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Abstract: Pulse combustion is an attractive yet still little-known form of combustion that can be
successfully used in many industrial applications. Experimental studies show that the course of
the combustion process in the valveless pulse combustion chamber is conditioned by the process of
creating a well-mixed fuel–air mixture inside the chamber. In the paper, numerical calculations were
carried out for selected operating conditions of the pulse chamber and compared with experimental
results. This allowed for a better understanding and interpretation of the course of the pulsating
combustion process itself. The role and importance of the rate of changes in the volume of the
combustible mixture zone in the process of improving the efficiency of the combustion process were
determined, and the reasons for changes in the pulsation frequency of the combustion process were
also explained.

Keywords: pulse combustion; combustion chamber; turbulence zone

1. Introduction

The combustion of fuels is still the main energy source for domestic hot water, home
heating, transport and electricity production [1,2]. Intensive civilization development forces
an increase in the energy demand [1]. It is also known that the combustion of fuels generates
not only heat but also pollutants such as nitrogen oxides, unburnt hydrocarbons and carbon
monoxide. The main product of the combustion of hydrocarbons is carbon dioxide, which
is considered a greenhouse gas [3]. In the era of attempts to reduce these emissions,
newer and better methods of combustion are being developed, on an industrial [4,5] as
well as a smaller scale, e.g., in transport [3,6–8]. Regardless of this, emission reduction
can be achieved by burning “new” ecological fuels [9]. All these treatments increase the
combustion chamber complexity, and, thus, the price. In this context, it is worth paying
attention to the conclusions presented in recently published publications [10,11], which
show that chambers with pulsed combustion can emit fewer harmful combustion products
than “traditional” combustion chambers. At the same time, due to the simplicity of the
design, they are easy and cheap to manufacture. For this reason, pulse engines are still
being tested for the propulsion of unmanned flying objects and manned ones [12]. A re-
analysis of the efficiency of the thrust intensifiers for devices generating a pulsating outflow
of gases from the outlet nozzle was also carried out [13]. Pulse combustion chambers are
also used in heating boilers [14] and devices for fogging and/or spraying plant protection
products [15,16]. The possibility of using the flue gas stream from the pulsating combustion
chamber for impact drying [17,18] and the production of powders [19] also seems very
attractive. A particularly interesting concept seems to be the drying of sewage sludge to
produce powdered fuel for the pulse combustion chamber [20]. Despite many advantages,
pulse combustion chambers suffer from high vibrations as well as annoying noise. However,
nowadays, industrial producers of pulsating combustion devices are able to reduce them
both to an acceptable level [14].
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Works from the early stage of development of pulse engines are widely known [21–27].
Despite their considerable scale, during their implementation, it was not possible to explain
all the phenomena responsible for periodic self-repeating combustion inside a specially
shaped flow channel. The reason for this state of affairs could be both the level of complexity
of the studied phenomenon, as well as the insufficient technological level of the then
measuring equipment. In recent years, the dynamic development of measurement and
imaging technologies has made it possible to carry out experiments that were previously
difficult to perform [28–32]. Due to the great difficulty and complexity of the experimental
studies of pulsating combustion chambers, numerical studies may be of invaluable help.
In the publication [33], the authors proposed the use of a neural network to build a
model of a pulsating combustion chamber. This model omits a detailed description of
the phenomena occurring in the combustion chamber. To estimate the performance of the
pulsating combustion chamber, a network of possible connections between the quantities
characterizing the operation of the chamber was built. This model can be a good auxiliary
tool for the design of pulsating combustion chambers. However, it does not explain the
phenomena occurring in the chamber.

More and more, developed modern commercial CFD codes based on universal equa-
tions and models of turbulence, heat transfer and combustion, according to the authors
of this article, if properly used, can significantly support the study of pulsating combus-
tion. In particular, researchers use calculation packages to assess the parameters of the
process taking place inside the combustion chamber, e.g., flame structure [34], mixture
composition [35], emission of pollutants [11,36] or the evaporation of fuel droplets inside
the combustion chamber [37].

Despite a relatively large number of detailed studies, the analysed literature does
not provide a clear answer as to how the course of the combustion process affects the
operation of the pulsating combustion chamber. According to the authors of this article, it
is particularly important to know the organization of the combustion process inside the
chamber, as is the case with piston or turbine engines. In the cited literature review, it was
approximated for one valve pulsating combustion chamber [28–30]. However, in these
works, the authors do not control the operation of the tested engine in any way. It is also
not known whether the configuration in which the organization of the process inside the
combustion chamber is discussed is optimal in terms of efficiency.

Based on the review of the literature, the authors of this publication assume that it is
possible to influence the operation of the pulsating combustion chamber. By changing the
flow rate and the method of fuel supply, the operation of the pulsating combustion chamber
should, to some extent, adapt to the new conditions [31,38]. At the same time, it is necessary
to examine how the organization of the process inside the combustion chamber changes.
Testing of multiple fuel delivery configurations should be combined with a simultaneous
assessment of combustion efficiency. This will enable the determination of the conditions
that are conducive to the effective operation of the pulsating combustion chamber. It
is worth noting that in the case of combustion chambers of turbine and piston engines,
performance improvement is achieved by shaping the flow field and organizing internal
processes appropriately, in particular, by mixing fuel and air. A similar effect should be
expected in the case of a pulsating combustion chamber. In addition, in a device with
periodically recurring combustion with a specific frequency, a sufficiently quick preparation
of a homogeneous combustible mixture seems to be of key importance. A similar approach
was not noticed in any of the cited publications.

2. Research Stand and Measurement System

Studies on pulsed combustion processes were carried out for the geometry of a ther-
mojet pulsed engine [31,39–43]. The choice of a structure of this type was largely due to
its symmetry to two planes. Thanks to this, it is easier to describe the flow of the medium
inside the chamber qualitatively. The mutual symmetrical arrangement of the inlets in
relation to the outlet pipe facilitates the control of places where vortices may form inside
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the chamber, and, thus, combustion zones may occur. A general view of the engine being
tested is shown in Figure 1. A gas-dynamic valve configuration was chosen because in
contrast to valved ones, the operating frequency is not affected artificially by additional
elements. Due to that fact, it can be assumed that the test is subject to a completely natural
and undisturbed process of self-repeating pulsed combustion, and the parameters of it
depend mainly on the type of fuel and how it is sprayed, as well as the geometry of the
object being tested. The general scheme of the measuring stand is shown in Figure 2. The
following measurements were carried out:

• Instantaneous pressure in the combustion chamber using the Kistler piezoelectric
sensor 601a cooperating with the 5015 conditioning system with a declared accuracy
of 1%;

• Average exhaust gas temperature with a sheathed thermocouple sensor, type K, manu-
factured by “Czaki thermoproduct”, cooperating with the TED-37 conditioning system
of the same manufacturer. The whole system has a declared accuracy of 0.2%;

• Thrust using a miniature CL 21msrs strain gauge force transducer with the use of a CL
101 analogue dedicated amplifier with a declared accuracy of 0.5%;

• Fuel flow using a rotameter with a reading error of 0.15 g/s maximum;
• Exhaust gas composition using an exhaust gas analyser with a measurement error not

exceeding 5% of the measured value.
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Figure 1. Tested pulse engine. The total length of the engine is 1.4 m. Diameter of the combustion
chamber is 0.2 m.

During the tests, the process was visualized using a high-speed video camera (1000 fps,
0.001 s—exposure time) and a thermal imaging camera. In addition, the research stand
ensures a smooth and precise change in the position of the injectors inside the inlet pipes
and the combustion chamber. The position of the injector was determined by the distance
of its face from the edge of the inlet pipe and marked as “L” (Figure 3).

In the course of work, fuel was supplied to the engine through the injectors whose
characteristics are shown in Figure 4:

• Jets with cross-sectional diameters of 1.35 mm, 1.55 mm and 2 mm for JET1, JET2 and
JET3, respectively;

• Full cone swirls with a spray angle of 70◦—FC70-1 and FC70-2;
• Full cone swirls with a spray angle of 120◦—FC120-1 and FC120-2.
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These injectors were placed in various places in the combustion chamber (at different
depths L) with the outlet directed both along the longitudinal axis of the engine and
perpendicular to it.
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3. Research Results

In [31], it was suggested that the essential condition for efficient pulse combustion is
to ensure intensive and dynamic mixing of fuel with air. Such mixing is favored by the
presence of intense micro-scale turbulence. Taking this line of reasoning further, it can be
concluded that lower operating frequencies will, to some extent, favor higher efficiencies,
due to the longer time available to create a well-mixed fuel–air mixture. This conclusion is
confirmed by the data presented in Figure 5. The figure shows a general trend of a decrease
in the value of the efficiency factor and, at the same time, an increase in the pulsation
frequency with an increase in the dose (it was assumed that the efficiency factor η is the
ratio of pressure amplitude to the dose, and the dose is the ratio of fuel mass flow rate to
frequency, i.e., the mass of fuel per cycle [31]).
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Regardless of the type and application of the chamber, two basic acoustic models of
pulsating combustion chambers can be found in the analysed literature:

• The occurrence of one-fourth of the standing wave along the length of the entire
engine [23];

• The Helmhotz resonator [44].

According to both theories, the pulsating combustion chamber is able to work opti-
mally only at one frequency of pulses—the so-called resonant frequency. This frequency
depends on the model used and is written as follows:

f 1
4
=

c
4·Leng

(1)

fH =
c

2π

√
Swl

Vks·Lwl
(2)

where

f1/4 is the frequency assuming ¼ standing wave along the length of the entire engine;
fH is the operating frequency of the Helmholtz resonator;
c is the speed of sound;
Leng is the engine length;
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Swl is the inlet–outlet cross-sectional area;
Lwl is the length of the inlet–outlet pipe;
Vks is the combustion chamber volume.

The common feature of both theories is the fact that the frequency of pulsations is a
linear function of the speed of sound. In both cases, the frequency is directly proportional
to the speed of sound. On the other hand, the speed of sound increases with the increase
in the average temperature in the engine sections. Therefore, in the case of supplying
a combustion chamber of constant dimensions with a fixed dose of fuel, the increase in
frequency should be caused only by the increase in temperature. In the case of a constant
dose, this is only possible if the efficiency of the combustion process is increased. This
conclusion is not confirmed by the results of the tests presented in Figure 5. Analysing these
results, it can be concluded that in the case of a constant dose, the increase in efficiency is
accompanied by a decrease in frequency in most of the obtained results; for example, for
a dose of qv ≈ 10 mg/cycle, an increase in the efficiency factor in the range from 0.43 to
0.97 corresponds to a frequency drop in the range from 109 Hz to 96 Hz, respectively.

According to the authors of the publication [30], the analytical assessment of the
operating frequency of the pulsating combustion chamber may be very inaccurate. This
is mainly due to the fact that high-temperature gradients appear inside the exhaust duct
of this device. In consequence, estimating a single average temperature of the working
medium is the main source of errors. As a result, the same combustion chamber, depending
on the author of the publication, may be included as a “representative” of various acoustic
models. In conclusion, it can be assumed that the use of popular acoustic relationships for
estimating the frequency of operation for a pulsed engine is not adequate for the actual
principle of its operation and the pulsating combustion chamber should not be treated
strictly as an acoustic device.

4. Numerical Research

According to the authors, the pulsating operation of the combustion chamber is the
result of repetitive thermal explosions that occur inside the chamber. Therefore, it seems
logical that it is the explosion parameters that should largely determine the frequency of the
repetition of work cycles. In order to obtain additional information about the course of this
process, numerical simulations were carried out. The simulated device was identical to the
one from the experiment and publication [31]. The results of numerical simulations were
confronted with the results of experimental research. Due to the significant computational
cost and long calculation time, simulations were carried out only for selected, according to
the authors, key configurations of the tested combustion chamber settings:

(a) For JET2 and JET3 swirl injectors placed at L = 125 mm;
(b) For the FC120-1 injector at an angle of 90◦ to the longitudinal axis of the engine, on

L = 255 mm where

◦ .
m f uel = 1g/s

◦ .
m f uel = 1.2g/s;

(c) For FC70-1, FC70-2 injectors located at L = 260 mm.

The main purpose of the comparative analysis of the results obtained for the above-
mentioned configurations is primarily to better determine the impact of fuel injection
parameters on the efficiency factor.

Numerical studies were carried out in the “Ansys Fluent 19.2” environment. Finally,
the computational domain had the shape of a cylinder with the following dimensions
(Figure 6):

• X = 1600 mm, which is 10 maximum diameters of the outlet diffuser;
• R = 500 mm, which is 5 radii of the combustion chamber.

The computational domain, regardless of the fuel supply configuration, is divided
into approximately 4,800,000 finite volumes. The “poly–hexcore” mesh was also made in
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the Fluent environment. Despite a significant increase in the number of mesh elements, it
was decided to simulate the full computational domain. This was due to two reasons:

• The dynamic nature of the stochastic phenomena occurring in the combustion chamber
makes the actual flow through it asymmetric. In such cases, the use of symmetry
may lead to erroneous results or even to the lack of pulsation; although during the
experimental tests, the chamber worked in a given configuration.

• In the vicinity of the planes, the mesh is filled with pentagonal elements. The transi-
tions from these elements to hexagonal elements are a source of low-quality volume,
which can distort the flow field inside the tested combustor. In addition, control over
the size and quality of these elements is very limited. The use of the plane of symmetry
passing through the centre of the combustion chamber forces the use of these elements
in places that are particularly important from the point of view of calculations.
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In the vast majority of the analysed publications [34,37,45,46], the authors decided
on the k-ε turbulence model. The choice is motivated by the fact that it is a well-proven
model, constituting a compromise between the demand for computing power and the
results achieved. In [32], the authors decided to use the “k-ω SST” turbulence model.
The choice is justified by the fact that, according to the description [47], the group of k-ω
turbulence models should be used when strong vortex structures, pressure gradients and
flow separation are expected in the flow. In addition, in the equations of the “k-ω SST”
model, correction terms limiting the overproduction of turbulence kinetic energy in the
areas of strong pressure gradients were introduced. Taking into account the dynamic nature
of combustion phenomena and the rapid changes in the flow direction in the pulsating
combustion chamber, the authors of the current paper chose the k-ω SST model.

For the sake of a pulsation frequency of 100 Hz, the fuel oxidation process takes
place in very rapidly changing conditions. In this case, it can be assumed that the entire
combustion process is determined primarily by the speed and quality of mixing fuel and
air. In such conditions, a relatively good “combustion model” seems to be the “Eddy
dissipation” model, in which the combustion rate is determined by the mixing rate. In
this model, a chemical reaction with the release of heat takes place if there is a fuel and
an oxidant in the area and there is turbulence ((k⁄ε) > 0). The occurrence of the reaction is
conditioned by exceeding the activation energy [47]. The disadvantage of this model is the
inability to use the complex mechanisms of chain reactions. This simplification does not
seem to have much influence on the solution in the case of a pulsating combustion chamber.

When discussing the combustion model, it should be borne in mind that for turbu-
lence models of the URANS type, used with relatively sparse computational grids, it is
not possible to observe the flame development. For the discussed models, the program
assumes that a chemical reaction takes place in a given computational cell if the appropriate
conditions are met. In the case of the combustion reaction, the conversion of the energy
contained in the fuel into heat is additionally taken into account. Therefore, by running
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simulations with these settings, it is possible to observe the movement of an exothermic
chemical reaction, rather than a very thin and undulating flame front.

The boundary conditions of the relevant computational domain are shown in Figure 7.
In all simulations, it was assumed that the combustion chamber walls were adiabatic.
For fuel injectors, a mass flow inlet boundary condition was applied. This assumption
is justified by the fact that the processes inside the chamber are relatively short and only
4–15 engine cycles are simulated. This also allows you to significantly speed up calculations.
Nonetheless, one simulation takes from 7 to 14 days when performed on a machine with a
32-core processor with a 3.5 GHz speed and 128 GB of RAM.
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For each calculation, a time step of 25 µs was set. For all spatial discretization schemes,
a second-order upwind method was used, except for the gradient—where least squares
cell-based method was applied.

A mesh independence study was conducted for the FC70-2 injector placed at L = 260 mm
because the highest thrust and pressure amplitudes in the combustion chamber were
achieved in this configuration. For this purpose, the mesh size was increased to approxi-
mately 7,200,000 elements. This change did not significantly affect the values of pressure in
the combustion chamber, thrust and temperature. However, a decrease in the value of the
y+ parameter was achieved, and the computation time almost doubled (see Table 1).

Table 1. Exemplary results of mesh independence study.

Mesh 1
4,800,000 Elements

Mesh 2
7,200,000 Elements

Maximum y+ 366 245

Maximum domain CFL 2.2 1.4

Time per iteration [s] 15.5 28.7

Combustion chamber pressure amplitude [kPa] 40.1 39.6

Due to the significant extension of the calculation time and the insignificant change
in the calculated engine operating parameters, it was decided to continue the calculations
with a mesh with a smaller number of elements. This approach is also supported by the
fact that the obtained values of the basic operating parameters of the chamber are similar
to those obtained during the tests, despite the higher value of the CFL number. This will be
justified later in this paper.

The simulation results were verified with the experiment both in terms of quantity
and quality. The data selected for comparison is the most reliable and crucial for engine
operation. From the authors’ point of view, the data included were as follows:

• Amplitude of pressure pulsation inside the combustion chamber;
• Pulsation frequency;
• Thrust.
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A summary of the percentage deviations of the simulation results from the experimen-
tal result (∆) is shown in Figure 8. Recognition of which values apply to individual injectors
can be made after reading the appropriate efficiency coefficients from Figure 5. The detailed
description of each configuration can be found in [31]. It can be seen that with the increase
in the efficiency factor, these deviations decrease, regardless of the type of injector. This
may indicate that the real processes, with the increase in the efficiency factor, become closer
to the ideal ones, which makes them more consistent with the assumed numerical model.
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An example of a qualitative comparison of the heating profiles of the chamber walls
obtained by means of a numerical simulation with a real thermogram is shown in Figure 9.
Comparing the distribution of temperature fields on the walls of the combustion chamber
and air inlet, it can be easily seen that they are similar. Based on a quantitative and
qualitative comparison, it may be stated that simulation results are accurate enough to allow
conclusions about the shape of the process taking place inside the combustion chamber.

The results of numerical experiments were analysed in the context of the time evolution
of the combustion zone in terms of shape, size and intensity of turbulence. The area in
the combustion chamber, where the ratio of the fuel mass to the mass of the oxidant
and possible combustion products is within the flammability limits, was assumed as the
combustion zone. According to [48], under normal conditions, the excess air factor λ at
the flammability limits of propane gas is 0.4–1.96. This range changes with the change
in substrate temperature [9,48,49]. In the case of increasing the flammability limits under
the influence of increased temperature, the heat and pressure effect of the reaction is
negligible [50]. Therefore, in the conducted analysis, it was decided to assume that the
main combustion zones are formed only in places where the excess air factor is within the
limits quoted for normal conditions. All quantitative results presented below are average
values from several fixed work cycles of the tested pulsating combustion chamber. Unless
stated otherwise, the relative parameters presented in the charts have been normalized in
relation to the maximum value of a given quantity among all simulated configurations.

The performed numerical calculations confirm the statement that effective combustion
occurs in zones where small-scale turbulence dominates (Figure 10).

Figure 11 shows changes in the relative average volume of the combustion zone and
the excess air factor as a function of the efficiency factor. It is worth noting that the excess air
factor in the combustion zone does not change significantly, and the combustible mixture
has an approximately stoichiometric composition. The highest efficiency factor values were
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obtained for slightly depleted combustion zones. It should be added that the volume of the
combustion zone is understood as the volume of the area inside the combustion chamber,
in which the fuel concentration is within the flammability limits.

The average maximum size of the combustion zone is considered to be the arithmetic
mean of the maximum values of the size of the combustion zone for each cycle (Figure 12).
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Unlike continuous combustion devices, in a pulse engine, combustion occurs cyclically,
and, therefore, the composition and size of the combustion zone also change cyclically. In
most of the numerically tested fuel supply configurations, certain amounts of the com-
bustible mixture remained in the combustion chamber throughout the entire work cycle
(Figure 12). The considerations presented earlier show that the high dynamics of changes
in the parameters of the combustion zone will be conducive to the efficient operation of
the chamber. A dynamic zone is to be understood as a zone whose size changes rapidly
relative to its average size. Its dynamics were estimated by the authors of this publication
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by the rate of change in the volume of the combustion zone. In order to be able to compare
the dynamics of the combustion zones of various sizes, the results of the dV/dt derivative
were normalized by the average volume of the analysed combustion zone Va. The result-
ing coefficient can be called the “dynamic coefficient of the change in the volume of the
combustion zone” and written by the formula

dV
dt

=
dV
dt
Va

[
1
s

]
(3)

The results of numerical calculations presented in Figure 13 show that the increase in
the dynamics coefficient of the change in the volume of the combustion zone in the pulsating
combustion chamber causes an increase in the efficiency factor of the combustion process.

Energies 2024, 17, x FOR PEER REVIEW  14  of  22 
 

 

cyclically. In most of the numerically tested fuel supply configurations, certain amounts 

of the combustible mixture remained in the combustion chamber throughout the entire 

work cycle (Figure 12). The considerations presented earlier show that the high dynamics 

of changes  in  the parameters of  the combustion zone will be conducive  to  the efficient 

operation of  the  chamber. A dynamic  zone  is  to be understood  as  a  zone whose  size 

changes rapidly relative to its average size. Its dynamics were estimated by the authors of 

this publication by the rate of change in the volume of the combustion zone. In order to 

be able to compare the dynamics of the combustion zones of various sizes, the results of 

the dV/dt derivative were normalized by the average volume of the analysed combustion 

zone Va. The resulting coefficient can be called the “dynamic coefficient of the change in 

the volume of the combustion zone” and written by the formula 

𝑑𝑉
𝑑𝑡

𝑑𝑉
𝑑𝑡
𝑉

 
1
𝑠
  (3)

The results of numerical calculations presented in Figure 13 show that the increase in 

the dynamics coefficient of the change in the volume of the combustion zone in the pul-

sating combustion chamber causes an increase in the efficiency factor of the combustion 

process. 

 

Figure 13. The results of numerical calculations showing the dependence of the efficiency factor on 

the dynamic coefficient of changes in the volume of the combustion zone. 

Based on  the results of  the calculations presented  in Figure 14,  it can also be con-

cluded  that  the relative dynamics of  the change  in the volume of  the combustion zone 

decreases with the increase in the volume of the combustion zone, which at the same time 

contributes to the decrease in the value of the efficiency factor. 

Figure 13. The results of numerical calculations showing the dependence of the efficiency factor on
the dynamic coefficient of changes in the volume of the combustion zone.

Based on the results of the calculations presented in Figure 14, it can also be concluded
that the relative dynamics of the change in the volume of the combustion zone decreases
with the increase in the volume of the combustion zone, which at the same time contributes
to the decrease in the value of the efficiency factor.

As a consequence of the increase in the relative dynamics of the change in the volume
of the combustion zone, the pulsation frequency may decrease (Figure 15).

The question arises as to why the relative increase in the rate of the changes in the
volume of the combustion zone does not cause an increase in the pulsation frequency,
despite the simultaneous increase in the chamber’s efficiency. To explain this, a qualitative
analysis of the changes in the shape of the combustion zone during the work cycle of the
tested chamber should be performed. Comparing the course of the work cycle for the
extreme values of the efficiency factor for the FC70-1 injector (η = 0.26) and the FC120-
1 injector (η = 0.87) (Figure 16), it can be seen that in the case of the FC70-1 injector
throughout the entire work cycle, the combustible mixture is present in the combustion
chamber, while in the case of the FC120-1 injector, there are times when the combustible
mixture is almost completely burnt out inside the combustion chamber. Referring the time
moments of individual screenshots to the course of pressure to illustrate changes in the
size of the combustion zone in relation to the pressure in the combustion chamber is shown
in Figure 17. It can be seen that the highest degree of combustion for the combustible
mixture occurs just before reaching the maximum pressure in the chamber. The effect of
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uneven burnout of the mixture for the two compared injectors can also be observed in the
recordings from a high-speed camera (Figure 18). It can, therefore, be concluded that in the
case of small, well-mixed areas of the combustible mixture with a large relative increase
in the rate of change in the volume of the combustion zone, almost the entire volume of
the combustion zone undergoes rapid explosive combustion. The preparation of another
such zone and its ignition requires appropriate time, which results in a decrease in the
pulsation frequency. However, in the case of larger combustion zones with a small relative
increase in the rate of change in the combustion zone volume, only a part of the initial
volume of the combustion zone undergoes explosive combustion. The remaining part can
burn slowly inside the chamber and partly be “thrown” outside the cross-sections of the
combustion chamber together with the exhaust gases. As a result, such a course of the
pulsating combustion process may cause a decrease in the efficiency factor and an increase
in the frequency of pulsations, as a result of earlier ignition (from the constantly burning
mixture) of a new portion of the combustible mixture that has not yet been fully produced.
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The combustion model used in the numerical tests made it possible to estimate the
amount of fuel leaving the engine cross-sections. Numerical experiments have shown that
the amount of fuel not involved in combustion depends, to a large extent, on the setting of
the injectors (Table 2). The most fuel was lost when the jet injectors were set to L = 125 mm
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(Figure 19). Placing the FC70-1 injector inside the chamber (at L = 260 mm) minimized
these losses almost completely. However, a significant increase in the flow through the
use of the FC70-2 injector resulted in the “over-rich” mixture inside the chamber, of which
about 5% of the dose left the chamber without taking part in combustion. In the case of the
high efficiency factor achieved for the FC120-1 injector, no fuel was observed outside the
cross-sections of the combustion chamber.

It is worth noting that with the increase in the dynamics coefficient of the combustion
zone volume change in the pulsating combustion chamber, the amount of fuel “ejected”
outside the combustion chamber cross-sections decreases (Figure 20). Therefore, it is a
process that favours the greater efficiency of the pulse chamber, which is consistent with
the results presented in Figure 13.

Table 2. List of fuel losses depending on the type and location of the injector.

Injector Position Dose
[mg/Cycle]

Efficiency Factor
[kPa/mg]

Fuel Losses
[mg/Cycle]

Fuel Losses
[% of Dose]

JET2 L = 125 mm 30 0.41 0.96 3.2

JET3 L = 125 mm 57 0.30 11 18.5

FC70-1 L = 260 mm 65 0.26 5.6·10−3 0.009

FC70-2 L = 260 mm 78 0.44 3.9 5.0
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The conducted tests and analyses show that the pulsating combustion chamber opera-
tion can be significantly influenced in a wide range. In conducted tests, this was achieved
by switching the type of the injector, the size of its output and adjusting its position. The
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decisive factor for the parameters of the pulsating chamber operation, such as the pressure
amplitude, thrust amplitude, combustion efficiency factor and pulsation frequency, is the
location, size and dynamics of creating a well-mixed combustible mixture area inside the
combustion chamber, in which the explosive combustion process is carried out. In this
context, pulsed combustion is understood as a continuity of repeated ventilated thermal
explosions [51–53], whose parameters for a given chamber geometry are mainly condi-
tioned by the parameters of the combustible mixture zone. Interesting results obtained
during the tests showing the dependence of the thrust amplitude on the pressure pulsation
amplitude in the combustion chamber and the combustion efficiency factor are shown
in Figure 21. It can be seen that the dependence of the thrust amplitude on the pressure
pulsation amplitude is not unambiguous. It is especially worth noting that it is possible to
increase the thrust amplitude even several times at a constant pressure pulsation amplitude
by increasing the combustion efficiency factor achieved by reducing the fuel dose, and
according to Figures 7 and 15, this is also associated with a decrease in frequency. Based on
the analyses of the results obtained from both experimental and numerical research, it is
clear that treating the pulsating combustion chamber strictly as a classic acoustic device
with the pulsation frequency, determined mainly by the geometrical parameters of the
pulsating chamber, is not justified.
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5. Conclusions

Numerical simulations of the combustion process in the pulsating combustion chamber
not only confirmed the results of the experimental research, but also allowed for a better
understanding and interpretation of the course of the pulsating combustion process itself. In
particular, it is important to determine the role and importance of the dynamics coefficient
of the combustion zone volume change in the pulsating combustion chamber in the process
of improving the efficiency of the energy conversion process contained in the fuel, and to
explain the causes of changes in the pulsation frequency of the combustion process.

It has been shown that the most important parameters of the pulsating combustion
chamber operation, such as pressure amplitude, thrust amplitude, combustion efficiency
factor, as well as the pulsation frequency, can be changed in a relatively wide range by
changing the position, size and dynamics of creating an area of well-mixed combustible
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mixture inside the combustion chamber, where explosive combustion develops. In creating
such areas, the parameters of the fuel supplied—the method, place and amount of fuel
supplied—play a fundamental role. Obtaining high efficiencies of pulsating combustion
chambers is not conditioned by the achievement of the so-called resonance. Therefore,
the pulsating combustion chamber cannot be treated as a classic acoustic device with the
pulsation frequency determined mainly by the geometrical parameters of the pulsating
chamber. The pulse combustion process should be understood as a continuity of repeated
ventilated thermal explosions whose parameters for a given chamber geometry are largely
determined by the parameters of the created combustible mixture. This makes it possible
to effectively control the intensity and quality of the pulsating combustion process.

The multitude of theories on the phenomenon of pulsation only proves that this issue
still requires in-depth research, in which, for a deeper understanding of this process, the
influence of the geometrical parameters of the combustion chamber should also be taken
into account.
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