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The work aims to describe the design and development process of an alternative
concept, a torch ignition system that uses methane and nitrous oxide as propellant pair.
This system architecture aims mainly to allow the performing of multiple ignitions and the
re-usage of the main motor oxidizer to do so.
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JocaixxeHo npouec aabTepPHATHBHOI KOHLENUIl cCHCTeMM 3aNaJII0OBaHHs, y AKiil BU-
KOPHCTOBYIOTH MeTaH i 3aKHC a30Ty K naauBHy napy. [lokazano, o po3pod;aioBana ap-
XiTeKTypa cHCTeMH 3aNaTI0BaHHS MPU3HAYEHA TOJTOBHUM YHHOM /ISl 3AiliCHEHHS 1eKib-
KOX 3aliMaHb NMaJUBA TA MOBTOPHOI0 BUKOPHUCTAHHS OCHOBHOI'O OKHCHIOBAaYa JIJIfl 3aIyc-
KY JIBMTYHA.

Kirouosi croea: TIOpUIHAN NBUTYH PaKeTH, CUCTEMa 3allalIFOBaHHS, Ta30BUl (paken, Moje-
JIFOBAHHSI TOTOKY, 3TOPAHHS PaKETH.

HccaenoBan mpouecc aJbTepPHATHBHOI KOHIENUHMHM CHCTeMbl 32;KHUTaHHUS, B KOTO-
Poi MCIOJIL3YIOTCSI METAH H 3aKHCh a30Ta B KayecTBe TOILIMBHOI napsl. [loka3ano, 4To
pa3padaTbiBaeMasi apXHTEKTYPa CHCTeMbI 32KUTAaHUSI TVIABHBIM 00pa30M IpeIHa3HaYeHa
A7 BHINOJTHEHUS] HECKOJIbKHX BO3rOPaHUii TOMJIMBA H MOBTOPHOT0 HCIOJIb30BAHUS OCHO-
BHOT'0 OKHMCJIUTEJIS ISl 3aIyCKa IBUTaTeJIsl.

Kniouesvie cnosa: THOPUAHBINA NBUTATENb PAKETHI, CHCTEMa 3aKUTAHUS, Ta30BBIN (hakel,
MO/JICIMPOBAHKE [TOTOKA, CTOPAHUE PAKETHI.

Introduction. The development of hybrid propulsion technologies has become an
area of great interest. The main objective in aerospace propulsion area is to develop new
technologies for rockets motors that can provide the possibility of increasing the perfor-
mance parameters and provide more reliability to the rockets motors. It is also important
reducing of manufacturing costs.

Hybrid rocket motors use liquid oxidizer and solid fuel as propellants [6]. This kind
of motor is an intermediate between a solid motor and a liquid propellant engine. The
fuel is stored as a solid grain in the combustion chamber. The oxidizer is stored as a lig-
uid in a separate tank. These motors have advantages such as safety operation compared
with others types of rockets motors, multiple restart capabilities, higher specific impulse
than solid rocket motors and low cost. The hybrid rocket motor presents extensive ap-
plication in many fields of interest such as sounding rockets, missiles, manned rockets
and others.

The ignition system is essential to ensure the operation of all types of rocket en-
gines by the reason that it is responsible to providing the initiation of the combustion
process in the combustion chamber of the motor. The ignition system must provide
enough energy to pyrolysis the solid fuel as well as have enough residual energy to
initiate combustion [3].

Ignition technology is a key aspect to be studied in order to ensure and improve the
advantages of hybrid rocket motors. Ignition can be considered a critical step in the op-
eration of a rocket engine. The system has to deliver a certain mass flow rate of a certain
temperature into a combustion chamber. Dependent on the local mixture ratios in the
combustion chamber and the temperature of the hot igniter gases, ignition occurs [8].
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Different approaches have been used to ignite rocket motors. These include hyper-
golic reactants, resistive elements (low voltage), augmented high voltage spark (liquid
bi-propellant torch), pyrotechnics, catalyzed monopropellants, gas-dynamics systems,
and high power plasma arcs [3, p. 2].

The project of an efficient and reliable ignition system is a challenging task to do
for hybrid rocket motors. In many cases, the ignition process may negate much of the
hybrid motor’s inherent simplicity or safety and may deny the ability to restart the mo-
tor [3]. In the literature, can be mentioned the work of Judson Jr., a Direct Electrical
Arc Ignition of Hybrid Rocket Motors. The concept uses a spark to directly ignite the
main propellants. This ignition concept allows for hybrid motor systems fully realize
the safety, simplicity, and restartablility advantages.

Research of the new ignition system is mostly executed by undergraduate students
of Chemical Propulsion Laboratory in University of Brasilia (UnB).

Purpose of the work. In the context of hybrid rocket motors, the design of ignition
system is a fundamental activity, since the ignition system is one of the systems that can
ensure safety and reliability for a rocket, thereby increasing the viability of different
types of space missions. By these reasons, it can be stated the importance of research in
the field of ignition. Adhering to this context, this paper developed with the objective to
present a new concept in ignition system.

This ignition system has how one of its advantages the fact of being simple manu-
facturing and be capable to ensure the possibility of multiple ignitions. It is showed a
description of High Power Hybrid Rocket Ignition system applied to the ignition system
proposed in this work. Simulations in the flow passing through this ignition system were
made with the purpose of perform data analysis.

Research methods. The initial parameters used for the calculation are shown in
tab. 1. They are formed to satisfy the motor operation and design constrains.

Table 1
System parameters
Initial data
Initial combustion chamber pressure, kPa 1...100
Initial temperature, K 213 ...313
Fuel type Paraffin, HDPE
Oxidizer type Nitrox oxide
Mass flow of oxidizer, kg/s 1.5...3.0
Design criteria
Minimal number of ignitions: 16 x 3 seconds each
Reliability High
TRL 5
Simplicity possibility to manufacture by Brazilian industry
Possibility to recharge for ground tests
Constrains
Max. Volume 4 liters
Place of the ignition Pre-chamber
Electric power 20W

1. Analytical approach. The system is designed to be operational in stoichiometric
mixture properties. In order to ensure proper Oxidizer-to-Fuel (O/F) ratio following
chemical process summary reaction calculated:

8N,0 +2CH,— 2CO, + 4H,0 + 8N,

which gives the volumetric flow ratio, proportional to stoichiometric coefficients:

v[N,0] = 0.8, v[CH,] = 0.2,
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and with respect to equal pressure in feeding lines of propellants it gives the oxidizer to
fuel injectors area ratio 4:1.

The combustion chamber geometry calculated by the models of liquid rocket engine
design, described in Reference [2]. The following parameters were obtained: injectors
geometry, combustion chamber length and diameter, shape of the igniter nozzle, etc.
The calculations result in the preliminary mechanical structure, shown in fig. 1.

2. Mechanical structure. The structure of the ignition system presented in the
Figure 1. The torch ignition system is modelled as a simple cylindrical combustor with a
convergent nozzle. There are two oxidizer injectors and one fuel injector. The injectors
for oxidizer and fuel have identical design. With the use of the same design for both
injectors, the complexity for assembling the parts will be decreased thereby providing
an ignition system of simple manufacturing. The simplicity of the ignition system is an
important design criteria because it can reduce the manufacturing costs. The ignition
system mechanical structure made in order to simplify the manufacturability by industry
or university means.

Nozzle and injector inserts were designed in order to allow easy exchange between
the parts, making possible regulate both the injection and nozzle configuration.
Connected to the structure, there is a spark plug which is responsible to ignite the fuel/
mixture by an electric spark.

For the construction of the ignition system, a suitable material that can be applied
is the stainless steel due to its good mechanical and thermal properties.

Qxidizer injector

Fuel injector

Thermocouple adapter

Fig. 1. Structure of the ignition system

The ignition system operation can be described briefly as follows: The methane is
injected in a simple axial configuration by the fuel injector. The oxidizer, nitrous oxide,
is injected by the oxidizer injector. After being injected, the methane mixes with nitrous
oxide and as consequence, the methane receives rotational momentum from the oxidizer
flow. This rotational momentum causes swirl in the torch chamber. The swirl method
provides self-cooling of the torch chamber. The purpose of the self-cooling provided by
the swirl injection method is protect the body material against combustion’s heat.

In the end part of the igniter body, the mixture between the fuel and oxidizer should
provide the energy required for the combustion.

3. Numerical simulation. Simulation of flow process inside the ignition system
can give various advantages compared to the analytical calculations. There are different
possibilities to do the simulation and choose the model of processes. In general,
the following processes inside the gas-torch ignition system have to be taken into
consideration: Flow of sub- and supersonic compressible fluids; Multicomponent one-
phase mixtures; Combustion of non-premixed flow; Boundary layer; Real wall-gas
interaction.
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One of the possible software, which corresponds all these requirements, is ANSYS
CFX. Unfortunately, the time limitation of the project execution, and also the cost of the
program components did not allow to provide the full model simulation.

The other possibility which was available, is to provide assumptions and use the
other software for the simulation of the flow processes. The simplifications of the
flow physics are: One-component flow of the combustion products with the average
combustion temperature; Non-reacting flow; Non-viscous flow (at high-Reynolds
numbers); Constant wall temperature, because of short heat exchange time.

The commercial software used for the simulation is SolidWorks. Allowing the
3D solid modelling and simulation inside the application, decreases the design and
calculation time of the product.

The model chosen for the flow simulation described by 3D compressible non-
viscous flow equations. The solver of the program uses 2-nd approximation order for
time and space derivates.

Boundary conditions of the task are:

- real wall with constant temperature of 400K, as the assumption of the heat transfer
between the combustion zone and the wall during the short time (0,1 s);

- inlets of the oxidizer and fuel injectors receiving propellants in gas state, and
also the outlet of the ignition system, with parameters described in tab. 2. The outlet
boundary conditions are set as «Ambient pressure» option, which allows to correct the
outlet pressure at the exit of the igniter.

Initial conditions of the flow are also shown in tab. 2.

Computation goals are stabilized aerodynamic parameters inside the computational
domain.

Table 2
Flow parameters
. . Oxidizer
Parameter / Conditions Fuel inlet inlet Outlet
Mass Flow, 107 kg/s 7.1 63 -
Static temperature, K 3000 3000 -
Static Pressure, MPa 3 3 -
Ambient Pressure, MPa - - 0.1
Mixture molar concentrations [N,]=4/7,[CO,] = 1/7;[H,0] =2/7

The adaptive mesh was chosen for the internal flow problem. Initial mesh resolution
is 25x9x18 cells, which was adapted for increasing the simulation accuracy by the
program in zones of detailed geometry and large gradients of flow parameters. The
resulting internal cells of the mesh in main cross-section layer are shown on the fig. 2.
Totally, computational domain consists of 15.000 cells.

~ 0L .
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Fig. 2. Computational mesh cross-section (internal flow cells are shown only)

The simulation of the unsteady flow with described initial and boundary condition
was made. The simulation goals were reached after 90.000 time steps — steady
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aerodynamic parameters inside the computational volume. The physical simulation
time is 0.1s, which gives the average time step approximately Dt=1.1x10° s.

4. Study of electric circuit. The electrical component of the system is a generator
of such voltage among the terminals that induces an electrical field in the environment.
This electrical field is capable to break the insulation properties of the gas (dielectric)
around the electrodes. By other words, it generates an electrical field among the
electrodes that is strong enough to transform a dielectric material in a conductor of
electricity, because the electric field tends to make the electrons of the gas atoms go
far from the nucleus and when it rises to a given value, the pushing force can be bigger
and makes the electrons to flow [6]. A dielectric is an electrical insulation (a material or
substance with high electrical resistance) such as atmospheric air [7].

In the dielectric materials, the electrons are attached to the nucleus in way that
does not allow them to move across the atomic structure of the material. The minimum
value of the electric field that makes possible the flow of electrons in a dielectric
material (substance) is called dielectric strength [7]. This means that when the dielectric
strength of the material is broken, the dielectric becomes a conductor. When it happens,
is possible to note the dissipation of the electric energy into radiation (light), thermal
energy due to the heating of the gas, and mechanical energy (sound) [7].

In space, the generation of a high quantity of electricity can be difficult, because of
the limitations from generators like solar panels and the weight in case of using a great
amount of batteries. Due to this, the ideal spark generator for this category of rocket
ignition system must be effective with the minimum amount of electric energy possible.
This study tries to follow this concept, by using a low power DC battery, aimed to
generate the required sparks.

In order to proceed with the control of the ignition system tests, seemed convenient
to use programming LabView. The electrical characteristic of this system grant reliability
due to the capacity of multiple ignitions. Its behavior on field tests is still uncertain, and
should be investigated. The flight model of the system will be composed of a flight
computer can be programmed to receive a radio frequency command (uplink), to activate
the spark plug and open/close valves, or can be programmed in order to ignite in a given
time, and in a sequence of times, in order to perform orbital insertion maneuvers, for
instance. The board computer can be either a simple Arduino or other with greater
processing power, which the correct one to be chosen, depends of the necessity of the
applications. In bench tests an Arduino is quite enough to provide control to the engine
ignition, by Lab View programming.

The key component is the transformer, which is going to increase the voltage. The
electrical system can be analyzed by the diagram below.

. Square
Signal Flight N Wave N Transformer +
Computer Components
Generator
DC Voltage
k PI
Supply Spark Plug

Fig. 3. The electrical system schematics

The flight computer of the system is going to control when the sparks are generated.
To do this, he will be placed in the circuit as a switch, and in the same sense that a switch
in the house controls when the light is turned on or off, the computer will turn on or off
the Square Wave Generator. When this generator is turned on, the square wave signal is
generated and then this should excite the high voltage generator.
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The transformer only can work with alternate current (AC), but as space flight
compact equipment, the system can only have DC power supplies, such as a battery.
Because of this the square wave generator is used, as it can transform a DC voltage to
pulsed DC (square wave), in a way of trying to approximate the signal to a sinusoidal
AC and make the transformer to work, increasing the voltage.

After the transformer and some components, the spark plug discharges the voltage
in the gas, when ignition is expected.

Fig. 4. Path-lines in computational volume, starting from injectors

Results. The flow structure presented on fig. 4 shows the path-lines of the gas
virtual particles. Presented flow structure has the following characteristics. Oxidizer flow
injected in swirl configuration, distributed on the periphery of the igniter body. Fuel flow
injected axially, mixes with oxidizer and receiving rotational momentum of the oxidizer
flow. Two flows are mixed forming the preferable conditions for the combustion of the
mixture. Same time, periphery and axial flows are not mixed completely near the wall
and in igniter central axis. It prevents flame to appear on the wall, allowing efficient
cooling of the igniter surface. At the nozzle part of the igniter, two flows are mixed
enough to support the combustion in entire cross-section. Higher temperature of the
flame in the nozzle puts additional requirements to the nozzle insert material. Same
time, stoichiometric composition can be reached at the spark plug igniter, which ensures
the flame stabilization.

The fig. 4 also shows that spark plug device and thermocouple adapter do not brake
the cooling vortex of oxidizer. The distribution of the pressure, presented on fig. 5 shows
the pressure load distribution for the further structural design and mass minimization
process. Maximum design pressure inside the ignition system during the motor operation
initiation is around 11bar. However, the motor chamber nominal pressure in limits of
30...50bar puts additional requirements to the strength of the ignition system. Totally,
with means of the safety factor, the ignition chamber wall may be reduced to value, less
then 1.5mm. Optimization of the mass of ignitor body puts additional requirements to
the manufacturability and machining tools.

The velocity distribution near the spark plug device (fig. 6) shows the limits of the
Mach number around 0.0...0.18. For the cold oxidizer gas and premixed flow with the
fuel it results in velocity in average of 35m/s. According to the reference [5], the flame
formed near the spark with velocity less then 50m/s is stable and will not separate from
the plug. The small recirculation zone is supporting flame stabilization as well.

Circuit Tests. The complete circuit was still not tested but some parts.

The last tests of the Square Wave Generator of the circuit showed good results.
The output of this part of the circuit was capable to generate a square wave without
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many imperfections. To simulate the battery, the input voltage used was 14 V. After
the generator, the result as expected was a square wave with the following parameters
obtained by using the oscilloscope: VPP =13.4V, Frequency = 60,86Hz, Prd = 16,43ms.
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Fig. 5. Pressure distribution in cross-sections
a — of vortex injectors; b — of axial plane
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Fig. 6. Mach number distribution in cross-sections:
a — of vortex injectors; b — of axial plane
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The AC usually frequency is 50 — 60 Hz, so the result obtained by the generator is
good, 60, 86 Hz. The pulsed signal voltage of 13,4V is the one that the transformer will
increase.

To increase the voltage of the transformer, can be associated a Cockcroft Watson
Generator, which consists of capacitors and diodes arranged in such geometry that stages
can be added. As more stages grater is the output voltage, but bigger is the impedance,
so the optimal number of stages should be selected [4].

Conclusion. Provided simulation showed the distribution of the flow parameters
inside the model of the ignition system. Future step an be the one-dimensional analysis
of the flow with combustion in non-commercial or commercial software. Use of the
SolidWorks showed problems of the simulation algorithms, such as extremely long
simulation time of the compressible non-viscous flows. It hopefully will stimulate
student’s research of the non-commercial simulation software with higher performance
and possibilities.

Although the study of the ignition system seems show good results, is unknown its
behavior on the space environment, then space conditions tests are required.
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