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A B S T R A C T   

Self-excited thermoacoustic oscillations are undesirable in most combustion systems due to their negative in-
fluence on combustion efficiency and structural vibration. Nonlinear thermoacoustic oscillations driven by 
combustion can be sensitive to changes in the heat and flow conditions. Therefore, a comprehensive study on 
self-excited thermoacoustic oscillations was conducted to investigate the effect of incorporating a woven mesh 
with varying mesh numbers and positions into the downstream region of a Rijke tube. This study determined 
system frequency and amplitude response and revealed dynamic properties of the system by applying recurrence 
analysis. To obtain temperature distributions, a thermal imaging system was employed, comprising a short 
wavelength infrared (SWIR) camera for the mesh and a long wavelength infrared (LWIR) camera for the tube 
wall. A high-speed schlieren imaging system was utilised for visualising heat and flow conditions at the tube end. 
The study demonstrated the effect of including a mesh in changing the oscillation eigenfrequency, suppressing 
the oscillation amplitude by up to 50 % and influencing the system dynamics. Higher mesh number demonstrated 
greater effectiveness. The captured thermal and schlieren images clearly evidenced the mesh’s significant in-
fluence on the downstream heat and flow conditions. The insights gained from this work provide a potential 
control method of self-excited, nonlinear thermoacoustic oscillations.   

1. Introduction 

Thermoacoustic instabilities triggered in a combustion system are 
usually caused by unstable combustion process, and constitute a major 
concern in various combustion systems. This is due to their negative 
influences on combustion efficiency and system integrity. It has been 
found that the thermoacoustic could be triggered in both fuel lean and 
rich conditions with different types of fuel [1–5]. Therefore, an 
enhanced understanding of thermoacoustic instabilities can be crucial 
for the development of more efficient and robust combustion systems. 

Rayleigh criterion states that the self-sustained thermoacoustic 
oscillation is initiated by the coupling of heat and pressure fluctuations, 
and Rayleigh Index can quantify the degree of this coupling effect [6–8]. 
In a combustion system, unsteady heat release is predominantly caused 
by perturbations of the flame area and combustion-flow interactions, 

and it is understood to be the primary causes of acoustic radiation 
[9–11]. Thermoacoustic oscillations are generally nonlinear and can 
exhibit different characteristics such as limit-cycle oscillations, quasi- 
periodicity and chaotic oscillations [12–16]. These characteristics of 
self-excited nonlinear thermoacoustic oscillation can vary over time by 
presenting different system behaviours and changes in system states 
[12,14,17–21]. The analysis of the nonlinear system dynamics can be 
adequate for providing the understanding of the system behaviour and 
tracing its transitions. Recurrence analysis for indicating the changes in 
system state is a direct and efficient way to study the nonlinear dynamics 
of unstable combustion [5,17,21,22]. The dynamic properties of the 
system, such as system state variations and periodicity, can be intui-
tively indicated by identifying the structural properties in the recurrence 
plot (RP) [23]. Recurrence quantification analysis (RQA) can further 
quantify the system dynamics through statistical measures of the 
structural properties in the RP. 
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Combustion parameters and flame dynamics can also have impacts 
on self-sustained oscillations. It has been found that equivalence ratio 
and flow conditions can affect the eigenfrequency, oscillation mode and 
stability of the system [2,5,9,17,24–27]. It has also been found that the 
system could transit from the periodic to quasi-periodic mode under 
specific equivalence ratios and overall heat power [2,28]. For a Rijke 
tube system with a flame holder, some studies focused on the effect of 
the hydrodynamic region which surrounds the flame holder on the 
system response. The effect of flame position, mean upstream and 
downstream temperature, and tube diameter on the oscillation behav-
iour have been theoretically and experimentally verified through the 
hydrodynamic region theory. Besides, these parameters and flow con-
ditions also play critical roles in other types of thermoacoustic systems 
without a flame holder [8,29,30]. 

Currently, the majority of control schemes for thermoacoustic in-
stabilities are passive, due to their high reliability and cost efficiency 
[9]. Passive control methods are implemented by modifying the system 
parameters that can influence the heat release or acoustic properties. For 
example, it has been found that adding perforated plate structures up-
stream in the combustion chambers can effectively mitigate thermoa-
coustic instabilities by attenuating the acoustic wave [9,31–33]. The 
attenuation is attributed to the creation of vortices at the orifices edge on 
the perforated plate. These vortices provide acoustic impedance that 
dissipates the acoustic energy, thereby mitigating oscillations [34,35]. 
Rayleigh conductivity of a perforated plate can be positively related to 
the perforated hole diameter and the distance between each hole. Al-
terations in these variables are related to the attenuation effect on both 
the oscillation amplitude and frequency response [36]. It has also been 
reported that the acoustic damping effect of a plate with compact holes 
would be more substantial when mitigating high-pressure oscillations 
[32]. Perforated structures in the downstream region can also influence 
the system, such as a perforated liner placed at the downstream region of 
the system can effectively control and suppress thermoacoustic oscilla-
tion [37–40]. The bias flow can significantly increase the absorption 
coefficient of perforated liner and acoustic impedance which further 
leads to a greater suppression effect [38,40]. 

Therefore, in a combustion system, the structures located down-
stream of the flame or combustion chamber can play a critical role in 
impacting the performance of system. Because the downstream flow and 
heat conditions can affect the characteristics of the potentially initiated 
thermoacoustic instabilities and the system behaviour [4,38]. 
Perforated-like structures, such as diffusers and nozzle guide vanes 
located downstream of combustion chambers and prior to the turbine, 
are commonly present in most existing gas turbine engines. They can 
play vital roles in regulating the flow of hot gases in this region and 
potentially influence the initiation of thermoacoustic oscillations, ulti-
mately affecting the performance of combustion systems. 

Some studies have investigated the effects of perforated structures on 
attenuating thermoacoustic oscillation in the combustion system; 

however, the effects of placing a perforated plate in the downstream 
region of the chamber on the eigenfrequency, oscillation amplitude and 
system properties are not yet fully understood. Meanwhile, the woven 
mesh, as another type of common perforated structure to provide flow 
conditioning, has not been extensively employed to control thermoa-
coustic instabilities. And its effect on acoustic attenuation is less un-
derstood in combustion systems. It has been found that including a 
woven mesh can result in acoustic pressure losses [41]. Therefore, this 
study aims to investigate the effect of woven mesh on suppressing and 
characterising the thermoacoustic oscillation in a Rijke tube. The effects 
of woven meshes with different mesh numbers and positions were 
investigated. A synchronised system consisting of a short wavelength 
infrared (SWIR) camera and pressure field microphones was utilised to 
obtain synchronised mesh temperature and pressure fluctuation data. A 
long wavelength infrared (LWIR) camera was used to obtain the tem-
perature distribution of the tube surface, whilst a high-speed schlieren 
imaging system was utilised to investigate the heat and flow conditions 
above the mesh. 

2. Experimental and data processing method 

2.1. Experimental setup 

In this study, a vertically placed, open-ended Rijke tube was utilised 
to trigger the thermoacoustic oscillation. The experimental setup used in 
this study is shown in Fig. 1. The tube was made of quartz with a length 
of 1 m and an inner diameter of 40 mm. The self-sustained thermoa-
coustic oscillation in this study was driven by a premixed methane-air 
flame with different equivalence ratios (Φ) ranging from 1.4 to 2.2 in 
increments of 0.2. The burner with a honeycomb flame holder was 
placed in the lower quarter of the tube (L/4). The height of the burner 
was measured from the bottom end of the tube to the top of the flame 
holder. A honeycomb flame holder with a blockage ratio of 22% was 
fixed at the top of the nozzle. It has been found that the critical blockage 
ratio that can affect the thermoacoustic oscillation is 25% [42], which 
means the honeycomb flame holder applied in this study has negligible 
effect on the oscillation. A piezo spark igniter was utilised to ignite the 
flame by generating a single spark. Once the flame was ignited, a sta-
bilisation time of 3 min was allowed to ensure the oscillation is fully 
developed. The different Φ were obtained by changing the air flow rate 
while keeping the methane flow rate (ṁCH4 ) the same. Both air and 
methane gases were controlled by corresponding Aalborg GFC17 flow 
controllers. The have accuracies of 0.05% for methane and 0.1% for air. 
The ṁCH4 in this study was 0.8 L/min and the corresponding air flow rate 
was determined based on the required Φ. The experiments were also 
conducted with an ṁCH4 of 0.65 L/min and 0.95 L/min to confirm the 
findings that were obtained from the present work. 

Three different stainless steel (304L) woven meshes with mesh 
numbers of 10, 20 and 30 (Mesh 10, Mesh 20 and Mesh 30, respectively) 

Nomenclature 

D Embedding dimension 
E

upper

RMS Upper p(t) RMS envelope 
feigen Eigenfrequency 
l Length of diagonal line 
ṁCH4 Methane flowrate 
N Number of point for RP 
Npixel Number of pixels 
p(l) Probability of appearance for the diagonal line with a 

length of l 
P(l) Histogram of diagonal line 
prms Root mean square amplitude 

p(t) Pressure time series 
PMesh

rms ; PNo Mesh
rms prms of mesh/No mesh cases 

R Recurrence matrix 
Tmean

mesh Mean mesh temperature 
Tlocal Local temperature of each pixel 
Tmesh Time-averaged temperature 
xt Space vector 
ε Threshold for RP 
τ Time delay 
Φ Equivalence ratio 
Θ Heaviside function  
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were investigated in this study. The specifications of the meshes utilised 
in this study are shown in Table 1. The mesh position was measured 
from the top of the tube to the position of the mesh. The mesh was placed 

at the top end of the tube and at distances of L/4, L/6, L/8, and L/12 to 
determine the influence of mesh position on the system behaviours. 

A pressure-field microphone unit (model PCB 377C10 with a pre-
amplifier PCB 426B03) was utilised to measure the pressure fluctuation 
time series at a sampling rate of 100,000 Hz. The unit was placed at the 
lower end of the tube to ensure that the ambient temperature does not 
exceed its maximum operating temperature, and the diaphragm of the 
microphone is perpendicular to the direction of pressure oscillation. 
Before every experiment, the microphone was calibrated against a 10 Pa 
signal at a frequency of 1000 Hz. The microphone was connected to an 
NI-9205 Voltage Input Module, which was connected to the Chassis 

Fig. 1. Schematic figure of the experiment setup and data acquisition system: (a) the general setup, () Schlieren imaging system.  

Table 1 
Specifications of the meshes utilised in this study.  

Mesh Number 10 20 30 
Nominal Aperture (mm) 1.98 0.915 0.567 
Wire Diameter (mm) 0.56 0.355 0.28 
Open Area 61% 52% 45%  
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cDAQ-9178. 
The thermal imaging system consisted of a Hamamatsu C12741-03 

InGaAs SWIR camera, and a PyrOptik LWIR camera (model LW160). 
The SWIR camera was implemented to obtain the temperature of the 
mesh at a frame rate of 60 frames per second (FPS), whilst the LWIR 
camera obtained the tube wall temperature distribution. A Photron 
FASTCAM SA-4 high speed camera was utilised in the schlieren imaging 
system to capture the schlieren image for investigating the heat and flow 
conditions at the top tube end under the self-excited thermoacoustic 
oscillation. The SWIR camera was synchronised with the microphone 
and the thermocouples through the synchronising port on the Chassis 
cDAQ-9178. The schlieren imaging system was also synchronised with 
the microphone unit in the same way. 

2.2. IR camera calibration and image processing 

The InGaAs SWIR camera captures 60 frames per second (fps) at a 
resolution of 2048 × 2048 pixels, which is ideal for monitoring the 
fluctuation of the mesh temperature temporally. A bandpass filter was 
utilised to restrict the spectral sensitivity in the range of 1490 nm – 1500 
nm, for obtaining an accurate temperature reading from 300 ◦C to 
700 ◦C. A 100 mm prime lens with macro focusing was mounted with the 
camera, the optical aperture was fixed at f/4. The radiance calibration 
was based on Planck’s Law using the method described by Lai et al. 
[43,44]. 100 images of a blackbody reference source were captured and 
averaged (emissivity ~ 0.99) between 300 ◦C and 700 ◦C, in increments 
of 50 ◦C. The zero offset of the camera was determined by averaging 100 
images with the lens covered. The calibrated radiance temperature is 
shown in Fig. 2 (a) with the residuals. After calibration, the measured 
uncertainty was less than 1%. The mesh was made of polished stainless 
steel, type 304, which has a reported emissivity in the range of 0.2–0.35 
[45]. Considering the high-temperature and air entrainment conditions 
inside the tube, we determined the emissivity of the mesh to be a fixed 
value of 0.3. The transmission of the tube was measured at different 
temperatures, which was 92.91% on average. The transmission loss has 
been calculated as a correction of the measured temperature. 

The LWIR camera is sensitive to 8 μm – 14 μm, allowing accurate 
temperature measurements from ambient to 400 ◦C. The camera has a 
640 × 512 pixels resolution, and the frame rate was fixed at 9 Hz. 100 
images were captured and averaged to obtain the camera signal (DL) 
using a blackbody furnace (emissivity ~ 0.99) in the range of 50 ◦C to 
400 ◦C. Fig. 2 (b) shows the calibration curve and measured uncertainty 
(red line). The fitted curve shows a good agreement with the blackbody 
temperature (R2 = 0.9989). The maximum residual was found to be 
under 5 ◦C within this temperature range, which provided adequate 
performance for tube surface temperature monitoring. The tube was 
made of quartz glass, which has a reported emissivity of 0.93 [46]. The 
digital level captured by the LWIR camera was corrected based on the 
emissivity before any calculation. 

The raw image of the mesh was then processed to obtain the tem-
perature of the mesh and eliminate the background signal at the position 
of the mesh holes. A series of imaging processing methods, including 
thresholding, rescaling for contrast enhancement, and binarisation 
based on the adaptive threshold were applied to extract the portions of 
mesh wires in the region of interest (ROI). An example is shown in Fig. 3. 

The mean mesh temperature (Tmean
mesh) was obtained from the ratio of 

the local temperature to the area of the mesh wire in order to eliminate 
the nonuniformity of the temperature distribution, shown in Eq. (1), 

Tmean
mesh =

∑

Tlocal

Npixel

(1) 

where Tlocal denotes the local temperature of the mesh for each pixel, 
which is considered as the mesh wire, as shown in Fig. 3(c). Npixel is the 
total number of the corresponding pixels. 

2.3. Recurrence analysis 

The change and recursiveness of system states can be a crucial 
characteristic for describing the behaviour of a complex dynamical 
system since the system state can be varied with time. A recurrence plot 
(RP) can indicate the state changes and dynamic properties from the 
phase space via the structural properties of the plot, which is applicable 
for the investigation of self-excited and external-forced thermoacoustic 
instabilities [17,22,47,48]. In this study, the space vector of the trajec-
tory in the phase space was obtained by using Takens’ theorem [49]. The 
discrete time series of pressure fluctuations (p(t)), can be expressed 
using Eq. (2), 
xt(D) = (p(t), p(t − τ), p(t − 2τ), ⋯, p(t − (D − 1)τ)) (2) 

where xt(D) is the space vector at time t with an embedding 
dimension of D, and τ is the time-delay. An appropriate value for τ is 
critical for constructing the phase space and the trajectory in the phase 
space. It is suggested that the proper value of τ can be estimated by 
either autocorrelation functions or the average mutual information 
method [1,17]. An inappropriate value of τ can result in an incorrect 
trajectory with incorrect correlation and attractors [1], leading to failure 
in indicating the system characteristics. In this study, τ was determined 
based on the first zero-crossing point from the autocorrelation functions 
since the system generally presented relatively high periodicity and low 
complexity. Based on the xt(D), the lag-constructed RP can be generated 
by obtaining the recurrence matrix, R. R is a binary matrix which is 
defined using Eq. (3), 
Ri,j = Θ

(

ε − ‖xi − xj‖
)

i, j = 1, 2, 3, ⋯, N (3) 
where xi and xj are the xt(D) at t = i, j, respectively. ‖xi −xj‖ is the 

norm of the difference between xi and xj. Θ is the Heaviside function. ε is 
the predefined threshold to determine whether two points on the 

Fig. 2. Radiance calibration curve and uncertainty of measured temperature. (a): InGaAs SWIR camera and (b): LWIR camera.  
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trajectory can be considered recurrent. Choosing an appropriate value of 
ε is critical for the recurrence analysis, as the improper selection of ε can 
result in significant error [23,50]. In this study, the threshold is set to 
15% of the standard deviation of the pressure fluctuations time series 
[51]. An inappropriate high sampling rate would result in a great 
determinism (DET) value which could lead to difficulties in implying the 
difference in the characteristics of highly periodic systems [52]. 
Therefore, a down-sampling process was performed to meet the sug-
gested data points per period of 8 to 10 points [22]. The embedding 
dimension for the recurrence analysis can also be critical since improper 
D can result in spurious correlations and orthogonal structures to the 
line of identity (LOI, Ri,i = 1). In this study, D was set as 3 for all cases 
according to the results of the false nearest neighbours (FNN) method 
[17,23]. 

To quantify the system dynamics through the structural properties in 
the RP, recurrence quantification analysis (RQA) was conducted to 
obtain the statistical measurements of the RP. The statistical measures of 
diagonal structures can efficiently indicate the stability of the system 
state and its complexity. In this study, the measures based on the diag-
onal structures, including determinism (DET), Shannon Entropy (ENT), 
and the average diagonal line length (ADL), were applied to investigate 
the effects of the mesh on the system dynamics. DET is defined as the 
ratio of the recurrence points which forms the diagonal line to all the 
recurrence points. It can indicate the occurrence probability of similar 
system states for the system. The ADL provides the degree of parallelism 
for the system since it can show the diverging rate of the two segments in 
the trajectory. For the complexity of the RP in respect of diagonal 
structures, ENT enables the quantitative measurement of system 
complexity. DET, ADL and ENT can be calculated using Eq. (4), Eq. (5) 
and Eq. (6), respectively, 

DET =

∑N

l=lmin
lP(l)

∑N

l=1lP(l)
(4)  

ADL =

∑N

l=lmin
lP(l)

∑N

l=minP(l)
(5)  

ENT = −
∑

N

l=lmin

p(l)lnp(l) (6) 

where N represents the number of points for recurrence analysis. l 
denotes the length of the diagonal line. lmin is the minimum diagonal line 
length, which was set to 2 in this study. P(l) is the histogram of the di-
agonal line with the length l. Based on P(l), the probability of appear-
ance for the diagonal line with a length of l, p(l), can be defined as p(l) =

P(l)/Nl, where Nl is the number of diagonal lines. 

3. Result and discussion 

3.1. System response 

The self-excited thermoacoustic oscillation was triggered under 
different mesh positions and mesh numbers to investigate the effect of 
varying mesh properties on the system oscillation frequency and 
amplitude. The system responses under different mesh positions and 
numbers are shown in Fig. 4. It can be seen that the both system 
eigenfrequency (feigen) and root mean squared amplitude (Prms) present 
the similar trends across all cases as Φ increases. Specifically, feigen 

presents a decreasing trend with increasing Φ and becomes less varying 
with Φ when Φ > 1.8 for most cases, while prms presents a trend of in-
crease then decrease. The turning point of prms is located at Φ = 1.6 for 
most cases. The trends of feigen and prms show that both mesh number and 
position have limited effects on the relationship between system 
response and Φ. 

It has been reported that heat release and mean temperature play 
important roles in the system eigenfrequency [5]. Meanwhile, the 
Rayleigh Index suggests that the oscillation amplitude is related to the 
relative phase between the heat release and the pressure fluctuation 
[53]. Thus, the results suggest that the mesh has limited effects on 
influencing the changes in value and phase of heat release caused by the 
changes in Φ. By comparing the test results with and without a mesh (No 
Mesh), it can be seen that the feigen of No Mesh are lower than when a 
mesh was included, regardless of the mesh number and position. A 
difference of around 10 Hz in feigen can be found between the Mesh 30 
and No Mesh cases, and approximately 5 Hz for the Mesh 10 and No 
Mesh. It can also be seen that the feigen decreases as the mesh number 
increases, and the maximum feigen under the same ṁCH4 and Φ is ob-
tained in Mesh 30, as shown in Fig. 4 (a). The feigen increases by 
approximately 6 Hz when changes the Mesh 10 to Mesh 30, and 4 Hz as 
the Mesh 10 changes to Mesh 20. 

However, the feigen is not sensitive to the changes in mesh position 
compared to the cases with varied mesh numbers. From Fig. 4 (b), it can 
be seen that the feigen presents similar trends and values as the mesh 
moves from L/4 to L/12. Meanwhile, the difference in feigen is less than 1 
Hz for most cases, while the feigen decreases by approximately 3 Hz when 
the mesh is placed at the upper end of the tube. Similarly, the feigen 

significantly decreases when the mesh is removed. These results show 
that the feigen is more significantly influenced by the mesh number than 
the mesh position. 

It has been found that the addition of a mesh in the upstream region 
can lead to an increase of feigen [31], which is opposite to when the mesh 
is placed in the downstream region, as observed in this study. This 
opposite effect caused by the different mesh’s placement position is 
possibly attributed to the higher mean acoustic speed in the tube due to 
the higher downstream mean temperature when the mesh is placed in 
the downstream region [26]. The presence of a mesh in the downstream 
region can diffuse the upward convective flow and heat flow to minimise 

Fig. 3. An example of imaging processing for extracting the portions of mesh wires, (a) Crop the ROI from the original image, (b) Threshold the temperature (above 
300 ◦C) and contrast adjustment (rescaling), (c) Binarisation. 
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the temperature boundary layer, which results in a more uniform tem-
perature profile after the mesh. At the same time, the heated mesh can 
also maintain the downstream temperature, resulting in a higher mean 
temperature and thus a greater mean acoustic speed in the tube. The 
temperature of the mesh will be further discussed in Section 3.2. 

Similar findings can be obtained from the results of oscillation 
amplitude; the change in mesh number is more effectively influencing 
the feigen than the mesh position. From Fig. 4 (a), the oscillation ampli-
tude is clearly suppressed when the mesh exists, as the prms of cases with 
a mesh is generally lower than No Mesh. The suppression effect of the 
mesh increases with an increasing mesh number. It can be seen that the 
values of prms for Mesh 30 are approximately half of those for the No 
Mesh, while Mesh 10 only slightly suppresses amplitude by approxi-
mately 5%. The ratio of prms for the cases with mesh (PMesh

rms ) to the cor-
responding prms for No Mesh cases (PNo Mesh

rms ) is obtained to represent the 
suppression effect of the mesh, as shown in Fig. 5. It can be seen that 
Mesh 10 has minimal effect on suppressing the oscillation, while Mesh 
20 suppresses the oscillation amplitude by approximately 10% to 35%. 
Mesh 30 has the strongest suppression effect, as the oscillation ampli-
tude decreases by about 20% to 55%. Therefore, a higher mesh number 
tends to have a greater suppression effect regardless of the mesh posi-
tions. However, it needs to be noted that the addition of a mesh can 
possibly trigger beating oscillation at Φ = 1.6. Under such circum-
stances, the oscillation can potentially become more intense for the cases 
with mesh than No Mesh. Apart from Φ = 1.6, the mesh presents good 
suppression effects on the oscillation. The suppression effect of mesh on 
the oscillation is likely caused by the changes in Rayleigh conductivity at 
the downstream region since the hole diameter is inversely related to the 
mesh number [32]. Meanwhile, the existence of a mesh in the down-
stream region could disturb and dampen the upward convective and 
heat flow due to the change in open area and the creation of vortices at 
the hole edges [35], leading to a damping effect for the system. The 
mesh can be therefore considered as an additional heat disturbance and 
fluctuation at the upper half of the tube. This can potentially result in the 
changes in Rayleigh index, indicating the less favourable phase between 
the fluctuations of heat release and pressure [54,55]. The temperature 
distribution of mesh and the flow conditions after the mesh will be 

discussed in the Section 3.2. 
The RPs showing the effects of mesh on the recurrence of the system 

state are shown in Fig. 6. The diagonal structures, which consist of sets of 
gathered diagonal lines, can be observed from most of the cases in Fig. 6. 
The presence of diagonal structures indicates a periodic system with no 
noticeable state variation, negligible chaoticity, and relatively low 
complexity [23,52]. It can be seen that the diagonal structures are varied 
with the changing mesh numbers, as shown in Fig. 6 (a) to (d). For No 
Mesh cases, the diagonal structure presents sets of diagonal lines with 
clear continuity, and few scatter points can be observed near the diag-
onal structures. These clear diagonal structures and few scatter points 
imply the system with significant periodicities and less complexities. 
Similarly, RPs for Mesh 10, 20 and 30 are mainly formed by the diagonal 
lines, with the number of scatter points at the edges of each diagonal 
structure increasing as the mesh number rises, indicating the greater 
system complexity. For the Mesh 30 case, a curved pattern can be 
observed, as highlighted in Fig. 6 (d), whereas the Mesh 10 and 20 cases 
present straighter patterns of diagonal structure. The curved shape in-
dicates interrupted diagonal lines at the curved position, which implies 
that there are slight changes in the system state under Mesh 30 at the L/4 
position. Thus, the addition of mesh and the increase of mesh number 
can result in higher system complexity with more interruption in the 
system state. 

Unlike the results of feigen and prms previously discussed, the change in 
mesh position can influence the system dynamics to a larger extent 
compared to the change in mesh number. For the Mesh 30 cases, the 
system generally exhibits periodic behaviour with few interruptions in 
system state when the mesh is positioned at L/4. However, as the mesh is 
moved to L/6, the system becomes quasi-periodic because beating os-
cillations are triggered. The RP for this case presents a different pattern 
from the other cases, as shown in Fig. 6 (e). The discontinuous diagonal 
structure represents noticeable changes in the system state whilst the 
bowed shape indicates similar evolution of states but with different 
velocities, which corresponds to different frequencies for the L/6 case 
[23]. At L/8, the system returns to a less complex system with periodic 
state, shown by the slightly curved diagonal structures consisting of 
diagonal lines in Fig. 6 (f). As the mesh keeps moving upwards to L/12, 

Fig. 4. Results of feigen and root mean square amplitude (prms) for the (a) different mesh number, (b) mesh position.  

Fig. 5. Ratio of the cases with mesh to the corresponding cases without mesh under the same ṁCH4 . (a):Mesh 10; (b) Mesh 20; (c) Mesh 30.  
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as shown in Fig. 6 (g), the diagonal structures become straighter than L/ 
8, indicating the system has more periodic natures and fewer system 
state changes [23,48]. When the mesh moves to the top end of tube, the 
system becomes less stable with noticeable system state changes, as 
shown by the clear curved shape in Fig. 6 (h). 

Fig. 7 shows the RQA results for quantifying the system dynamics of 
the cases under different mesh numbers and two different mesh posi-
tions. It can be seen that the addition of mesh results in changes of DET, 
ADL and ENT, indicating that the mesh can influence the systems’ dy-
namic properties. From Fig. 7 (a), the No Mesh case has the greatest DET 
and is generally stable when Φ changes, whereas the addition of a mesh 
decreases DET. It can also be found that the value of DET decreases as 
the mesh number increases, which represents a more complex system 
with less occurrence probability of similar system states at a higher mesh 
number. The result of ADL also presents an inverse relationship between 

mesh number and system parallelism, as shown in Fig. 7 (b). It indicates 
that the system state can be more frequently interrupted if the system 
includes a mesh, especially at a higher mesh number. The ENT for the 
cases with a mesh are generally greater than the cases without a mesh. 
The greater ENT for the cases with a mesh also indicates that the addi-
tion of a mesh could lead to a more random and complex system. It needs 
to be noted that the ENT for all cases is relatively small, which means the 
system generally present negligible chaoticity since no chaotic state is 
found, resulting in the small ENT values [6,23,26]. 

The mesh position can also influence the system dynamical proper-
ties, as shown in Fig. 8. It can be seen that the DET and ADL tend to 
deviate from No Mesh case as the mesh moves downwards, indicating 
the more effective role of the mesh in affecting system oscillation at a 
lower position. This may be caused by the enhanced convective flow due 
to the greater mean temperature of the mesh as the mesh is closer to the 

Fig. 6. The recurrence plot (RP) for the cases of L/4 at different mesh numbers of (a) No mesh, (b) Mesh 10, (c) Mesh 20 and (d) Mesh 30. And the case of Mesh 30 at 
different mesh positions of (e) L/6, (f) L/8, (g) L/12 and (h) top end. The embedding dimension is set to 3 for all RPs, and the τ is determined by the first zero-crossing 
point of the autocorrelation function. 

Fig. 7. RQA result for the cases with different mesh numbers.  
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flame, which means the stronger heating effect of radiation. The mean 
temperature of mesh will be discussed in section 3.2. However, the 
change in mesh position has limited effect on ENT, apart from the case 
where the mesh is at the top end. Therefore, it can be concluded that the 
mesh number and position can affect system dynamics to different ex-
tents, thus providing an additional means of altering the system 
disturbance and state. 

3.2. Mechanism analysis 

The results of system response in terms of feigen, prms and the system 
dynamics shows that the system can be significantly influenced by the 
mesh. As mentioned in the previous section, the mesh can act as an 
additional disturbance and fluctuation source of heat in the downstream 
region and can change the flow and heat conditions. Therefore, thermal 
imaging of the mesh and tube wall was conducted to discover the rela-
tionship between the mesh temperature and the system response. 
Meanwhile, schlieren images of the region post to the mesh were 
captured to indicate the change of flow and heat conditions caused by 
the mesh. 

3.2.1. Mesh temperature analysis 
In this study, a SWIR and LWIR camera were utilised to obtain the 

mesh and tube wall temperature, respectively. Example thermal images 
of different meshes are shown in Fig. 9. From the thermal images, it is 
found that the overall temperature of the mesh increases with the 
increasing mesh number, since Mesh 30 has the largest area where the 
temperature is above 300 ◦C, and the largest high-temperature area 
(above 515 ◦C). It is attributed to the enhanced heat transfer with the 
denser mesh (high mesh number). Its greater surface area and narrower 
spacing among the mesh wires result in enhanced heat transfer within 
the mesh. Besides, the mesh can block more convective hot flow, which 
increases the mesh temperature. The corresponding time evolution of 
(Tmean

mesh) for the cases in Fig. 9 are shown in Fig. 10. The obtained Tmean
mesh 

conforms to the observation of the hot area from the thermal images in 
Fig. 9. Mesh 30 has the highest temperature among them, with a 

temperature approximately 25 ◦C higher than Mesh 20, and 50 ◦C higher 
than Mesh 10. The temperature of Mesh 30 also presents more ‘small’ 
fluctuations in a smaller time-scale (e.g. from 10 to 20 s) than Mesh 20 
and Mesh 10, indicating more intense heat transfer at the mesh. These 
results conform to the system dynamics analysis, where the Mesh 30 
case tends to have a more complex system with more frequent variation 
of system state. 

Similarly, the time evolution of Tmean
mesh at different positions for Mesh 

30 are shown in Fig. 11. It can be found that the case of L/4 has the 
highest Tmean

mesh since the mesh is closer to the flame than the other posi-
tions, which means there is stronger direct heating of the mesh from the 
flame. As the mesh is moved upwards, the Tmean

mesh becomes less varied, 
until the mesh reaches the top end of the tube. Fig. 12 shows the time 
evolution of synchronised Tmean

mesh and the upper RMS envelope of the 
waveform for the pressure fluctuations (Eupper

RMS ) for the case at L/4. The 
E

upper

RMS represents the fluctuations of the oscillation amplitude. From 
Fig. 12 (a), it can be seen that both Tmean

mesh and Eupper

RMS are relatively unstable 

Fig. 8. RQA result for the comparison of different mesh positions.  

Fig. 9. Typical thermal images for the mesh with different mesh numbers under the condition of ṁCH4 = 0.8L/min, Φ = 1.8, at the mesh position of L/4. Note that 
the size of the meshes are the same. The dark portion of the images represents the temperature that is lower than 300 ◦C. 

Fig. 10. Time evolution of Tmean
mesh for the cases conditions as ṁCH4 = 0.8L/min, 

Φ = 1.8, at the mesh position of L/4. 
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and more time-variant. Although the changes in Tmean
mesh and E

upper

RMS are 
apparent, no periodic fluctuations for both Tmean

mesh and Eupper

RMS can be found 
from their time evolution. When the mesh is at L/6, the time evolution of 
the Tmean

mesh present the periodic fluctuations, and the temperature signif-
icantly decreases, as shown in Fig. 12 (b). It is caused by the intense 
amplitude fluctuations due to the beating oscillation triggered under this 
condition. It can be seen that the fluctuations of Tmean

mesh are in phase with 
the fluctuations of the oscillation amplitude, indicating the correlation 
between them. The presence of strong changes in the oscillation 
amplitude with time due to the beating oscillation can suppress the 

flame and result in the intense periodic disturbance of flow [2]. The 
intense disturbance may change the heat transfer at the mesh, resulting 
in periodic temperature fluctuations and the suppression of the flame, 
which in turn decreases the temperature. 

As the mesh is moved to positions L/8 and L/12, the beating oscil-
lation is no longer triggered. Tmean

mesh for L/8 still presents an apparent time- 
variant nature, however its lack of periodic nature is due to the absence 
of beating oscillation. The case of L/12 shows the stable time evolutions 
of Tmean

mesh and Eupper
RMS occurring at the same time, as shown in Fig. 12 (c). 

Once the mesh reaches the top end of the tube, the Tmean
mesh becomes un-

stable and significant changes again, as shown in Fig. 11. This may be 
caused by the more intense convection and complex flow conditions 
around the mesh. The mesh at the top end of the tube is in direct contact 
with low temperature ambient air, resulting in a large temperature 
gradient and enhanced convective flow. By comparing these cases under 
different conditions, it can be seen that the time evolution of Tmean

mesh and 
the fluctuations of oscillation amplitude (via E

upper

RMS ) present similar 
characteristics and temporal synchronicity, indicating a strong correla-
tion between mesh temperature and oscillation behaviour. 

The time-averaged temperature (Tmesh) for meshes with different 
mesh numbers and at different positions are shown in Fig. 13 (a) and 
Fig. 13 (b), respectively. It can be seen that the cases of Mesh 30 have 
generally greater Tmesh than the cases of Mesh 10 and 20 for both L/4 and 
L/8. The Tmesh of different mesh numbers conforms to the findings from 
the single frame thermal images shown in Fig. 9; that the higher mesh 
number tends to have a greater Tmesh. Meanwhile, it can also be seen that 
the similar Tmesh is obtained at various Φ, unless a quasi-periodic oscil-
lation is triggered (Φ = 1.6, Mesh 30, L/4). Fig. 13 (b) also validates that 

Fig. 11. Time evolution of Tmean
mesh for the cases of Mesh 30 at different mesh 

position, conditions as ṁCH4 = 0.8L/min, Φ = 1.8. 

Fig. 12. Time evolution of synchronised Tmean
mesh and Eupper

RMS for the Mesh 30 cases under the condition of ṁCH4 = 0.8L/min, Φ = 1.8, at different mesh position of (a) L/ 
4, (b) L/6 and (c) L/12. 

X. Liu et al.                                                                                                                                                                                                                                      



Experimental Thermal and Fluid Science 150 (2024) 111061

10

the Tmesh tends to decrease as the mesh is moved to a higher position, 
especially for the cases in the range where the system presents less time- 
varied properties (Φ > 1.8) [25]. 

3.2.2. Schlieren imaging 
The mesh at the downstream region can affect the upward convective 

flow and the heat conditions since the perforated structure of the mesh 
can effectively obstruct and diffuse the flow. The heated mesh can also 
act as an additional disturbance and fluctuation source of heat, influ-
encing the heat transfer in the downstream region. Therefore, a 
schlieren system is utilised to visualise the heat flow in the region above 
the mesh. Note that schlieren images in this work only focused on two 
experimental conditions; No Mesh (1) and meshes with different mesh 
numbers located at the tube end (2). 

The schlieren images for cases under different mesh numbers are 
shown in Fig. 14 (b)~(e). The existence of a mesh can result in different 
patterns of the schlieren, indicating changes in heat and flow conditions. 
The white dashed-dotted line at the top of Fig. 14 (b) highlights the 
region away from the tube end, where the hot flow is mainly driven by 
the convection outside the tube rather than the strong convection inside 
the tube. It can be seen that the flow pattern in the image of No Mesh is 
more complex than that of Mesh 30. Sharper edges of the pattern and 
stronger contrast can be observed from the image of No Mesh than Mesh 
30, as shown in the region highlighted in Fig. 14 (b). This indicates a 
more complicated temperature distribution [43]. The time-averaged 
mean gradients in each image were calculated using the Prewitt 
method for the region of interest (highlighted by dashed-dotted line) to 
show the difference in the degree of inhomogeneities (via contrast 
level), shown in Fig. 14 (a). It can be seen that the time-averaged mean 
gradient in this region tends to decrease as the mesh number increases, 
indicating a smaller temperature gradient and more uniform 

temperature distribution in the highlighted region at a higher mesh 
number. These results indicate that a more complex flow pattern is 
obtained in No Mesh case, implying that the flow condition is less 
complex at higher mesh numbers. In addition, the difference in the time- 
averaged mean gradient between Mesh 10 and 20 is relatively small, 
while there is a clearer difference between Mesh 20 and Mesh 30. This 
shows that the heat and flow conditions might be nonlinearly related to 
the open area of the mesh. 

The white dashed line in Fig. 14 highlights the region that is 
immediately after the mesh. A planar shape pattern can be found in the 
cases of Mesh 20 and Mesh 30, while the pattern is not apparent in the 
case of Mesh 10. For the case of No Mesh, no planar shape can be found. 
The sets of images to show the formation and the movement of the 
planar pattern are shown in Fig. 15. The start point of 0 ms is defined as 
when the hot flow starts to pass through the mesh. From 0 ms to 2 ms, 
the hot gas flow inside the tube is ‘pumped’ out through the mesh, as 
highlighted by the solid arrow. It can be seen at 1 ms that the hot flow is 
separated as the hot flow passes across the small hole of the mesh, 
forming several sub-flows. Meanwhile, the pattern of the sub-flow pre-
sents a profile that is determined by the boundary layer, indicating that 
the wire of the mesh can effectively influence the flow conditions by 
providing a shear force. As the hot flow passes through the mesh, the 
sub-flows begin to recombine, and the boundaries between sub-flows 
disappear after 2 ms. A planar pattern of the hot flow is then formed 
after the integrating process of the sub-flows, which is 3 ms after the hot 
flow passes the mesh, indicating that a uniform flow with a uniform 
temperature profile is formed. Once such flow with the planar temper-
ature profile is generated, the stable flow keeps moving upward with a 
speed of approximately 1.25 m/s, and the planar temperature profile is 
sustained until the pattern disappears. After approximately 5 ms from 
the flow starts to pass through the mesh, a new flow starts forming, as 

Fig. 13. Tmesh for the mesh under different: (a) Mesh number, and (b) Mesh position.  

Fig. 14. (a) Time-averaged mean gradient of the region highlighted by dashed-dotted line. Schlieren images for the cases of b) No Mesh, (c) Mesh 10, (d) Mesh 20, (e) 
Mesh 30 under the condition of ṁCH4 = 0.8L/min, Φ = 1.8. 
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highlighted by the dashed arrow. The presence of a planar pattern 
demonstrates the influence the mesh has on disturbing the flow and 
changing the heat transfer behaviour. In addition, the planar profile 
might be one of the reasons for less complex heat and flow conditions. 
The lower time-averaged mean gradients at the region highlighted by 
the dashed-dotted line in Fig. 14 (b) might also be caused by the planar 
profile. 

3.2.3. Discussion 
In summary, the results of thermal imaging show good agreement in 

the time domain between the time evolution of mesh temperature and 
the pressure oscillation. Meanwhile, the relatively high but fluctuated 
temperature can be obtained by the mesh regardless of changes in mesh 
number and position. These validate that the mesh can act as an addi-
tional disturbance and fluctuation source of heat in the downstream. 
Besides, comparing the RPs (as shown in Fig. 6) and the time evolution 
of Tmean

mesh (as shown in Fig. 10 and Fig. 11), it can be found that the degree 
of variation for the Tmean

mesh is in a good agreement with the results of RP. 
Compared to the cases of Mesh 10 and 20, the RP of Mesh 30 has curved 
shapes, which conforms to the more varied Tmean

mesh of Mesh 30 than Mesh 
10 and 20. The cases with obvious pattern changes and curved shapes 
tend to have a greater variation of Tmean

mesh with time, such as the case of the 
mesh at L/6 and top end of the tube. In contrast, the case at L/12 has a 
slight variation of Tmean

mesh , of which the RP consists of straight diagonal 
structures with few interrupted diagonal lines and scatter points. The 
agreements between the time evolution of Tmean

mesh and the results of RP 
evidence the correlation between the mesh temperature and system 
dynamics. 

The results of schlieren imaging further evidence that the mesh can 
influence both the heat and flow conditions, since the diffusion of flow 
and the formation of planar pattern can be obtained when the mesh is 
placed. The results also show that the greater effectiveness of mesh on 
affecting the heat and flow conditions is obtained by a higher mesh 
number. 

Based on the results of the thermal and schlieren imaging, it can be 
summarised that the effects of a mesh on the system response are mainly 
caused by the changes of heat and flow conditions in the downstream 
region. It has been found that the downstream flow is critical to the 
oscillation frequency and amplitude, and the disturbance to the down-
stream flow can suppress oscillation to varied extents [38]. In this study, 
the buoyancy effect of the convective flow can be strong due to the 
greater temperature at a higher mesh number. This leads to more un-
steady heat release of the mesh, which can be evidenced by the more 
frequently fluctuating temperature of Mesh 30, as shown in Fig. 10. 
Meanwhile, the smaller open area of Mesh 30 can diffuse and obstruct 
the flow more effectively, shown by the schlieren images in Fig. 14. The 
disturbance of the convective flow, and the additional unsteady heat 
disturbance and fluctuation source (heated mesh) can lead to an 
unfavourable phase difference between the heat and pressure 

fluctuations, resulting in the suppression of the self-excited thermoa-
coustic oscillation. The mean temperature in the downstream region can 
become higher at a higher mesh number due to the obstruction of the 
upwards convective flow and greater temperature of the mesh, as shown 
in Fig. 16 (a). The increase in mean temperature leads to the increase of 
mean acoustic speed in the tube, which results in a higher feigen of 
oscillation [26]. 

Although the change in mesh position also causes the change in Tmesh, 
the feigen and prms values are not sensitive to the mesh position. Instead, it 
indicates that the open area is critical to the system response. As the 
mesh is moved upwards, the region that is affected by the disturbance 
and heating effect from the mesh decreases, as shown in Fig. 16 (b). The 
fewer changes in mean acoustic speed inside the tube and fewer effects 
of disturbance are possibly resulted into, leading to the less obvious 
changes in feigen and prms. Also, the mesh can act as an acoustic reflection 
boundary because the size of the mesh hole is smaller than the wave-
length of the self-excited oscillation, and the velocity potential can 
change when the pressure wave passes through the hole [56,57]. Thus, 
the changes in mesh position cause the changes in acoustic properties of 
the resonance chamber (tube) since the acoustic reflection boundary 
changes. The low sensitivity of feigen and prms to mesh position changes 
implies that the changes in acoustic boundaries have only limited in-
fluences in changing the system response. 

4. Conclusions 

In this study, the effects on the self-excited thermoacoustic oscilla-
tion of adding a mesh into the downstream region of a Rijke tube were 
investigated. The system response and dynamic properties were ob-
tained based on the measured pressure fluctuations time series. The 
recurrence analysis, including the recurrence plot (RP) and recurrence 
quantification analysis (RQA), was conducted to investigate the system 
dynamics qualitatively and quantitively. A thermal imaging system 
consisting of a long wavelength infrared (LWIR) camera and a short 
wavelength infrared (SWIR) camera was utilised to obtain the temper-
ature distributions of the mesh and tube wall. The time-evolution of 
mesh mean temperature (Tmean

mesh) and the time-averaged Tmean
mesh (Tmesh) were 

obtained from the time sequence images captured by the SWIR camera. 
A high-speed Schlieren imaging system was also employed to visualise 
inhomogeneities above the mesh, thereby revealing the effect of mesh 
on the heat and flow conditions. The conclusions that can be drawn from 
this study are:  

• The addition of a mesh can affect the system response in terms of the 
oscillation frequency and amplitude, and the system dynamical 
properties. Changing the mesh number and/or position can lead to 
changes in the mesh effectiveness on influencing the system.  

• The suppression effect of the mesh on the oscillation amplitude was 
discovered. The oscillation was more suppressed at a high mesh 

Fig. 15. Time evolution of the formation and movement of the planar shaped pattern for the cases of Mesh 10, 20 and 30.  
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number, by up to 50 % in terms of the root mean square amplitude. 
Meanwhile, the frequency increases with the increasing mesh num-
ber. The oscillation frequency and amplitude were insensitive to 
mesh position changes.  

• A more complex system with more interruptions of the system state 
can be resulted when the mesh is included. The system dynamic 
properties can be sensitive to both the changes in mesh number and 
position. Quasi-periodic oscillations could be triggered at specific 
mesh numbers and positions.  

• The change in mesh number was found to have limited effects on the 
variation of Tmean

mesh in time domain but significantly affect the Tmesh 

varying with Φ. However, the degree of Tmean
mesh variation in time 

domain and Tmesh varying with Φ were sensitive to changes in the 
mesh position. The agreements between the variation of Tmean

mesh and 
system dynamics were obtained.  

• The schlieren images proved the effects of a mesh on influencing the 
heat and flow conditions above the mesh. A more complex pattern 
with greater contrast was obtained at a lower mesh number and 
when tested without a mesh. The formation of the planar shape 
pattern immediately after the mesh indicated the planar temperature 
profile caused by the mesh. 
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