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This paper presents design analysis of impulse thrusters intended for guidance and
control systems of missiles. Impulse thrusters are small solid propellant, short-op-
eration, high thrust rocket motors. They are mounted laterally on the missile’s
control block, and are used to generate control forces to adjust its trajectory. To
minimize the control block weight and achieve better missile performances, alu-
minum alloy is utilized, due to its favorable strength-to-weight ratio and ease of
manufacturing productivity. However, the sensitivity of aluminum alloys to high
temperatures necessitates a comprehensive thermal analysis, to ensure structural
integrity and performance reliability under operational conditions. For that, three
impulse thruster models are designed with incrementally higher thrust and ther-
mal loading. An internal ballistic model is employed to predict their performanc-
es, with results validated through static experimental tests. Then, numerical CFD
and heat transfer simulations are conducted, to predict eventual thruster block
structure overheating, to achieve the maximum possible performances. The study
highlights the importance of material selection, thermal analysis, and propellant
design for optimizing impulse thruster performance and ensuring the reliability of
control systems of missiles.

Key words: control block, heat transfer, internal ballistic, static tests,
impulse thruster

Introduction

In modern defense technology, missile control systems are one of the most important
cornerstones as they provide guidance, precision and stabilization of missiles under external
disturbances during flight. Missile control systems fall into three main categories [1, 2]: aero-
dynamic control systems, thrust vectoring and reaction control — impulse thrusters. The last
ones are small solid propellant, short-operation time, high force rocket motors, mounted in the
lateral side of the missile, intended to generate a force able to change the missile’s direction and
adjust its trajectory [3].

Control systems based on thrusters, do not have widespread applications even though
they are particularly advantageous, as they offer: faster response time, so they can enhance
maneuverability [4] and agility at various angles of attack, missile velocities and altitudes [5];
system simplicity and reliability; higher precision of control force generating; better mass per-
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formances; less power consumption, while adhering to the current trend of minimizing produc-
tion costs [6], making them versatile to different missions.

Thanks to their characteristics, control method based on impulse thrusters has been
integrated into several areas including: spacecraft engineering, satellite technology, rocket and
missile systems. In missile technology, thrusters are used for various functions, especially in ap-
plications requiring fast and precise adjustments, such as artillery, anti-ballistic and air defense
missiles, and anti-tank missiles.

In artillery, impulse thrusters can improve the accuracy of unguided rockets by en-
abling precise trajectory correction. For example, rocket R624 of the multiple launch rocket
system WILCHA, on the front part of the rocket is implemented a control block composed of
90 thrusters, arranged around the guidance section [7]. In air defense, impulse thrusters are used
to increase maneuverability and to refine the course of missiles in the terminal phase of flight.
The PAC-3 missile used in the air defense system PATRIOT, is equipped with side mounted
thrusters to ensure higher precision. One of the rare applications in anti-tank missiles is the
M-47 DRAGON, which contains a control system composed of 60 thrusters installed on the
side surface of the missile. They have an inclination of 40° relative to the rocket axis to achieve
maneuverability and to sustain velocity of the missile [§].

Thruster operating requirements can vary widely depending on the missile’s purpose
and characteristics. The required operating time can range from a few to several hundred milli-
seconds, depending on the system’s dynamics. Thrust values can also range from a few to sev-
eral hundred newtons, depending on the required maneuverability and the missile size. These
two parameters indirectly determine the mechanical and thermal loads on the thruster structure.
As they define the intensity of heat flux and the exposure time of the structure, to the heat from
combustion products.

One of the advantages of thruster control systems is the good mass performance (less
system weight compared to the summary control force-time integral). During design of those
systems, it is essential to optimize its size and mass to be as minimal as possible, while ensur-
ing that it can withstand the operating mechanical and thermal loads. Various design solutions
for the control block with thrusters can be applied. One variant involves the use of an optimal
thruster design in the form of spherical motors, which are installed using lightweight fairings
(as in M-47 Dragon missile). If a larger number of thrusters is needed, to achieve simplicity
in construction and even better mass performance for the control system, in some systems a
lightweight cylindrical housing with installed thrusters has been applied, fig. 1. This simplifies
the design and assembly of the entire system, while also reducing simultaneously mass by elim-
inating additional components required for connecting the motors to the missile body.

Figure 1. A missile equipped with lateral impulse thrusters
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Aluminum alloys are widely used in rocket technology due to their relatively high
specific strength-to-weight ratio [9] and low costs. However, they have limited resistance to
thermal stress and a very high thermal conductivity coefficient, which can be a limiting factor
for their use in thrusters control blocks. However, the operating parameters and material char-
acteristics are such that, in some cases, the use of high strength aluminum alloys is possible,
which favorably impacts the mass performance of the system. Thrusters operating time is typi-
cally very short, usually falling into the category of impulse rocket motors. Thanks to this fact,
the amount of heat transferred to the motor walls is generally very low, making it possible in
certain cases, to use aluminum alloys without additional thermal insulation.

In practice, rockets often rotate around their longitudinal roll-axis. The rotation de-
pends on the type of the rocket, and the guidance system, ranging from 0 for non-rotating-rock-
ets to several tens of Hz for slow rotating rockets, or up to several hundreds of Hz for fast-ro-
tating-rockets (or gyroscopically stabilized rockets). During the operating time of the thruster,
the rocket rotates by a certain angle having an impact on the resulting force. This angle depends
on the spin rate and the operating time of the thruster, and it must be minimal. As example, for
an artillery rocket with a spin about 25 Hz, for a permissible deflection angle up to 90°, thruster
operating time is about 10 ms.

To achieve the desired short operating time of the rocket motors, it is necessary to use
a propellant with a high burning rate, specific shapes of propellant grain, and high motor pres-
sure. Certain grain configurations in solid propellant rocket motors (SPRM) offer high surface
burning areas and fast burning, such as multi-perforated cylinders, multiple-tubes and spirals.

Thrusters design

To assess the design possibilities of a high-performance thruster block made of alumi-
num alloy, it is necessary to evaluate the maximum operating parameters that can be achieved
in a specific configuration of the control block. For the calculations and experimental measure-
ments of performance, a model of a thrusters control block of artillery rocket was chosen. The
rocket motors operating time of 11 ms was specified for the typical rotation of such projectiles.
An operating pressure of 200 bars was chosen to achieve a high burning rate for the available
propellant material. In order to test the thermal resistance of the thruster block and apply high-
strength aluminum alloy, the size of the thruster propellant grain was varied in a thrust range from
500 N to 1100 N.

Thrusters used in missile control systems have some specific requirements sim-
ilar to impulse motors, compared to other types of rocket motors [10, 11], such as: rapid
ignition, short operating time, high burning rate propellant, high operating pressure, and a
compact size. To predict the impulse thruster performances, different mathematical models
were proposed. The study [11] is dedicated to the design of impulse thrusters, with focus
on performances, their dynamics and the high burning rate propellants. Thrusters can be
designed using the rocket motors design process, as given in [12], which provides an over-
view of SPRM performances requirements, propellant properties, motor components, and
performance equations. Zivkovié et al. [13], a method is proposed to determine realistic in-
ternal ballistic coefficients and performance parameters, including specific impulse, thrust
coefficient, and discharge coefficient. These characteristic rocket motors performance
parameters are used for initial rocket motors design, as described in [14], to determine
starting parameters such as propellant mass, rocket motors structure mass and geometry,
propellant burning rate, nozzle geometry, etc.
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Internal ballistic calculation

After more precise design of the propellant grain geometry, and the structural ele-
ments of the rocket motors, and also after determining the burning rate law, more accurate
performances can be predicted using the unsteady internal ballistic mathematical model [13].
This unsteady calculation is necessary to take into account intensely transient processes which
occurs during operation of impulse rocket motors. The pressure-time, thrust-time and burned
web-time curves can be predicted solving the system of differential equations presented:
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In the internal ballistic calculation, the initial pressure was set to 50 bars, which rep-
resent the pressure generated by the igniter at the beginning of the combustion process, and
a thrust coefficient of 1.35 was used. For more precise calculations of the change of burning
surface area A4,(x), it is necessary to apply numerical methods for burnback analysis [15], in
order to account for complex geometry or manufacturing tolerances of the propellant grain. The
burning rate law r(p.) must be obtained experimentally, to achieve satisfying accuracy.

To verify the theoretical results obtained by mathematical models, and to validate the
design, it is essential to conduct experimental tests, and then compare results. To cover a wide
range of thrust, three models of thrusters are designed. The geometry of rocket motors and
propellant type is fixed, and also the operating pressure, which allows the design of a common
combustion chamber for all models, with the possibility of installing a modular nozzle. The
internal diameter of the combustion chamber is 24 mm, for a length of 13.5 mm. Initial design
calculations have permitted to obtain results shown in tab. 1.

Table 1. Characteristic parameters of the three designed motors

Parameter Value

Motor 1 Motor 2 Motor 3
Force [N] 500 800 1100
Operating time [second] 0.011 0.011 0.011
Internal pressure [Pa] 200-10° 200-10° 200-10°
Propellant mass [kg] 0.00272 0.00427 0.0059
Mass-flow rate [kgs™] 0.2473 0.3879 0.5366
Throat diameter [m] 0.0048 0.006 0.0071
Nozzle exit diameter [m] 0.020 0.026 0.031
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Propellant grain design

The selection of the propellant is one the most important processes in the rocket mo-
tors design to achieve the required performances. It directly influences the key parameters of
the rocket motors such as: pressure and thrust — time curves, operating time, case size, efc.
Thrusters are employed to deliver short-duration impulses using fast-burn propellants with an
adequate grain configuration. In this paper, only conventional double based propellant for im-
pulse motors is considered. For the selected propellant with high burning rate, a thermochemi-
cal calculation has been performed [16]. The characteristics of the applied propellant and com-
bustion products are provided in tab. 2. The burn rate for chosen propellant is experimentally
measured. Figure 2 shows the burn rate of the solid propellant as a function of the combustion
chamber pressure.

The required operating time of the rocket motors, operating pressure, and burning rate
define the burning web at 0.325 mm, i.e. thickness of the propellant grain 0.65 mm. To achieve
the required thickness spiral tape shape grain is chosen, fig. 3. The grain geometries of each
motor are shown in tab. 3.

0.035
Table 2. Propellant characteristics
Characteristics Value é e vy
g 003 T .
Density [kgm™] 1620 2 Yy
e N
Specific heat ratio [-] 1.24 3
0.025 &
Temperature of combustion [K] 2350 M
Molar mass [kgkmol™] 23.1 0.02. ‘ ‘ |
100 200 300 400
Specific impulse [Nskg '] 2200 Pressure [bar]
Figure 2. Burn rate as a function of pressure

Table 3. Geometry of propellant grains

Parameter Grain 1 Grain 2 Grain 3
Length [m] 0.191 0.3 0.415
Width [m] 0.0135 0.0135 0.0135
Thickness [m] 0.00065 0.00065 0.00065

Burning surface area calculation for a perfect (ideal) spiral-shaped grain is done by:
A,(x) = 2[ (1 -2x) (L= 2x) + (L = 2x) (h—2x) + (I - 2x) (h—2x) | (7)

In fig. 3 are shown samples of the manufactured spiral-shaped propellant grains, and
in fig. 4 are shown the corresponding burning surface areas relative to the burned web. The
ideal grain burning surface area assumes a perfectly uniform surface exposed to combustion,
while the real grain burning surface area takes into consideration the imperfections introduced
during manufacturing, such as dimensional tolerances and misalignments of internal features
like tubes. These tolerances and geometric errors, provided by the manufacturer, are incorpo-
rated into the real grain burning surface area, which is determined through numerical burnback
analysis [15]. This is important for the thrusters because, with small motor dimensions, toler-
ances can have a much greater impact.
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(c)
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Figure 3. Spiral-shaped propellant ideal geometry and manufactured samples;
(a) ideal grain, (b) Grain 1, (¢) Grain 2, and (d) Grain 3
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Figure 4. Burning area change of ideal and real grains; (a) Grain 1, (b) Grain 2, and (c¢) Grain 3

Static tests and results analysis

In this section, series of experimental tests are conducted. Tests consist to measure
certain outputs such as combustion chamber pressure and motor thrust in time for each motor.
Similar experiment is described in [17]. The experimental results are compared with the cor-
responding results predicted by calculations. These experiments fall within the scope of verifi-
cation and validation of the used mathematical model for the performance prediction of solid
propellant impulse thrusters.

To conduct tests, the measurement system shown in fig. 5 is used, and it consists of:
— Experimental impulse thruster rocket motor, designed with identical internal geometry, but

construction is optimized to be simple for assembly, to withstand large number of tests and
to enable measurement of pressure in the combustion chamber and thrust as presented in
fig. 5.

— Test stand composed of a load cell (force transducer to measure the thrust) in which the
thruster is mounted by means of a coupling device, and a pressure transducer connected to
the chamber.

— Power: the electric device needed to generate the ignition current and the associated wiring.

— Acquisition and processing: composed of an amplifier, an acquisition device and computer
to process data and for visualization.

Figure 6 presents the predicted pressure-time and thrust-time curves, obtained by im-
plementation of the unsteady internal ballistic mathematical model, compared with the exper-
imentally measured results for the three motors using the propellant described in tab. 2 at an
initial temperature of 20 °C.

Some differences are observed between the experimental and theoretical curves. The
experimental pressure and thrust curves may deviate from the theoretical ones due to transi-
tional processes during ignition and the burnout of the thruster. The typical duration of these
processes is of the same order of magnitude as the effective operating time of impulse thrust-
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Figure 5. (a) Schematic of the measurement system for static tests and

(b) test stand installation
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Figure 6. Analytical and experimental pressure and thrust-time curves;

(a) Motor 1, (b) Motor 2, and (c) Motor 3

ers, making their influence on the overall curve shape significant. Slight deviations in thruster
and propellant geometry or the ignition process, can lead to discrepancies in the experimental
curves. These differences can be also attributed to measurement uncertainties, grain mass inac-
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curacy, grain sliver remaining after combustion reaches the web, propellant fragmentation, ezc.
Significant curve deformations are observed in the tests of Motors 1 and 2 as shown in figs. 6(a)
and 6(b), while Motor 3, fig. 6(c) exhibits a curve shape that corresponds well to the expected
combustion of the propellant grain.

Generally, the results demonstrate relatively good agreement in terms of values and
curves shape, between the analytical predictions and the experimental data within the error
margins less than 5% for pressure and thrust integral and less than 10% for effective time, as
illustrated in fig. 6. This concordance validates the mathematical model used for performance
predictions and confirms its applicability in the solid propellant impulse thrusters design, with
considerations of the thruster’s sensitivity to ignition and errors in grain geometry.

Thermal analysis

Thrusters used in missile control systems must be as lightweight as possible to achieve
better missile performance. Optimization of the weight can be achieved by reduction of the case
and nozzle walls thickness and by using lightweight materials. The control block case is made
of aluminum alloy 7050, or similar. Nozzle insert from high density graphite is applied in the
maximal thermal loaded throat area. The objective is to design a control block section intend-
ed to house multiple thrusters, which size must be minimal, as well as the distance separating
them. Two negative effects may occur in this construction:

— During thruster operation, the inner walls heat up, and the temperature of the inner wall lay-
ers rises significantly, due to the high mass flux of the combustion products. If the tempera-
ture profile reaches a high value (close to 500 K), where generally the strength of aluminum
alloy rapidly decreases, there will be a reduction in the load-bearing capacity of the wall,
compromising the thruster’s function.

— During the operation time, internal walls of a thruster accumulate heat, which will be con-
ducted through structure, during the time. This heat transfer can potentially cause an au-
to-ignition of the neighboring thrusters.

With a distance of 3 mm separating two adjacent thrusters, and which represents the
calculated thickness a combustion chamber wall for one thruster, analyses of the heat transfer
within the control block during the time activation of one thruster are conducted. To this end, to
determine the thermal endurance limit of the selected structure, the three described thrusters are
analyzed using a complex unsteady CFD and heat transfer simulations.

Input parameters of simulation

The simulation model of the combustion products flow and the heat transfer consists of:

— the thruster’s fluid and the solid domain geometry as represented in fig. 7,

— the internal ballistic operating regime,

— thermo-physical characteristics of combustion products [18] given in fig. 8,

— thermo-physical characteristics of case and nozzle materials given in fig. 9 (experimentally
determined), and

— turbulent characteristics of the internal flow.

For the simulation, a 2-D axisymmetric geometry model is created for each motor,
with the same case and different propellant grain and nozzle. The models are divided into three
zones. The fluid domain corresponding to the combustion products flow space, and the solid
regions corresponding to the motor case, nozzle and throat insert. The turbulence of the com-
bustion products flow is calculated using the RNG k-¢ turbulence model, while the flow within
the boundary-layer is modeled using scalable wall functions. A hybrid mesh is generated for
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all thruster models. Adaptation technique is used to achieve uniform y* distribution (near 10) in
boundary-layer zones for accurate capturing heat transfer process, regarding FLUENT User’s
Guide [19]. A convergence study was performed to assess the accuracy of the results by testing
different mesh densities. The mesh elements are sized to accurately capture flow and heat trans-
fer characteristics, with a total of around 300000 elements for each thruster model.

Motor ., Throat
Fluid .
case insert

— — Outlet

@ Inlet Nozzle )

Figure 7. Simulation model; (a) structure diagram and (b) grid diagram

Boundary conditions are defined by the internal ballistic parameters and the combus-
tion characteristics of the propellant, which are provided in tab. 4.

Table 4. Boundary conditions

Parameter Value Parameter Inlet Outlet
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mass-flow Motor 2 0.3879 Temperature [K] 2350 300
-1
rate [kes'] Motor 3 0.5366 Turbulence intensity [%] 5 5
Hydraulic diameter [m] 0.024 0.03
1800 _ 02 ~ 8
T 1 = ’ ia L?
ey 1700 . x , g7 ,
= # £ 0.15 ’ 2 ,
> ’ 2 s 36 ’
1600 14 < , !
4 Va 5 ,
’ 0.1 s ’
1500 4 ’ ,
/ 7 4 v
d
1400 0.05 3
500 1000 1500 2000 2500 500 1000 1500 2000 2500 500 1000 1500 2000 2500
(a) Temperature [K] (b) Temperature [K] (o) Temperature [K]

Figure 8. Thermo-physical characteristics of the combustion products;
(a) specific heat capacity, (b) thermal conductivity, and (¢) dynamic viscosity
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Figure 9. Thermo-physical characteristics, specific heat and thermal conductivity of;
(a) aluminum alloy 7050 and (b) high density graphite

Simulations results

To conduct simulations, the commercial software FLUENT is selected. Using this
software and the CFD models, it is possible to determine the temperature distribution contours,
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as well as, to extract temperature changes in time for any specified point. Two characteristic
points are chosen and are fixed on the internal and external wall as shown in fig. 7(b). Figure 10
represents the temperature contour of each motor at =11 ms (at the end of the operating time).

The simulation results show that even for fast burning process, the motor casing is
significantly heated. During the thruster's operating time, the heat propagates through the motor
case and the wall temperature increases along the thickness. Comparing all motors, the third
motor shows the greatest heat propagation since it has the highest products mass-flow. Accord-
ing to temperature field, the maximum stress occurs at the nozzle throat. High temperatures are
reached for the inner wall and the nozzle throat comparing to the outer wall, this is due to direct
contact between these zones and the combustion gases, while the outer wall receives heat only
by conduction through the walls material.
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Figure 10. Temperature distribution at 7 =11 ms for;
Motor 1 (a), Motor 2 (b), and Motor 3 (c)

For a calculation step of 1 ms, the temperature change in two selected characteristics
points (inner and outer wall of case, shown in fig. 10), for each motor is given in fig. 11.
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Figure 11. Temperature variation of characteristic points; (a) inner wall and (b) outer wall

For the Motor 1 and Motor 2, the inner wall temperature at £ = 11 ms rises from
300 K up to 332 K and 371 K, and then decreases to 311 K and 319 K, respectively at
t =150 ms. The outer wall temperature rises from 300-303 K and 307 K at = 11 ms, then keep
rising to reach 310 K and 321 K, respectively at # = 33 ms then start to decrease until equilib-
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rium at 300 K. These reached temperatures are far from the material strength loss temperature
(=500 K) or the melting point of the aluminum alloy (=750 K). From a thermal perspective,
Motor 1 and 2 are suitable for use.

On another side, for the Motor 3 the inner wall temperature rises from 300-548 K
at ¢ = 11 ms, which is higher than the temperature of load-bearing capacity of the wall. The
outer wall temperature rises from 300-325 K at 7 = 11 ms, and then keep rising up to 374 K at
t =35 ms. These temperature values pose a potential risk to the reliability of the thruster’s func-
tion, indicating that the configuration of Motor 3 is critical concerning the thermal durability of
the applied material and thruster design.

Because of the significant thermal load in the nozzle throat, which is about 1000 K
for all Motor models (for Motor 3 is above 1100), this part of the motor (nozzle throat) must be
made from a more temperature-resistant material, such as high density graphite.

Conclusions

In this paper, a design and thermal analysis of impulse thrusters for control systems of
guided missiles is investigated. Using the unsteady internal ballistic mathematical model, three
models of thrusters were designed with identical casing and different nozzles and propellant
grains. Prototypes of these motors and spiral shaped propellant grains were constructed, then
tested on a static test bench. The good agreement between the experimental results, and the
calculation predictions validates the mathematical model and demonstrates its use possibility
for further impulse thrusters design.

Spiral-shaped propellants, thanks to their high surface burning area, show a high burn
rate and very short operating time, what is sought in impulse thrusters. They also have a near-
ly neutral thrust force, what makes them favorable to use, and suitable for control systems
application. Manufacturing irregularities of the propellant grain may influence the thruster’s
operational time, the shape of the thrust-time curve, and, consequently, its overall performance.

Thermal analysis demonstrated that, even for very short operating time of impulse
thrusters, the heat transfer occurs, making it necessary and essential to consider thermal loads
in their design. Aluminum alloys, due to their high strength to weight ratio, can be used to con-
struct control block of missiles, while also minimizing its weight and cost comparing to other
materials.

The designed and researched thruster models indicate that there is a critical amount of
propellant material within the given thruster geometry at which thermal overload of the applied
material occurs. If the system requires a higher mass-flow rate within this geometry, modifica-
tions to the solution are necessary, either by employing thermal insulation or using thermally
resistant materials.

Nozzle throat always represents the most sensitive zone to thermal stresses, based on
this, they always should be constructed using thermally resistant materials.

The study highlights the importance of material selection, thermal analysis, and
propellant design for optimizing impulse thruster performance and ensuring the reliability of
control systems of missiles. Incorporating impulse thrusters into missile control systems rep-
resents a significant advancement. Future work could involve validation of thermal simulations
through experimental methods, using thermocouples or infrared cameras to measure tempera-
tures at key thruster locations. Additionally, the design of a more compact missile control block
could be explored, either by using spherical thrusters or by reducing the thruster’s length, which
would result in lighter and more efficient missile control systems.
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Nomenclature

A, —burning surface area, [m?] T. —temperature of combustion, [K]

A, —nozzle throat area, [m?] t —time, [second]

Cr — thrust coefficient, [-] V, — free volume in the combustion chamber, [m?]
C, — specific heat capacity, [JK 'kg™'] x — burned web thickness, [m]

F —thrust force, [N]

h  — spiral thickness, [m] Greek symbols

L —spiral length, [m] x — specific heat ratio, [—]

| — spiral width, [m] /. —thermal conductivity, [Wm'K™']

p. — chamber pressure, [Pa] i —dynamic viscosity, [kgms™]

R — gas constant, [Jkg'K™'] p, —propellant density, [kgm~]

r —burning rate, [ms']
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