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The paper considers utilization of rocket motor propellant grains that consist of
two propellants. The idea is to achieve approximately neutral burning using an
outer surface inhibited cylindrical shape and complex contact surface between
propellants. An existing propellant grain with complex geometry has been analyt-
ically modeled in terms of determination of evolution of corresponding burning
surface areas. The analytical and experimental results’ diagrams of this grain
have been found to have a saw-tooth shape because of the segments that separate
the two propellants, causing potential problems in the burning process during the
relatively short active phase, showing an obvious need for further optimization.
This has created an opportunity for development of improved propellant grain
geometry and corresponding mathematical model for determination of main inte-
rior ballistic parameters. Comparison between calculation results based on both
models and experimentally determined chamber pressure data shows very good
agreement. Therefore, two-component propellant grains have significant applica-
tion possibilities using the suggested modeling approaches.

Key words: rocket propulsion, solid propellant, grain geometry, optimization,
two-component grain

Introduction

Solid propellant rocket motors (SPRM) have found their use in a plethora of dif-
ferent scientific and commercial fields due to their simplicity, reliability, and they require
little servicing [1]. This growing practical us-

age has led SPRM to be considered one of the Metal structure  Insulation

most reliable and cost-effec_tlvg propuls!on o . o
systems for rocket-based applications, ranging ﬁ e T |
from minor tactical weapons to large scale RS oy
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space mission rockets [2]. A large number of \ \ /
manufacturers and designers prefer and even anftor Fropaliant Nezzl
suggest the use of SPRM, rather than other
variants of propulsion systems, due to their
relatively simple design, simplified manufacturing process, long lifetime, easy storage, read-
iness for use and low cost [3]. Generally, a solid propellant rocket motor may consist of five
main components as illustrated in fig. 1. These components are the nozzle, igniter, insula-
tion, metal structure or case and the propellant grain which has the highest impact towards
the performance of the motor [5].

Figure 1. llustration of SPRM components [4]
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Solid rocket propellants consist of fuel and oxidizer that react chemically under cer-
tain conditions to release energy, thereby producing thrust. In SPRM, the amount of produced
thrust depends on the propellant’s composition, shape and the design of the nozzle. In terms
of design optimization and efficiency, many researchers have been conducting intensive work
in the past few decades. The importance of automated design of solid rocket propellant sys-
tems was conducted and demonstrated in [6]. The research was limited due to the under-de-
veloped computational methods.

The SPRM are designed in line with mission requirements set before them, pre-
determined by the rocket’s application. Upon establishing the mission type, it is essential to
define a desired thrust profile. After selecting an appropriate propellant composition, the main
design variable or parameter affecting the thrust profile will be the grain geometry [7-11]. The
change of grain geometry during operation of the SPRM defines the burned surface area for
an amount of web. This process is called burnback analysis of solid propellant grains. It is
important to take into account the change of the burning surface area as an essential parameter
for the interior ballistics’ calculations and prediction of SPRM performance parameters [12].
The propellant grain has a burning that regresses in a direction perpendicular to the burning
surface. The rate of regression is the burning rate r, which is usually expressed by the formula
given by Saint Robert and Vieille [13]:

r =bpy )

Another important parameter in the interiors ballistics is the mass-flow rate which is
determined by the following equation:

m=Ap,r (2)

The characteristic velocity, ¢, is a function of the propellant characteristics and

combustion chamber design, and it is essentially independent of the nozzle characteristics. It

is defined as the product of chamber pressure and nozzle throat area divided by the propellant
mass flow rate and can be expressed:

oo Po A _ ,/RTC 3)
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where parameter v is:
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Assuming homogeneous chamber pressure and steady-state process, the equilibrium
chamber pressure, po, can be determined by balancing the mass-flow rate of the generated gas
from eq. (2), and its mass-flow rate through the nozzle defined by (3):

1
Bo = [bppc*gjl’” 5)

The chamber pressure could be influenced by the change of initial temperature of the
propellant grain ATp, and that effect on the motor pressure could be expressed:

P = PoeXp(mAT,) (6)
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where 7 is the temperature sensitivity of the pressure, and it is calculated as shown in eq. (7)
as the function of the burn rate exponent n and the temperature sensitivity of the burning
rate, op.

1
"1 0

In the case of a two-component propellant grain, the total generated mass-flow rate
is equal to the mass-flow rate through the nozzle:

thy -+ th =i (8)
Using egs. (1) and (2), this condition can be written in the equivalent form:

pe Al p" + p AR = P 9)

¢
where T is the average characteristic velocity of the mixture of combustion products. Using
the calculated values of the burning surface areas Ar and As and having in mind that other pa-
rameters are propellant properties, the equilibrium pressure can be numerically calculated
from eq. (9). Therefore, during the evolution of the combustion of a two-propellant grain, in
the case when only one propellant burns the operating chamber pressure is determined from
eg. (5), otherwise, eq. (9) is used.

The previously listed parameters are all necessary when creating a precise model of
a rocket motor and using them it is possible to calculate values that dictate the performance of
the selected motor configuration.

Burnback phenomenology of two-component grain is considered through analysis
and optimization of an existing SPRM with a complex grain consisting of two propellants.
The optimized model will serve the purpose of simplifying the grain’s shape while delivering
the same performance. The grain’s shape will be altered in order to have a simpler configura-
tion than the original model. The process of the burnback analysis and performance calcula-
tions could be carried out in a programmed code or software to deliver accurate and reliable
results as the code that was developed in [14]. In this project, a MATLAB code is developed
to incorporate the original and optimized grain’s mathematical models, along with their inte-
rior ballistics, in order to deliver a comparison of the performance parameters.

v

Burnback analysis of two-component propellant grain

This type of grain consists of two propellants, one of which has a higher burning
rate than the other. They are composite solid propellants that have similar compositions but
a different oxidizer and fuel ratios. The propellants are based on ammonium perchlorate
(AP), as an oxidizer, and significant experimental work has been done to find out the pa-
rameters that influence the burning rates of compositions that contain AP [15, 16]. The pro-
pellants composition will not be discussed in this paper as its characteristics will be intro-
duced in the model as a given input. However, it is an area of interest to study the selected
propellant of this grain.

The grain’s cylindrical shape was set as a requirement, as well as a neutral thrust
profile. Therefore, this requirement could be fulfilled through two solutions, which will be
discussed.



Alazeezi, M., et al.: Two-Component Propellant Grain for ...
1570 THERMAL SCIENCE: Year 2022, Vol. 26, No. 2B, pp. 1567-1578

Original propellant grain

The existing (original) grain consists of two propellants that give the final configura-
tion of a cylindrical grain. The geometry of the original grain with characteristic stepped con-
tact surface between two propellants is shown in fig. 2. The outer cylindrical surface and the
left frontal area are inhibited where the right side is open to the nozzle. Due to the complex
geometry of contact surface between the propellants, the burnback analysis will consist of
multiple steps that represent the burning surface area at each burned web.
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Figure 2. Geometry of the original two-propellant grain

The burnback process is described analytically and implemented in MATLAB using
multiple loops for calculating the output parameters at each step during the burning process.

Initial step

In this step, the burning is occurring only in the fast burning propellant. The burning
surface area consists of the cylindrical inner tube, combined with the frontal ring shaped area.
The initial tube length is marked as L+ and represents the total length of the tube. The grain’s
web thickness is defined by the interior diameter of the tube Dr and the total exterior diameter
of the grain D. This step concludes after the interior diameter Ds reaches a value equal to the
interior diameter of the first step of the slow burning propellant Dsi. The following relations
demonstrate the burning surface area:

T
A = 7Lt o Dr k) +Z[D2_Df2(k)] (10)
Lt (iny = Lrgo =W (11)
Dt (k1) = Dr ) +2W (12)
A =0 (13)

where At is the burning surface area of the fast burning grain, As — the burning surface area of
the slow burning fuel, Ls — the current length of grain, numerically lowered in each iteration
by a predefined parameter, w, forming L at the end of the first burning step. The burned web
w determines how fine each iteration step will be. Due to parameter Ds being related to the
grain burn rate in the same way as Ly, it is also calculated in each iteration using w. The cur-
rently running iteration is represented with the index k, while the upcoming next iteration is
marked with k+1.
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General step

In this step, the burning will start spreading to the slow burning propellant, there-
fore, the following relations demonstrate the burning surface area that progressing at both
propellants:

A = 7Le()Dr ey + %[DZ - sz(k)] + Z”Lf(i)(k) Dr iyk) (14)
Lotk =Leao —W (15)

Dt (k42) = Dy +2W (16)

A =7LyDy + Age 17)

Age = [ D) + Dsl(k)]% (18)

where index i represents the number of the step. During burning, each time the burning front
reaches a new step, a new shape will begin forming at the edge of each slow burning grain
step, due to the difference in burning rates. This step causes the propellant to not only burn in
the radial and axial or longitudinal direction. This new shape is viewed as a slope and can be
calculated for each step in order to further increase the accuracy of the mathematical model.
Equations of the burned edge as a new step are:

Dsik+1) = Dagiy + ZW% (19)
Ak+1) =Gy T W:—i (20)

Cyks1) = Cyy +W (21)

Cuk+) = \/ a12(k+1) +[C k) — al(k+1)]2 (22)
Ly = Lsagey — Baern (23)

where Ds; represents the interior diameter of the slow burning propellant first step. If the dif-
ference of burning speeds is taken into consideration, in order to calculate the area of the new-
ly forming slope, it is necessary to introduce parameters a and c, representing axial and radial
burning of the edge of the step, respectively, as shown in fig. 3. Through them one can calcu-
late e, which is the length of a single slope.

k.

Figure 3. An illustration on the new formed step
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Optimized grain geometry

The original propellant grain configuration was designed in such a way due to the
manufacturing limitations. Multiple methods and techniques were developed by the research-
ers in this field for designing and optimizing solid propellant grain shapes [17-19]. Thus, an
optimization model has been developed for this project to reduce the complexity of the grain’s
shape while keeping the same performance outputs. The optimized model is consisted of five
burning phases that will go through the two propellants, as shown in fig. 4. The mathematical
model will be shown only for Phase 3 as it is the most complex one, and hence the burnback
analysis for the other phases are simpler and could be calculated in an analogous way.

L

f

Figure 4. Geometry of the optimized model

Phase 1. The first phase of the burning will be identical to the original model as
shown in fig. 5, meaning that it will just evolve through the fast burning propellant from Ds to
Ds1, and from Ly to Ly from the right side. The burning surface area equations of the first
phase are similar to the set of egs. (10)-(13).

Figure 5. llustration of phase 1 burnback analysis for the optimized grain

Phase 2. The burning of the slow burning propellant will start at the Phase 2, fig. 6,
where the burning slope, replacing the large number of steps present in the original design, will
be included. The burning surface area of the fast burning propellant will be similar to the one in
the Phase 1. Phase 2 is considered to be finished when the fast burning propellant interior diam-
eter D reaches the value set for the diameter of the second step of the slow burning fuel Ds,.

Burning slope

Figure 6. lllustration of Phase 2 burnback analysis for the optimized grain
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Phase 3. The fast burning propellant will be totally burned out by the end of this
phase as it will continue burning like in the previous phase to the point before starting Phase
4. The formula of As is still the same in this phase. The remaining burning surface area rela-
tions of this phase are:

€s(k €f (k
A =7l Dag + {”[DSZ(k) + Dsl(k)]%} + 7 Lso0) Dsagy + 7Dy + DsZ(k)]% (24)
2 DsZ(k) Dsl(k) ’
€sk+1) = 4 [[Lsiopeqiy]” + — 5 (25)
r.
Lstope(k+1) = Lstope(k) + LsS(k)W"'WTZ (26)
1
.
Lok = Lsa) —WTZ (27)
1

Lt (ksn) = Lrgo =W (28)
Drs1) = Dy +2W (29)

r
Dsik+1) = Dagiy + 2W?2 (30)

1

r.
Ds(k41) = Dsaqy + ZWTZ (31)

1
(ki) = a(k)2 +[C — "ﬂ‘(k)]2 (32)

r
Ak+1) = ) T WTZ (33)
1

Ck+1) = Ceag) +W (34)

where es represents the burning slope as shown in fig. 7, and Lsiope — the axial slope length.

Figure 7. lllustration of Phase 3 burnback analysis for the optimized grain

Phase 4. This Phase consists only of the slow burning propellant, starting with the
initiation of the second slow burning propellant step, positioned at the end of the still burning
slope. Therefore, As will be equal to zero and As could be calculated in similar way to Phase 3.
This phase is considered to be finished when the diameter of the second step Ds, reaches a
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value equal to the total diameter, D, of the rocket motor casing, meaning that itis fully burned
up. The total burning surface area, during Phase 4, consist of four separate areas, fig. 8. These
include the first slow burning step, defined by the diameter Ds; and length Lsi, the still exist-
ing slope Lsiope, the second slow burning step with the length Ls, and diameter Ds», and finally
the smaller slope formed during the previous phase er.

Figure 8. lllustration of Phase 4 burnback analysis for the optimized grain

Phase 5. The last phase represents the last remaining part of the slow burning pro-
pellant, fig. 9. The burning surface area of the fast burning propellant will be zero at the be-
ginning of this phase.

Figure 9. lllustration of Phase 5 burnback analysis for the optimized grain

Experimental results
— Static test of the rocket motor

Static tests are conducted to verify the theoretical performance prediction of SPRM,
and to ensure that no defects would occur during the combustion process. Those defects could
occur in the form of grain pores and grain cracks because of the internal load pressure, stor-
age, etc. [20].

In this investigation, the propellant grains as shown in fig. 10, were produced along
with the other rocket motor parts such as the igniter, combustion chamber and nozzle. The as-
sembled SPRM was mounted on a horizontal static test bench [21]. An experimental igniter
was used for this test which holds a pressure transducer and load cell, as shown in fig. 11. The
measurements were recorded through a data acquisition system.

The data acquisition system is capable to read multiple parameters such as pressure,
thrust, temperature and time. It converts the analog signal received from the static test stand to
digital values for processing, and it consists of the following components: sensors — to convert
physical parameters to electrical signals, signal conditioning circuits — to convert sensor sig-
nals into a form that can be converted to digital values, and analog-to-digital converters — to
convert conditioned sensor signals to digital values.

The pressure measurement sensor (pressure transducer) is capable of measuring
pressure values up to 350 bars. Experimental results are presented in the following section
along with theoretical calculations.
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= — Load cell

.. Pressure
transducer

Figure 11. Static test equipment: pressure transducer and load cell

Results and analysis

The results from the developed MATLAB codes were obtained using the same di-
mensions and characteristics of the experimental rocket motor in order to verify developed
analytical models through the comparison with experimental data.

The propellants’ characteristics are unified for both grain geometries and they are
implemented in the program as input values which are given in tab. 1.

In reference to the technical drawing in fig. 2, the values of the original propellant
grain geometric characteristics D, Dy, and Lf are 120 mm, 74.5 mm, and 1260 mm, respective-
ly. Each segment’s length Ls is 105 mm, and the diameter of each step was increased by
2 mm. The optimized propellant grain has the same main dimensions, however, the values of
Ds1, Ds2, Ls1, Ls2, and Lszare 81 mm, 104 mm, 50 mm, 55 mm, and 105 mm, respectively.

Table 1. Propellant characteristics

Parameter Fast burning propellant Slow burning propellant
Adiabatic constant, [-] 1.25 1.25
Density, [kgm3] 1715 1705
Burn rate exponent n, [-] 0.48 0.47
Burn rate coefficient, [msPa™] 0.0000101 0.00000855
Burning temperature, [K] 2599.2 2744.6
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The MATLAB simulation gives an output in the form of various diagrams, relating
to the necessary data for comparing with one another, as well as with the experimental results.
Figure 12 shows the burning surface areas of both propellants (slow burning and fast burn-
ing), relative to time passed, where it is possible to compare the original and optimized mod-
els. While analyzing the change in burning surface area, it is already possible to notice the
origin of the initial problem of the SPRM, in the form of gradually forming steps, resulting in
reoccurring sudden changes in burning surface area, and henceforth, in the chamber pressure.

0.4 - ' T 0.5
A, [m?] Original model A_[m?]
! el Optimized model N 0.4
03F
0.3
0.2]
‘ 0.2}
0-13 1 | 0.1} | | Original model
| i - Optimized model
01 L s - L L 0 SRS . L L
0 0.2 0.4 0.6 0.8 1 1.2 14 0 0.2 0.4 0.6 0.8 1 1.2 14
(a) Time [s] (b) Time [s]

Figure 12. Burning surface area vs. time for the original and optimized grain;
(a) fast burning propellant area and (b) slow burning propellant area

When compared to the original model, the optimized model shows an almost linear
change in burning surface area in the sections previously consisting purely of sharp drops in
pressure, whenever a propellant step would end. This occurrence can be noticed during burn-
ing of both propellants, as their geometry is codependent.

As expected, the chamber pressure has a similar form to the burning surface area di-
agram but segmented differently due to the change of propellant and burn rate. The diagram
in fig. 13 represents the chamber pressure, the main output of the simulation, and as such is
used for comparison with the experimental data, acquired for the nominal initial propellant
temperature, equal to 15 °C. It is possible to clearly see that the obtained results for both
models align with the experimental results, within the acceptable error margins.

The simulation enables determination of operation pressure for various initial pro-
pellant temperatures using egs. (6) and (7). With the existence of experimental results, not on-
ly for 15 °C, but also for extreme working temperatures, the following diagrams were derived
for -30 °C, fig. 13(b) and +50 °C, fig. 13(c).

In fig. 13(c), it is possible to see fair alignment between the experimental results and
the developed models, showing the accuracy and potential of relatively simple models. The
final peak of the optimized model shows lower values of thrust but does not change the gen-
eral total impulse of the entire SPRM. Unlike to the aforementioned results, fig. 13(b) shows
slight deviation between the calculation and experimental data, when analyzing the pressure
peaks. This difference extends to less than 10% of the experimental data and can be consid-
ered to be within the required margins. Both of these temperature variants give positive results
in favor of the analytical models, further proving their adequate accuracy.
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Figure 13. Chamber pressure vs. time: comparison between calculated values for original
and optimized propellant grain and experimental results at; (a) ambient temperature, 15 °C,
(b) cold temperature, =30 °C, and (c) hot temperature, 50 °C

Conclusions

Paper considers application of two-component propellant grain in order to achieve
desired pressure and thrust profile with simple cylindrical overall geometry and complex in-
terface area between two propellants. When analyzing the acquired experimental results, it
was concluded that there would be a need for an adequate simulation model, not only for fur-
ther cost efficiency but also for a simpler way of developing further optimized propellant
grains. Two geometrical configurations of the grain are thoroughly analyzed and correspond-
ing complex models for burning surface area determination are developed.

After comparing the results of the developed model with the experimental data, it is
concluded that the model can successfully be used for simulating the burning process of the
propellant. This has created an opportunity for a second model to be developed for an opti-
mized geometry of the propellant grain, with the aim of lowering the oscillations formed dur-
ing the burning steps between the two propellants. As can be seen, this has provided positive
results, all within the required margins of error, allowing for potential production of the new
grain.

Further work is aimed at using the developed MATLAB program as a tool to pro-
vide a full performance prediction for the rocket motor using the burnback analysis as an ini-
tial input, for various two-component propellant grain configuration.

Nomenclature
A — burning surface area, [m?] e —length of the burned edge of slow fuel, [m]
As — burning surface area of the fast burning es — burning slope, [m]
propellant, [m?] Lt — length of the fast burning propellant, [m]
As — burning surface area of the slow burning Ls - length of the segment, [m]
propellant, [m?] Lsiope — Slope length, [m]
Ase — burning surface area of the edge, [m?] m  —mass-flow rate, [kgs]
A: — throat area, [m?] n — burn rate exponent, [-]
a —axial burned edge of the slow fuel, [m] po - chamber pressure, [Pa]
b - burn rate coefficient, [msPa™] R —gas constant, [Jkg K]
¢ - radial burned edge of the slow fuel, [m] r — burning rate, [ms]
¢” — characteristic velocity, [ms] Te - burning temperature, [K]
D - outer diameter of both propellants, [m] w  —burned step, [m]

D¢ —inner diameter of

the fast burning propellant, [m]
Ds —inner diameter of pp  — propellant density, [kgm-3]

the slow burning propellant, [m] op - temperature sensitivity of burning rate, [K™]

Greek symbols
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m  —temperature sensitivity of the pressure, [K™]
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