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Abstract: The current work is devoted to studying combustion initiation inside the methane-oxygen
torch igniter for a hybrid rocket motor. The ignition system can generate a wide range of power and
oxidizer-to-fuel ratios. It has a self-cooled vortex combustion chamber with one fuel jet injector and
one circumferential vortex oxidizer injector. The system adjusts the mass flow rates of the propellants
through the control valves and organizes cooling of the wall and flame stabilization. Experimental
analysis of the ignition limits was investigated on the laboratory test bench. The propellants’ pressure
and mass-flow rates, combustion temperature, ignition delay, and spark frequency were controlled
during the tests. The authors executed a series of tests with different propellants’ mass flow rates.
As a result, the region of stable ignition was found as well as the regions of ignition failure or
unreliable ignition. A previously validated numerical model was used to analyze the flow in the
reliable ignition region and the ignition failures region. Several numerical simulations of the transient
three-dimensional chemically reacting flow were implemented. Consequently, the ignition delay and
the thermal impact on the combustion chamber wall were determined numerically. Results of the
simulations were compared with theoretical and experimental data showing good correspondence.

Keywords: ignition system; flammability limits; vortex combustion chamber; methane-oxygen
combustion

1. Introduction

The Chemical Propulsion Laboratory (CPL) of the University of Brasilia has designed,
manufactured, and tested a simple gas torch ignition system for a hybrid rocket engine
and ramjet engines developed at the Laboratory. The ignition system working on the
gaseous methane-oxygen mixture can generate a wide range of power and oxidizer-to-
fuel ratios, providing favorable conditions for the engines ignition. The igniter has a
self-cooled vortex combustion chamber with one fuel jet injector and one circumferential
vortex oxidizer injector. Thus, the flow is oxidizer-rich near the wall protecting it from
overheating, and fuel-rich in the chamber axis. The current work is devoted to studying
combustion initiation inside the igniter from the spark plug discharge mounted on the
igniter’s combustion chamber wall.

Several disadvantages are typical for simple pyrotechnic ignition systems used in hy-
brid propulsion engines. The main one is the absence of re-ignition possibility. In addition,
on the laboratory scale, it is preferable to have a controllable, reliable ignition system with
simple power regulation, which could be used in different aerospace applications, such as
hybrid rocket engines or ramjet engines. Thus, a gas torch ignition system could be a good
option for motor initiation because of its relative simplicity and reliability [1,2]. A torch
ignition is also controllable when compared to pyrotechnic igniters.

The current work is devoted to the experimental study of methane-oxygen flamma-
bility at various mixture ratios. According to [3], a methane-oxygen pure mixture is
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flammable in a wide range of concentrations; however, a stable ignition could exist only
when a methane concentration lies between 5% and 60% by volume. Another critical param-
eter involved in the ignition process is the spark energy required for reliable flame initiation.
Zabetakis [3] defined it as the “ignitibility limit”; it is near 1 mJ for the GOX/GCH4 mixture.

Analysis of the recent publications allowed to qualify and quantify the combustion
properties of methane-oxygen flames and estimate parameters that impact flammability
and stability of the flame. Analytical estimation of the flame structure for the current
work is based on the work of Melvin and Moss [4], where the properties of methane-
oxygen diffusion flames are given in a precise mathematical and physical model allowing
to make a critical comparison between different reaction schemes and elaborate analytical
prediction of the mixture composition during the methane-oxygen combustion process.
Previously Bae et al. [5] have found the stability limits of the oxygen-methane diffusion
flame using the jet and vortex injectors combination. A compact size injector model was
elaborated and showed a dependence of the visible flame length from the Reynolds number
between (15. . . 48)×103 and O/F ratio between 19.8. . . 32.8. Another definition of methane-
oxygen flame stability is given by Moore et al. [6], allowing to determine its relation to
Reynolds number and O/F ratio. As shown in [6], validated operating conditions of these
dimensionless criteria are very close to the current study, predicting the limits of regimes of
the reliable ignition process and constraints on anchored, detached flames and near-blowoff
flames with very large amplitudes of oscillations.

In [7], Ellis describes a background of a LOX/CH4 swirl torch ignition system for the
main rocket engine and shows flammability maps for various combinations of propellants.

Pauly et al. [8] show conditions of the flame attachment to the injector when applied to
coaxial jets, flame stabilization in time, and its liftoff distance during the flame stabilization.

The ignition characteristics of a small thrust rocket engine working on a methane-
oxygen mixture were described by Jia-qi et al. [9]; the injectors’ configuration was de-
termined to achieve a stable motor ignition. It was confirmed that a spark plug directly
connected to the rocket engine’s combustion chamber is not capable of supplying enough
energy for ignition. In this context, building a compact stand-alone torch igniter becomes
an essential key technology for the reliable ignition of a rocket motor.

According to Li [10], swirling combustion of pure methane-oxygen diffusion flames
similar to the current work is characterized by a stable tubular flame for the Φ ∈ (0.52, 1.05)
when outside of this limit, a flame would be oscillating or unsteady.

Development of the torch ignition system for upper stage engine Vinci was described
by Frenken and Vermeulen [11]. The system components were described, and the system
operation’s main parameters were discussed. It was shown that a compact gas torch igniter
of 440 kW of thermal power could lead to a reliable operation when its design and flow
conditions are optimized.

Kinetic mechanisms for modern CFD tools of methane-oxygen mixture combustion
were studied by Haidn et al. [12] to estimate a design approach for effective injectors
geometry and flow conditions for startup combustion sequence and critical requirements
for the feasible ignition system. Moon et al. [13] realized an experimental study on a
methodology for reliability estimation of a pyrotechnic ignition system for a hybrid rocket
motor, which could be extended to a gas torch ignition system discussed in the current work.

The main design problem of the gas torch ignition system is the requirement to provide
high relative power to a rocket motor with small and compact dimensions of the igniter. In
these conditions, the flow velocity inside the igniter is always high, flammable conditions
are forming too far from the spark discharge, the energy of the spark is being dissipated in
the cold flow of the oxidizer, and there is no chance of igniting the mixture. Experimental
tests provided in the Laboratory [2] entirely discovered this problem. Therefore, flow
conditions favorable for ignition must be created inside the igniter, which is generally
characterized by a slow flow velocity close to the flame velocity for methane-oxygen
mixtures, previously discussed in [2,14,15].
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One possible solution to have a reliable ignition process inside the igniter is to establish
an ignition program to guarantee a flammable mixture near the spark plug at the moment
of the spark generation.

The main objective of the current work is to find experimentally the flow parameters
corresponding to a reliable ignition process of the vortex combustion chamber which are
determined by a particular value of the fluxes and concentrations near the spark plug,
satisfying the flammability limits and the flame speed in the ignition point. The following
steps were taken in order to reach this objective:

- analytical and numerical investigation on the ignition limits of methane-oxygen mixtures;
- the creation of the control algorithm for precise mass flow rate quantification in the

ignition system;
- the building of the test bench, plan of tests, methodology of the experimental search

of ignition limits.

2. Material and Methods

The current study involves experimental and numerical methods to search for the
combinations of propellants fluxes that would create favorable conditions (O/F ratio) for
a flame appearance near the spark providing ignition energy and also providing a flow
velocity (Re) which would be advantageous for the flame propagation and stabilization
inside the combustion chamber. To reach this goal, the following methods were used:

- Experimental research on ignition limits provided by CPL for gas torch ignition system
working on GOX/GCH4 mixture in a wide range of possible O/F ratios and Reynolds
numbers. The test bench for this experiment was built at the CPL test facility;

- Numerical simulation of the transient ignition process inside the igniter’s combustion
chamber, called further “numerical experiment”. A previously validated numerical
model [2,15] was used to analyze the flow in the region of the reliable ignition and a
region of the ignition failures.

3. Experimental Setup
3.1. Ignition System

The ignition system is shown in Appendix A, in Figure A1 and was described in [16].
It consists of propellants tanks, supply lines, pressure control valves, safety valves, sensors,
control hardware, and software, and the ignition device is further called an “igniter”.

Flow comes from high-pressure methane and oxygen tanks and passes through the
pressure regulation valves. After that, propellants pass through the high-precision digital
control valves, creating appropriate flow conditions inside the igniter where combustion
happens. There are also stop-valves on the inlet of igniter preventing back-flow of propel-
lants. Flow is controlled by the pressure sensors on the methane and oxygen lines and a
thermocouple installed inside the igniter.

3.2. Igniter

The igniter structure is shown in Figure 1. Methane flow coming through inlet 1
and oxygen through inlet 2 and passing through the oxygen swirl injector 3 and conical
jet injector 4, respectively, form a vortex of the combustible mixture inside the igniter’s
combustion chamber 7 of 1 inch diameter. When the mixture is ignited by the spark plug
5, a temperature rise could be detected by the thermocouple 6. A spark with a discharge
energy of 60 mJ was chosen for the means of the current research project that mitigates any
dependence on ignitibility limits problem discussed earlier.
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Figure 1. The igniter assembly: 1—methane inlet, 2—oxygen inlet, 3—oxygen swirl injector, 4—
conical jet injector, 5—spark plug, 6—thermocouple, 7—combustion chamber, 8—nozzle.

Once the flame is detected, the ignition system increases the propellants’ mass flow
rates providing necessary energy output to the rocket motor during the ignition sequence.
Convergent nozzle 8 constrains velocity inside the igniter’s combustion chamber and
guarantees flame stabilization inside a vortex combustion chamber.

A cold swirling flow of oxygen passes near the combustion chamber wall, effectively
protecting it from the high temperature of the flame, which could reach up to 3030 K for
the stoichiometric mixture at 1 atm, according to [14]. A gas mixture exiting the igniter is
always oxidizer-rich, which helps, on the one hand, to cool down effectively the igniter
wall, and on the other hand, to initiate combustion inside a solid fuel ramjet [17] or hybrid
rocket engine [18] with solid fuel grain of paraffin or high-density polyethylene tested in
the Laboratory. A thermocouple position in the current work was set near the combustion
chamber wall to estimate a thermal loads peak at the ignition moment and reduce a cooling
vortex disturbance.

As it follows from the references [1,3–6], and others, the build-up of the ignition
sequence is an essential condition to the construction of a reliable and predictable igni-
tion system.

The authors propose to use a 2-step ignition sequence (Figure 2) in the current work.
Figure 2a shows the initiation of the combustion process characterized by relatively low
velocity and pressure. It creates a flammable mixture in a zone of spark plug and at the
same time having high enough speed to keep the flame inside a combustion chamber,
described in [6], and (Figure 2b)—full power output allowing ignition of the rocket motor
and satisfying self-cooling stable operation of the system previously described in [2,16].

A transition between these regimes happens through the thermal flow control by
thermocouple 6 (Figure 1). The experimental testing showed that a reliable temperature
difference for ignition detection is 10 K, which is one order higher than a possible noise in
the temperature acquisition channel. Regimes 1 and 2 (Figure 2a,b) were implemented by a
homemade algorithm, controlling hardware based on the National Instruments Compact-
DAQ system.
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Figure 2. Ignition regimes: (a) Combustion initiation. (b) Full power flow.

3.3. Test Bench Assembly

An assembly of the system was provided in two different locations. A propulsion com-
ponent of the ignition system was installed on the test stand of the CPL in the propulsion
room, and the control system and processing computers were placed inside the control
room for safety reasons. Observation of the system operation was realized through video
cameras and DAQ channels. The ignition system was mounted with the combustion
chamber (Figure 3) of a SARA hybrid motor [18]. An assembly of the ignition system
with an engine ensures its operation according to the SARA motor design conditions. The
combustion chamber was fixed on a moving cart by clamps, and the igniter was connected
to the axial port.

Figure 3. Igniter mounted on the test bench.

Stainless-steel flexible hoses for propellants are designed to sustain high pressure up
to 200 bar to prevent system destruction due to possible pressure oscillations during hybrid
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motor operations. The possibility of a back-flow is controlled by stop valves installed before
these hoses (not shown in Figure 3) at a distance of 500 mm from the igniter. K-type 12 inch
thermocouple is assembled through the adapter allowing the possibility of simultaneous
pressure measurement inside the igniter’s combustion chamber when required. A compact
spark-plug NGK CM-6 provides 60 mJ during 4.16 ms per spark with a frequency of 30 Hz,
which is sufficient for reliable system ignition.

Flow control proportional valves are actuated through high-torque Hitec servomotors
by a PWM signal generator from the DAQ system. The resolution of a control signal is
32-bit which gives around 100 levels between completely closed position and fully opened
(α = 1) position, allowing a precise dosage injection of the propellants inside the igniter’s
combustion chamber.

3.4. Mass Flow Rate Estimation

A mass flow rate of propellants for the ignition system was found experimentally and
approximated by an empirical function (1) of a static flow pressure and valve opening level.
It was studied by Santos [19] and could be expressed as:

ṁox, f = f1ox, f (pox, f , αox, f ), (1)

A water displacement method [16] was used to quantify the propellant’s mass flow rate
(Figure 4), which was found to be adequate and quite precise (Figure 5) for a low gas volume.
Flow values less than 1 mg/s are not shown. A flow was assumed adiabatic and compressible.

Figure 4. Mass flow rate measurements in terms of the valve opening level.

Figure 5. Mass flow rate error.
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The total error of mass flow measurement took into account time delays of system
response, positioning of the control valves, sensor error, and signal noise. It was found
that total associated error is strictly related to valve opening levels α and is practically
independent of the propellants’ inlet pressure. Here (Figure 5), the deviation is relative to
the mass flow rate of propellants at the corresponding valve opening level; it is elevated for
small values of α because of a high gradient of function (1) for α ∈ (0, 0.3) according to [16].

Quantification of the propellants mass flow rate was made by reverse function to (1),
defining the valve opening level as a function (2) of the required mass flow rate and line
static pressure:

αox, f = f2ox, f (ṁox, f , pox, f ). (2)

Function (2) is implemented in a valves control software. Knowing the functions (1) and (2),
it becomes possible to define the flow average O/F ratio values from the empirical function as

O/F =
f1 ox(pox, αox)

f1 f (p f , α f )
. (3)

Combining the definition of a total mass flow rate with Equation (1)

ṁ∑ = ṁox + ṁ f = f1ox(pox, αox) + f1 f (p f , α f ) (4)

we may see that the O/F ratio may be expressed by a total mass flow rate and methane
mass flow rate functions:

O/F =
ṁ∑

f1 f

(
p f , α f

) − 1. (5)

In the same way, for the case when the O/F ratio and total mass flow rate are the
controlling parameters, the valve opening levels could be defined as

αox, f = f3 ox, f (O/F, ṁ∑), (6)

which allows characterizing a flow by O/F ratio and the total mass flow rate. Assuming
adiabatic flow inside the injectors before combustion starts, function (6) could also be
defined by dimensionless criteria

αox, f = fox, f (O/F, ReD). (7)

Function (7) follows a theory of Moore [6] when the ignition occurrence is based
on dimensionless parameters, and the Reynolds number ReD is defined by methane jet

properties as ReD =
ρ f Vf D f

µ f
. Relations (1)–(7) were found experimentally and approximated

as continuous empirical functions in control software.
During the experimental tests, GOX mass flow rate variation will range from 7 to

1260 mg/s and of GCH4 from 2 to 360 mg/s. These intervals will be divided into 10 discrete
values (Table 1), totaling 100 possible combinations of propellants’ mass flow rates.

Table 1. Average mass flow rate values to test, in mg/s.

GOX 7 150 290 420 560 700 840 980 1120 1260
GCH4 2 40 80 120 160 200 240 280 320 360

ReD, 105 0.04 0.71 1.42 2.13 2.84 3.55 4.26 4.97 5.69 6.40

Using relation (2), it will be possible to control valve opening levels according to
desired flows of propellants. For every combination of propellants, at least 4 ignition
attempts will be performed, and approximate ignition probability will be determined.
After mapping all the results, a conclusion about the optimal propellants mass flows will
be made.
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3.5. Numerical Experiment

The current work’s numerical model is based on the Naiver-Stokes equation system
averaged by Favre for the turbulent three-dimensional flows, given in [20] approximated
by Ahmed [21] and implemented in ANSYS Fluent 19.0. The flow of the propellants
mixture is simulated by a continuity equation applied to each specie in the mixture. The
chemical kinetics of the reacting flow is solved by the Frassoldati scheme [22], which is
an adaptation of the Jones-Lindstedt mechanism [23]. Thermodynamic properties of the
mixture and transport coefficients were calculated by the Gri-Mech 3.0 library [24]. The
k− ε RNG turbulence model with the eddy-dissipation concept is indicated for rotational
chemically reacting turbulent flows used in the current work. Average values of y+ ≈ 10
were observed during simulations, which justifies wall-scalable functions [25].

A SIMPLEC algorithm realized Pressure-velocity coupling from Vandoormaal and
Raithby [26] applied to pressure-based flows. Approximation of the model in space co-
ordinate was implemented by the second-order PRESTO scheme [27]. The second-order
upwind scheme approximated time derivative. Boundary conditions were set according to
Table 2, mass flow inlet values were used for propellants, static pressure definition for flow
exiting the nozzle, slipping and adiabatic conditions were defined on the wall.

Five flow “cases” (Table 2) correspond to points of interest for ignition process validation.

Table 2. Simulation boundary conditions.

Bound Condition Value T0, K Species

Methane inlet Mass flow, mg/s ṁ1 = 200 297 1.0 [CH4]
ṁ2 = 80

ṁ3 = 320
ṁ4 = 160
ṁ5 = 350

Oxygen inlet Mass flow, mg/s ṁ1 = 420 297 1.0 [O2]
ṁ2 = 980
ṁ3 = 840
ṁ4 = 840
ṁ5 = 2030

Nozzle exit Static pressure 1 bar 300 0.79 [N2]
0.21 [O2]

Wall Velocity V = 0
Heat flux q̇ = 0

The unstructured tetrahedral mesh was built inside the simulation volume with
refinement near the walls to satisfy y+ conditions, on the central jet of igniter to resolve
the flame structure, and near a spark plug to improve the accuracy for transient ignition
process simulation. Mesh sensitivity analysis was performed by Sousa [2] to optimize the
accuracy, simulation time, and flow convergence process. Various criteria were used for
mesh sensitivity analysis, such as temperature, pressure, velocity, mass fractions of species
distributions on the axial and radial directions of the igniter, and the surface integrals on
a thermocouple wall. A mesh of 2,226,473 effectively distributed cells was considered
optimal after the analysis; an increase in the number of elements to 3,901,468 resulted in
less than 5% of the species concentrations’ relative change inconsiderably slight deviation
of the other flow properties.

Numerical representation of the spark ignition mechanism was realized according to
Kawahara et al. [28]; local temperature between electrodes increased up to 2289.9 K by a
patch function during the spark exposure of 4.16 ms.

The two-step flow simulation was implemented in the current work. In the first step,
the stationary cold flow was established according to initial conditions from Table 1. In
the second step, a spark discharge in a transient regime was simulated, showing flame
structure evolution in time until flame stabilization occurred.
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4. Results and Discussion

Experimental results on ignition attempts are presented in Figure 6 in terms of propel-
lants’ mass flow rates. At least four ignition attempts were performed for each combination
of propellants, more than 400 test tries in total. Here (Figure 6), values represent the
“ignition probability”: value 0 indicates that no ignition was observed during all the igni-
tion attempts, 1/2—at least two ignitions occurred in 4 tries, and 1—ignition occurred in
all endeavors.

Blue-colored cells correspond to the average mixture ratio defined as flammable,
according to Zabetakis [3]. Red-colored cells correspond to the destruction of the ther-
mocouple (Figure 1, item 6) due to unfavorable extra-elevated flame temperatures in the
measurement region. The existence of the “red cells” could be found experimentally or
numerically. However, it could not be detected by analytical methods. Green-colored cells
(Figure 6) corresponded to the optimal propellant mixture ratio when ignition happened for
all attempts. In addition, it is important to note that the optimal ignition cell is surrounded
by successful ignition cells, so a 10% variation of propellants concentrations will still lead to
a successful ignition process. Since the error of the flow control valves estimated previously
(Figure 5) is smaller, the flow control system will always guarantee a good mixture for a
successful ignition.

Figure 6. Occurrence of ignition inside the igniter’s combustion chamber with in terms of the
propellants mass flow rates.

An additional experimental investigation on the optimal ignition region was provided
for a sequence of 100 ignition attempts where no failures were observed, proving a concept of
the choice of the optimal ignition point. Estimated ignition probability is definitively higher
than 99% for every ignition attempt. Detailed investigation of the ignition probability could
be performed in the future, particularly by adopting the methodology proposed in [13].

As seen from Figure 6, theoretical flammability limits shown as the “blue cells” are
shifted concerning experimentally confirmed ignition. In our opinion, it happens because
vortex injection makes swirling oxygen concentrate near the wall, and lighter methane stays
near the flow axis, preventing an appearance of a flammable mixture in the sparking region.

The optimal rocket engine ignition sequence elaborated in the current work is pre-
sented in Figure 7. The flow of GOX and GCH4 for combustion initiation is respectively
420 and 200 mg/s.

After approximately 0.5 s, ignition will be detected, and mass flow rates will be
increased up to 2030 and 350 mg/s, respectively, providing near 17.5 kW of thermal power
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during 3 s to the combustion chamber of the hybrid rocket engine or ramjet for its complete
ignition [16,17].

Figure 7. Ignition sequence optimal parameters.

Dimensional analysis of the ignition limits inside the combustion chamber was imple-
mented to experimentally determine ignition probability in terms of Reynolds number and
oxidizer to fuel ratio. It may be noticed (Figure 8) some similarities of O/F ratios and Re
when compared to work [6]; however, the ignition limits were shifted to higher Reynolds
values concerning a jet flow for the swirling flow. Experimentally found optimal and stable
ignition regime corresponding to O/F = 2.1 and ReD = 21,320.

As may be seen from the experimental data, the ignition failure could be observed at
O/F ∈ (0.8, 5) and ReD ∈ (1, 6)105 in most cases. These limits, especially an ignition map
(Figure 8), would allow scaling a vortex combustion chamber for the igniter’s different
required output power levels.

Figure 8. Ignition limits of the swirling oxygen-methane flow in terms of O/F ratio and methane jet
Reynolds number.

A zone of igniter wall overheating is typical for low and near-stoichiometric O/F
ratios; it is an undesirable combustion starting point, where the flow of oxygen protection
layer is absent, and the flame is attached to the wall.

A transient numerical study of optimal ignition case 1 (Table 2) showed that ignitable
mixture conditions were formed after 6 ms, and flame development inside the combustion
chamber started (Figure 9). At 15 ms, the flow reaches a fuel injector, and at 21 ms, a
flame begins to form a central vortex shape. From 27 ms to 47 ms, a flame jet attaches to a
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nozzle wall, which expresses short elevated thermal loads; this effect must be additionally
considered when choosing a nozzle material.

A detached flame in quasi-stationary flow was formed after approximately 200 ms,
the thermocouple position for ignition detection in the future could be placed inside the
isothermal surface (Figure 9). As already explained, the thermocouple was placed on the
wall to have a “pure” undisturbed cooling vortex; the ignition occurrence was detected by
a sound of a shock wave formed at the ignition moment.

Figure 9. Temperature distribution during successful ignition process, case 1.

Numerical simulations performed for flow cases from 1 to 5 (Table 2) showed numeri-
cal stability and convergence and allowed to detection of equivalence ratios at the spark
discharge region.

Ignition of case 3 commonly occurred because of a favorable mixture close to a spark
region. Correspondence between experimentally and numerically detected ignitions inside
the vortex combustion chamber (Table 3) proves the numerical approach’s validity in
detecting the mixture ignition, but not limited just by the ignition occurrence event.

Table 3. Comparison of experimental and numerical results.

Case no. Experimental Ignition Numerical Ignition

1 yes yes
2 no no
3 yes yes
4 sometimes possible
5 no no

As may be seen (Figure 10), a flammable mixture according to [3] could be achieved
for cases 1 and 3, whereas cases 2 and 5 did not represent favorable ignition flow properties.
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Further, the ignition of case 4 was possible only when the spark power was increased
up to 100 mJ. This case could not represent a reliable ignition because the current energy
discharge is much smaller (60 mJ).

Figure 10. Average equivalence ratio in spark region.

An additional study on pressure, temperature, velocity, species concentrations, and
mass flow rates validations [1,2,16,17] by the numerical and experimental approaches
allowed to reach more complete understanding of the physical processes of the flame
formation and propagation inside a compact vortex combustion chamber.

5. Conclusions

Theoretical research on methane-oxygen flammability inside the vortex combustion
chamber of the igniter allowed us to estimate favorable ignition conditions, to define the
corresponding propellants’ mass flow rates and equivalence ratios for developed ignition
devices. This study is fundamental to reaching a reliable, controllable, and repeatable
ignition process inside the combustion chamber of a rocket motor or ramjet. The main
results could be summarized as follows:

- A wide range of the input flow conditions (mass flow rates, O/F ratios, and Re
numbers) was tested experimentally, from which was chosen an optimal ignition
regime of the mass flow rates mox = 420 mg/s, m f = 200 mg/s that corresponds to
dimensionless flow parameters O/F = 2.1 and ReD = 21,320.

- Ignition limits for a methane-oxygen flow mixture inside the vortex combustion
chamber were found.

- Regions of structure overheating and thermocouple failure were mapped.
- An efficient numerical model was built and validated, allowing to study a flame

initiation process numerically inside the vortex combustion chamber.

Future works on the system could be devoted to an experimental investigation of
combustion stability, efficiency, and scalable operation to satisfy a more expansive range of
output ignition power.
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Abbreviations
The following abbreviations are used in this manuscript:

CPL Chemical Propulsion Laboratory
LOX Liquid Oxygen
GCH4 Gaseous Methane
GOX Gaseous Oxygen
UnB University of Brasilia
Nomenclature
ṁ mass flow rate, g/s
O/F oxidizer-to-fuel ratio, -
p pressure, bar
t time, s
T temperature, ◦C
W power, W
α valve opening level, -
ε mass flow rate error, %
Φ equivalence ratio, -
Re Reynolds number, -
Subscripts
0 stagnation property
f fuel
ox oxidizer
D diameter

Appendix A

The feeding system shown in Figure A1 is composed of two high-pressure tanks
filled with oxygen and methane. Each flow, passing through a pressure regulator valve
(2), reduces its pressure; then, downstream of a flow valve (3) controlled by the ignition
algorithm, a non-return spring-loaded check valve (5) is preventing backflow phenomena.
Finally, both flows are injected into the combustion chamber through the injectors and
ignited by a spark plug (6) through the spark generator (SG).

The pressure sensors (4) along the feeding lines and inside the combustion chamber
are used to determine the mass flow rate of the propellants; moreover, a thermocouple
installed inside the combustion chamber reads the temperature. These data, sent to the
14-bit A/D converter of DAQ, are processed by using a control algorithm developed in the
CPL and written using the G-Language of the LabVIEW environment.

The pressure transducers have been installed using T-adapters of the same diameter
of pipes to avoid losses, thus allowing a more precise measure of the static pressure
in the system. They can be positioned, if required, upstream of the flow valves (3) to
estimate the pressure drop and flow coefficients inside the valve. Finally, the thermocouple
installed inside the combustion chamber is connected to an adjustable adapter, allowing
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measurements along the chamber diameter; the adapter connection is also compatible with
the pressure transducer (7).

Figure A1. Ignition system schematics.
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