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Computation of rotating blade noise
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Abstract: Noise radiating from rotating blades surrounded by a centrifugal volute is calculated
combining a hybrid computational aeroacoustic method with the thin-body boundary element
method (BEM), which considers the scattering effect of the volute to noise propagation. First,
unsteady viscous flow in the centrifugal fan is simulated to obtain the noise sources information
on the blades, and then the radiated noise in free field is computed using the Ffowcs Williams
and Hawkings equation in the frequency domain. Lastly, the thin-body BEM is adopted to predict
scattering effect of the volute. Good agreement between the numerical result and the exact
solution of the plane wave scattered by a rigid flat plate validates the developed computational
code. And the numerical result for blades noise shows that the scattering of the volute not only
changes the directivity pattern of blades noise but also enhances the sound pressure level at the
outlet of the volute.

Keywords: noise, scattering, centrifugal fan, blade, boundary element method

1 INTRODUCTION

Rotating blade is an essential component for many
fluid machines, such as fans, pumps, compressors,
and so on. Usually it not only transfers energy from
drivers to the fluid, but also generates the aerodynamic
noise.

The hybrid approach is the most widely used
method to predict the aerodynamic noise of blades.
In this approach, the unsteady flow is simulated to
obtain the noise source information, and then the
acoustic analogy or theory of vortex sound is used
to predict the aerodynamic noise. Many investiga-
tors have used this approach to compute the noise of
blades of fans. For example Lu et al. [1] and Maaloum
et al. [2] numerically predicted the noise radiated
from axial fan blades. Cho and Moon [3] and Moon
et al. [4] calculated the aerodynamic noise generated
from cross-flow fan blades using the Ffowcs Williams
and Hawkings (FW–H) equation. As concerns centrifu-
gal fans, many research groups have studied the tonal
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noise of impeller blades, such as Suaráz et al. [5, 6], Qi
et al. [7, 8], Bakir et al. [9, 10], and so on. All the above
works have contributed to a deeper understanding of
the aerodynamic noise generation mechanism of cen-
trifugal fans. Also, all of them computed the blades
noise using the Green function in free space, which
implied that the scattering effect of the volute to noise
propagation was neglected.

However, as the centrifugal fan is usually sur-
rounded by a volute, the noise of blades does not
radiate in free space, but scatters and diffracts on
the wall of volute and impeller blades, as shown in
Fig. 1. Early in the last century, experimental result of
Moreland [11] has shown that the sound power spec-
trum was enhanced at various frequencies owing to
the acoustic resonance in the volute. But to the best
of authors’ knowledge, few researchers have numer-
ically studied the scattering effect of the volute to
noise generated from the centrifugal blades, except
Langthjem and Olhoff [12], who predicted the aerody-
namic noise generated from a two-dimensional (2D)
centrifugal pump impeller using the conventional
boundary element method (BEM). The conventional
BEM is usually used to analyse the sound radiation and
scattering problem, but it requires the structure to be
closed or to be a thick body, and if it is used to pre-
dict the noise of thin-body structure, such as volute,
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Fig. 1 Schematic of gas flow and sound radiation in the
centrifugal fan

a thin-shape breakdown will occur [13]. In order to
apply the conventional BEM to predict the centrifu-
gal fan noise, Langthjem and Olhoff [12] constructed
an imaginary surface at the outlet of volute to form a
closed surface. But the flaws of this method are that
the imaginary surface should be discretized and its
acoustic impendence should be predefined with an
artificial error. A thin-body BEM proposed by Wu and
Wan [14], in which the discretization of the imaginary
surface is not needed, has been applied to analyse
the muffler performance [15] and sound propagation
over a thin barrier [16]. Cho and Lee [17] used this
method to calculate the sound radiation from a rotat-
ing dipole source in an opened thin duct, which could
be regarded as an essential axial-flow fan model. Mao
et al. [18] predicted the noise radiated from the volute
of centrifugal fan using this method.

In this article, the thin-body BEM is applied to
compute the noise radiated from the rotating blades,
which focus on the scattering effect of the volute
to noise propagation. For simplicity, a 2D model is
used to calculate the unsteady flow and aerodynamic
noise of the centrifugal fan, because the 2D aerody-
namic design approach is usually applied to design
the impeller blades and volute of centrifugal fans and
pumps [19, 20]. Clearly, the 2D model requires much
less computational cost than that required by the
three-dimensional (3D) model because of the reduc-
tion of computational domain, but all the actual flow
and sound phenomena are 3D, and the 2D model
could not capture all the flow and sound features.
However, in the design process of centrifugal fans, the
2D model is useful and could find the trends, so we
execute the numerical implementation using the 2D
model all the same. And, of course, the 3D model could
be developed using the similar method, and will be
discussed in further work.

In what follows, section 2 introduces the simulation
of the unsteady flow in the centrifugal fan in order

to obtain the noise source information. The acoustic
prediction is carried out in section 3, and section 4
gives some results and discussion. Conclusions are
drawn in section 5.

2 UNSTEADY FLOW SIMULATION

2.1 Numerical model

The numerical simulation is made on an industrial
centrifugal fan with 12 forward-curved blades rotating
at 1450 r/min. 2D incompressible unsteady Navier–
Stokes equations are solved using Fluent. Turbulence
is simulated with the standard k–ε model. The dis-
cretization scheme of the time-dependent term is
second of order, implicit. The pressure–velocity cou-
pling is calculated using the SIMPLE algorithm. A
second order, bounded central differencing scheme is
used for convection and diffusion terms. The multi-
domain structured meshes are generated to define the
flow in the 2D model, as shown in Fig. 2. Slip mesh
technique is used to transform the physical informa-
tion at the interface between the blades outlet and the
volute.

Time step length of the unsteady flow calculation
has been set to �t = 1.1494 × 10−4 s in order to obtain
enough temporal resolution for the dynamic analysis,
which corresponds to the time steps T = 360 dur-
ing one impeller revolution. The number of iterations
is adjusted to reduce the residual below an accept-
able value in each time step. In particular, the ratio
between the sum of the residuals and the sum of the
fluxes for a given variable in all the cells is reduced
to the value of 10−5. More detailed introductions on
the centrifugal fan and flow simulation are described
in reference [18]. The same numerical procedure to
compute the noise source has been adopted and vali-
dated by many previous researchers, such as Tajadura
et al. [6], Younsi et al. [9], Khelladi et al. [10], and
so on.

Fig. 2 Meshes of the 2D CFD model
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2.2 Computation of blades position and pressure

In order to save the computational cost, only the
original position Y 0 and unit normal vector (UNV) N 0

of the first blade are recorded in the simulation, and
the positionY (m, t) and UMV N (m, t) of the mth blade
at the tth time step are deduced as follows

Y (m, t) = Y 0 exp
[

2π(m − 1)i
Z

]
exp

[
2π(t − 1)i

T

]
(1)

N (m, t) = N 0 exp
[

2π(m − 1)i
Z

]
exp

[
2π(t − 1)i

T

]
(2)

where Z is the blades number, m = 1, 2, . . . , Z , and
t = 1, 2, . . . , T . Similarly, only the static pressure P0 on
the first blade surface for one impeller revolution is
recorded. The static pressure on the mth blade at the
tth time step P(m, t) is

P(m, t) = P0

{
mod

[
t + (m − 1)T

Z
, T

]}
(3)

It should be noted that if the mod{t +[(m−1)T /Z ], T }
is equal to zero, P(m, t) should be P0(T ). The equa-
tions (1) to (3) are valid based on the following
assumptions.

1. The blades are distributed circumferentially with
even cascade spacing.

2. The pressure fluctuation on the blades is periodic,
and the pressure values on different blades are
nearly the same at a specific radial distance, when
the circumferential angles of the blades are the
same.

3 AERODYNAMIC NOISE PREDICTION

3.1 Free field of blades noise

The FW–H equation [21] is usually used to predict
the noise generated by turbulent in the presence of
arbitrarily moving bodies. The solution to the FW–H
equation requires two surfaces and a volume integral.
But for the low Mach flow, such as flow in the cen-
trifugal fan, the noise is usually predominated by the
dipole source [22, 23]. In this article, we just consider
the noise generated from the unsteady aerodynamic
force on the blades.

The Dirac function in 3D Green function leads to a
retarded time expression removing the temporal inte-
gration, while the Heaviside function in 2D Green
function can only change the upper limit of the tem-
poral integration to a finite value; the lower limit
remains infinite. For 2D problems, it is more conve-
nient to resolve the FW–H equation in the frequency
domain [24, 25]. The sound pressure �I(x, ω) and its

normal derivative ∂�I(x, ω)/∂n(x) are

�I(x, ω) =
∫

�

∫
τ

P[y(τ ), τ ]∂G[x, y(τ ), ω]
∂n[y(τ )] eiωτ dτ d�

(4)

∂�I(x, ω)

∂n(x)
=

∫
�

∫
τ

P[y(τ ), τ ]∂
2G[x, y(τ ), ω]

∂n(x)∂n[y(τ )] eiωτ dτ d�

(5)

where y(τ ) is the moving source position at time τ , � is
the source surface, n[y(τ )] is the UNV of the source sur-
face, and P[y(τ ), τ ] is the static pressure on the source
surface. The Green function in 2D free field is

G(x, y, ω) = i
4

H (1)

0 [kr(τ )] (6)

where H (n)
m is the Hankel function of the mth kind

and nth order, k is the wavenumber, and the distance
between the source and observer is

r(τ ) = |x − y(τ )| (7)

The numerical implementation of equations (4)
and (5) is carried out using the Gauss–Legendre
quadrature [26] combining with the fast Fourier trans-
form.

3.2 Thin-body boundary element method

Consider the scattering of sound waves by the volute,
and assume the volute is acoustically rigid. The total
acoustic pressure is obtained as the sum of incident
and scattered acoustic pressure

�(x, ω) = �I(x, ω) +
∫

S

∂G( x, y, ω)

∂n( y)

× [�+( y, ω) − �−( y, ω)] dS( y), x /∈ S
(8)

When the observer locates on the smooth surface of
the volute S, the following is obtained

1
2
[�+(x, ω) + �−(x, ω)]

= �I(x, ω) +
∫

S

∂G(x, y, ω)

∂n( y)

× [�+( y, ω) − �−( y, ω)] dS( y), x ∈ S (9)

where �+( y, ω) and �−( y, ω) are the acoustic pres-
sure on the inner and outer surfaces, respectively.
Equation (9) is not sufficient to define the boundary
integral representation for the two unknowns �+(x, ω)

and �−(x, ω). Differentiating equation (9) with respect

JPE794 Proc. IMechE Vol. 223 Part A: J. Power and Energy



968 Y Mao and D Qi

to the UNV n(x) yields

0 = ∂�I(x, ω)

∂n(x)
−

∫
S

∂2G(x, y, ω)

∂n( y)∂n(x)

× [�+( y, ω) − �−( y, ω)] dS( y), x ∈ S (10)

where �I(x, ω) and ∂�I(x, ω)/∂n(x) are computed from
equations (4) and (5), and

∂G(x, y, ω)

∂n[y(τ )] = ik
4

H (1)

1 [kr(τ )]
r(τ )

[x − y(τ )] n[y(τ )] (11)

∂2G(x, y, ω)

∂n(x)∂n[y(τ )] =
{

ik2H (1)

0 [kr(τ )]
4

− ikH(1)

1 [kr(τ )]
2r(τ )

}

× r n(x)

r
r n(y(τ ))

r

+ ik
4r(τ )

H (1)

1 [kr(τ )] n(x) n[y(τ )]
(12)

The integral equations (8) to (10) are solved numer-
ically using the isoparametric BEM. The numerical
formulae of equations (9) and (10) can be written in
matrix form as

[1
2
δmn − Hmn

1
2
δmn + Hmn

−Kmn Kmn

] {
�+

�−

}
=

⎧⎨
⎩

�I (xm, ω)

∂�I (xm, ω)

∂n(xm)

⎫⎬
⎭

(13)

where δmn is the Dirac function and

Hmn = ikSn

8

∫ 1

−1
cos αH (1)

1 (kr) dξ (14)

Kmn = ikSn

8

∫ 1

−1

{
cos α cos δ

[
kH (1)

0 (kr) − 2H (1)

1 (kr)
r

]

− cos β
H (1)

1 (kr)
r

}
dξ (15)

cos α = r n(y)

r
(16)

cos δ = r n(x)

r
(17)

cos β = n(x) n(y) (18)

Sn is the length of the nth discrete element on the wall
of the volute. For equations (14) and (15), singular inte-
grals appear when the source and observer belong to
the same element, and the integrals can be evaluated
as follows [27]

Hmm = 0 (19)

Kmm = − ik
2

H (1)

1

(
kSm

2

)
+ ik2

4

[
H (1)

0

(
1
2

kSm

)
Sm

+ kS2
m

4

∫ 1

−1
H (1)

1

(
1
2

kSm|ξ |
)

|ξ | dξ

]
(20)

Equation (20) can be numerically solved using the
Gauss–Legendre quadrature. When the source and
observer do not belong to the same element, the regu-
lar integrals of equations (14) and (15) are also solved
using the Gauss–Legendre quadrature.

3.3 Numerical validation

In order to validate the developed computational code,
we consider an acoustically rigid flat plate of width 2d
as shown in Fig. 3. The boundary coordinates of the
plate are

−d � x � d, y = 0 (21)

The incident plane wave travels in the direction of the
negative y-axis, and the sound pressure is given by

�I(x, ω) = e−iky (22)

And the exact solution of the total acoustic pressure
on the flat plate is [28]

�(x, ω) = (8π)1/2
∞∑

n=0

(−1)n

×
[

i
Se2n(υ, 0)Se2n(υ, η)

N (e)

2n (∂/∂u)Re(3)

2n (υ, cosh u)|u=0

+ So2n+1(υ, 0)So2n+1(υ, η)

N (o)

2n+1(∂/∂u)Ro(3)

2n+1(υ, cosh u)|u=0

]

(23)

where

υ = kd, η = cos υ, 0 � υ < 2π (24)

Se and So are the Mathieu even and odd angular func-
tions, respectively, Re(3) and Ro(3) are the Mathieu even
and odd radial functions of the third kind, respec-
tively, and N (e)

i and N (o)

i are defined by the following
orthogonal relations

∫ 2π

0
Sem(υ, cos υ)Sen(υ, cos υ) dυ =

{
0 m �= n

N (e)
m m = n

(25)
∫ 2π

0
Som(υ, cos υ)Son(υ, cos υ) dυ =

{
0 m �= n

N (o)
m m = n

(26)

Fig. 3 Plane wave scattered by a rigid flat plate
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Fig. 4 Comparison of the sound pressure on the plate between the numerical result and the exact
solution: (a) not using QPT and (b) using QPT

∫ 2π

0
Sem(υ, cos υ)Son(υ, cos υ) dυ = 0 (27)

The flat plate is discretized with 100 isoparametric
boundary elements, and Fig. 4(a) shows the numer-
ical result and exact solution for the case of k = 5
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Fig. 5 Time histories of the pressure fluctuation on the
neighbouring blades

and d = 1 m. At the most positions on the plate, a
good agreement between numerical result and exact
solution has been obtained, but the discrepancy
appears at the edges of the plate, due to the effect
of knife-edge diffraction [29]. In order to capture this
phenomenon, the quarter point technique (QPT) pro-
posed by Wu and Wan [14] is adopted, and Fig. 4(b)
shows that there is much less computational error at
the edge of the plate using QPT.

4 RESULTS AND DISCUSSION

Figure 5 plots the time histories of the pressure fluctu-
ation for two points during one impeller revolution,
where the points locate on the neighbouring rotat-
ing blades and have the same radial coordinates.
Because both the time histories nearly have the same
shapes with a phase difference, we can deduce that the
assumption in section 2 is reasonable.

In the present article, we just focus on the tonal noise
of the centrifugal fan. And the blade passing frequency
(BPF) of the centrifugal fan is

BPF = nZ
60

= 290 Hz (28)
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Fig. 6 Amplitude of pressure fluctuation on pressure surface and suction surface: (a) BPF and
(b) 2BPF
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Fig. 7 Noise directivity pattern at the BPF: (a) free field; (b) scattering field; and (c) total field
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Fig. 8 Noise directivity pattern at the 2BPF: (a) free field; (b) scattering field; and (c) total field

where n is the rotational speed of the blades. Figure 6
shows the amplitudes of pressure fluctuation on the
blade surface at the BPF and 2BPF. The amplitude of
the pressure fluctuations at the BPF is much stronger
than that at the 2BPF. Seen from Fig. 6(a), the pressure
fluctuation near the leading edge nearly has the same
amplitude, but an evident pressure difference exists in
the vicinity of the trailing edge; hence the noise of the
blades is mainly contributed from the sources in the
vicinity of the trailing edge.

Acoustic pressure in frequency domain is com-
puted by combing the FW–H equation and the thin-
body BEM, and the sound pressure level (SPL) at the
observer (R, θ), as shown in Fig. 1, is given by

SPL = 20 log10

[
�(x, ω)

pref

]
(29)

where pref (= 2 × 10−5 Pa) is the reference pressure.
For the case of R = 3 m, the noise directivity pat-

terns at the BPF and 2BPF are shown in Figs 7 and 8,
respectively. From these figures, we can see that the
directivity patterns of the blades noise in free field give
the well-known figure of eight-shaped feature, but the
scattering of the volute not only changes the direction
of noise propagation, but also enhances the SPL at the
outlet of the volute. The same conclusion has been
drawn from the experimental result of Moreland [11].

A detailed experimental study on this centrifugal fan
has also been carried out [30]. The numerical SPLs at

1 m apart from the outlet of the volute are compared
with the experimental data with regard to the BPF and
its second harmonic component as shown in Fig. 9.
Measurements are the combination of the following
five aspects:

(a) noise of the blades scattered by the centrifugal
volute;

(b) volute noise scattered by the non-compact cen-
trifugal volute;

(c) volute noise scattered by the blades;
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Fig. 9 Comparison of numerical and experimental SPLs
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(d) noise of blades scattered by the non-compact
blades;

(e) noise radiating from the driven motor.

The present article is focused on the first one, so
comparisons of numerical and experimental data are
not determinant.

5 CONCLUSIONS

This article presents a numerical method for predict-
ing the rotating blades noise scattered by the volute.
To obtain the aerodynamic noise source on the blades,
the unsteady viscous flow in the centrifugal fan is sim-
ulated, and the FW–H equation and thin-body BEM
are used to predict the noise of the blades scattered by
the volute wall.

The numerical result has shown that the scattering
of the volute not only changes the direction of noise
propagation, but also enhances the SPL at the outlet
of the volute. The developed numerical code has been
validated by comparison of the numerical result and
the exact solution of a simple scattering problem.

It should be noted that the present work has pre-
dicted the noise of the blades scattered by the centrifu-
gal volute, but ignored the scattering effect of rotating
blades. Hence, the computation of the noise of the fan
scattered by the rotating blades should be carried out
in the next work.
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