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Abstract  A kind of porous sound absorber was studied to control the thermoacoustic 
oscillation of liquid mist flame, which combined natural fibrous materials and perforated plate. It
could optimize the sound absorption characteristics of fibrous materials by adding perforated
plate and air cavity. The influences of the interlayer and back cavity depth of two kinds of fi-
brous materials with the mass of 20, 30, 40 g were investigated experimentally in an imped-
ance tube and applied to control the oscillating ethanol flame. The results showed that the best
depth of interlayer and back cavity were 20 cm and 30 cm, respectively. The addition of two 
kinds of fiber sandwich structures could reduce the amplitude of the sound pressure oscillation
in the combustion chamber by 89.2 % and 92.6 %, as well as 88.0 % and 91.2 % in the plenum 
chamber, meanwhile, restrained the flame heat release fluctuation by 73 %. It was proved that 
the porous sound absorber could act as a damp in the acoustic transmission path and sup-
press the sound source. 

 
1. Introduction   

To meet the strict requirements of NOx emission, modern gas turbines widely adopt lean 
premixed combustion. It can effectively reduce the temperature peak of the flame and reduce 
the generation of NOx. Unfortunately, it also frequently gives rise to the occurrence of “ther-
moacoustic instability” [1-4], which is a common phenomenon encountered by modern low NOx 
gas turbines [5]. Thermoacoustic instability is reflected explicitly in the pressure pulsation and 
intense noise in the burner. It is a combustion instability phenomenon caused by the coupling 
between the heat release pulsation of flame and the inherent acoustic pulse of the combustor 
in the combustion process, the essential condition of which is the Rayleigh criterion [6-9]. Com-
pared with gas premixed combustion, the instability of swirling liquid combustion is more com-
plicated to understand. The atomization and vaporization process of fuel droplets, the spatial 
distribution of droplets in the combustion area, as well as the interaction between spray and 
vortex of flame, will affect the heat release process [10-12].  

As a sound-absorbing material, natural fibrous materials have the excellent characteristics of 
low densities, good mechanical properties, easy processing, and low cost [13, 14]. With public 
attention to the ecological environment and the exploration of natural resources, the utilization 
of renewable materials has gradually attracted the attention of scholars [15, 16]. They are con-
sidered to be used to control the oscillating sound wave generated by combustion instability. 
When the sound wave enters the material, the air in the hole chamber rubs and vibrates with 
the hole wall to produce viscous resistance, so as to dissipate the sound energy, eventually 
achieving the sound absorption. Simultaneously, due to the temperature gradient in the materi-
als, the sound energy can be transformed into thermal energy by heat conduction. Moreover, 
the fibrous materials themselves have a particular natural frequency and will resonate under 
the sound of a specific frequency, which also plays a role in sound energy attenuation.  

Natural fibrous materials have excellent sound absorption characteristics. Berardi [17] meas- 
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ured the sound absorption coefficient and airflow resistance of 
kenaf, wood, hemp, coconut, cork, sugarcane, paperboard, 
and wool fibers, confirming the feasibility of natural fibrous 
materials as an acoustic absorption damper. Sample thickness 
[18-22], porosity [22, 23], and fiber diameter [22-24] are essen-
tial factors affecting the sound absorption coefficient, which 
have been widely studied by researchers [25]. Three kinds of 
samples of 60 mm, 80 mm, and 120 mm with broom fiber were 
prepared, and they proved that with the increase of the sample 
thicknesses, the peak value of the sound absorption coefficient 
gradually moved to the low-frequency band [19]. Bakri [18] 
pointed out a positive correlation between the sound absorp-
tion coefficient and the sample thickness in the low and me-
dium frequency range. However, in the high-frequency band of 
4000-6000 Hz, the sound absorption coefficient began to de-
crease gradually when the sample thickness exceeded 20 mm. 
Lignin adsorption exists on the surface of natural fibrous mate-
rials [26], which will affect the sound absorption process. 
Chemical soaking is a mainstream treatment method at pre-
sent, especially alkali solution. Sodium hydroxide (NaOH)/alkali 
treatment proved its ability to improve microstructure by chang-
ing the chemical composition of towel gourd fiber and removing 
all impurities [27-30]. Nasidi [31] employed NaOH with a con-
centration in a range of 1 %-8 % to process the surface of co-
conut fiber. It was concluded that with the increase of NaOH 
concentration, the diameter of fibrous material decreased with 
scanning electron microscope (SEM). Acoustic tested showed 
that the average sound absorption coefficient in a low and 
high-frequency band was more than 0.9 after treatment with 
7 % and 8 % NaOH, which greatly enhanced the sound ab-
sorption capacity. Cao [32] summarized that compared with 
perforated panels and membrane resonators, porous materials 
have the advantages of high sound absorption frequency and 
low cost, but the thickness and structure of materials still need 
to be further optimized to enhance practical application. 

In order to better predict the sound absorption effect of mate-
rials, scholars put forward numerous empirical models based 
on experiments. The only parameter of airflow resistance was 
required to predict the acoustic characteristics with the Delany-
Bazley model, proposed in 1969 [33]. Bhingare [20] calculated 
the influence of sample thickness and density on sound ab-
sorption coefficient with the model, and pointed out that the 
greater the sample density is, the better the sound absorption 
effect is under the same thickness. David [34] applied Delany-
Bazely model and Garai-Pompoli model to predict the sound 
absorption of natural fiber, and compared it with the experi-
mental results. It was found that the overall trend of sound 
absorption prediction of jute material was similar to the meas-
urement, but the consistency was not good. Nevertheless, for 
the reason that the Delany-Bazley model was established 
based on the range of 1-10 μm, there are limitations in applying 
larger diameter fibrous materials. Garai and Pompoli [35] con-
ducted experiments with diameters of about 20-50 μm polyes-
ter fiber to further modify the Delany-Bazley model coefficient, 
which is more adaptable in large-diameter natural fibrous mate-

rials. But the best suitable method is limited to a specific fre-
quency range. Allard and Champoux [36] proposed a simplified 
approach to minimize the Delany-Bazley model error at low 
frequencies with high curvature and porosity. In the new for-
mula, dynamic density ρ(ω) is related to the inertial force and 
viscous force per unit air volume when sound waves pass 
through the absorbing material. 

The limited sound absorption capacity of single fibrous mate-
rial in low frequency limits its application and development. To 
broaden the scope of use, its structural modification is an effec-
tive method. Ayub [37] designed a double-layer fiber structure 
and discussed the influence of air chambers on sound absorp-
tion performance. Putra et al. [21] found that increasing the 
depth of the air back cavity in the low-frequency band is con-
ducive to improving the sound absorption coefficient. 

At present, most of the researches focused on the sound 
absorption of single fibrous materials. Few people studied the 
sound absorption characteristics of the sound absorber com-
posed of porous fibrous material and perforated plate, let 
alone the practical thermal application. Due to the acoustic 
oscillation mainly occurring at low frequency, the combined 
sound-absorbing structure with air interlayer and back cavity 
was composed of fibrous material and perforated plate for low 
frequency sound absorption control in our study. We meas-
ured the flow resistance of porous fiber materials (Sec. 3.1). 
And the sound absorption characteristics of low intermediate 
frequency, the effects of interlayer depth and back cavity 
depth on sound absorption were evaluated (Sec. 3.2-3.4). In 
addition, the structure was applied to the liquid-spray flame 
self-excited rig to control the combustion oscillation of ethanol 
flame (Sec. 3.5). 

 
2. Experimental setup  
2.1 Materials 

Coconut fiber is mainly produced in Southeast Asian coun-
tries such as Thailand, Vietnam and India. It is also mass-
produced in Hainan province in China due to its geographical 
location in the tropics. Palm trees are mainly distributed in the 
south and southwest of Guangxi and Yunnan Province in China.  

Coconut fiber and palm bark fiber were selected as natural fi-
brous materials, 20 g, 30 g and 40 g of which were weighed by 
electronic balance. The self-made mold with an inner diameter 
of 100 mm (as shown in Fig. 1(b)) was applied to press the 
samples on the tablet press (YP-15T, Tianjin, China, as shown 
in Fig. 1(a)). The pressing pressure was 20 MPa and main-
tained under the pressing pressure for 5 min. After that, they 
were put in the atmosphere environment to expand freely for 48 
h to obtain each sample, as shown in Fig. 1(c). We made use of 
a vernier caliper to measure the thicknesses of each samples 
after full expansion and number them, as shown in Table 1. On 
account of the hard palm bark fiber, the greater the quality was, 
the greater the difficulty of compression became. Therefore, the 
thickness of Z40 was 4 mm thicker than Y40.  
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In order to compare the microstructure of coconut fiber and 
palm bark fiber, the samples were photographed by tungsten 
filament SEM (Hitachi, S-3700N), with a maximum resolution of 
≤0.8 nm. The captured image is shown in Fig. 2, and the 
magnification is ×200. The surface of the two kinds of fibrous 
materials were covered by impurities, and the surface is not flat, 
including pectin, wax, lignin and silica. The uneven structure 
forms small intervals, which provides favorable conditions for 
sound absorption. On the basis of the given measuring scale, 
the average fiber diameter of coconut fiber can be calculated 
as 229 μm and palm bark fiber 210 μm. After pressing, two 
kinds of fibers are staggered with each other to form porous 
structure airflow passes through. 

The perforated plate used in this study was made of brass, 
and the parameter characteristics are shown in Table 2 and Fig. 
3(a). As for the control of perforated plate on incident sound 
wave and flame combustion instability, our previous study Ref. 
[38] has already been introduced. 

 
2.2 Acoustic measurement 

It can be seen from Fig. 4, the length of the impedance tube 
is 1015 mm, and the inner diameter is 100 mm, whose tested 

frequency range is from 100 Hz-1600 Hz. And the correspond-
ing Helmholtz number range is below 0.463 [39]. The left end 
of the acoustic impedance tube was an adjustable back cavity 
with an electric piston. The piston location could be adjusted by 
the controller, whose adjustment range was 0-150 mm and the 
accuracy were 0.35 mm. Normal temperature and pressure air 
(300 K, 101.3 kPa) was delivered from airflow inlet to the 
chamber through the float flowmeter supplied by a forced draft 
fan. The range of the float flowmeter was 0-10 m3/h and the 
accuracy were 0.5 m3/h. The perforated plate was installed at x 
= 0. And the right side of the fibrous material with a certain 
thickness was at x = -L1. The forced frequency and amplitude 
of the incident sound wave were independently controlled by 
the signal generator (GWINSTEK, Taipei, China, AFG-2105), 
whose range was 0.1~5 MHz and the accuracy were 0.1 Hz. 
Then the signal was amplified by the connected power ampli-
fier (YAMAHA, P 50000S) and output to the loudspeaker as-
sembled at x3 = 1015 mm. In this research, the sound pressure 
level (SPL) of the loudspeaker was fixed at 105 dB. Two dy-
namic pressure sensors M1 and M2 (CYG type 1406, Suzhou, 
China) was inserted on the impedance pipe to measure the 

Table 1. Main properties of the materials studied in this paper. 
 

Numbers of 
samples Materials Mass  

m0 (g) 
Thickness l

(mm) 
Density ρ 
(kg/m3) 

Y20 Coconut fiber 20 28 90.95 

Y30 Coconut fiber 30 44 86.91 
Y40 Coconut fiber 40 56 90.95 

Z20 Palm bark fiber 20 28 90.95 

Z30 Palm bark fiber 30 44 86.91 
Z40 Palm bark fiber 40 60 84.88 

 

 (a)  (b)  (c) 
 
Fig. 1. Sample preparation of fibrous materials: (a) table machine; (b) sam-
ple mould; (c) fiber samples. 

 

 
Fig. 2. The microscopic images of (a) coconut fiber; (b) palm bark fiber by 
SEM. 

 

Table 2. Parameters of perforated plate studied in this paper. 
 

Parameters a (mm) d (mm) σ (%) h (mm) 

Values 1.00 10.00 3.14 1.00 

Note: a is the aperture radius, d is the orifice spacing, σ is the porosity, h is 
the specimen thickness. 

 
 

 (a) (b) 
 
Fig. 3. The schematic diagram of (a) the perforated plate; (b) the back 
cavity. 

 
 

 
Fig. 4. The acoustic impedance measurement system with fibrous material 
and perforated plate. 
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sound pressure pulsation in the impedance pipe. The sensors 
has been statically calibrated with calibration gas N2 on a stan-
dard sound pressure test bench (pressure range: 0-35 kPa, 
accuracy: ±0.05 % FS), and NI-MAX was used for self-
calibration before the test. For acoustic wave measurement in 
different frequency bands, the distance between the two sen-
sors was determined according to ISO 10534-2-1998 [40]. 
When the incident sound frequency f > 340 Hz, the distance 
between the two sensors was s = 10 cm, and when f < 340 Hz, 
s = 5 cm. The NI acquisition card (USB-6210) and software 
LabVIEW were adapted for data collection and analysis, sam-
pling rate and time of which were 20 kHz and 5 s. 

Based on the double microphone transfer function and sen-
sor switching technology, the specific acoustic impedance is 
calculated by 

 

12 1 0 2 0

2 0 12 1 0

sin( / ) sin( / )( )
cos( / ) cos( / )
⎡ ⎤−= ⎢ ⎥−⎣ ⎦

H x c x cj
x c H x c

ω ωζ ω
ω ω

 (1) 

 
where H12 is the transfer function calculated from the self-
spectral density and cross-spectral density of sound pressure, 
ω = 2πf is the angular frequency and -1=j  is the imaginary 
unit, c0 represents the local sound velocity, x1 and x2 represent 
the shortest distance between the dynamic pressure sensor M1, 
M2 and the perforated plate. 

When the acoustic reflection coefficient of the sandwich 
structure is determined, the reflection coefficient Rc is deter-
mined by 

 

c c

1
1

+= =
−

jR R e θζ
ζ

. (2) 

 
In the formula, |Rc| and θ represent the modulus and phase 

of sound reflection coefficient, respectively, and the sound 
absorption coefficient α can be obtained from  

 
2

c1= − Rα . (3) 

 
2.3 Combustion facility 

The liquid-spray flame self-excited rig is shown in Fig. 5. 
The thermal power of the burner was 3.5 kW and the global 
equivalence ratio Φ = 0.36. The square outlet section 
(110×110 mm) on top of the burner connected with the at-
mosphere, and the smoke produced by combustion is directly 
discharged into the environment. The burner was equipped 
with an air atomizer nozzle (Delavan, SNA type-30609-2). The 
air compressor provided 0.2 MPa atomizing air to atomize and 
inject ethanol fuel (C2H5OH, purity: 99.7 %) with a siphon 
height of 0.1-0.2 m into the combustion chamber. According to 
the nozzle characteristics, when the siphon height was at the 
value and the atomized air was controlled at 10 NL/min by an 
Alicat mass flowmeter, the ethanol atomization flow was 

10 mL/min. The front and rear sides of the burner were quartz 
windows, which could provide optical observation. The swirler 
was axially installed directly below the nozzle, made of 
stainless steel, with 8 central blades with an inclination of 60° 
and the thickness of vanes was 1 mm. And in this work, the 
swirl number was Sw = 1.27 approximately calculated by the 
following formula due to small thickness [41]: 

 
o

i

o

i

/2 2
3a θ/2 i o

w /2 22
i oo a/2

d 2 1 ( / ) tan
3 1 ( / )( / 2) d

⎡ ⎤−= ≈ ⎢ ⎥−⎣ ⎦

∫
∫

d

d
d

d

u u r r d dS
d dd u r r

γ  (4) 

 
where do, di and γ represent swirling diameter, swirler diameter 
and swirl angle, ua and uθ were axial and tangential velocity. 
The primary air under normal temperature and pressure flowed 
through the float flowmeter from both sides of the inlet end at 
the bottom of the burner with a forced draft fan, and was deliv-
ered into the plenum chamber at the top of the inlet section. 
The perforated plate and the upper side of fibrous material 
were located at z = 0 and z = -L1. The adjustable electric piston 
was used to adjust the depth L2 between the lower side of the 
fibrous material and the rigid wall. The dynamic pressure sen-
sor was inserted at the wall interface of the combustion and 
plenum chamber to test pressure fluctuation P1 and P2. Pho-
tomultiplier tube PMT (Hamamatsu H10722 series; cathode 
luminous sensitivity: 105 μA/lm; anode luminous sensitivity: 
2.1×108 V/lm) was equipped to acquire flame CH* signal, as a 
measure of the global heat release fluctuation. The PMT was 
placed 20 cm in front of the quartz glass main window of the 
burner and remains stationary. 

 
 
Fig. 5. Photograph of liquid spray self-excited burner equipped with injector, 
swirler and electric piston. 
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3. Results and discussion  
3.1 Airflow resistance measurement of fibrous 

materials 

Airflow resistance is the resistance of air flowing through fi-
brous materials measured by airflow resistivity. The greater 
airflow resistivity stands for the flow difficulty. In comparison, 
small airflow resistivity is generally considered to be the larger 
pores formed between fibers. It is reported that the airflow re-
sistivity is inversely proportional to the square of pore size, and 
the airflow can pass smoothly with less interference [42]. Flow 
resistance can be obtained from [43, 44] 

 

v

Δ= pR
q

 (5) 

0

⋅= R Ar
l

 (6) 

 
where R is the flow resistance of the material, Pa·s/m3; ∆p is 
the differential pressure before and after the sample, Pa; qv is 
the airflow in the pipeline, m3/s; r0 is the flow resistivity of the 
material, Pa·s/m2; l is the thickness of the sample, m; A is the 
cross-sectional area of the fibrous material perpendicular to the 
airflow direction, m2. 

 
3.2 Airflow resistance measurement of fibrous 

materials 

Most of the sound absorption models of fiber materials are 
empirical formulas, which are based on the Delan-Bazley 
model [33], and only the flow resistivity is used to predict the 
sound absorption characteristics. 

 
2 4c c

0 0
c 0 0 1 3

0 0

1 c c
⎧ ⎫⎡ ⎤⎛ ⎞ ⎛ ⎞⎪ ⎪⎢ ⎥= + +⎨ ⎜ ⎟ ⎜ ⎟ ⎬

⎢ ⎥⎝ ⎠ ⎝ ⎠⎪ ⎪⎣ ⎦⎩ ⎭

f fz c j
r r

ρ ρρ  (7) 

6 8c c

0 0
c 5 7

0 0

= 1 c c
⎧ ⎫⎡ ⎤⎛ ⎞ ⎛ ⎞⎪ ⎪⎢ ⎥+ −⎨ ⎜ ⎟ ⎜ ⎟ ⎬

⎢ ⎥⎝ ⎠ ⎝ ⎠⎪ ⎪⎣ ⎦⎩ ⎭

f fk j
c r r
ω ρ ρ  (8) 

 
where zc is the characteristic impedance; kc is the complex 
wave number of the fibrous materials; ρ0 is the air density; c0 is 

the sound velocity; f is the frequency; r0 is the flow resistivity; 
c1-c8 are the Delany-Bazley empirical constants. 

The Delany-Bazely model was put forward from measure-
ments on fibers with a diameter between 1 and 10 μm, nor-
mally considered to be limited to the range 0.01 < ρ0f/r0 < 1. In 
contrast, the model Garai and Pompoli [35] proposed had a 
wider range of adaptability, available for the range 0.05 < ρ0f/r0 

< 8.4. Both models have the same calculation structure but the 
coefficient are different, listed in Table 4. 

When zc and kc are depended, the surface impedance zs 
with a rigid backing can be calculated by 

 
s c ccoth( )= −z jz k l  (9) 

 
where d was the depth of the fibrous materials. 

The reflection coefficient is given by 
 

s 0 0
c

s 0 0

−=
+

z cR
z c

ρ
ρ

. (10) 

 
The absorption coefficient α can be obtained by Eq. (3). We 

calculated the adaptive parameters ρ0f/r0 of six kinds of fibrous 
materials, and applied Garai-Pompoli model to predict absorp-
tion characteristic, shown in Fig. 6. Obviously, fibrous materials 
have obvious absorption effect on high-frequency sound waves, 
but little effect on low-frequency sound waves.  

Table 3. Differential pressure before and after samples and airflow resistiv-
ity. 
 

Samples Differential pressure ∆p (Pa) Airflow resistivity r0 (Pa·s/m2)

Y20 2.59 275.3 

Y30 6.57 444.4 
Y40 11.53 612.8 

Z20 3.24 344.4 

Z30 6.66 450.5 
Z40 17.01 843.7 

 

Table 4. Empirical constants of different models. 
 

Models Delany-bazley Garai-pompoli 

c1 0.0571 0.078 

c2 -0.754 -0.623 

c3 -0.087 -0.074 
c4 -0.732 -0.66 

c5 0.0978 0.121 

c6 -0.7 -0.53 
c7 -0.189 -0.159 

c8 -0.595 -0.57 

 

 
 
Fig. 6. The prediction curve of absorption characteristic using Garai-
Pompoli model. 
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3.3 Acoustic absorption characteristic of po-
rous sound absorber 

The sound absorption characteristic curves of six kinds of fi-
brous material samples at different frequencies are displayed 
in Fig. 7. The incident sound frequency range is 105-465 Hz, 
the interlayer depth L1 = 10 cm, the back cavity depth L2 = 
20 cm, and the airflow qv = 9.5 m3/h. The sound absorption 
curves of all samples show “barb type” in the whole frequency 
band, and the optimum sound absorption coefficient exceeded 
0.95, proving the advantage of the porous sound absorber. 
According to the previous research results and theoretical pre-
diction, the sound absorption performance of fibrous materials 
in low frequency band is poor [17] while the perforated plate 
has obvious advantages [38]. Combined fibrous materials with 
perforated plate, the sound absorption performance of porous 
sound absorber in low frequency band is strengthened. As we 
can see from Fig. 7(a), in a specific frequency range, the sound 
absorption effect of the sandwich structure is better with the 
gradual increase of the incident frequency, but the sound ab-
sorption effect begins to decrease significantly with the con-
tinuous growth of the incident frequency. It shows that there is 
an optimal sound absorption point for different samples. Com-
pared with Figs. 7(a) and (b), the sound absorption coefficients 
of two kinds of fibrous materials are about 0.75 near 105 Hz, 
and then increase rapidly, when the growth of sound absorp-

tion effect of sandwich structure is most sensitive to the change 
of external sound excitation frequency. For coconut fiber sam-
ples, the sound absorption coefficient of Y30 is lower than Y40 
in the lower frequency band, and its sound absorption curve 
gradually exceeds the latter with the increase of frequency. For 
palm bark fiber, the sound absorption curve of each sample in 
the low-frequency band is complex, and it shows more obvious 
regularity with the increase of frequency. In contrast with coco-
nut fiber samples, it is evident that Z20, Z30 and Z40 have 
better sound absorption effects in the higher frequency band. 

The thickness of the sample is also an essential factor af-
fecting sound absorption. The sound absorbers composed of 
samples with different thicknesses have their specificity. As 
illustrated in Fig. 7(a), the maximum sound absorption coeffi-
cient of the sandwich structure equipped with Y20 is 0.978 at 
235 Hz, 0.971 at 205 Hz with Y30, and 0.963 at 195 Hz with 
Y40. It indicates that the optimal sound absorption frequency 
has a low-frequency offset with the increase of sample thick-
ness, which is consistent with the sound absorption test results 
of Berardi et al. [19] and Mohammad et al. [22], using fibrous 
materials only. At the same time, the sample with large thick-
ness has higher flow resistance, resulting in low sound absorp-
tion coefficient, which agreed with those reported by Bies [45] 
and Yilmaz [46]. The addition of a perforated plate has an im-
parity influence on the sound absorption effect during different 
frequencies, resulting in a lower sound absorption coefficient 
with thick samples in the high-frequency band. In the mean-
while, it is observed from the graph that in the higher frequency 
band, the sound absorption coefficients with two kinds of differ-
ent thickness samples begin to show noticeable differences 
and return to their lowest points at about 465 Hz. 

 
3.4 The effect of back cavity depth 

It was reported that the fiber structure with air back cavity 
could strengthen the sound absorption performance of sound 
absorbers by previous studies [47]. In light of this, research on 
the influence of back cavity depth of fiber sandwich structure 
was essential. The interlayer depth between fibrous material 
and the perforated plate was fixed at L1 = 10 cm. In the mean-
while, the incident sound wave frequency was set at f = 165 Hz 
and remains stationary. This frequency was selected on ac-
count of the main oscillating frequency of the ethanol flame 
burner near here, which could better restore the situation of the 
combustion process. By changing the number of back cavity 
cavities and adjusting the travel depth of the electric piston, the 
back cavity depth was controlled within the scope of L2 = 100-
400 mm. The variation of the sound absorption coefficient of 
sandwich structure as a function of back cavity depth is shown 
in Fig. 8. 

It is obtained from the curve, increasing the depth of the back 
cavity can significantly improve the sound absorption effect of 
the sandwich structure because of the increase of the air gap 
thickness, which increases the impedance of the sound ab-
sorber and dissipates more sound energy [37]. The overall 

 

 
(a) 

 

 
(b) 

 
Fig. 7. Sound absorption coefficient at different frequencies experiments of 
two kinds of fibrous material: (a) coconut fiber; (b) palm bark fiber, in im-
pedance tube, with L1 = 10 cm, L2 = 20 cm and qv = 2.64×10-3 m3/s. 
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curve shows a trend of first increasing and then slightly de-
creasing, indicating an optimal cavity depth Lop, and the fiber 
sandwich structure works best when L2 = Lop. The optimum 
cavity depth of the sandwich structure of each sample falls in 
the range of Lop = 280-320 mm, and the sound absorption coef-
ficient is about α = 0.98. Interestingly, we found that the thicker 
the sample is, the better the sound absorption performance is 
in the low back cavity depth range within the test range. Addi-
tionally, with the increasing depth of the back cavity, the sound 
absorption coefficient of the thin sample increases faster than 
that of the thick sample, and the sound absorption coefficient 
finally exceeds that of the thick sample structure. 

 
3.5 The effect of interlayer depth 

According to the theory of acoustic electric analogy, the 
acoustic impedance of porous sound absorber is composed of 
fibrous material and perforated plate in series. The interlayer 
depth is an important factor of Helmholtz number He = kL2 
affecting the characteristic impedance of perforated plate in our 
previous study [12]. Therefore, the study of the influence of air 
layer depth between fibrous material and the perforated plate 
was also of significance. The depth of the back cavity was set 
at L2 = 20 cm to maintain a single variable, and the sound ab-
sorption characteristic curve with the interlayer depth under the 
acoustic excitation of f = 165 Hz is displayed in Fig. 8. The 
sound absorption coefficient of the sandwich structure of each 

sample shows a gradual increasing trend with the increase of 
interlayer depth and remains unchanged after L1 = 20 cm. This 
is because with the extension of interlayer depth, the Helmholtz 
number increases, increasing the sound resistance of porous 
sound absorber. As can be seen from Fig. 9(a), three curves of 
coconut fiber sample basically coincide, which proves that the 
change of sample thickness has little effect under different 
interlayer depths. As for the palm bark fiber sample, the thick-
ness difference is shown when L1 = 0, which reflects the law 
that the thicker the sample, the weaker the sound absorption 
capacity. 

 
3.6 Control of combustion oscillations 

This paper studied the control effect of fiber sandwich struc-
ture on ethanol flame combustion instability in a liquid-spray 
self-excited rig. The sandwich structures with Y30 and Z30 
were selected for experimental research, due to moderate 
sound absorption characteristics. The fibrous material and 
perforated plate were installed at z = -L1 and z = 0, respectively, 
which could play a role in heat insulation, shown in Fig. 5. The 
air sandwich depth and back cavity depth were set at the opti-
mal depth L1 = 20 cm and L2 = 30 cm to determine the best 
control effect of the sandwich structure. Under the condition of 
no sandwich structure, the length of the inlet section only in-
cluded the length of the 10 cm plenum chamber. 

Fig. 10 shows the sound pressure level of oscillating ethanol 
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Fig. 8. Sound absorption coefficient of (a) coconut fiber; (b) palm bark fiber 
as a function of the back cavity depth in impedance tube, with f = 165 Hz, 
L1 = 10 cm and qv = 2.64×10-3 m3/s. 
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Fig. 9. Sound absorption coefficient of (a) coconut fiber; (b) palm bark fiber 
as a function of the interlayer cavity depth in impedance tube, with f =
165 Hz, L1 = 10 cm and qv = 2.64×10-3 m3/s. 

 



 Journal of Mechanical Science and Technology 36 (8) 2022  DOI 10.1007/s12206-022-0747-9 
 
 

 
4310  

flame in the combustion chamber before and after control under 
different primary airflow. The variation range of primary air vol-
ume is 1.25-2.64×10-3 m3/s and the step size 0.14×10-3 m3/s. 
It can be concluded that before control, the sound pressure in 
the combustion chamber gradually became stronger with the 
increase of primary airflow, and reached the maximum level of 
216 Pa at 2.36×10-3 m3/s, which indicates that the ther-
moacoustic oscillation intensity increased firstly and then de-
clined with the decrease of equivalence ratio. When two kinds of 
porous sound absorber were adopted, the sound pressure level 
in the combustion chamber decreases obviously. The control 
effects of different fibrous materials were the same, for the rea-
son that the fiber diameters of the two kinds of materials were 
similar and the sample thickness was the same, consistent with 
the acoustic test results of the impedance tube.  

Fig. 11 is the variation diagram of the main oscillating fre-
quency of ethanol flame oscillation in the combustion chamber 
before and after control. And the main oscillating frequency of 
the flame was reduced equipped with the porous sound ab-
sorber. It is well-known that the additional structure increases 
the inlet length of the combustion chamber, resulting in the 
deviation of the main frequency to the low frequency. Fig. 12 
shows the sound pressure change in the plenum chamber. By 
contrast, the sound pressure in the plenum chamber was lower, 
although it also showed the same law as that in the combustion 

chamber. 
The experiment was carried out under the combustion condi-

tion of Φ = 0.36 (primary air volume qv = 2.36×10-3 /m3/s and 
atomized air 10 L/min), the most apparent equivalence ratio for 
flame oscillation. The interlayer depth and back cavity depth 
were also set at L1 = 20 cm and L2 = 30 cm. The power spectral 
density (PSD) levels in the combustion chamber and plenum 
chamber were measured experimentally. It is concluded from 
Fig. 13 that main oscillating frequency without control was 
168 Hz in the combustion chamber, which decreased to 
157 Hz and 160 Hz after being controlled by the fiber sandwich 
structure due to the increase of the inlet length. What’s more, 
the oscillation pressure decreased by 19.3 dB (89.2 %) and 
22.6 dB (92.6 %), respectively. In contrast, the oscillation pres-
sure in the plenum chamber is reduced by 18.4 dB (88.0 %) 
and 21.1 dB (91.2 %), seen in Fig. 14. It shows that the fiber 
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Fig. 10. The sound pressure as function of primary air flow rate before and 
after control in the combustion chamber, with L1 = 20 cm and L2 = 30 cm. 
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Fig. 11. Variation of sound frequency in the combustion chamber before 
and after control, with L1 = 20 cm and L2 = 30 cm. 
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Fig. 12. The sound pressure as a function of primary airflow rate before and 
after control in the plenum chamber, with L1 = 20 cm and L2 = 30 cm. 

 

 
 
Fig. 13. PSD of the pressure in the combustion chamber before and after 
control, with L1 = 20 cm and L2 = 30 cm. 

 

 
 
Fig. 14. PSD of the pressure in the plenum chamber before and after con-
trol, with L1 = 20 cm and L2 = 30 cm. 
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sandwich structure can control the oscillating ethanol flame, 
proving its effectiveness. 

The structure controlling oscillating ethanol flame mecha-
nism was explored by collecting the intensity of ethanol flame 
in the combustion chamber with photomultiplier tubes (PMT). 
The frequency and chemiluminescence intensity of the CH* 
fluctuation signal were drawn in Fig. 15. The fluctuation inten-
sity of flame heat release was reduced by about 134 AU (73 %) 
compared with that before control, and the frequency was also 
reduced, which indicated that flame heat release was con-
trolled. 

In a word, the fiber sandwich structure can inhibit the sound 
source, as well as play the role of damping and dissipation in 
the propagation process, working together to realize the control 
of oscillating ethanol flame. 

 
4. Conclusions 

In this study, the sound absorption characteristics of fiber 
sandwich structure composed of coconut fiber, palm bark fiber 
and perforated plate were experimentally studied. The influ-
ences of various parameters of the structure on the sound 
absorption effect were measured in an impedance tube, as 
well as applied to the liquid-spray flame self-excited rig. The 
control effect of oscillating flame was also tested under hot 
conditions. The main conclusions are drawn as follows. 

1) The fiber diameters of two kinds of fibrous materials were 
similar. The porous sound absorber with the same thickness 
fibrous materials had the similar sound absorption characteris-
tics in 100-450 Hz. The sound absorption coefficient increased 
firstly and then decreased. And the maximum sound absorp-
tion coefficient exceeded 0.95. 

2) Increasing the back cavity depth of porous sound ab-
sorber in a specific range could significantly improve its sound 
absorption coefficient. The optimal cavity depth of each sample 
appeared at about 30 cm, and the sound absorption coefficient 
was about 0.98. 

3) With the increase of the interlayer depth between fibrous 
material and perforated plate, the sound absorption effect was 
enhanced. The sound absorption coefficient increased mono-
tonically with the interlayer depth and tended to be flat at the 
optimal depth of about 20 cm. 

4) The sound absorber with two kinds of fibrous materials 
could obviously suppress thermoacoustic instability. The oscil-
lation pressure in the combustion chamber was reduced by 
19.3 dB (89.2 %) and 22.6 dB (92.6 %), respectively, while 
18.4 dB (88.0 %) and 21.1 dB (91.2 %) in the plenum chamber. 
The porous sound absorber could inhibit the sound source, as 
well as play the role of damping and dissipation in the propaga-
tion process, further consuming sound energy and strengthen-
ing sound absorption. Besides, the addition of the structure 
increases the inlet length of the burner, leading to a low-
frequency offset on the main oscillating frequency of the flame. 
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Nomenclature------------------------------------------------------------------ 

General notations 

m0 : Mass of sample 
l : Thickness of sample 
a : Aperture radius 
d : Orifice spacing 
h : Plate thickness 
x : Location of impedance tube 
f : Incident frequency 
s : Sensor spacing 
Rc : Reflection coefficient  
di : Swirler diameter 
do : Swirling diameter 
Sw : Geometrical swirl number  
z : Location of self-excited burner 
L1 : Interlayer depth 
L2 : Back cavity depth 
R : Airflow resistance of the material 
r0 : Airflow resistivity of the material 
Δp : Differential pressure 
A : Cross-sectional area of the fibrous material 
zc : Characteristic impedance 
kc : Complex wave number of porous materials 
c0 : Sound velocity 
zs : Surface impedance 
qv : Primary air volume 
Lop : Optimum cavity depth 
He : Helmholtz number 
k : Complex wave number of cavity 
 
Greek Letters 

σ : Plate porosity  
ω : Angle frequency 
ζ : Specific impedance 
θ : Phase of reflection coefficient 

 
 
Fig. 15. Chemiluminescence intensity of CH* fluctuation in the combustion
chamber before and after control, with L1 = 20 cm and L2 = 30 cm. 
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α : Absorption coefficient 
Φ : Global equivalence ratio 
γ : Swirl angle 
ρ0 : Air density 

 
Acronyms and abbreviations 

SPL : Sound pressure level 
PSD : Power spectral density 
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