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ABSTRACT 

Acoustic liner is one of the most important techniques to 

reduce the noise in nacelle. The design of inlet acoustic liner 

aims at the forward fan noise, which consists of tone noise 

and broadband noise. The tone noise level is much higher 

than that of the broadband noise. Therefore, in order to 

achieve the good noise reduction effect, the most effective 

and direct way is to conduct the design aiming at the tone 

noise reduction. In the literature there show a lot of methods 

to optimize the inlet acoustic liner for the tone noise 

reduction using theoretical, empirical and numerical 

methods. In this paper, a computer-aided liner optimization 

method is developed based on Design of Experiment (DOE), 

Response Surface Model (RSM) and numerical simulation. 

Then with this developed method, the liner optimization is 

conducted with axisymmetric assumption. Through 

demonstration of results for acoustic field and far-field 

acoustic directivity are demonstrated, the advantages and 

characteristics of this method will be presented. 

INTRODUCTION 

With the increasing of civil flight numbers and landing 

density, aircraft noise draws people’s attention gradually, 

especially over the past several decades. As a typical 

aeroacoustic noise, aircraft noise is one of the most important 

pollution sources in modern society. To restrict the aircraft 

noise, airworthiness regulations is updated every few years, 

and the strictest regulation will become effective by the end 

of 2017. The development of regulations pushes the industry 

to put forward new technologies that realizes quieter aircraft. 

Aircraft noise is consists of frame noise and propulsion 

noise. During the past half-decade, propulsion noise has been 

reduced significantly, especially for jet noise, while the most 

effective method is the increase of engine bypass ratio and 

nowadays, the bypass ratio of engine LEAP-X-1C used in 

C919 is close to 10. But with bypass ratio increasing, fan 

noise becomes more severe and liner design becomes more 

difficult as the ratio of length over diameter of nacelle is 

smaller than before, which requires more efficient liner as 

noise would propagate over nacelle with even shorter time. 

 

Figure 1 Regulatory trend 

 

To achieve quieter aircraft, airframe and propulsion 

manufacturer lead many low noise research projects. QTD 

program[1] (Quiet Technology Demonstrator Test Program) 

led by many research institutes and companies of USA was 

started in 2001 and already entered second phase. Rely on 

this project, Boeing and other companies developed 

advanced noise attenuation technologies. Similar for Airbus, 

great progresses were made in the field of aeroacoustic noise 

attenuation over the past few years. Currently, in the nacelle 

of Boeing 787, Airbus 380 and COMAC C919, spliceless 

inlet liner is used to achieve better noise attenuation. And lip 

liner technology has already been researched in the 

QTDII[2], which could further increase the acoustic liner 

area and gain extra noise attenuation effect. 

As mentioned above, the area of nacelle inlet is limited 

and ratio of nacelle length over diameter becomes smaller. 

These facts require precisely designed acoustic liner to fulfil 

the strict noise attenuation requirement. Liner design method 

has been developed for decades and great progress has been 

made. 
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Figure 2 Evolution of inlet liner 

The design of inlet acoustic liner aims at the forward fan 

noise, which consists of tone noise and broadband noise. The 

tone noise level is much higher than that of the broadband 

noise. Therefore, in order to achieve the good noise reduction 

effect, the most effective and direct way is to conduct the 

design aiming at the tone noise reduction. Through 

background flow field analysis, acoustic field computation, 

liner impedance optimization and geometry parameter 

optimization, the acoustic liner would be able to reduce tone 

noise in design working condition effectively. This design 

process includes iteration optimizations of flow field and 

acoustic field computation, which requires a large amount of 

computational resources and time. 

 In the literature there show a lot of methods to optimize 

the inlet acoustic liner for the tone noise reduction using 

theoretical, empirical and numerical methods. Commonly 

used theoretical methods are mode match method, transfer 

element method, Wiener-Hopf method[3], etc. Theoretical 

method is fast in computation speed, but most theoretical 

methods need assumption for the duct and are difficult to 

consider the real geometry of nacelle. On the other hand, 

numerical methods could combine commercial solver or 

Computational Aeroacoustics (CAA) methods. NASA 

Langley Center develop CDUCT-LaRC code[4][5], through 

solving waving equation for duct propagation and FW-H for 

far field. ISVR[6][7] uses small quantity of database to build 

proxy modal and then optimizes, which greatly saves 

computation resource. Computer technologies develop fast 

nowadays, which makes the computer-aided design more 

efficient and close to engineering practice gradually. 

In this paper, a computer-aided liner optimization 

method is developed based on Design of Experiment (DOE), 

Response Surface Model (RSM) and numerical simulation. 

An inlet acoustic liner optimization sample is presented in 

the following, with detail process and result analysis. The 

characteristics of good accuracy and high efficient is shown 

for the method. 

COMPUTER-AIDED LINER OPTIMIZATION METHOD 
BASED ON RSM 

In this paper, a computer-aided liner optimization 

method is developed based on Design of Experiment (DOE), 

Response Surface Model (RSM) and numerical simulation. 

Design of Experiment (DOE) is commonly used in 

optimization. For liner design, design matrix is usually 

distributed by uniform sampling, Latin Hypercube Sampling 

(LHS) and some other options.  

 

 

(a) Latin Hypercube Sampling 

 

 

(b) Uniform sampling 

Figure 3 Design matrix of impedance 

 

Based on the design matrix of impedance, the 

Transmission loss[8] (TL) of each sample point could be 

calculated by numerical method. And then a response surface 

could be built as shown in the figure 4. Red colour in the 

contour represents large TL, which means high noise 

attenuation in this area. Rely on RSM, it is straight forward 

to find the optimal impedance for certain condition.  

If initial design matrix is not density is not enough, it 

can always increase sample points in certain area (as shown 

in Figure 3(b)), and this process could be added design 

process to make it automatically. Sometimes the resolution 

of initial matrix is not appropriate. Low resolution leads to 

second round of iteration while high resolution causes waste 

of computing resources. If adaptive DOE technique is 

included to current procedure, that more sample points are 
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located in the area that is close to the optimal point, then the 

computation would be saved for sample point away from 

optimal points and optimization process would be more 

efficient. 

 

 

Figure 4 Response surface of transmission loss 
 

Validation of numerical method 

In this paper, numerical investigation is mainly based on 

ACTRAN[9], so first numerical simulation is validated by an 

impedance tube case, and the result is compared with 

experimental result. The sketch of impedance tube is shown 

in the figure below. The cross section of the tube is 51mm×
51mm. The length of the liner is 200mm. Observation points 

are set against the liner. 

 

 

Figure 5 Impedance tube case 

 

Cases with different grazing flow speed and different 

Sound Pressure Level are conducted. And the comparing 

results of computation carried out by ACTRAN and 

experiment are shown below. Figure 4 and 5 show the 

comparison of SPL and phase when grazing flow velocity is 

50m/s. 

Results show good comparison of ACTRAN and 

experimental results, which validate the numerical method. 

In the following, numerical investigation will be carried out 

by using ACTRAN. 

 

 

Figure 6 SPL comparison when Vg=50m/s 

 

Figure 7 Phase comparison when Vg=50m/s 

 

INLET ACOUSTIC LINER OPTIMIZATION 

The developed computer-aid method is applied to an 

inlet liner optimization case.  

Case description 

In this case, an inlet acoustic liner is designed with bell 

mouth upstream. 3D model of inlet liner is shown in Figure 

8. But to save computing resource, an axisymmetric model is 

used in design. 

Boundary conditions are listed in Table 1. Free field is 

assumed for far field in this case, the condition of which is 

the same with ground test. So the design and analysis result 

could be further validated by experiment. For forward fan 

noise, only tone noise at first Blade Passing Frequency (BPF) 

noise is considered. According to Taylor-Sofrin’s[10] theory, 

circumferential mode 18 and radial mode 1 is the only mode 

that could propagate. 
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Figure 8 3D model of inlet liner 
 

Table 1 Boundary conditions of computation 

Inlet T* 

/K 

Inlet P* 

/kPa 

Inlet P 

/kPa 

Mass flow 

rate 

/(kg/s) 

288.0 101.3 790.0 120.0 

BPF 

order 

Frequency 

/kHz 

Circumferential 

Mode 

Radial mode 

1 2.5 18 1 

Background flow field 

The gradient of velocity and pressure in the background 

flow field influences the acoustic direction. For inlet with 

acoustic liner, velocity gradient would further influence its 

impedance. Therefore, liner optimization should focus on 

certain working condition and the designed liner is more 

effective in design condition most of the time. Velocity field 

and pressure field is presented in Figure 9.  

 

 

(a) Velocity field 

 

(b) Pressure field 

Figure 9 Inlet velocity and pressure distribution 
 

Design of Experiment 

LHS is used for sampling in this case. Resistance range 

is set to [0,4] and reactance range is set to [-2,2]. 50 

impedance sample points are chosen in the area. For each 

axisymmetric case, about 20 minutes is required, while using 

parallel computation, 50 cases could be completed in a short 

time. If 3D case is generated with similar resolution, then at 

least 50 times computing resource is required for each case 

while using parallel computation. Then for current design 

matrix, it is unable to completed optimization quick enough 

to support engineering design iteration. But 3D case could 

always be used in final evaluation to confirm the 2D case 

result. 

 

 

Figure 10 Sample points of DOE 
 

Optimization based on RSM 

Transmission loss reflects acoustic energy attenuation 

through acoustic liner, as shown in Formula (1). Wincident 

represents acoustic energy at fan face, and Wradiated represents 

radiated acoustic energy at computation domain outlet.  

1 0
= 1 0 * lo g ( )

in c id en t

ra d ia ted

W
T L

W
   (1) 

According to the generated design matrix of impedance, 

TL is calculated by ACTRAN for each sample point. 

Response surface can therefore be generated as shown in 

Figure 11. The coordinates in the figures denote resistance 

(r), reactance (x) and TL. It is clear to notice that a maximum 

TL could be found from the contour and the optimal 

impedance is around (1.5, -0.8). After using optimization 

searching in the response surface, optimal impedance is 

found to be (1.42, -0.68). But the TL at this optimal 

impedance is still a prediction, so iteration is required to 

further confirm the optimization result, which is shown in 

Figure 12. In first optimization iteration the discrepancy 

between prediction and numerical computation is around 

0.2dB and this gap is narrowed down within 0.1dB and even 

smaller. In this figure, the result in second iteration is already 

good enough. 
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(a) 3D view of response surface 

 

(b) 2D view of response surface 

Figure 11 Approximation of impedance and TL 
 

 

 

Figure 12 Iteration results of ACTRAN and 
optimization 

Result and discussion 

In optimization based on RSM, a computer-aid inlet 

design method is introduced in detail. In order to further 

confirm the optimization result, a 3D computation is carried 

out by using optimal impedance as boundary condition of 

acoustic liner. The cross section of 3D acoustic field is 

demonstrated in Figure 13. Strong acoustic pressure comes 

out from the fan face, and after it reaches the inlet acoustic 

liner, its energy is attenuated greatly, which shows the 

acoustic performance of designed liner. In far field acoustic 

directivity (Figure 14), noise attenuation is shown clearly in 

each direction. And result of 3D case and axisymmetric case 

agree quite well. Therefore, it is better to adopt axisymmetric 

case for iteration and take 3D case for final evaluation. 

 

 

(a) Acoustic field without liner 

 

 

(b) Acoustic field with liner 

Figure 13 Nacelle inlet acoustic propagation 
with/without liner 

 

The time duration comparison is listed in Table 2, to 

notify the differences between axisymmetric and 3D 

optimization. According to presented axisymmetric 

computer-aid optimization, the precision and iteration speed 

fulfils current requirement. The inlet acoustic liner 

optimization case is an attempt while the condition and 

specification for liner optimization is relatively simple. When 

comes to a real design problem, the design variables, 

constraints and cost function would be much more complex 
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than presented case, and consequently result in a much more 

time consuming iteration. Considering the further evaluation 

of noise level for the engine state and aircraft state, the whole 

time duration would be tremendous. Therefore, continuously 

simplify the optimization procedure and promote to an 

advanced automatic design process would be meaningful and 

helpful to engineering practice. 

 

 

 

Figure 14 Far field acoustic directivity under 
various boundary 

 

Table 2 Comparison of computation duration 

 Axisymmetric 

/h 

3D 

/h 

Acoustic field 

computation 

(single case) 

0.4 200 

Inlet liner design 

(50 cases for core hour) 
20 10000 

Time duration 
4 

(8 cores) 

500 

(20 cores) 

 

CONCLUSIONS 

In this paper, a computer-aided liner optimization 

method is developed based on Design of Experiment (DOE), 

Response Surface Model (RSM) and numerical simulation. 

Through an inlet acoustic liner optimization case, this 

method demonstrates its capability in efficiency and 

accuracy. Optimization results show the optimal impedance 

could result in good noise attenuation, and this is validated 

by numerical result. Further validation would be carried out 

by relevant experiment.  

With computer-aided liner optimization method, inlet 

acoustic liner could be well designed within a short time. 

Current study considers a simple case with only two design 

variables. In the future, with the development of computer-

aided method, multi-section acoustic liner or broadband 

acoustic liner design could also be taken into consideration. 
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