generation mixed charges
has the potential for more efficient customization by superimpos-
ing combustion through their several different customized zones in
a design sequence. For SDP, multiple SDPs can be further combined



Table 4
Charge parameters of shell-deterrent propellant.

NO. Formulations O d0 2e0 D0 H0 wi l1 n

/ mm / mm / mm / mm / wt.% / mm�s�1�MPa-n \

3#-0 DBF \ 15.6 1.2 19.2 22.4 48.5 1.55 0.92
3#-1 SBF 7 0.2 0.5 2.6 2.4 51.5 1.79 0.87

Fig. 6. Closed vessel test and integrated simulation results of shell-deterrent propellant. (a) Burning surface regression simulation, (b) Integral and respective form functions,
(c) Test and theory L-B curves.

Table 5
Charge parameters of shell-deterrent propellant mixed charges.

NO. Formulations O d0 2e0 D0 H0 wi l1 n

/ mm / mm / mm / mm / wt.% / mm�s�1�MPa-n /

4#-01 DBF \ 15.6 1.2 18.2 21.2 14.9 1.55 0.92
4#-02 DBF \ 15.6 1.5 18.8 22.0 21.8 1.55 0.92
4#-03 DBF \ 15.6 1.8 19.4 22.6 23.9 1.55 0.92
4#-11 SBF 7 0.2 0.5 2.6 2.4 14.2 1.79 0.87
4#-12 SBF 7 0.2 0.5 2.6 2.4 13.9 1.79 0.87
4#-13 SBF 7 0.2 0.5 2.6 2.4 13.3 1.79 0.87
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Fig. 7. Closed vessel test and integrated numerical simulation results of shell-deterrent propellant mixed charges. (a) Burning surface regression simulation, (b) Integral and
respective form functions, (c) Test and theory L-B curves.
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in nested or parallel to form SDP mixed charges. A kind of SDP
mixed charges (4#) was composed of three SDPs combined in par-
allel. The charging parameters were provided in Table 5. The cylin-
drical shell double-base propellants of 4# were denoted as 4#-01,
4#-02, and 4#-03 respectively. Their shell thickness and height
gradually increase. The 7-perf single-base propellants inside the
shell were denoted as 4#-11, 4#-12, and 4#-13 respectively. 4#-
03 was the reference propellant for 4#.

Closed vessel test and integrated simulation results of 4# were
shown in Fig. 7, including burning surface regression simulation
(Fig. 7a), integral and respective form functions (Fig. 7b), test and
theory L-B curves (Fig. 7c). It can be seen from the figure that the
six stages of the SDP mixed charges combustion process have been
presented and simulated in detail.

The first stage was the combustion of shell propellants (4#-01,
4#-02, and 4#-03), which was similar to the first stage of SDP (3#).

In the second stage, the slivering behavior of the small-
thickness shell propellant (4#-01) began, and its internal 7-perf
propellants (4#-11) started to burn. The trend ofW increasing with
Z was greater than that of the first stage. L-B curves went up shar-
ply with the first rising step.

In the third stage, the slivering behavior of the shell propellant
with medium thickness (4#-02) began, and its internal 7-perf pro-
pellants (4#-12) started to burn. The trend of W increased further
with Z. L-B curves rising dramatically again, and the second rising
step appeared.
9

In the fourth stage, the slivering behavior of the first burning 7-
perf propellants (4#-11) started until its burning ended. The trend
ofW for 4#-11 decreased significantly with increasing Z, leading to
the decrease in the trend of 4#, which was reflected in a significant
fall in L-B curves.

Combined with Fig. 7b, the fifth stage can be divided into two
segments. In the theoretical L-B curve, a rising step occurred in
the front segment and a falling step in the back segment. In the for-
mer case, the slivering behavior of the shell propellant with a large
thickness (4#-03) started and its internal 7-perf propellants (4#-
13) started to burn. In the latter case, the second burning 7-perf
propellants (4#-12) and the small-thickness shell propellant (4#-
01) burned to the end. Similar to the analysis above, the gradual
ignition process of 4#-12 and 4#-01 resulted in a gradual process
at the end of the combustion. The test L-B curve exhibited a slow
falling trend in advance, smoothed by the above two steps.

In the sixth stage, the slivering behavior of 4#-13 began, and the
combustion of 4#-02, 4#-13, and 4#-03 ended successively. The
tendency ofW decreased significantly with increasing Z. L-B curves
dropped drastically to the end of the whole combustion process.

In summary, simulations and experiments of sequential super-
imposed combustion of several different customized zones for dif-
ferent charges open the door to customizing the combustion
performance of mixed charges. Integrated simulation and MM-
AM technology provide an efficient and common customization
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strategy to achieve the customization of mixed charges with more
complex geometries and more material properties.

5. Conclusions

The customized strategy of mixed charges based on visual pro-
gramming software Grasshopper and multi-material additive man-
ufacturing was proposed for integrated simulation and
experiment. The integrated simulation method of visual burning
surface regression, form function calculation, and combustion per-
formance prediction provided a convenient and effective guide for
the design and optimization of complex structures (geometry and
formulation) by comprehensively understanding the combustion
process theoretically. A new generation of mixed charges in one
propellant was presented and prepared, with complex geometries
and multiple formulations co-constructed customized zones. Sev-
eral different customized zones were superimposing combustion
in the design sequence to achieve customized combustion perfor-
mance. Whether burning surface or burning rate controlled mixed
charges, the experimental phenomena of progressively random
perforated combustion and variation of burning rate pressure
exponent were well simulated. The experimental and simulated
results of superimposed combustion of single and multiple charges
with different customized zones were mirrored to each other
according to the design sequence. As an advanced engineering
strategy urgently needed in chemical engineering, this work not
only fills the gap in mixed charges combustion performance simu-
lation, but also serves as an efficient and common customization
strategy from design to manufacture for mixed charges with more
complex geometries and more material properties.
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