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Abstract. The electrification of automobiles has progressed in response to environmental problems. 

Accordingly, the number of automobiles equipped with large and large-capacity batteries, such as 

electric vehicles and hybrid vehicles, is increasing. These batteries take in air from the passenger 

compartment using ducts for cooling. However, since the cooling fan operates regardless of the running 

condition, sound may leak into the car interior through the ducts. To reduce such cabin noise, we 

examined the use of sound-absorbing ducts. We developed four types of test pieces using conventional 

polypropylene resin, compression felt, and film on the inside and outside of the compression felt. We 

measured the insertion loss in two ways: one on the opposite side and the other on the outside from the 

entrance of the duct. Acoustic attenuation was measured. The results of creating and calculating a 

similar FE model were then reported. 

1. Introduction 

The electrification of automobiles has progressed in response to environmental problems in recent 

years, resulting in the increasing number of automobiles equipped with large and large-capacity 

batteries, such as electric vehicles and hybrid vehicles. These batteries take in air from the passenger 

compartment using ducts for cooling, but since the cooling fan operates regardless of the running 

condition, sound may leak into the interior through the ducts. To reduce cabin noise, we investigate 

the use of sound-absorbing material for the ducts. H.J. Sabine obtained an approximate formula for 

calculating the amount of reduction in insertion loss when sound-absorbing material is attached to the 

entire inside surface of a resin duct [1]. L.L. Beranek sought a formula for calculating the insertion 

loss when sound-absorbing material is attached to part of the inside of a plastic duct [2]. The purpose 

of this research is to use an FE model to make it possible to predict the amount of noise reduction that 

can be achieved by making the material of the duct sound-absorbing in order to prevent the noise from 

the battery cooling fan in hybrid and electric vehicles from leaking into the vehicle through the duct. 

We developed four types of test pieces using conventional polypropylene (PP) resin, compressed felt, 

and film on both sides of the compressed felt. We measured the sound volume reduction on the 

opposite side and outside the entrance of the duct, and the acoustic performance was measured. The 

results of creating and calculating a similar FE model are described herein. 
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2. Analytical method 

There are formulas for calculating the sound pressure inside a duct, assuming that the duct is a rigid 

body [1], [2]. In this research, the sound absorption of the felt used for the sound-absorbing duct was 

calculated using the Biot–Allard model [3], which handles the skeleton and internal air. In the Biot–

Allard model, the incident sound entering the material is transmitted through the gaps of the porous 

elastic body (urethane, glass, wool, etc.) of the material, which is the air propagation sound, whereas 

the solid propagation sound is transmitted inside the material. This is a theoretical formula for 

predicting displacement. The displacement of the skeleton considering the interaction between the 

solid propagation and the air propagation sound: u
s  and the displacement of the fluid: u

f  are 

expressed as equations (1) and (2), respectively. 

 

(1) 

 

 

        (2) 

 

 

 : Porousness,   : Porous skeleton density, f : Fluid density (air in this paper), a : 

Equivalent density of fluid considering viscous decay in the interaction between skeleton and fluid. 

a is shown in Eq. (3). 

 

(3) 

 

 

 : Solid loss coefficient,  : Flow resistance,  : Maze degree,  : Viscous characteristic 

length. The elastic modulus P , Q , R  is shown in Eq. (4). 

 
                                                                           (4) 

 
N : Skeleton shear modulus (in vacuum), 

bK : Skeleton bulk modulus (in vacuum), K f : 

Equivalent rigidity of fluid considering thermal decay in the interaction between skeleton and fluid. 

N , 
bK , fK  are shown in Eq. (5). 

 

                                                                          (5) 

 

 

 

 : Specific heat ratio, P0 : Equilibrium pressure,  : Thermal diffusivity,  : Thermal 

characteristic length. 

3. Experimental results and FE analysis results 

3.1 Experimental results 

Figure 1 shows the dimensions and layout of the duct test piece created for this experiment. The 

duct shape was simplified to a rectangular parallel pipe with internal dimensions of 85 mm × 15 mm 
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× 500 mm. A volume velocity speaker was used as the sound source in the anechoic chamber, and the 

sound pressure level was measured using three microphones (“Mic” in the figure). Mic3 was installed 

at a position 30 mm away from the surface, and two types of volume reduction (Mic1–Mic2 and Mic1–

Mic3) were measured. Volume reduction (dB) indicates that the larger the value, the quieter the sound. 

Figure 2 shows the results of volume reduction measurement. Four types of values for each 1/3 

octave band from 200 Hz to 10000 Hz (compressed felt with a thickness of 2 mm; a test piece with a 

film attached to the outside of the compressed felt; a test piece with films attached to both sides of the 

compressed felt; and a PP resin test piece) were used for comparison. At the entrance–exit (Mic1–

Mic2) of the duct, the compression felt type performed best up to 2500 Hz, whereas the type with a 

film on the outside performed best above 2500 Hz. These findings indicate the effect of sound 

absorption in the duct. Near the center of the duct entrance–outside (Mic1–Mic3), the difference was 

small among the four specifications compared with that for the duct inlet–outlet. However, the type 

with the film on the outside was slightly better than the conventional resin type. These findings suggest 

the effect of sound absorption and sound insulation of the duct material. 

The test piece shown this time is a test piece with both the sound source side and the outlet side 

covered with rubber. However, the results when the outlet side is not closed did not vary significantly 

from those when the exit side was closed. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 1. Dimensions of the test piece duct and experimental setup. 
 

    
 

(a) Mic1–Mic2         (b) Mic1–Mic3 

 
Fig. 2. Comparison of four types of insertion loss. 
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3.2 Comparisons of experimental and calculated results 

Figure 3 shows the FE model for acoustic analysis of the duct. A hemispherical space was created 

around the sound source, and the spherical surface was set to non-reflective conditions. The volume 

velocity measured during the experiment was used as the input value. The sound pressure level was 

calculated at the same measurement position as in the experiment to measure the volume reduction. 

Figures 4–7 show comparisons of the experimental and calculation results of the four types of volume 

reduction. The calculated results were able to roughly reproduce the experimental results. 

 

 
 

    a. Side view            b. Top view 

 
Fig. 3. FE model of duct and acoustic space (air). 
 

     
 

 a. Mic1–Mic2            b. Mic1–Mic3 

 
Fig. 4. Comparison of FEM and experimental results (Felt 2t). 
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a. Mic1-Mic2      b. Mic1-Mic3 

 
Fig. 5. Comparison of FEM and experimental results (Felt + film (out side)). 

 

     
 

a. Mic1-Mic2      b. Mic1-Mic3 
 

Fig. 6. Comparison of FEM and experimental results (Felt + film (in & out side)). 
 

     
 

  a. Mic1-Mic2     b. Mic1-Mic3 

 
Fig. 7. Comparison of FEM and experimental results (PP). 
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4. Conclusion 

We developed four types of test pieces for automobile air-conditioning ducts with PP resin, 

compressed felt, and films on the outside and both sides of the compressed felt. Two types of volume 

reduction were evaluated, one on the opposite side and the other on the outside from the entrance of 

the duct. At the duct inlet–exit, the compression felt test piece performed best up to 2500 Hz, whereas 

the test piece with film on the outside performed best above 2500 Hz. A type with a 0.05 mm thick PP 

film attached to the outside of a compressed felt with a basis weight of 1000 g/m2 was able to improve 

insertion loss by 60 dB in the range of 5000 Hz to 10000 Hz compared to conventional resin ducts. 

Near the center of the duct inlet–outside, the difference between the four specifications was smaller 

than that of the duct inlet–outlet. However, the performance of the test piece with the film on the 

outside was slightly better than that of the conventional resin type. The calculated results of the FE 

model were able to roughly reproduce the experimental results. The weight of the test piece with film 

on the outside is about half that of the resin type; thus, sound performance could be improved while 

the weight could be simultaneously reduced. In the future, we intend to conduct parameter studies and 

study structures and material properties with better sound performance. 

In the future, we plan to conduct parameter studies on the material properties of compressed felt 

and film to determine which material properties have the greatest effect on noise reduction. 
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