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Abstract: Material treatment in pulsation reactors (PRs) offers the potential to synthesize powdery
products with desirable properties, such as nano-sized particles and high specific surface areas, on
an industrial scale. These exceptional material characteristics arise from specific process parameters
within PRs, characterized by the periodically varying conditions and the resulting enhanced heat and
mass transfer between the medium and the particulate material. Understanding flame behavior and
the re-ignition mechanism is crucial to controlling the efficiency and stability of the pulse combustion
process. In order to accomplish this objective, an investigation was conducted into flame behavior
within the combustion chamber of a Helmholtz-type pulsation reactor. The study was focused on
primarily analyzing the flame propagation process and examining flame velocity throughout the
operational cycle of the reactor. Two optical methods—natural flame luminosity (NFL) and particle
image velocimetry (PIV)—were applied in related experiments. An analysis of the NFL measurement
data revealed a correlation between the intensity of light emitted by the pulsed flame and the air-fuel
equivalence ratio (range from 0.89 to 2.08 in this study). It is observed that a lower air-fuel equivalence
ratio leads to higher flame luminosity in the PR. In addition, in order to study the parameters related
to system stability and energy transfer efficiency, this study also focuses on the local velocity field
measurement method and an example of a fluid flow result in a combustion chamber by using a
phase-locked PIV measurement system upgraded from a classic PIV system. The presented results
herein contribute to the characterization of flame propagation within a pulsation reactor, as well as in
pulsatile flows over one working cycle in a broader context, with flow velocity in the center of the
combustion chamber ranging from 1.5 m/s to 5 m/s. Furthermore, this study offers insights into the
applicable experimental methodologies for investigating the intricate interplay between flames and
flows within combustion processes.

Keywords: pulsation reactor; pulsating combustion; pulsatile flame; pulsatile flow; particle image
velocimetry; natural flame luminosity

1. Introduction

The efficient production of novel materials holds significant application potential
across various industrial sectors, with pulsation reactor technology emerging as a viable
approach for material synthesis. Since the early 2000s, pulsation reactors have been used to
produce powders in industrial applications [1]. The purpose of this study is to optimize
the combustion process to acquire the most favorable characteristics of catalysts (potential
catalysts, for example, LaMnO3, CuMn2O4, and CeO2).
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The Helmholtz pulsation reactor working principle is introduced in Section 1.1. The
theory of pulsating combustion, as well as the PR operation cycle, together with the
potential re-ignition mechanisms, are addressed in Section 1.2. The scope of this work is
described in Section 1.3, and the investigated characteristics are introduced in Section 1.4.
These are followed by a description of the applied experimental methods in Section 2. Here,
image acquisition via a high-speed camera is described in detail in Section 2.1, and the PIV
method is described in Section 2.2. The investigated operation points of PR are introduced
in Section 2.3. Afterward, the results are presented and discussed in Section 3, nd the
conclusions and outlook are presented in Section 4.

1.1. Pulsation Reactors for Material Treatment

A typical laboratory pulsation reactor, as displayed in Figure 1, is an apparatus in
which a mixture of air and natural gas is repeatedly ignited in the combustion chamber.
This affects the hot gas pressure wave that develops in the adjacent tailpipe (TP); for this
reason, it is occasionally referred to as the resonance tube. At the beginning of the TP,
material for treatment will be injected into the pulsating hot gas stream and separated
from the stream at the end of the TP. The particular process conditions in the TP allow
for a variety of continuous material treatment applications, e.g., drying, calcination, and
annealing [2,3]. However, PRs are primarily recognized for the possibility of synthesizing
ultra-fine powdery products with advantageous properties at an industrial scale [4–6]. For
example, Heidinger et al. [7] describe the synthesis of zirconia and silica nanoparticles in
the PR.

Figure 1. Illustration of a typical Helmholtz−type pulsation reactor used for thermal material
treatment [4,8].

The remarkable product properties can be attributed to the process parameters in
a PR, i.e., periodically varying pressure, flow velocity, etc., and the resulting enhanced
and persistent heat and mass transfer [7,9,10]. The process conditions can be controlled
by setting the operating parameters and choosing the geometry of the combustion cham-
ber and the tailpipe in such a way that a certain resonance frequency naturally tends to
develop. Figure 2 shows an overview of four levels of parameters and how they relate
to the next level. The first level of operating parameters can be influenced or designed
directly. The precursor materials and their proportions, along with the type of carrier liquid,
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are determined by the desired product composition. In Figure 2, these are represented
by the category called Material. The frequency of the present pressure wave depends
(besides temperature, [11] determining the speed of sound in the particular medium) on
the geometry of the combustion chamber and the tailpipe [8]. Together, they form the
Helmholtz resonator system, which is described in more detail in Section 1.2. The flow of
fuel and air directly affects the pressure and velocity distribution in the resonance tube.
The heat generated during the combustion process affects the temperature distribution in
the resonance tube. However, despite the decades-long application of pulsation reactor
technology in industry [12], it is still far from fully developed or understood. Through a
comprehensive analysis of flame behavior in the pulsation reactor, a profound comprehen-
sion of the underlying characteristics governing combustion phenomena can be acquired.
It includes unsteady combustion phenomena, high flame temperature and velocity, flame
pulse period, persistence and controllability, and combustion instability. Factors such as the
position and shape of the flame and combustion efficiency cause temperature variations
in the resonance tube. These parameters (depending on the process conditions) set the
product properties, as they influence the occurring chemical reactions, the heat and mass
transfer between the gas and product particles, and the particle residence time in the reactor.
Therefore, understanding how the PR operation parameters relate to the process parameters
is crucial in the pursuit of configurable and tailored product proprieties [13].

Figure 2. Cascade of dependencies (from operating parameters to product properties) for material
treatment in a pulsation reactor (this paper investigates the flame and flow in a combustion chamber).

1.2. Pulsating Combustion and the Theory of Re-Ignition Background of the PR

In order to comprehend the generation of a pulsed flame, a fundamental understand-
ing of the theory of pulsating combustion is essential. As stated in [14], for example, the
general principle of pulsating combustion is similar to combustion-driven oscillations
(CDOs). Moreover, the condition for self-excited pressure oscillations during combustion,
originally formulated by Lord Rayleigh [15,16] and known as the Rayleigh criterion, applies
to both processes [17]. While CDOs are undesirable, pulsating combustion can be perceived
as a positive utilization of the effect. A pulsation reactor used for thermal material treatment
represents such an application.

In general, three groups of pulsation reactors are distinguished: the Schmidt-, Rijke-,
and Helmholtz-type pulsation reactors. For thermal material treatment, however, the
Helmholtz-type pulsation reactor is almost exclusively used. It acts in a way similar to
the acoustic Helmholtz resonator [18–20], the resonant frequency of which is determined
as [21–23].
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fHR =
c

2π
·

√
ATP

VCC · LTP
, (1)

where VCC is the cavity (combustion chamber, in the case of a PR) volume, and ATP and LTP
are the cross-sectional area and length of the neck (tailpipe, in the case of a PR), respectively.
A Helmholtz-type pulsation reactor usually consists of inlet valves, a combustion chamber,
and a tailpipe (see Figure 1). While its design is rather simple, the operation is more complex,
as various thermodynamic, fluid-dynamic, and acoustic effects are involved [24–26]. An
illustration of a PR operation cycle is displayed in Figure 3. The individual stages are
as follows:

1. Ignition and combustion (A→B): The combustible mixture (air and a gaseous fuel) is
injected into the combustion chamber where it is ignited. The spark plug, which is
usually used for the initial ignition, or the glow igniter, as in the case of the present
pulsation reactor, is switched off once self-excited periodic combustion develops.

2. Expansion (B→C): Both the temperature and pressure increase as a consequence of
the combustion process. The combustion products are pushed out of the combus-
tion chamber through the exhaust pipe, resulting in the pressure in the combustion
chamber decreasing.

3. Intake (C→D): When the combustion chamber drops below the ambient value, the
fresh mixture is sucked in.

4. Compression (D→A): The negative gauge pressure in the combustion chamber results
in a portion of the hot flue gas traveling back from the tailpipe into the combustion
chamber again. It compresses and heats up the fresh mixture, which is re-ignited, and
the cycle repeats.

Figure 3. The pulsation reactor operation cycle [13]. 1. Ignition and Combustion: A combustible
mixture is ignited in the combustion chamber. 2. Expansion: The increasing pressure caused by the
combustion process pushes the combustion products out of the combustion chamber. Additionally,
the inlet valves are either closed (mechanical valves), or back-flow might occur (aerodynamic valves).
3. Intake: Pressure in the combustion chamber drops below the ambient pressure, resulting in fresh
mixture being driven into the combustion chamber again. 4. Compression: As a consequence of the
negative gauge pressure in the combustion chamber, a portion of the flue gas travels back, resulting
in the fresh mixture being compressed and heated up. The mixture is re-ignited and the cycle repeats.

The study of re-ignition mechanisms shall contribute to understanding the phe-
nomenon of transient interruptions and re-ignition in the combustion process, thus improv-
ing the stability of the combustion system. By understanding the re-ignition mechanism,
combustion chambers and fuel mixing and supply systems can be designed and optimized
to ensure the continuity and stability of the combustion process. In addition, it can help
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improve the efficiency of fuel utilization and reduce energy losses, thus increasing energy
use efficiency.

Many previous investigations [14,24,25,27] state that the fresh mixture is ignited as
a consequence of mixing with the portion of the hot flue gas back from the tailpipe into
the combustion chamber. The research by Zhonghua [24], for example, suggests that (a
combination of) three other factors might be responsible for the re-ignition:

1. hot gas remnants near the inlet;
2. the high temperature of the combustion chamber walls;
3. the unburned mixture that can sustain the flame until the beginning of the next cycle.

However, the question of the re-ignition mechanisms remains open until this point.
Thus, one of the aims of the present work is to identify the presence of an unburned mixture
from the previous cycle during a working cycle. Comparing the conditions of glow ignition
and no glow ignition is relevant to the study, as it relates to the operational safety of the
flame. Glow ignition is when the fuel in the combustion chamber ignites without the intent
to ignite, which is a pre-ignition method of the combustion chamber, allowing for ignition
at relatively low pre-ignition temperatures and pressures. The utilization of this approach
reduces the risks associated with ignition, thereby providing a protective mechanism for
the equipment [28–30].

1.3. Scope of the Investigations

The efficiency of energy transfer within a flame directly impacts the overall efficiency
of energy utilization during the combustion process. By specifically investigating and
optimizing flame energy transfer, it is possible to enhance the thermal efficiency of the
combustion system while simultaneously reducing energy consumption and emission
generation. The energy transfer efficiency of pulsed flames is influenced by various factors,
such as the air-fuel ratio, fuel properties, combustion chamber design, ignition mechanism,
combustion process instability, and combustion conditions (temperature, pressure, fluid
flow, etc.) [30,31]. The instability of pulsed combustion is related to the state of the
flame, such as turbulent flames. Here, the flame front dynamics model is helpful to
explore such instability [32]. In 1979, Marble and Candel [33] first presented a flame front
dynamics model in which flame velocity and flow velocity are related to instability as two
important parameters.

Menon and Jou (1991) [34] integrated a large eddy simulation (LES) of the flow
with a depiction of the flame front dynamics through a kinematic equation involving a
progress variable, G. The definition of the progress variable, G, and its compliance with a
conservation equation of a particular form were addressed:

∂G
∂t

+ v · ∇G = uF|∇G| (2)

In this equation, v represents the fluid velocity, with G taking the value of 1 in the
fresh mixture and 0 in the combustion products. uF denotes the local turbulent flame speed,
which is contingent upon the sub-grid-scale turbulence intensity, u′, and the laminar flame
speed, uL. The heat release within the flame is characterized by expressing the specific
enthalpy in relation to the progress variable G:

h = cPT + (−∆h f
0)G (3)

While existing model-based investigations on unsteady flames have been conducted,
experimental research in this domain remains nascent. Given the progress in measurement
technologies, particularly the advancements in high-speed cameras, there exists a prospect
for quantifying and visualizing high-frequency pulse flames, thereby enhancing our com-
prehension of flame dynamics and combustion stability in pulse burners. This study is
driven by the primary objective of fulfilling this purpose. This study aims to explore several
main aspects:
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- Identify how flame behavior relates to the various stages of the combustion cycle,
visualizing the turbulence present in the flame.

- Investigate the impact of air-fuel equivalence ratio and power density input on the
flame, encompassing parameters such as flame luminosity and flame velocity. In
the context of natural gas combustion, the luminosity of the flame can be used as
an indicator of the radiative heat transfer, with higher luminous radiation levels
correlating to increased flame temperature, and is consequent in the thermal efficiency
of the combustion process [35].

- A higher pulsed flame velocity signifies an increased propagation speed, resulting in
a more rapid energy release into the surrounding environment, potentially leading to
a higher energy transfer rate. Therefore, in this study, the estimated speed of flame
propagation within a given system needs to be clarified. Additionally, the study
examines the stability of the combustion process by analyzing velocity variation.

- In addition, a couple of further characteristics of the process, e.g., the temporal
development of the flow velocity distribution during a cycle, have been investigated
and will be discussed in the results section.

The measurement of flame propagation serves as a valuable tool for identifying re-
gions within the combustion system where incomplete combustion or inefficient fuel-air
mixing occurs. Additionally, flame propagation significantly impacts the stability and con-
trollability of the combustion process. By accurately measuring the propagation of flames,
it becomes possible to identify potential sources of instability or oscillations within the
combustion system. This information allows for the adjustment of operating parameters to
maintain a stable and controlled combustion process. The flame in the combustion chamber
emits visible light, serving as an indication of the different phases of the periodic working
process and re-ignition mechanism. Among all the optical measurement techniques, natu-
ral flame luminosity (NFL) imaging is one of the simplest approaches to visualizing the
combustion processes [36,37]. The NFL method has a wide range of applications in flame
measurement; for example, Wang et al. [38] applied it to the measurement of diesel spray
flame. Due to the pulsed flames being nonsteady, high-frequency flames, a high-speed
camera needs to be used to obtain comprehensive flame characteristic information.

Keller et al. previously measured the flow velocity inside a PR combustion chamber
using the Schlieren flow visualization and laser Doppler velocimeter (LDV) methods [39].
However, compared to the LDV technique, the particle image velocimetry (PIV) method
is a non-intrusive measurement technique that can be used without disturbing the fluid
flow to a greater extent [40], which is a new application in the study of PRs. Based on
the high-frequency working conditions of the PR, this study adopted phase-locked PIV
technology (described in the experimental method section).

1.4. Investigated PR Characteristics Related to This Study

The focus of this work is the effect of fuel and air supply. In this case, however, the
flow field and the behavior of the flame are investigated. The parameters used for the
quantification of fuel and air supply are the air-fuel equivalence ratio, λeq, and the power

density input, P(in)
ρ .

The power density input is meant to determine the mass flow rate of fuel entering the
PR. It is introduced as the power input divided by the combustion chamber volume:

P(in)
ρ =

P(in)

VCC
, (4)

where the power input P(in) is determined by the amount of fuel and its heating value.
Specifically, it is calculated as a product of the mass flow rate and (lower) heating value of
each combustible component, ṁF,k and LHVF,k, respectively, summed over all combustible
components contained in the fuel, nF,k. This might further be expressed in terms of the total
fuel mass flow rate, ṁF, as
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P(in) =
nF,k

∑
k=1

ṁF,k · LHVF,k = ṁF ·
nF,k

∑
k=1

Y(F)
F,k · LHVF,k, (5)

where Y(F)
F,k represents the mass fractions of the combustible components contained in the

fuel. Provided that the fuel composition is known, its mass flow rate is determined by
applying relation (4) to (5) as

ṁF =
P(in)

ρ · VCC

∑
nF,k
k=1 Y(F)

F,k · LHVF,k

. (6)

With the fuel mass flow rate given by relation (6), the air-fuel equivalence ratio, λeq,
determines the mass flow rate of air entering the system. The air-fuel equivalence ratio
represents the ratio between the actual and the stoichiometric air-fuel (mass) ratio, i.e.,

λeq =
AFR

AFRstoich
=

1
AFRstoich

· ṁA
ṁF

. (7)

The air mass flow rate is then easily expressed from (7) as

ṁA = λeq · AFRstoich · ṁF, (8)

where, at this point, the only unknown is the stoichiometric air-fuel ratio, AFRstoich. This is
the ideal (theoretical) mass of air needed for the complete combustion of the fuel, divided
by the mass of the fuel. The stoichiometric air-fuel ratio is fully determined by the fuel
(and air) composition, i.e., by the mass fractions of oxygen, the individual combustible
components, and the reactions describing their combustion. On the assumption that the fuel
does not contain any oxygen, and, on the other hand, there is no combustible component
included in the air either, AFRstoich is obtained as

AFRstoich =

(
ṁA
ṁF

)
stoich

=
1

Y(A)
O2

·
nF,k

∑
k=1

Y(F)
F,k ·

νO2,k · MO2

νF,k · MF,k
. (9)

In this equation, Y(A)
O2

represents the mass fraction of oxygen in air, MO2 and MF,k stand
for the molar mass of oxygen and of the individual combustible components, respectively.
Finally, νO2,k and νF,k are the stoichiometric coefficients corresponding to oxygen and the
particular combustible component in the reaction describing its combustion, respectively.

2. Experimental Method
2.1. Flame Imaging via a High-Speed Camera

Combustion, especially the mechanisms of the re-ignition process, was investigated via
flame observations in the combustion chamber. Thus, it is necessary to conduct comprehen-
sive and complete time-resolved imaging to monitor the flame in order to fully understand
its behavior. For such a purpose, a high-speed camera FASTCAM Mini AX50 (Photron,
San Diego, CA, USA) [41] with a frame rate of 2000 fps with a resolution of 1024 × 1024 pixels
was used (Figure 4). The predominant chemical constituents of both gas and air present
in this PR include nitrogen (N2), oxygen (O2), carbon dioxide (CO2), carbon monoxide
(CO), and hydrocarbon molecules, such as methane (CH4) and ethylene (C2H4), as well as
water vapor (H2O). Thus, numerous self-excited species are produced through chemical
reactions within the flame, such as C∗

2 (513 nm to 516.5 nm), CH∗ (430 nm to 431.5 nm),
CO∗

2 (340 nm to 650 nm), and OH∗ (306.5 nm to 310 nm) [35,37,42,43]. The majority of the
self-exciting species present in the combustion chamber exhibit photon emission, falling
within the range of detectability by camera sensors, thereby establishing flame imaging
as a feasible technique for the observation and analysis of flame dynamics. Consequently,
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the imaging technique utilizing the camera sensor enables a comprehensive study of flame
luminosity and propagation, with the wavelength range for the camera sensor’s detection
specified as 400 nm to 700 nm. The grayscale value within the 0–255 range is able to serve
as an indicator for the luminosity of a grayscale image [44]. The illuminance can be used to
draw conclusions about chemical combustion reactions, which also allows for statements
to be made about energy efficiency. However, the illuminance cannot be measured directly
with the camera used, but according to the manufacturer’s specification, the relationship
between the gray value and illuminance is linear over the entire measuring range. Thus,
quantitative evaluations are possible due to this proportionality.

Figure 4. The experimental pulsation reactor setup, with a high-speed camera to capture the com-
bustion chamber. All dimensions are introduced in mm. The actual orientation is vertical. The
temperature of the combustion chamber steel wall is 100 °C to 200 °C, and the temperature of the
combustion chamber glass wall around the gas inlet is 650 K to 700 K, as measured by an infrared
thermal camera.

Keeping in mind the expected PR frequency of 40 Hz to 50 Hz [7], 30–50 consecutive
image frames were recorded per each pulse period. The frequency of the phenomenon is
primarily dictated by several factors: (1) the dimensions and structural characteristics of
the cavity, (2) the inherent physical properties of the gaseous medium, (3) the oscillation
frequency emitted by the driving force source, and (4) the manner in which the reactor
interfaces with the surrounding external environment.

The position of the camera is fixed at a distance of 500 mm in front of the combustion
chamber, which balances the influence of the noise of the high temperature around the
combustion chamber on the performance of the camera and the imaging ability of the
camera to capture the complete flame. The focus adjustment and exposure settings are
determined based on the distance within the combustion chamber and the specific area
of interest to ensure optimal visibility of crucial flame details. The wall temperature of
the combustion chamber is between 100 ◦C and 200 ◦C. The measuring setup is shown in
Figure 4.

2.2. Particle Image Velocimetry (PIV) for Flow Velocity Measurements

PIV is an optical visualization technique that allows for the instantaneous measure-
ment of the velocity field of a fluid flow, and, among other applications, it allows for the
characterization of the vorticity of the flow. This technique is non-intrusive and avoids
disturbing the velocity distribution of the flow compared to other traditional intrusive
measurement techniques, such as hot wire or hot film anemometry [40,45]. The working
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principle of the PIV technique is based on measuring the displacement of tracing particles
that follow the flow between two consecutive camera images; the flow area being measured
is illuminated by a continuous or pulsed laser. This experiment used a pulsed laser because
it is able to emit higher laser energy in a very short time, which is beneficial for measuring
faster flows. A camera captures pairs of images, depicting the positions of these particles
at distinct time instances, with synchronization achieved between the image pairs and
the laser pulses at a specific time interval, ∆t. Following this, digital image processing
techniques, such as the cross-correlation method, are employed to ascertain the velocity
vector field in this case [40].

As important components of the PIV system, a FlowSense EO Camera (Maximum
resolution 2048 × 2048 pixels, CCD sensor, Dantec Dynamics, Skovlunde, Denmark) and
a DualPower Pulsed Laser (Dantec Dynamics, Denmark) producing green light with
a wavelength of 532 nm with a pulse-frequency of 10 Hz were used for measurement
(Figure 5). TiO2 particles with a diameter of 0.5–2 µm are used as tracing particles, seeded
by a SAG410 particle generator (Topas, Germany). Considering the experimental conditions,
flow characteristics, and required spatial and temporal resolution, particles with a diameter
of approximately 1 µm were found to be the most fitting, whereas particles that are too
small may be difficult to identify in the images and particles that are too large cannot follow
the flow well.

Figure 5. The experimental pulsation reactor setup, with the PIV system, using a parallel laser. The
signal detection pressure sensor (microphone with a frequency response from 2 Hz to 20 kHz) is
installed in the side hole on the metal ring of the tailpipe.

However, the frequency of the PR ranges from 40 Hz to 50 Hz [7] (obtained from the
measured pressure signal by using the FFT method), while the DualPower laser and CCD
camera only have a maximum frequency of 10 Hz. According to the Nyquist theorem,
the sampling frequency during measurement should be at least two times the highest
frequency of the signal [46]; the direct measurement of such high-frequency PRs using
these components is not sufficient. In order to solve this problem, a new application
of phase-locked PIV represents a viable solution. An advanced PIV system suitable for
measurements of unsteady flows was designed.

The concept of phase-locked PIV is depicted in Figure 6. During image acquisition,
a second measurement signal, the pressure signal, is synchronously recorded with a suf-
ficiently high sampling frequency (10 kHz). This dataset enables the correlation of the
acquired images with their corresponding positions within the pulsation cycle. In the
phase-locked PIV system, a highly sensitive microphone Model 377B26 (PCB PIEZOTRON-
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ICS, Depew, NY, USA) with a 160 mm probe tip designed for operating temperatures
ranging from −40 ◦C to 800 ◦C was utilized.

Figure 6. Phase−locked PIV acquisition principle for the high−frequency PR, from signal acquisition
to velocity description in one working cycle.

The synchronization of the camera shutter with periodic motion facilitates the acquisi-
tion of image pairs at distinct phase points. Subsequently, during image processing, the
image pairs are gathered at the same phase point within each cycle (Pa − 1 and Pa − 2,
Pb − 1 and Pb − 2, and Pc − 1 and Pc − 2 in Figure 6; ultimately, there are enough phases to
describe the flow velocity change within a working cycle. This process enables the precise
determination of the velocity and direction of the tracing particles. Particle velocity is
obtained by measuring the displacement of the particle, which occurs over a time interval
∆t (10 µs). This calculation involves the utilization of DynamicStudio software (Dantec
Dynamics, Denmark) to compute a cross-correlation in the sampling frequency space. The
position of each phase in the cycle is determined by the delay time, which is the time of the
measuring point from the trigger point.

For the acquisition of phase-locked PIV measurement results, one can first identify
the number of phases within a single working cycle of the PR, as indicated by the pressure
monitor for characterization. In this experiment, 11 phases were selected for a complete
description of the flow velocity within the cycles. The PIV algorithm in the software
computes the velocity field from 10 to 15 images per phase and determines the optimal
solution by averaging this. In this experiment, it is divided into interrogation windows of
16 × 16 pixels for the cross-correlation calculation.

The phase-locked PIV measurement area is the field of view of the camera (Figure 7).
In order to reduce the impact of the reflection of the measured glass pipe on the PIV results,
the first consideration is adding appropriate filters to the camera before the experiment,
including adding a green light filter to the camera lens, meaning only green light can pass
through the filter and be captured by the camera. On the other hand, a polarization filter is
added to reduce reflection. Reflection can also be reduced to a certain extent by adjusting
the incident angle of the laser sheet during the experiment. In this experiment, the incident
angle was adjusted to 90◦ degrees to the greatest extent to reduce light reflection, and the
deviation was within 0.5◦. In the image post-processing, the method of calculating the mean
gray value of the image is adopted. As shown in Figure 7, there are reflections of different
intensities in the yellow box areas in the original image Figure 7a. The calculated mean gray
value pair of 1000 image pairs is displayed in Figure 7b. Subsequently, the mean image
pair was subtracted from the gray value of the selected image pair for cross-correlation
calculation to obtain the image in Figure 7c. Finally, the particle velocity vectors of selected
image pairs was calculated, as seen in Figure 7d.

The average velocity of the interrogation windows in the x-direction and y-direction
was calculated; thus, the average streamwise velocity, U, was combined with the transverse

velocity, V, distribution. The length-based velocity distribution (
√

U2
+ V2), which is more

dependent on the velocity component U, can be obtained.
The methods used in the measurement system designed in this investigation can also

be transferred to PRs of other dimensions. In specific operations, it is necessary to mea-
sure the diameter of the combustion chamber, the working frequency, the environmental
temperature, and the humidity caused by the PR (to be tested) determine the measure-
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ment distance of the high-speed camera, and the internal flow temperature determines
the selection of the pressure sensor (different pressure sensors can withstand different
temperature ranges).

Figure 7. Phase−locked PIV, measuring the area in the combustion chamber. (a) Original image with
particles. The yellow areas are the reflected light from the glass wall; (b) mean image—the average of
1000 images using mean pixel gray values; (c) image (a) with the common background (b) removed
using Image Arithmetics; (d) velocity vectors using the cross−correlation method of PIV.

2.3. The Operation Points and Image Processing of the Flame Measurement

As introduced earlier, the present experiment also aims to investigate the effects of λeq

and P(in)
ρ on the flame. Therefore, this experiment measured 40 operation points (OPs), and

the value of λeq ranged from a minimum of 0.76 to a maximum of 2.08. However, this study
selected five typical OPs of glow ignition and one OP of nonglow ignition for detailed
analysis and discussion. Three operation points under different P(in)

ρ (OP1, OP2, and OP3)
and three operating points under different λeq (OP3, OP4, and OP5) were used (see Table 1).
While in most cases the glow igniter was used, the PR operated without any glow ignition
at OP6. In addition, in order to observe and analyze the flame under stable pulsation
conditions, all of the selected operating points are subject to such conditions, which are
presented by Dostál et al. [8]. Each operating point corresponds to a time duration of 1–2 s.
As a result, approximately 55 cycles of image data were obtained for each operating point.
In these cycles, 10 cycles with superior imaging quality were chosen for detailed analysis
of flame behavior.

Table 1. Overview of the measured operation points for the flame. The values of power density input
and air-fuel equivalence ratio are calculated by Dostál et al. [8].

Operation
Point

Power
Density Input
P(in)

ρ [kW/m3]

Air-Fuel
Equivalence

Ratio λeq

Airflow Rate
V̇A [Nm3/h]

Gasflow
Rate V̇G
[Nm3/h]

Frequency
[Hz]

Glow
Ignition

OP1 1834 2.08 25 1.25 40.37 Yes
OP2 2200 2.08 30 1.50 40.09 Yes
OP3 2567 2.08 35 1.75 38.92 Yes
OP4 2567 1.49 25 1.75 41.08 Yes
OP5 2567 0.89 15 1.75 41.49 Yes
OP6 2567 0.89 15 1.75 41.49 No



Processes 2024, 12, 385 12 of 23

The process of re-ignition in PRs can be confirmed and visualized in imaging studies
of flames; therefore, it is necessary in this study to detect the stage changes of the flame in
the image series.

In the investigation of flame image cycles, it is a crucial preliminary task to identify
the starting point of each cycle. As the flame primarily originates from the vicinity of the
igniter, examining the periodic fluctuations in greyscale values in the area surrounding the
igniter was found to be a suitable method. As shown in Figure 8, region A is selected as the
analysis region for greyscale values close to the ignitor.

Figure 8. Flames visualization, with a gray calculated area value.

The starting point of the flame development cycle is determined by selecting the posi-
tion within each cycle that corresponds to the minimum gray value. Due to various external
influences, such as slight variations in temperature and pressure within the combustion
chamber, the flame distribution is not replicated precisely in each cycle. Nonetheless, it is
evident that the four stages of combustion exhibit a consistent pattern of recurrence, which
will be shown in the results section.

The uncertainty study of this experiment, which consists of three parts, should also be
taken into account. The first part is the uncertainty of the PR operation, which is shown in
the control of the air and fuel inlets. There are two flowmeters at the air inlet and the gas
inlet. The experimental operating conditions for airflow rate and gas flow rate are adjusted
according to the value displayed on the flowmeters with an uncertainty range of less than
5%. The second part is ability of tracing particles to follow in the PIV system. This study
used multiple sets of pre-tests before the experiment to determine the size and material
of the particles that have a good following ability and can be clearly imaged under the
camera in the PIV system, with an error of approximately 2%. The third part is the accuracy
of the measurement equipment. The sensors used in this study have high precision, but
the resolution and frame rate selection of the high-speed camera, the brightness of the
measurement environment, and the interference of the flame light in the combustion
chamber on the camera imaging are all important. The optimal measurement conditions
were selected, and the overall uncertainty of measurement equipment was controlled within
2% through pre-tests. It is difficult to make a global quantitative statement about how great
the overall uncertainty resulting from these influences is. Validation measurements are,
therefore, planned for further investigations. However, it can be estimated that this overall
uncertainty is in the lower single-digit percentage range.

3. Results and Discussion
3.1. Flame Behavior

Within the confines of a controlled chamber housing a pre-arranged mixture of fuel
and oxidizer, flame propagation ensues, subsequent to the initiation of ignition, through
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the transfer of thermal energy from the combustion region to the yet unreacted mixture
in the PR, thereby augmenting the flow temperature and facilitating the expansion of the
flame throughout [30]. The study’s results on the example of this laboratory’s PR reveal the
correlation between the flame cycle and the four stages observed in the theoretical working
cycle of the PR (see Figure 1). Furthermore, the investigation examines the influence of
power input density P(in)

ρ on flame characteristics, as well as the effects of the air-fuel
equivalence ratio λeq on flame dynamics, specifically exploring the relationship between
these parameters and flame luminosity and velocity.

3.1.1. Flame Propagation

Assigning pseudo colors to each gray level (represented by RGB colors ranging from 0
to 255) in the monochrome image can help highlight differences in gray-level values when
describing the brightness of the flame.

During the working cycle, the ignition process generates a flame at the igniter, which
then spreads outward (depicted in Figure 3A,B: Ignition and Combustion), eventually
reaching the glass wall and bottom of the combustion chamber before extending upwards.
The flame gradually intensifies and concentrates toward the center of the combustion
chamber (B,C: Expansion). As the flame approaches the tailpipe, the brightness decreases,
and the flame near the igniter also diminishes (C,D: Intake). The flame reaches its minimum
area when the reaction in the combustion chamber is complete but does not completely
extinguish (D–A: Compression) (Figure 9). Throughout the working cycle, a flame is present
in the combustion chamber, with a small amount of the flame remaining before the start
of the next cycle (Figure 10). The propagation details are shown in Figures 11 and 12.
From this process, it can be found that the flame expands in different directions of the
combustion chamber during the working cycle rather than directly extending to the TP,
which may indicate the uneven temperature distribution and uneven gas mixing in the
combustion chamber.

Figure 9. Flame cycle (from subfigure a–k) pseudo color visualization of OP4 (P(in)
ρ = 2567 [kW/m3],

λeq = 1.49); the four stages (A−B, B−C, C−D, and D−A) of pulse combustion (details shown in
Figures 11 and 12).

As observed in Figure 10, in the process of re-igniting the flame, the subsequent flame
cycle commences while the flame of the previous cycle is still present but not entirely
extinguished (referred to as point k, where the light intensity of the flame has not reached
the lowest value in the cycle). This observation serves as evidence that the flame within the
combustion chamber persists throughout the stable pulse combustion, thereby validating
the continuous nature of the combustion process.
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Figure 10. Intensity of OP4 in three cycles. The light intensity of the entire flame area (blue box),
which is calculated via the gray value, initially undergoes a decrease from point a to point c, reaching
the low point in the cycle. This decline can be attributed to the presence of the unburned mixture
from the previous working cycle. Subsequently, the light intensity gradually increases, reaching its
peak around point h in the cycle. Finally, it undergoes another decline.

Figure 11. Flame average intensity of different areas in the bottom region of OP4, indicates the
flame propagation.

Figure 12. Flame average intensity of different areas in the upper region of OP4, indicates the
flame propagation.



Processes 2024, 12, 385 15 of 23

Since it is difficult to directly observe the approximate area and local distribution of the
flame in the pseudo-color image (Figure 9), the temporal variations in flame intensity were
delineated by selecting seven specific areas (Area1 to Area7 in Figure 9a). The intensities in
different areas are shown in Figures 11 and 12).

The flame spreads upwards from the moment of ignition and then expands across the
entire combustion chamber until it fills the bottom of the combustion chamber (Figure 11),
finally moving to the tailpipe (from Area5 to Area6, then from Area6 to Area7) until a
cycle of combustion is basically completed (Figure 12). Figure 12a does not show obvious
periodicity. This is given by the fact that the pressure and temperature distribution in
different areas of the combustion chamber are different in each cycle, and the flame position
and luminosity will not be completely repeatable. In the Intake stage, Area7 (the area close
to the tailpipe inlet) shows an obvious increase in flame intensity, which may caused by the
fluid inertia from the Expansion to the Intake stage.

In order to describe the flame propagation process in detail and to detect turbulence,
this study uses the calculation method of cross-correlation to carry out image processing of
the flame. For each time point from a to k in Figure 10, the displacement of the flame is
calculated by two consecutive frames. The intensity of turbulence can be expressed using
vorticity calculations.

Figure 13 expresses the distribution of flame velocity and vorticity when Time/Cycle
is 0.75.

Figure 13. The figure shows the flame velocity and vorticity distribution for OP4 at a Time/Cycle
equal to 0.75. The selected area is the area where the entire flame exists (see the blue box in Figure 10).

Figure 14 illustrates the presence of turbulence and a higher increase in flame turbu-
lence during the progression of Expansion and Intake. This phenomenon can be attributed to
pronounced variations in pressure and temperature, spanning from the initial Ignition to the
completion of Expansion, which instigates the rapid filling of unburned gas into the different
areas of the combustion chamber. Consequently, the flame rapidly propagates in divergent
directions. In particular, in the vicinity of the chamber wall and the chamber’s bottom,
affected by the shape of the combustion chamber, the flow exhibits reduced stability, thus
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leading to greater instability in flame propagation (also shown in Figure 9). The flame
turbulence intensity reaches the maximum when Time/Cycle is approximately 0.75.

Figure 14. Flame average vorticity in the measuring area during three cycles, given exemplarily
for OP4.

Upon comparing the grayscale values of the flame images acquired at OP1, OP2, and
OP3 for identical λeq values at 2.08, it was determined that alterations in P(in)

ρ did not result
in substantial changes in flame luminosity, or the change is not obvious. As is visible in
Figure 15, OP4 and OP5 represent P(in)

ρ values equivalent to OP3, with different values
of λeq, decreasing from OP3 to OP5. Pseudo-color images of the flame cycles for OP4 and
OP5 are also presented in Figure 16.

Figure 15. Luminosity at different operation points, quantified by average pixel intensity.
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Figure 16. Flames visualization of different operation points from OP1 to OP5 at “Phase a” of a
working cycle (RGB bar from intensity 0 to 255).

It can be observed in Figure 16 that OP5 shows a noticeable and substantial increase
in flame luminosity. Notably, it attains near-maximum luminosity levels throughout the
duration of a stable pulse combustion process.

The flame luminosity is strongly influenced by λeq, with higher flame luminosity in
the case of a rich mixture (OP5, λeq ≤ 1) and lower flame luminosity in the case of a lean
mixture (OP3 and OP4, λeq > 1) [30]. Generally, as the air-fuel equivalence ratio becomes
smaller, the flame luminosity increases. This phenomenon can be proved by the conclusions
of this experiment (Figure 15).

At OP6, without the glow igniter, the mixture does not spontaneously ignite prema-
turely but, rather, is ignited after the temperature reaches the ignition point. Under the
same air-fuel equivalence ratio λeq and mixture flow rate (OP5 and OP6), nonglow ignition
exhibits a delayed temperature reaching the combustion point and, consequently, delayed
flame generation compared to glow ignition conditions where preheating is present. There-
fore, as described in the introduction, the use of glow ignition serves for operational safety.

3.1.2. Flame Velocity

This experiment uses the method of measuring flame displacement in a short time to
calculate the flame propagation speed. The center area of the flame (Area 2 in Figure 17)
was selected for two reasons: (1) flame propagation initiates in the central region and
expands outward, accompanied by significant heat release during combustion, and (2) the
flam’s center generally exhibits greater stability compared to the flame edges, making it
more representative of the main speed and direction of flame motion.

Figure 17. Average flame velocity inside a specific area with different air−fuel equivalence ratios and
power density input (fitted curves for different working conditions).

Theoretically, the flame velocity exhibits a nonlinear relationship with the parameter λeq
within the range of 0.76 to 2.08 [47] (the range of air-fuel equivalence ratio of stable pulsation
investigated by Dostál et al. [8]). Based on the experimental data in Figure 17, the flame
velocity will gradually increase when λeq is low. However, some of the curves start to drop
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when λeq reaches a number between 1 and 2 (P(in)
ρ = 1467, 1834, 2200, 3301 kW/m3) due to

excess air diluting the fuel under typical pulse combustion conditions or the temperature
within the flame being reduced, thereby reducing combustion efficiency. In addition, flame
velocity instability also depends on the location and size of the area being measured. Overall,
as the power density input increases, flame velocity will show an upward trend, but there is a
certain instability. Several factors could be considered to explain this phenomenon:

- Combustion instability: In certain air-fuel equivalence ratio ranges, the combustion
process may be affected by instabilities (aerodynamic effects, vortex motion, etc.),
resulting in fluctuations in flame velocity;

- Inhomogeneity of combustion mixing: In a pulsed flame system, there may be inho-
mogeneity in the mixing process of fuel and oxidant, resulting in spatial and temporal
fluctuations in the combustion rate;

- Changes in the propagation path: As the air-fuel ratio changes, the flame propagation
path may change, which may be caused by turbulent flow, wall effects, etc.

When λeq remains constant, an increase in power density P(in)
ρ input has a significant

impact on flame velocity, resulting in an observable increase. Power density input is highly
influential in determining the speed at which the flame propagates.

In comparison to scenarios with excessively low values of λeq, achieving the full
combustion of fuel under OP4 conditions minimizes the energy waste caused by unburned
fuel. Conversely, if λeq exceeds optimal levels, an abundance of residual oxygen may result,
leading to flame elongation and the potential occurrence of a flame within the tailpipe. This
phenomenon elevates temperatures within the tailpipe, thereby influencing the particulate
matter state during the material preparation process. The presence of a tailpipe flame may
compromise PR stability by perturbing gas flow dynamics, thereby engendering unstable
operational parameters. In addition, it was observed that higher power density, which
implies a higher total flow rate through the PR, leads to intensified turbulence and a higher
pressure amplitude, which is expected to have a positive impact on the mixing as well.
Therefore, in this study, the air-fuel equivalence ratio of OP4 close to 1.5 is a well-balanced
choice for the combustion process.

Flame luminosity under different types of fuel leads to similar photometric trends
with variations in light intensity and wavelength based on specific chemical reactions. In
contrast, the flame velocity findings may not directly transfer to other fuel types due to
differences in reaction kinetics, but the overall trend and periodic phase changes can still be
compared and discussed across variations. The geometry of the combustion chamber and
especially of the transition part between the combustion chamber and the tailpipe will play
an important role regarding flame stability. A smooth transition between the combustion
chamber and the tailpipe might be beneficial for flame stability, as the resistance for the
flue gas to leave the combustion chamber would be smaller.

3.2. Phase-Locked PIV Measurement Result for the Flow in the PR

Since the velocity field distribution in the combustion chamber is very complex, it is
not only related to the operating conditions of the combustion reaction gas and air flow
rate but also to the shape (and volume) of the combustion chamber. Therefore, in order
to investigate the velocity that the fluid flow may reach in the main combustion reaction
zone (outer zone of complete combustion and middle zone of partial combustion), this
experiment described the velocity field in the center of the combustion chamber under
λeq = 1.49 operating conditions (OP4, 35 × 21 mm; 2D imaging; Figure 7), which is the
typical stable pulse combustion for lean mixture conditions.

The velocity vector distributions of each phase were selected to describe the velocity
field under the phase-locked PIV technique. By specifying the direction of movement
towards the tailpipe as positive, the average velocity direction over each phase is positive,
meaning that most of the fluid flow in the central region of the combustion chamber moves
in the direction of entry into the tailpipe. The flow velocity near the wall will exhibit
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some non-uniformity due to wall friction, viscous effects, and possible boundary layer
turbulence phenomena.

The theoretical calculations use a flow density from 0.40 kg/m3 to 0.55 kg/m3, a
dynamic viscosity of 0.035 mPa · s to 0.045 mPa · s, a chamber diameter of 0.143 m, and
a maximum flow velocity of 10 m/s. The Reynolds number in the entire combustion
chamber ranges from 2.5 k to 14 k. Laminar flow is more common in the middle part of the
combustion chamber.

The flow velocity of component U in the 11 phases (Figure 18) is shown in Figure 19:

Figure 18. Phase−locked PIV streamlines for flow in the combustion chamber for the center measur-
ing position in Figure 7.

Figure 19. Flow velocity of component U in the combustion chamber with the fraction of time in one
working cycle (from 0, 0.1,..., to 1, there are 11 phases total).

The mean velocity range of the different phases calculated for several images for each
phase is 1.5 m/s to 5 m/s. The average mean velocity of component U in one cycle first
increases to the maximum value (phase 4 in Figure 20, phase 5, and phase 6) corresponding
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to the voltage signal of the pressure sensor, then decreases to the minimum value of about
2 m/s. The average mean velocity of component V is −1 m/s to 1 m/s, with no significant
variability in the different phases. The velocity in one cycle exhibits local inhomogeneity,
which might be attributed to the uneven mixing of fuel and gas or instability in the
combustion process, such as flame instability. It provides measurement methods and data
for the fluid velocity parameters in the models in Section 1.3, which can offer supplementary
data support that is conducive to the computation of energy transfer rates.

Figure 20. Velocity vector map of Phase 4. The yellow box areas are light reflection areas that are
difficult to avoid in experiments and image post−processing. The orange box area is the average
velocity calculated area.

4. Conclusions and Outlook

In this study, optical measurement methods (high-speed camera imaging of the flame
and PIV) were applied to the measurement of the flame and flow in a combustion chamber
of a PR to investigate the basic characteristics and behavior of the flame, including flame
behavior in the four stages of the PR working process, as well as flame velocity and flame
luminosity. The main findings of this study include, on the one hand, the design of a
measurement system for measuring the flame and flow in the combustion chamber and
the possibility of generalizing the phase-locked PIV method to other PRs, especially with
high-frequency burners. On the other hand, the measurement results include the influence
of the air-fuel equivalence ratio on flame luminosity, the relationship between input power
density and flame velocity, and the flow velocity range and change trend in the central area
within a working cycle.

Experiments have proven that the air-fuel equivalence ratio λeq, indeed, has a con-
siderable impact on the luminosity of the flame. A λeq value lower than 1 correlates with
higher luminosity, indicating the presence of unburned fuel and lower combustion effi-
ciency. When λeq exceeds 1, it implies that there is an excess of air in the mixture, resulting
in less unburned fuel.

The size of the power density input has no obvious effect on the flame luminosity.
However, the flame velocity is influenced by the power density input, and a positive
correlation exists between them. Specifically, under a fixed air-fuel equivalence ratio λeq,
an increase in power density input leads to a corresponding increase in flame velocity.
Further experimental research is needed to explore the relationship more comprehensively.
In theory, it can be supposed that power density input can impact the velocity of the flow
within the flame.

The range of mean flow velocity in the flame area is 1.5 m/s to 5 m/s when λeq = 1.49.
The velocity amplitude is about 1.5 m/s and experiences changes as the pressure changes
during a working cycle.
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The pulse combustion processes under several operating conditions demonstrated in
this study all proceed in the self-ignition mechanism formed after external ignition, which
is continuously and well-imaged under a high-speed camera, proving that the re-ignition
phenomenon is able to occur in the PR material production process. In consideration of
Zhonghua’s three hypothetical reasons for the re-ignition [24], through infrared temperature
measuring instruments, this study found that the gas inlet combustion chamber wall
does have a higher temperature, around 650 K to 700 K, which may help to improve
the re-ignition ability of the flame, as a high wall temperature increases the diffusion
rate of the fuel and makes it easier for the fuel to mix with oxygen (Figure 4). Strong
oscillations in the localized areas of the flame and the consistent presence of the flame
during successive periods indicate the presence of unburned mixture, but this requires
further investigation via the compositional chemistry analysis of the combustion reaction.
In addition, further research is needed to investigate the influence of high-temperature
hot gas near the inlet on flame re-ignition. This can be accomplished by installing a high-
temperature-resistant thermocouple at the inlet to measure the temperature of both the
inlet and the surrounding gas.

Further development in this study could involve temperature measurements within
the flame by utilizing a temperature sensor capable of measuring temperatures up to
2000 ◦C, coupled with pressure measurements, to investigate the causes of the partial
ignition of flames [30].

Theoretically, it can be assumed that an increase in flow velocity can increase the
speed of flame propagation up to a certain point where further increases in velocity may
have a diminishing effect or even a negative effect on flame propagation. This might
be demonstrated through more comprehensive PIV measurements of the flow in the
combustion chamber, allowing for further investigation of the relationship between flame
propagation and the flow velocity field. The turbulence of the flow in the combustion
chamber can also increase the mixing of gas and air, which can also be further studied by
the vorticity calculated by the PIV measurement result.

Most PRs that are currently put into industrial production are composed of two parts:
a combustion chamber and a tailpipe. The structure is similar to the laboratory-scale PR
used in this experiment. While sharing common operating principles, differences arise
primarily from differences in scale, the composition of the fuel, and the proportions of
each component. Certain empirical findings, such as the correlation between the air-fuel
equivalence ratio and flame luminosity, alongside the fluctuation patterns and tendencies
of mean flow velocity throughout a working cycle, are transferable across PRs of diverse
dimensions. Nonetheless, the distribution of flame turbulence intensity and the velocity
magnitude in specific regions undergo alterations due to variations in PR geometry. This
study’s objective lies in quantifying turbulence distribution and velocity profiles within
extant reactor designs, thereby facilitating the exploration of geometrical configurations
conducive to heightened operational efficiency and stability. In addition, both the combus-
tion chamber and the tailpipe exhibit cylindrical geometry of a specific diameter devoid of
any transitional elements, resulting in an abrupt alteration in the cross-sectional dimensions
of the fluid at the interface, thereby inducing heightened turbulence. In order to address
this issue and enhance fluid flow stability, it is proposed to modify the connection between
the combustion chamber and the tailpipe by incorporating a sloped and arched design,
including the bottom of the combustion chamber. Moreover, this modification could help
mitigate fluid resistance and minimize turbulence losses within the combustion chamber.
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