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ABSTRACT 
Modern high-speed turbo-machinery such as compressors and gas turbines can generate high 
level airborne noise from their fans/impellers. Here, the noise source locations and radiation 
characteristics of an open fan are predicted by using a Computational Aeroacoustic (CAA) 
model of the fan and compared to the experimental results obtained by using a Nearfield 
Acoustical Holography (NAH) method. The CAA model is built by using a commercial software 
package, ANSYS Fluent. In this model, the acoustic source data is extracted from a transient 
Computational Fluid Dynamic (CFD) analysis based on an unsteady k-İ turbulence model. The 
NAH method is applied to sound pressure data measured by using an 8×8 microphone array to 
visualize the three-dimensional sound pressure fields. In addition, twelve reference microphones 
are used to decompose twelve incoherent partial sound pressure fields from the measured data. 
The CAA-predicted sound fields indicate that the fan noise sources consist of a combination of 
monopoles at the first blade passing frequency and its higher harmonics. The CAA model can be 
used to predict the sound pressure fields, radiated from the open fan, which agree well with the 
measured results in a wide frequency span. 

1. INTRODUCTION 
Due to extensive applications of high-speed turbomachinery such as compressors and turbofan 
engines, aeroacoustic noise that is a dominant noise component of the high-speed turbo-
machinery has gained significant interests.  Many researchers have thus made significant efforts 
to identify the mechanisms of the aeroacoustic noise and suppress it by developing various 
analytical and numerical models, experimental techniques, and noise control strategies.  Since an 
aeroacoustic model based on acoustic quadrupole sources induced by fluid flow stresses was 
firstly proposed by Lighthill1,2, this model has been improved by other researchers during the last 
few decades.  For example, Ffowcs Williams and Hawkings3,4

 improved the Lighthill’s model by 
including “moving” solid boundaries, which is referred to as the Ffowcs Williams-Hawkings 
(FW-H) aeroacoustic analogy.  Most of modern Computational Aeroacoustic (CAA) models are 
based on this FW-H analogy.  Farassat et al.5,6

 applied the FW-H model and the Kirchhoff 
integral method to obtain the time-domain aeroacoustic models of rotating blades at both 
subsonic and supersonic blade tip speeds.  
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 For the analysis of aeroacoustic noise generated from a high-speed turbomachinery such as 
a compressor, Sun et al.7,8 developed a numerical model that can be used to calculate the fluid 
flow fields around a centrifugal impeller and the associated farfield aeroacoustic noise radiations.  
In this model, the Navier-Stokes equation along with a turbulence model was used to obtain the 
impeller flow fields.  Then, the FW-H equation and a Boundary Element Method (BEM) were 
applied to the extracted dipole sources to calculate the farfield noise radiations from the dipole 
source distribution.  Robbins et al.9 also conducted farfield acoustic measurements to evaluate the 
effects of compressor inlet turbulence intensity on farfield noise radiations.  All of these acoustic 
measurements are limited to farfields.  
 In the previous research conducted by the authors of this article on fan noise radiations, 
acoustic nearfield measurements were made with a microphone array.10,11  By applying NAH 
algorithms12-14 to the measured nearfield data, 3-D fan noise fields were reconstructed.  Fan noise 
source locations and radiation patterns were then identified from the 3-D reconstructed noise 
fields.  In particular, it was observed that the noise components at blade passing frequency (BPF) 
and its harmonics were dominant in the entire frequency span.  Although the fan noise frequency 
components, sound source locations, and noise radiation patterns were identified from the NAH 
measurements, the detailed noise source distributions on fan blades are still unknown.  Thus, it is 
critical to have a valid aeroacoustic model for analyzing open fan noise source distributions, 
which can lead to the optimal acoustic design of similar fans or impellers.  Here, aeroacoustic 
modeling and predictions of the acoustic fields generated by the open axial fan are performed in 
this paper.  
 The aeroacoustic noise fields generated by the test fan are calculated by transient CFD and 
FW-H analogy-based CAA analyses in ANSYS Fluent.  The transient CFD computations are 
first conducted to give aeroacoustic source data on a permeable control surface enclosing the 
entire test fan.  Then, a FW-H analogy-based aeroacoustic model is used to calculate the acoustic 
pressure fields contributed by the aeroacoustic source data at the locations of the NAH array 
microphones.  The predicted sound pressure fields are compared with experimental data for 
validating the CAA model.  The CAA model results in the sound pressure fields, on a NAH 
measurement surface, showing reasonably good agreements with the measurement results.  The 
sound source locations on a blade surface are also predicted and validated by the experimental 
data. 

2. THEORY OF AEROACOUSTICS MODELING 
The Lighthill’s aeroacoustic analogy1,2 basically introduces a quadrupole-type acoustic source 
term associated with turbulence stress, and thus allows the calculations of acoustic source data in 
a predefined control volume inside a CFD computation domain. The Lighthill’s equation can be 
obtained from the Mass and Momentum Conservation Equations by considering the density 
perturbation with respect to the ambient condition: i.e., ȡƍ = ȡ- ȡ0.  In form of an inhomogeneous 
wave equation, the Lighthill’s equation is then written as  
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where c is the speed of sound and Tij is the Lighthill stress tensor defined as 
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The Lighthill’s aeroacoustic analogy describes free-field sound generated by the turbulence 
stress of fluid flow without foreign bodies submerged in a fluid medium. The solution to the 
Lighthill’s equation is obtained by using a free-space Green’s function: i.e., 
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where x and y are the vectors pointing receiver and source coordinates, respectively. Time t is 
defined at the receiver location and  τ = (t - |x - y|/c) represents the time, at the source location, 
which is referred to as the retarded time.  
 When a system of interest includes an arbitrarily moving solid body submerged in a fluid 
medium, the Ffowcs Williams-Hawkings (FW-H) aeroacoustic analogy3,4

 is the most commonly-
used for the aeroacoustic analysis of this system.  The solution to the FW-H equation is obtained 
by using a free-space Green’s function: i.e., 
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where ni is the unit normal vector to the source surface, Mr is the Mach number of the source 
surface velocity component along the direction of the radiation vector, r: i.e., Mr=Miri.  In Eq. 
(4), the first surface integral, that is a quadrupole-type, represents the sound source due to the 
turbulence stress inside the permeable source surface and the second and third surface integrals 
of dipole- and monopole-types represent the force from the control surface to the fluid medium 
and the mass flow through the permeable surface, respectively. In the current aeroacoustic 
analyses, the source surface is defined on the outer permeable surface of a control volume 
enclosing the fan blades.  Therefore, the acoustic source consists of all the aforementioned 
source types. The acoustic pressures at predefined receiver locations are thus evaluated by Eq. 
(4) once the source data (i.e., fluid flow velocities and pressures) are obtained from transient 
CFD computations. 

3. PROCEDURES OF CFD AND CAA ANALYSES 
In order to perform CAA predictions, transient CFD calculations are required prior to calculate 
acoustic source terms on a source surface as in Eq. (4).  The modeling of the test fan and the 
meshing of a computation domain are thus first completed by using SolidWorks and ANSYS 
Gambit.  Then, the discretized model is imported into ANSYS Fluent for transient CFD and 
CAA analyses. 
 

A. Modeling of fluid volumes surrounding the test fan 
The open fan model is built by using commercial software packages such as SolidWorks and 
ANSYS Gambit.  The fluid zones are obtained by creating volumes enclosing the solid fan 
model and performing Boolean subtractions.  As shown in Fig. 1, the outer surface of the 
cylindrical volume is chosen as a permeable control surface (i.e., acoustic source surface) and the 
cylindrical volume is thus an acoustic control volume including quadrupole-type sound sources 
induced by turbulent flows.  The cylindrical control volume is placed in a large brick volume that 
simulates free-field conditions.  The brick volume has the height of 1.5 m and both the depth and 
width of 0.8 m.  These two fluid volumes are separated by the interfaces coincident with the 
control surface.  



Computati
and Compa

Noise-Con

B. Mesh
Before m
generated
volume a
boundary
fluid zon
control v
size of 2
of the vo
into Flue
 

C. CFD 
The trans
shown in
defined a
fan speed
 The
computat
steps wit
to compu
locations
can also 
the same
 

 

onal Aeroacou
arison of Pred

n 2013, Denver

hing of flui
meshing the
d in Gambi
are generated
y layer mesh
ne are genera
volume and d
5 mm: see F

olume meshe
ent for the CF

(a) Volume m

and CAA s
sient CFD c
n Eq. (4).  F
as a “moving
ds are set to 
e acoustic 
tions.  The t
th the sampli
ute acoustic 
s.  In the cur
include the 
locations of

Fig

ustic Modeling 
icted and Expe

r, Colorado, Au

d volumes
e fluid volum
t.  Then, u
d by definin
hes and the m
ated by non-
defining the 
Fig. 1 for the
es is approx
FD and CAA

(a) 

Figure 1:

meshes with 3.6

simulation
omputations
For the unst
g mesh” wit
4.3 and 5.1 k
source data

total record l
ing interval 
pressure fie

rrent researc
broadband 

f the array m

gure 2: Fan no

of Open Fan 
erimental Noise

ugust 26-28, 20

s 
mes, bound

unstructured 
g a size func

maximum m
conformally
size function
e final volum

ximately 3.6 
A analyses. 

: Meshes of cy

6 million eleme

 process 
s are conduc
teady transie
th the sliding
kRPM for th
a are saved
length for th
of 0.0001 se
elds using t
ch, the sourc
turbulent flo

microphones 

oise experimen

e Fields

013 

dary layer m
“tetra” volu

ction with th
mesh size of 5
y attaching th
n with the gr
me meshes o
million.  Th

ylindrical and b

ents and (b) Cr

cted prior to 
ent computa
g interfaces 
he current CF
d at each 
he acoustic s
econd.  The 
the FW-H a
ce surface d
ow noise co
shown in Fi

tal setup and se

meshes and 
ume meshes
he mesh grow
5 mm.  The 
he first layer
rowth rate o
of the two flu
his fluid vol

brick fluid volu

ross-sectional v

extract temp
ations, the c
defined on t
FD analyses
time step 

source data i
saved acous

aeroacoustic 
defined on th
omponents. 
ig. 2. 

elected array m

S. Kim,

fan blade 
s for the cy
wth rate of 1
volume mes
r of meshes 
f 1.2 and the
uid zones.  T
lume model 

(b) 

umes: 

view of volume

mporal acoust
cylindrical c
the control s

s. 
during the

is 0.2 secon
stic source d
model at th

he permeabl
The receive

microphones. 

, Y. Niu, & Y.-J

face meshe
ylindrical co
1.2 relative t
shes for the 
to the cylind

e maximum 
The total nu
is then imp

e meshes. 

tic source da
control volum
surface.  Th

e transient 
nd, i.e., 2000
data are then
he given rec
le control su
ers are defin

J. Kim 

s are 
ontrol 
to the 
outer 
drical 
mesh 

umber 
ported 

ata as 
me is 

he test 

CFD 
0 time 
n used 
ceiver 
urface 
ned at 



Computati
and Compa

Noise-Con

In the t
turbulenc
Figs. 3(a
can be id
the CFD
turbulenc
tips could
 At t
between 
measured
into mult
the comp
measured
predicted
broadban
the CAA
frequency
and direc
compone
sound pr
number o
calculatin
turbulenc
computat
CAA pre
well at th
 

Figure 3: 
kRPM(72H
velocity ve
kRPM(86H
 

onal Aeroacou
arison of Pred

n 2013, Denver

4
transient CF
ce intensities
a) to 3(f)).  F
dentified, wh
 calculated 
ce intensities
d radiate sig
the location
the CAA p

d sound pres
tiple partial 
parison of th
d sound pre
d sound pres
nd turbulent 
A prediction 

y componen
ctly measure
ents at 288 H
ressures, e.g.
of averages 
ng the pred
ce noise an
tion time in
ediction still
he high frequ

(a)  

(d) 

CAA predicte
Hz), (b) Vortic
ectors at 5.1 kR
Hz) 

ustic Modeling 
icted and Expe

r, Colorado, Au

4. NUMERI
FD analysis
s are analyze
From this in
hich could n
fields indica
s lay on the 
nificant aero

n of microph
predicted so
ssure spectru
fields in blu

he CAA pre
essure spectr
sure matche
flow noise c
result agree

nts (e.g., belo
ed spectra ag
Hz in Figs. 4
., at the high
(i.e., 7 ave

dicted spect
nd can be r
ncreases acc
l matches w
uencies as sh

 

 
ed noise sourc
city magnitudes
RPM(86Hz), (

of Open Fan 
erimental Noise

ugust 26-28, 20

ICAL AND 
s, the predi
ed on a blad

nformation, t
not be obtain
ate that the 
blade surfa

oacoustic no
hone 21 as i
ound pressu
um (i.e., the
ue dash line)
dicted sound
rum at the s
es well with 
components 
es well with
ow 500 Hz).
gree well wit
4(a) and 4(b
h frequencie
rages with 2
tral results. 
reduced by 
ordingly.  A

with the dire
hown in Fig.

ces distribution
s at 4.3 kRPM
(e) Vorticity m

e Fields

013 

EXPERIME
icted veloci

de surface at 
the detailed 
ned from the
maximum m
ce tips.  The
ise compare
indicated in 
ure spectrum
e total sound
) at the fan 
d pressure s
same fan sp
the “directly
(e.g., above

h the first pa
  For the BP
th the CAA p
b).  Note tha
es above 150
2000 time d
 These flu
increasing 

Although the
ectly measur
 4(a).  

(b) 

(e) 

ns on a blade
(72Hz), (c) Tu

magnitudes at 5

ENTAL RE
ity vectors,
t the fan spee
noise sourc

e NAH meas
magnitude o
erefore, it ca

ed to other bl
Fig. 2, Fig.

m (in red d
d pressure s
speed of 4.3

spectrum and
peed.  Figur
y” measured
e 1500 Hz), w
artial field o
PF componen
predicted sp
at the fluctu
00 Hz are ca
data points a
uctuations a
the number
ere is the ra
red sound p

pressure side:
urbulence inten
5.1 kRPM(86H

S. Kim,

ESULTS 
, vorticity m
ed of 4.3 an

ce distributio
surements in
of velocity v
an be deduc
lade location
. 4(a) shows

dotted line) 
spectrum bef
3 kRPM.  F
d the first pa
re 4(a) show

d sound press
while Fig. 4

of the measu
nts, both the

pectrum: e.g.
uations of the
aused by the
and 75% ov
are associat
r of averag
andom turbu
ressure spec

: (a) Fluid vel
nsity at 4.3 kRP
Hz), (f) Turbul

, Y. Niu, & Y.-J

magnitudes,
nd 5.1 kRPM
ons on fan b
n Ref. 10.  A
vectors, vort
ced that the b
ns.  
s the compa
and the dir
fore decomp
igure 4(b) s
artial field o

ws that the 
sure spectrum

4(b) indicate
ured data for
e first partial
., see the 1st
e CAA pred
e relatively 
verlapping) w
ed with ran

ges, although
ulence noise
ctrum reason

(c) 

(f) 

locity vectors 
PM(72Hz), (d)
lence intensity 

J. Kim 

, and 
M (see 
blades 
All of 
ticity, 
blade 

arison 
rectly 
posed 
shows 
of the 
CAA 
m for 
s that 
r low 
l field 
t BPF 
dicted 
small 
when 
ndom 
h the 
e, the 
nably 

at 4.3 
) Fluid 
at 5.1 



Computati
and Compa

Noise-Con

 Figu
other thr
micropho
compared
compone
turbulenc
second B
predicted
 

(a)  Arra

(e)  Arra

Figure 4: 
pressure sp
measured s
36, (d) Fir
42, (f) Firs
44, and (h)
 

(a)  Arra

(e)  Arra

Figure 5: 
pressure sp
pressure an
partial fiel
partial fiel
First partia

 

onal Aeroacou
arison of Pred

n 2013, Denver

ures 4(c) to 
ree microph
one location
d with the 
ents at the h
ce noise erro
BPF compo
d results.  

ay microphone: #21 

ay microphone: #42 

Measured and
pectrum (i.e., t
sound pressure
st partial field 
st partial field 
) First partial fi

ay microphone: #21 

ay microphone: #42 

Measured and
pectrum (i.e., t
nd CAA predi
d and CAA pr
d and CAA pr

al field and CA

ustic Modeling 
icted and Expe

r, Colorado, Au

4(h) present
hones.  The
ns.  The low

first partia
high frequen
ors.  At som

onents show

(b) Arr

 
(f) Arr

 
d CAA predicte
total sound pre
e and CAA pre
and CAA pre
and CAA pred
ield and CAA p

(b) Arr

 
(f) Arra

 
d CAA predicte
total field) and
iction at micro
rediction at mi
rediction at mi

AA prediction a

of Open Fan 
erimental Noise

ugust 26-28, 20

t the similar
e 1st BPF c
w frequency
al sound pr
cies are also

me micropho
w, in particu

ray microphone: #21

ay microphone: #42

ed sound press
essure field) an
ediction at mic
diction at micr
diction at micr
prediction at m

ray microphone: #21

ay microphone: #42

ed sound press
d CAA predicti
ophone 21, (c)
icrophone 36, (
icrophone 42, 
at microphone 4

e Fields

013 

r comparison
components 
y componen
ressure fiel
o predicted 
one locations
ular, good a

(c) Ar

(g) Ar

sure spectra at 
nd CAA predi

crophone 21, (c
rophone 36, (e
rophone 42, (g

microphone 44.

(c) Ar

(g) Ar

ure spectra at 
ion at microph
) Total field an
(e) Total field 
(g) Total field
44. 

ns shown in 
are well p

nts are pred
ds.  The b
correctly alt
s, e.g., micr
agreements

rray microphone: #36

rray microphone: #44

4.3 kRPM (72
iction at micro
c) Total field a
e) Total field a
g) Total field a
. 

rray microphone: #36

rray microphone: #44

5.1 kRPM (86
hone 21, (b) Fi
and CAA pred

and CAA pre
d and CAA pre

S. Kim,

Figs. 4(a) a
predicted at 
dicted reason
broadband t
though there
rophones 36
between th

6 (d) A

4 (h) A

2 Hz): (a) Dire
ophone 21, (b) 
and CAA predi
and CAA predi
and CAA predi

6 (d) A

4 (h) A

6 Hz): (a) Dire
irst partial field
diction at micro
ediction at mic
ediction at mic

, Y. Niu, & Y.-J

and 4(b), wit
the all sel

nably well w
turbulence
e are the ran

6, 42, and 44
he measured

Array microphone: #3

Array microphone: #4

ctly measured 
First partial fi

iction at micro
iction at micro
iction at micro

Array microphone: #3

Array microphone: #4

ctly measured 
d of measured 
ophone 36, (d
rophone 42, (f

crophone 44, a

J. Kim 

th the 
lected 
when 
noise 
ndom 
4, the 
d and 

36 

44 

sound 
field of 
ophone 
ophone 
ophone 

36 

44 

sound 
sound 
) First 
f) First 
and (h)



Computati
and Compa

Noise-Con

 
 At t
well with
frequency
correctly
than thos
 Sinc
locations
Hz are pl
kRPM, r
significan
predicted
blade tip
between 
close to t
the noise
 

 

Figure 6: 
field of me

 

Figure 7: 
field of me

  

onal Aeroacou
arison of Pred

n 2013, Denver

the fan speed
h the measu
y, 1st and 2

y.  The sound
se at 4.3 kRP
ce the 1st B
s, the measu
lotted on the
respectively
nt noise rad
d sound pre
p locations. 
the measure
the edges of

e radiations c

(a) 

Sound pressur
easured sound p

(a) 

Sound pressur
easured sound p

ustic Modeling 
icted and Expe

r, Colorado, Au

d of 5.1 kRP
ured results a
2nd BPFs, 
d pressures i
PM due to in
BPF compon
red and pred

e measureme
.  Both the

diations from
ssure fields 
 The predic

ements and p
f the plots.  I
can be mode

re fields on me
pressure, (b) C

re fields on me
pressure, (b) C

of Open Fan 
erimental Noise

ugust 26-28, 20

PM, Figs. 5(
at the 4 mic
and broadba
n Fig. 5 at 5

ncreased vort
nents have th
dicted sound
ent surface in
e measured 
m blade tips

match well
ction errors 
predictions o
In the previo
led by comb

easurement sur
CAA predicted 

easurement sur
CAA predicted 

e Fields

013 

a) to 5(h) sh
crophone loc
and turbulen
5.1 kRPM ha
ticity and tur
he most dom
d pressure fi
n Figs. 6 and

and CAA 
s (see Figs. 
l with the m
in Figs. 6(c

on the measu
ous article10

bining monop

(b) 

face at 1st BPF
sound pressure

(b) 

face at 1st BPF
sound pressure

how that the 
cations as d
nce noise co
ave the high
rbulence inte
minant ampl
ields at the 
d 7 for the fa
predicted s
6(a), 6(b), 

measurement
c) and 7(c) 

urement surfa
on NAH me
poles placed

F of 288Hz (4.
e, and (c) predi

F of 344Hz (5.
e, and (c) predi

S. Kim,

CAA-predic
described in 
omponents 
er sound pre
ensity magn
litudes at th
1st BPFs of 

fan speed cas
sound press
7(a), and 7

t results, pa
verify the g

face, except a
easurements
d at the blade

(

3kRPM, 72Hz
iction error. 

(

1kRPM, 86Hz
iction error. 

, Y. Niu, & Y.-J

cted results 
Fig. 2.  The
are all pred

essure ampli
nitudes.  
e all microp

f 288 Hz and
ses of 4.3 an
sure fields 
7(b)).  The 
articularly, a
good agreem
at a few loca
s, it is shown
e tips. 

(c) 

z) [dB]: (a) 1st

(c) 

z) [dB]: (a) 1st

J. Kim 

agree 
e low 
dicted 
itudes 

phone 
d 344 
nd 5.1 
show 
CAA 

at the 
ments 
ations 
n that 

partial 

partial 



Computational Aeroacoustic Modeling of Open Fan  
and Comparison of Predicted and Experimental Noise Fields S. Kim, Y. Niu, & Y.-J. Kim 

Noise-Con 2013, Denver, Colorado, August 26-28, 2013 

5. CONCLUSIONS 
In this research, the CFD and CAA analyses were performed to predict the sound pressure fields 
generated by the test fan at the speeds of 4.3 and 5.1 kRPM and the predicted sound pressure 
fields are then compared with the experimental results.  
 The 3-D fluid volume model enclosing the test fan is first created in ANSYS Gambit, and 
the unstructured “tetra” volume meshes are generated for the CFD and CAA analyses in ANSYS 
Fluent.  Based on the FW-H aeroacoustic analogy, the solid fan is enclosed by a cylindrical 
permeable control surface that is placed in the large volume simulating free-field conditions.  
The permeable control surface is used as the acoustic source surface on which sound source data 
are saved from the transient CFD computations.  The saved acoustic source data are then used to 
calculate the sound pressures at the given microphone positions.  
 The first partial fields of the measured sound pressure spectra show good agreements with 
the predicted ones at the BPFs and low frequencies, while the directly measured sound pressure 
spectra show acceptable agreements at the BPFs and high frequencies.  At the first BPFs of the 
two fan speeds, the CAA predicted sound pressure fields match well with the measured ones on 
the measurement surface, particularly, at the blade tip locations.  Therefore, it is concluded that 
the FW-H analogy-based aeroacoustic model can be used to successfully predict the sound 
pressure fields generated by the open axial fan.  
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