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Abstract—Over decades a double-leaf partition in 
engineering structures has been widely applied for its 
advantages i.e. in terms of the mechanical strength and 
toughness as well as its lightweight property. For noise 
control application, the double-leaf has also been known to 
be an effective noise barrier. Unfortunately at resonance 
frequency, the sound transmission loss (TL) reduces 
significantly due to the coupling between the panels and the 
air between them. This paper investigates the effect of a 
micro-perforated panel (MPP) inserted inside a double-leaf 
partition to improve the TL performance at the troublesome 
resonance frequency of a conventional double-leaf structure. 
It is found that the TL improves at the resonance if the MPP 
is located closer to the solid panel. The mathematical model 
is derived for normal incidence of acoustic loading. 

Keywords—Double-leaf, partition, micro-perforated panel, 
transmission loss.  

I. INTRODUCTION 

A double-leaf structure is a common structural design for 
many engineering applications. The vehicle body such as 
in cars, trains and airplanes, as well as the walls of a 
building are some examples of double-leaf partition in 
practice. From the acoustical engineering point of view, 
the double-leaf is proposed to be a better noise barrier 
compared to the single-leaf. However, there remains a 
problem on the double-panel which is the weak sound 
transmission loss (TL) performance at low frequency due 
to the ‘mass-air-mass’ resonance. This causes the double-
leaf loses its superiority over the single-leaf [1]. Several 
works have been done to improve this problem. This 
includes installing the Hemholtz resonators at the air gap 
between the panels [2] and using active control system to 
control the acoustic modes in the gap [3]. The feasibility 
of installing a micro-perforated panel (MPP) into double-
leaf structure is then possible since it has a good 
performance of sound absorption. It has been found from 
author’s previous work that substituting the solid back 
panel into MPP is also effective to overcome the 
resonance problem [4]. This paper proposes MPP 
insertion inside the air gap of the double-leaf as an 
alternative way to improve the transmission loss. The 
effect of the MPP distance in the gap with respect to the 
solid panels and the holes properties are also investigated. 

 
Figure. 1. Mechanical system of DL-MPP under normal incidence of 

acoustic loading 
 

II. GOVERNING EQUATION 

A. Acoustic pressure 

A mechanical system of a double-leaf with MPP insertion 
(DL-MPP) under normal incidence of acoustic loading 
can be seen in Fig. 1. Each panel has mass per unit area 
µ   and is assumed supported on spring with stiffness per 
unit area s and on a damper with damping per unit area r. 
It is assumed that the distance between the solid panel d 
is much smaller compared to the acoustic wavelength 
(kd <<1). The incident and reflected pressure are 
expressed as  
 

jkx
i eAp −= 1

~~    (1) 
jkx

r eBp 1
~~ =    (2) 

 
where ck /ω=  with ω  is the angular frequency and c is 
the speed of sound. At x = 0, the acoustic pressure acting 
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on the panel can be written as 
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while at  x = d-l 
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and at  x = d, 
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where cz f ρ=   is the acoustic impedance of the air with 

ρ is the density of the air, l is the distance between the 
MPP and the solid back panel, pv~  

is the velocity of  the 
solid panel and v  

is the mean particle velocity over the 
MPP surface 

Since the distance between the panel is small 
compared to the acoustic wavelength, the cavity pressures 
are assumed to be uniform. Therefore, 
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3354 =+=≈    (12) 

 
At  x = d-l, Eqs.(7) and (8) can be expanded into 
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By using Eqs.(11) and (12), and note that kd <<1, Eqs. 
(13) and (14) can be re-written as 
 

cf pldjkBAvz ~)(~~
22 −−= −    (15) 

df pldjkBAvz ~)(~~
33 −−= −    (16) 

 
using the same way to the pressures at x = d gives  
 

)(333
~~~~
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As the cavity pressure is uniform, Eqs. (6) and (15) can 
be combined  obtaining   
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while from Eqs. (16) and (17) gives 
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B. Mean particle velocity 

As the acoustic pressure excites the MPP, the air particles 
penetrate the holes and excite the remaining solid surface. 
The combination between panel velocity and particle 
velocity inside the holes creates the mean particle 
velocity given by [5] 
 

( ) fp vvv ~1~
2

ττ +−=   (20) 

where τ   is the perforation ratio and fv~  is the particle 
velocity inside the holes.  The impedance of the holes 

IoRoo ZZZ ,, +=  is given by Maa [6] where 
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where )/)(( 2/ aoo vdX ωρ=  and av  is the air viscosity. 
The resistive or real part of the impedance RoZ ,  
represents the viscous effect of air interaction with the 
panel surface and imaginary part IoZ ,  represents the 
acoustic reactance from the inertia of the air inside the 
holes.  The net force acting on the plate can be expressed 
as 
 

( ) pvZvvZ fIopfRo Δ=+− ~~~
,, 2

  (23) 

 
Re-arrange Eq. (23) and substitute to Eq. (20) gives the 

mean particle velocity as a function of the pressure 
difference pΔ  i.e.  

Z
pvv p
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where  ⎟⎟
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C. Sound transmission loss 

The equation of motion of the solid back panel is given by  
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tdpp ppvz ~~~
33 −=    (25) 

 
where ωωµ jsrjz p /++= is the mechanical 
impedance of the panel. Substituting Eq. (19), Eq. 
(10) into Eq. (25) and using mean particle velocity in 
Eq. (24) then dividing both side with 3

~
pv   gives the 

panel velocity ratio 
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The equation of motion for the MPP (usually small 

perforation) is expressed as 
 

pvz pp Δ=22
~    (27) 

 
Substituting the cavity pressures in Eq. (18) and Eq. (19) 

to Eq. (27) and again using mean particle velocity in Eq. 
(24) then dividing both side with 3

~
pv  yields 
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   (28) 
 
Finally, the equation of motion of the first panel is 

expressed as 
 

cpp ppvz ~~~
111 −=    (29) 

 
By using relation between incident and reflected 

pressure in Eqs. (3) and (4) this is changed to be 
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Again, dividing both side with 3

~
pv  and rearranging 
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The transmission coefficient σ  and the TL are 
therefore given by 

2

~
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III. RESULTS AND DISCUSSION 

Figure 2 shows the transmission loss under normal 
incidence of acoustic loading for double-leaf (DL), triple 
solid panel (TSL) and DL-MPP for MPP located exactly 
at the middle of the two solid panels (l = 0.5d).  It can be 
seen that the ‘mass-air-mass’ resonance of the DL occurs 
around 170 Hz shown by the ‘drop’ value of TL to 0 dB. 
It can also be seen that placing another solid panel 
between the DL (TSL) yields the second resonance at 
280 Hz. This can be considered to worsen the problem 
although the TL at mid-high frequency significantly 
increases. The insertion of MPP between the DL (in the 
middle) overcomes the second resonance. However, the 
first resonance remain occurs due to the solid plates.    
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Figure. 2. Sound transmission loss of a DL, TSL and DL-MPP,  

do = 0.1 mm   τ = 1.5%, and d = 100 mm under normal incidence of 
acoustic loading  

(— DL,  – • – TSL,  •••• DL-MPP with l = 0.5d ) 
 

Fig. 3 shows the results for the DL and DL-MPP for 
different distance l of the MPP to the solid plate. The 
‘mass-air-mass’ resonance happens at 170 Hz for the DL 
and for the DL-MPP with the location of the MPP exactly 
at the middle (l = 0.5d) as in Figure 2. This corresponds 
to the distance between the two solid panels. The 
presence of the MPP gives no effect to overcome the 
resonance in this case. As the MPP shifts closer to the 
back panel, the additional damping due to the viscous 
force in the MPP holes influences the air layer in front of 
the solid plate. This breaks the coupling between the solid 
panels and the air which then reduces the effect of 
resonance. It can also be seen that the position of the 
MPP affects the TL at high frequency (above 400 Hz). 
Above the resonance, however, the MPP in the middle 
gives best TL performance. 
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Figure. 3. Sound transmission loss of a DL and DL-MPP, do = 0.1 mm   
τ = 1.5%, and d = 100 mm under normal incidence of acoustic loading  

(— DL,  ••••l = 0.1d , – • – l = 0.25d , – –l = 0.5d) 
 
Figure 4 shows the effect of hole diameter of MPP to the 
TL. Around the resonance region up to 400 Hz, 
decreasing the hole diameter increasing the TL.  
 
In Fig. 5, the effect of the perforation ratio is investigated. 
It can be seen that increasing the perforation ratio does 
not give significant differences to the TL of DL-MPP 
around the resonances. The effect of perforation ratio can 
be seen at high frequency. 
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Figure. 4. Sound transmission loss of a DL and DL-MPP, l = 0.1d, 
  τ = 0.5%, and  d = 100 mm under normal incidence of acoustic loading  

(— DL, •••• do = 0.1 mm, – • – do = 0.2 mm,  – – do = 0.4 mm)  
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Figure. 5. Sound transmission loss of a DL and DL-MPP, do = 0.1 mm, 
l = 0.1d, and  d = 100 mm under normal incidence of acoustic loading  

(— DL, •••• τ = 1.5%, – • – τ = 1%,  – – τ = 0.5%,)  
 

For clarity of the analysis, the level of improvement or 
decrement of the TL can be represented by the insertion 
gain (IG), i.e. the ratio of the transmitted sound power 
after to before the MPP insertion which is given by    
 

ds TLTLlog10IG −=⎟⎟
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where TLs is the transmission loss of the DL-MPP and 
TLd is for the DL.  
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Figure. 6. Insertion Gain of  DL-MPP, do = 0.1 mm   τ = 1.5%, and  

d = 100 mm under normal incidence of acoustic loading  
(— DL,  ••••l = 0.1d , – • – l = 0.25d , – –l = 0.5d) 

 
Figure 6 shows the IG for DL-MPP with several distance 
of the MPP to the solid plate. It shows that the 
improvement can be achieved up to 10 dB at the 
resonance around 170 Hz for the MPP at 1 cm in front of 
one of the solid plate. The effect of the MPP location 
between the double panels can be observed above 400 Hz 
which decreases the TL as it brings closer to the solid 
panel. Above the resonance, the improvement increases 
significantly at mid-high frequency.  
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Figure. 7. Insertion gain of  DL-MPP, l = 0.1d,  τ = 0.5%, and   

d = 100 mm under normal incidence of acoustic loading  
(— DL, •••• do = 0.1 mm, – • – do = 0.2 mm,  – – do = 0.4 mm)  

 
The improvement of DL-MPP transmission loss with 
different hole diameter is presented in Fig. 7. It can be 
seen that smaller hole is preferred for good TL 
performance. 
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Figure. 8. Insertion gain of  DL-MPP, do = 0.1 mm, l = 0.1d, and   

d = 100 mm under normal incidence of acoustic loading  
(— DL, •••• τ = 1.5%, – • – τ = 1%,  – – τ = 0.5%)  

 
Figure 8 shows that varying the perforation ratio (with 
fixed hole diameter) gives almost no effect on the IG. 
Therefore, in order not to sacrifice the TL at high 
frequency, small perforation ratio is preferred.   

IV. CONCLUSION 

The mathematical model of transmission loss of DL-MPP 
system under normal field of acoustic loading has been 
derived. It is found that the MPP insertion reduces the 
effect of resonance found in the conventional double-leaf 
partition. However, this is only effective when the MPP 
distance is less than half of the air gap to the panel. 
Compromised situation has to be taken noted as bringing 
the MPP closer to the solid panel reduces the TL above 
the resonance frequency. Reducing the hole diameter of 
the MPP can also improves the TL at resonance while 
changing the perforation ratio gives no effect on the TL 
performance. The future works will include experimental 
work inside an impedance tube to validate this model.  
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