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Flow and Flow Noise Analysis of HSM by Using CAA++
CAA++를 이용한 HSM에 대한 유동과 유동소음 해석
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ABSTRACT

In this paper, sunroof buffeting analysis for Hyundai simple model(HSM) is studied 
computationally. For validation, the velocity profile of boundary layer around the opening of HSM 
was obtained and compared with experimental results. The analysis of sunroof buffeting is done in 
two parts. First a steady state solution is obtained using the Reynolds Averaged Navier Stokes 
(RANS) solver, and then the computed flow field information is used as input for CAA++. Second 
transient simulation by CAA++ is performed for the peak sound pressure levels and peak frequencies 
of buffeting noise over the ranges of flow velocities. The benchmark results of frequency and sound 
pressure levels showed the general phenomena and matched well with the experimental data obtained 
by Hyundai Motor Car.

요  약

이 연구에서 현대자동차의 단순실험모델(HSM)에 대한 썬루프 버페팅에 대한 수치해석이 수

행되었다. 검증을 위하여 HSM 목부위의 경계층에 대한 속도분포 해석결과를 실험결과와 비교

하였다. 썬루프 해석은 두 단계로 이루어졌다. 첫 번째로 난류 RANS 모델을 이용하여 정상상태 

해석이 수행되었으며, 해석결과는 CAA++의 입력값으로 사용된다. 두 번째 단계는 유동속도에 

대한 1차 최대 압력피크와 버페팅 주파수 해석을 위한 비정상상태 해석이 CAA++에서 이루어졌

다. 주파수와 음향압력의 수치해석 결과는 타당한 물리적 현상을 보여주고 있으며, 현대 자동차

의 실험결과와 잘 일치하는 결과를 보여주었다.

* 
1. Introduction

Sunroof buffeting is typical example of cavity 
noise. The cavity noise is generated by coupling 

hydrodynamic self-sustained oscillation flows 
around the cavity opening which act as acoustic 
sources and acoustic modes which are generated 
in cavity as acoustic resonator. Hydrodynamic 
self-sustained oscillations of the separated shear 
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layer near the opening of the cavity can excite 
the resonant acoustic modes of the cavity. 
Flow-acoustic resonance occurs when the fre-
quency of the self-sustained shear layer oscil-
lations is close to the acoustic resonant frequency 
of the cavity. High amplitude pressure oscillations 
and the formation of regular and distinct vortex 
structures are fundamental characteristics of the 
acoustic locked flows in the cavity. 

In case of automobiles, it is generally known 
that buffeting frequency is about 25 Hz and sound 
pressure level(SPL) is above 100 dB.

In recent application, researchers are using com-
putational aero acoustics(CAA) approach. But 
CAA simulation requires highly expensive and 
time-consuming computations on dense grid. 
CAA++ was developed to overcome these diffi-
culties by Metacomp Technologies Inc, which is 
used in conjunction with computational fluid dy-
namics(CFD) to simulate unsteady flow and aero-
acoustic noise. CAA++ can be applied to general 
aeroacoustic problems such as broad band noise, 
discrete tone noise and acoustic resonance 
problems. Furthermore, CAA++ can reduce com-
putational times and enhance the accuracy by con-
fining computational domain size near acoustic 
sources, using non-reflecting boundary conditions, 
coarse mesh and synthetic turbulence model.

The purpose of this study is to perform compu-
tational aeroacoustic simulations with HSM and 
compare the analysis results to the experimental 
results provided by HMC(Hyundai Motor 
Company). After validation of boundary layer ve-
locity profile through the steady state simulation 
by CFD++, the present study investigates sunroof 
buffeting noise of HSM.

The cavity of HSM contains many acoustic ab-
sorbing materials in the interior, which Q-factor is 
very low compared with the cases of general 
cavities. But in this study, the prediction of the 
buffeting frequencies and the corresponding sound 
pressure levels(SPL) were simulated as the case of 

neglecting acoustic dissipation in the interior of 
HSM.

2. Benchmark Problem 

All experiments for HSM have been performed 
in Hyundai Aeroacoustic Wind Tunnel. The di-
mensions of HSM are shown as illustrated in Fig.
1. Thick acoustic absorbing materials are adhered 
on all inner walls of HSM cavity for considering 
the same order of acoustic absorbing and dis-
sipation effects as a real car interior. The details 
of the cavity opening are shown as Fig. 2.

The experimental tests were performed for fol-
lowing results. 

• The boundary velocity profiles at hot-wire po-
sitions denoted with A, B and C as illustrated in 

(a) HSM Geometry for sunroof buffeting test

(b)  Dimensions of HSM

Fig. 1 Geometries of HSM

Fig. 2 Dimension of HSM opening



Young Nam Kim et al ; Flow and Flow Noise Analysis of HSM by Using CAA++

Transactions of the KSNVE, 24(3) : 205~212, 2014┃207

Fig. 3, when the cavity opening is closed. In this 
case, experiment is performed when flow velocity 
is 60 km/h.

• Frequency Response Test for estimating the 
acoustic resonance frequency and Q-factor of 
HSM cavity, when the cavity opening is opened 
and free stream velocity is 0 km/h.

• Sunroof buffeting SPL and frequencies over a 
range of flow velocities. In this case, frees stream 
flow velocities are 20, 30, 40, 50, 60, 70, 80, 90, 
and 100 km/h. The 1st peak SPL and frequencies 
are tested at the positions of microphone in Fig. 3.

Fig. 3 Positions of hot-wire for boundary layer pro-
file and microphone for sunroof buffeting

Fig. 4 Damped acoustic pressure in the cases of Q 
factor of 10.52 and 105.2

Fig. 5 Two dimensional simple cavity

The resonance frequency of 27.6 Hz and Q-fac-
tor of 10.52 are obtained by Frequency Response 
Test. Figure 4 shows the comparison with two 
Q-factors of 10.52 and 105.2, when cavity is anal-
ogized with a simple spring-mass system with the 
resonant frequency of 27.6 Hz. As shown in Fig.  
4, HSM can be assumed as a high acoustic ab-
sorbing and dissipating system. In numerical anal-
ysis, failure to consider acoustic energy loss in 
the interior of HSM can be anticipated to result 
in many differences with experimental results from 
Fig. 4.

A simple cavity as illustrated in Fig. 5 is the 
practical example to estimate discrete tones related 
to fluid dynamic oscillation and flow modes gen-
erated around HSM opening. The frequencies of 
fluid dynamic oscillations are approximated by 
Rossister, 1964 in reference(3), as follows,
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where U∞  is the free stream velocity and L  is 
cavity opening length. The parameter k is empiri-
cally approximated to 0.56, which is the ratio of 
convective velocity to free stream velocity. 
Equation (1) calculates frequency of nth mode 
based on the parameter n which can be approxi-
mated as the number of vortex near opening area.  
M∞  is free stream Mach number and can be ne-
glected because of M∞≪1.

Acoustic modes and acoustic resonant frequen-
cies can be easily obtained from Helmholtz equa-
tions by numerical analysis with considering real 
geometries of HSM, in the form.
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Here mΦ  is thm acoustic mode, mf  is thm  acous-
tic resonant frequency and c  is the speed of 
sound. Acoustics modes of a cavity are a special 
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(a) Acoustic pressure contours of 1st mode

(b) Acoustic velocity vectors of 1st mode

Fig. 6 Acoustic 1st mode

Fig. 7 Acoustic pressure of acoustic 2nd mode

case in which a standing wave is established near 
the mouth opening area and the interior of the 
cavity. Each acoustic frequency and acoustic mode 

is thm  eigenvalue and eigenvector of Helmholtz 
equation with homogeneous boundary conditions. 
The numerical method is explained in reference(2) 
in detail. In this study, the inverse power method 
was applied for this eigenvalue problem.

The 1st acoustic mode and acoustic velocities 
around HSM opening are shown in (a) and (b) of 
Fig. 6 and the second acoustic mode is illustrated 
in Fig. 7. The 1st acoustic resonance frequency 
was calculated as 28.3 Hz and the 2nd frequency 
as 104.1 Hz. As shown in (b) of Fig. 6, the flow 
of the 1st acoustic mode near the HSM opening 

Fig. 8 Possible resonance regions

flows up and down according to acoustic pressure 
of the cavity interior.

At certain flow speeds, the vortex shedding fre-
quency coincides with the acoustic resonance fre-
quency of cavity. In this case, large pressure fluc-
tuation is generated and the flow around opening 
area is strongly influenced by acoustic field. This 
state is known as acoustic locked flow. The typi-
cal phenomena of acoustics locked flow are large 
magnitude of unsteady pressure fluctuations above 
the dynamic pressure and periodic vortex for-
mations as acoustic resonance frequency.

Figure 8 shows three possible resonance regions 
obtained from Eq. (1) and acoustic resonant fre-
quencies as marked red circle. Possibilities to be 
several regions of acoustic locked flows in the 
cavity flows can be found in reference(1). As 
shown Fig. 8, vortex shedding frequency increases 
according to the free stream velocity but acoustic 
resonant frequency is independent of flow 
velocities.

3. Numerical Analysis 

3.1 Steady State 

Steady compressible Reynolds averaged 
Navier-Stokes(RANS) equations are used to simu-
late the flow fields of HSM in commercially 
available solver CFD++(Metacomp Technologies). 
The two equation cubic k-turbulence model is 
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used for the steady RANS flows. This case was 
run on 4 processors using about the number of 
1,200,000 meshes. The approximate turnaround 
time for this simulation was around 4 hours. The 
domain is decomposed into 4 parts to do parallel 
computations on 4 processors.

 
3.2 Transient Analysis

CAA++ non linear acoustic solver(NLAS) is 
used for the HSM buffeting noise simulations. 
The steady state solutions obtained from the 
steady state RANS by CFD++ is used to provide 
the initial conditions for unsteady calculation, the 
mean flow field, acoustic boundary conditions and 
turbulent statistics for the small scale turbulent 
acoustic source for NLAS simulations. In general, 
NLAS uses a confined computational domain by 
using non-reflecting boundary conditions because 
acoustic sources only exist around the cavity 
region.

NLAS is based on viscous non-linear perturba-
tion equations made from compressible unsteady 
Navier-Stokes equations. Flow with large scale is 
calculated directly and smaller turbulent scales 
than grid size are modeled by the synthetic turbu-
lent model (4). Detailed equations and ex-
planations referring to NLAS are described in ref-
erence(4).

Pressure data at the location of microphone is 
recorded at every time step and then the 1st peak 
SPL and frequency are obtained from the acoustic 
pressure data. Fast Fourier transform(FFT) tool is 
used to get frequency spectrum from the simulated 
data.

SPL is defined as following relation. Here p  is 
the perturbation amplitude and refp = 2×10-6 Pa.

1020
ref

pSPL Log
p

= (3)

The time step for NLAS computation is set to 
be 3×10-4, which provides sufficient stability on 
existing mesh and resolve all possible 1st and 2nd 

acoustic resonant frequencies. 
The domain is decomposed into 4 parts to do 

parallel computations on 4 processors. This case 
was run on 4 processors by using about the num-
ber of 400,000 meshes. The approximate turn-
around time for this unsteady simulation was 
around 48 hours.

4. Results & Discussions 

The steady state results were obtained when 
free stream velocity 60 km/h. And the boundary 
layer velocity profiles are compared with the ex-
perimental results at the positions denoted in Fig.
3. Figure 9 shows the boundary layer mesh used 
for numerical analysis and the boundary layer ve-
locity profiles compared with experimental results. 
All the numerical and experimental results show 
the boundary layer thickness increases according 
to distance from the beginning of HSM opening 
and numerical results predicts the boundary layer 
velocity profile with reasonable accuracy. Figure 
10 shows the surface pressure and local velocity 
vectors around the front of HSM. The results 
show the strong vortex lines are formed near the 
front of HSM and A-pillar.

The 1st peak frequencies and SPL according to 
free stream velocities are compared with the ex-
perimental results supplied by HMC in Figure 11.

As the flow velocity is increased from zero, the 
peak SPL increase approximately linearly with 
flow velocity in all of the numerical and ex-
perimental results. The 1st peak SLP reach to the 
maximum value at the free stream velocity of 50 
km/h in experimental results. And the SPL de-
creases as the flow velocity increases. But in the 
case of numerical results, the maximum 1st SPL 
was calculated at the free stream velocity of 60 
km/h. The maximum SPL of numerical analysis 
was over estimated as the value of 135 dB which 
is 6 dB greater than the experimental results.

In current state, the main cause of this differ-
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ence is attributed to simulation under the assump-
tion which HSM is an un-damped system. The 
experimental results include the effects of the 
small Q-factor caused by large acoustic energy 
dissipation generated in the interior of HSM.

The acoustic locked flows are generated in wid-
er range of velocities than the experimental results 
because of no considering the effects of small 
Q-factor. These phenomena are found in the un-
damped system as reference(2). (b) in Figure 11 
compares the 1st peak frequencies of the ex-
perimental and numerical results. And (c) shows 
the 1st and 2nd peak frequencies in the interior 
of cavity and near the opening of the cavity.

All results of experiment and numerical simu-
lation show only region II in Fig. 8 is activated as 
dominant acoustic locked flow over the range of 
flow velocities. But in flow velocity of 20 km/h 
or 30 km/h, a weak acoustic locked flow denoted 
as region I in Fig. 8 overlapped with the dominant 
acoustic locked flow can be anticipated because 
the frequencies of these ranges are close to 1st 
acoustic resonant frequency. This kind of example 
can be found in reference(1,2).

In the case of experiment, the 1st peak fre-
quency at the free stream velocity of 20 km/h can 
be estimated to show the characteristics of the 
2nd mode of flow. But the result of frequency at 
30 km/h is attributed to abrupt change of the flow 
state from the 2nd to the 1st flow mode. In the 
case of numerical analysis compared with the ex-
periment, the frequencies at these two velocities 
were predicted as the frequencies of the flow 2nd 
mode.

The 1st peak frequencies at the position of the 
microphone do not clearly show the natural fre-
quency by Strouhal number. In the cases of flow 
velocity of 90 and 100 km/h, it is very difficult to 
define the flow state is the acoustic locked flow 
or not by only considering the frequency of the 
interior of cavity. But the peak frequency of the 
vortex shedding near the HSM opening precisely 

(a) Boundary layer mesh around the probe points

(b) Comparison between Numerical analysis 
and experimental results supplied by HMC

Fig. 9 Boundary layer velocity profile when flow ve-
locity 60 km/h

(a) Surface pressure 
and velocity contours in the symmetry plane

(b) Velocity vectors 
and detailed surface pressure contours

Fig. 10 Steady state flow results when flow velocity 
60 km/h
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(a) Sound pressure level tested by HMC 
and the analysis results by CAA++

(b) 1st peak frequency tested by HMC 
and the analysis results by CAA++

(c) 1st peak and 2nd peak frequency 
in Cavity and near the HSM opening 

by the analysis results by CAA++

Fig. 11 1st peak SPL and resonance frequencies

shows the Rossiter’s relations as (c) in Fig. 11. In 
the case of numerical simulation, the flow state 
above the flow velocity of 90 km/h can be antici-

pated to escape from the influence of acoustic 
fields.

5. Conclusions 

The acoustic resonant mode and frequencies 
was predicted by numerical analysis of Helmholtz 
equation. The acoustic resonant frequency was ac-
curately estimated when compared to experiments. 
Flow natural frequency of the vortex shedding near 
the opening of HSM was estimated by theoretical 
approach considering a simple cavity model.

The map of acoustic resonant locked flow is 
suggested by using the numerical results of acous-
tic resonance mode and frequency, and Rossiter’s 
relation. This map shows three resonant flow 
states are possible as increasing free stream 
velocity. 

Steady state flow analysis was conducted for 
validation at the flow velocity of 60 km/h. the 
boundary layer velocity profiles are exactly pre-
dicted compared with the experiments.

In the transient analysis, the 1st peak SPL and 
frequencies in the position of microphone were 
compared with the experimental results. The max-
imum SPL is over predicted and the acoustic 
locked flows are estimated in more wide range of 
flow velocity compared with the experiments. The 
1st peak frequency at the flow velocity of 30
km/h shows lower value than the experiment.

The cause of the difference between numerical 
and experimental results is attributed to simulation 
without considering the acoustic dissipation in the 
interior of HSM. But in this study, numerical re-
sults suggest the reasonable explanation of the 
buffeting process and acoustic locked flows for an 
undamped system.
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