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Abstract: Due to the fact that the noise caused by axial fan blades of vehicles is large, which seriously
affects ride comfort, and there is no effective mathematical model to quantitatively study the contribu-
tion of the various parameters of the blades to the noise, a new method for calculating the load force
of the blades is proposed. This method obtains the constant load force of the blade according to the
blade element momentum theory and the characteristics of the blade structure of the axial fan for a
vehicle. At the same time, this method obtains the non-constant load force of the blade by combining
the non-constant thin-wing theory and experimental data and then vectors the constant load force
and the non-constant load force to obtain the total load force of the blade to build a mathematical
model of the relationship between the noise of the fan and the parameters of the blade. According to
the model, the total sound pressure level of a fan is calculated numerically and further compared
with the FLUENT software simulation and experimental results. The results show that the error of the
total sound pressure level calculated by the numerical value is within 3 dB(A). This method provides
an important basis for the study of a high-accuracy noise mathematical model and the optimization
of blade parameters of low Mach-number fans.

Keywords: automotive axial fan; blade element momentum theory; loading force; unsteady thin-
wing theory; mathematical model of noise

1. Introduction

Vehicle axial cooling fans are frequently used to provide enough air through heat
exchangers (radiators) to control engine temperature even at low vehicle speeds or in
idle conditions [1]. As the core part of the cooling system, the operating noise of the fan
greatly affects the ride comfort of the vehicle. Modern vehicles generally use axial flow
cooling fans, and the fan noise includes aerodynamic noise, pipe radiation noise, and motor
and casing noise, and among these types of noise, aerodynamic noise is the loudest [2].
Aerodynamic noise is generated by the noise caused by flow [3] and consists mainly of two
parts, namely broadband noise and discrete noise. Existing studies have shown that the
sound pressure pulsations generated by the periodic impacting of the blade wake flow on
downstream objects are superimposed on the fundamental and harmonic frequencies of
the blade pulsations, so that the sound pressure level of discrete noise is much higher than
that of broadband noise [4].

In order to calculate the aerodynamic noise of the fan, the load noise of the fan must
be calculated [5]. The load noise is related to the load force on the surface of the fan
blade. For the determination of the load force of wind turbine blades, many scholars
have conducted research. Under the conditions of a low Mach number, the noise of the
rotary airfoil blade is mainly dipole noise, that is, load noise that is related to the load
force on the surface of fan blades [6]. Sun [7] pointed out that the aerodynamic noise of
the rotating blade is mainly generated by the pulsating pressure distributed on both sides

Appl. Sci. 2022, 12, 7326. https:/ /doi.org/10.3390/app12147326

https://www.mdpi.com/journal/applsci


https://doi.org/10.3390/app12147326
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://doi.org/10.3390/app12147326
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app12147326?type=check_update&version=2

Appl. Sci. 2022,12, 7326

20f19

of the blade. Zuo [8] used a 3D CFD model to simulate and analyze the internal flow
field of a vortex fan, obtained the pressure pulsation information on the blade surface,
used the pressure flow field of the blade surface as the aerodynamic sound source, and
calculated the far field aerodynamic noise generated by the blade by solving the FW-H
equation. The calculation results showed that the aerodynamic noise of the blade thickness
was from 1 mm to 4 mm in the thin-wing range and its aerodynamic noise was dominant
compared with the structured noise and remained basically unchanged. The constant load
force of the blade can be obtained by the blade element momentum (BEM) theory through
which the blade can be divided into many small units and the constant load force of each
unit can be related to parameters such as inflow velocity, chord length, and installation
angle through the momentum so as to facilitate the calculation of far-field noise using the
FW-H equation [9]. Zeng [10] used BEM theory to solve the relative inflow velocity and
inflow angle of attack of each blade element in a blade wind turbine, and each position
corresponded to different airfoil parameters such as velocity, angle of attack, and chord
length, which are necessary input parameters for airfoil noise calculation. Zheng [11]
obtained the lift and resistance characteristic data of an automotive axial flow fan using
the table lookup method from the inflow speed to obtain the constant load force. Based on
BEM theory, Qian [12] used the lift and resistance characteristic data of a wind turbine, as
well as the constant aerodynamic load force, including chord length and installation angle,
which was obtained from the inflow velocity, and then the FW-H equation was used to
establish a prediction model of the rotating blade noise of a wind turbine. Liu [13] pointed
out that axial fan blades need to withstand complex aerodynamic loads in addition to
constant forces but did not give a clear expression. The influencing factors of low-pressure
axial flow fan noise are mainly divided into three aspects: thickness noise, constant-force
noise, and non-constant-force noise; The aerodynamic force on the blade surface is highly
unsteady and the uneven inlet interacts with the impeller producing a strong unsteady
pulsation on the blade surface, thereby radiating noise, and the non-constant-force noise
is the main discrete noise source of a low-pressure axial flow fan [14]. The experimental
study in [15] shows that the influence of the Reynolds number (Re for short) on acoustic
radiation is implicit in the unsteady force and that discrete sound plays a dominant role in
the non-self-mode region with a low Re number, whereas the automotive axial flow fan is
in the low Re number non-self-mode region. Due to the complexity of the load force on the
fan blade, none of the above studies have obtained an accurate load force.

In this paper, a new method based on previous studies is proposed and successfully
applied to the axial flow fan of a vehicle. First, the relationships between the lift, resistance
characteristics, and the angle of attack are established according to the BEM theory and the
characteristics of the axial flow fan blades of the vehicle, and the constant force is obtained.
Then, the relationship between unsteady lift and velocity using the unsteady thin-wing
theory is established and the non-constant force is obtained. The constant and non-constant
forces of each microelement are obtained using vector superposition to obtain the total
load force. This method provides an important basis for the study of a high-precision noise
mathematical model of a low Mach-number fan.

2. Establishment of Axial Fan Blade Loading Force

In order to calculate the noise of the fan, the loading noise of the fan must be calculated.
The loading noise is related to the loading force on the fan blade surface. Blade surface
loading force is usually divided into steady force and unsteady force, which can be obtained
using the N-S equation. The N-S equation is a nonlinear implicit equation and the relation-
ship between the loading force and the fan blade structure and aerodynamic performance
parameters cannot be obtained. In this paper, the relationship between the steady loading
force and fan inlet velocity, installation angle, and other parameters is established based
on the BEM theory. Based on the unsteady thin-wing theory and experimental data, the
relationship between the unsteady loading force, pulsation velocity, and inflow angle is
established. Then, the relationship between the unsteady loading force, inflow velocity of
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the fan, and blade installation angle is established. The relationship between the loading
force and blade chord length is established using the theory of blade chord load distribution
and the complete loading force model of the blade is obtained.

2.1. BEM Theory

Blade element theory assumes that the blade can be divided into many elements along
the radius direction and each element is relatively independent of the other, which can
be regarded as a two-dimensional model. In this way, the aerodynamic force on each
element is calculated based on the local flow conditions. Then, the aerodynamic force
on each element along the radius direction is integrated and the total aerodynamic force
is calculated. The momentum theory assumes that the pressure or momentum loss on
the rotor plane is caused by the flow through the blade element. Each blade element
segment connects tangential velocity with tangential force through the conservation of the
circumferential moment of momentum and connects axial velocity with axial force using
the momentum theorem. The combination of the blade element theory and momentum
theory embodies the BEM theory.

According to the classical blade element theory, the flow tube section is discretized
into several annular elements with a height of dr. For ring elements, the assumptions are
as follows: (1) The radial properties of ring elements are independent; and (2) In each ring
element, the force exerted by the blade on the flow is constant. In view of this, in a flow
tube with radius r and width dr, the mass flow rate of air is

dm = pvdA = 2mpordr 1)
The pull force dT on the control body is
dT = (v; — vo)dm = 4mpvrdr )

In the cooling fan, the motor drives the blade to rotate and accelerate the air and the
moment of air on the blade is the resistance moment. Using the moment of momentum
theorem, the torque dM in the dr flow tube can be written as

dM = (wyr — wor)rdm = 47Tpvwfr3dr ©)]

In the formula, wy is the circumferential induced angular velocity of the fan blade
rotation plane.

2.2. Steady Force

Figure 1 shows the force diagram at a certain section of the fan blade element. It
can be seen in Figure 1 that 6 is the installation angle of the blade element and « and ¢
are the airfoil attack angle and the inlet angle, respectively. In the blade element (airfoil)
rotation plane, the relationship between relative velocity v,;, axial-induced velocity v of
air, annular-induced angular velocity wy, blade rotation angular velocity wpay, and the
inlet angle ¢ is

_ 2 — g 4
Urel v +-(u¢AN’ (Uf> r 4)
0

(wFAN —wf)r (5)

tang =

The blade installation angle is
0=9¢p+a (6)

where « is the attack angle.
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Figure 1. Force of fan blade element.

The lift force L and resistance D are constant forces and the lift force L and resistance
D per unit length are, respectively,

1

L= EpvfelchCL @)
1

D= Epvfe,chCD (8)

where cj, is the chord length of the airfoil, C; is the lift coefficient, and Cp is the
resistance coefficient.

Based on the LS blade profile lift resistance coefficient and the blade profile size
of existing automotive fans, the relationships between the lift coefficient C;, resistance
coefficient Cp, and attack angle are as follows:

Cr =05+0.08 (0 —4) )

B 0.5+ 0.08 * (x — 4) (10)
© —0.116071a4 + 0.407738a3 + 0.5625a2 + 14.592262 + 14.553571

Since only the vertical and tangential forces in the blade rotation plane are focused on,
the lift force and resistance are projected in these directions, as shown in Figure 1.

Cp

Fn = Lcosg — Dsing (11)

Fr = Lsing + Dcosg (12)
According to Equations (2), (3), (11), and (12) and combined with momentum theory,

the following equations can be obtained:

2

87v?r = Bey,v%,(Crecosg — Cpsing) (13)

87'wwfr2 = Beyv?,(Crsing + Cpcosg) (14)

The limitation of the BEM theory is that it does not consider the influence of tip
vortices. At present, the Blount tip loss model is widely used to modify blade tip loss based
on the BEM theory. In this model, the blade tip loss factor Lf is used to modify the induced
velocity field, as shown in Equation (15) [12]:

Cg = %arccos (e_f“’) (15)

_— B R-r
where f, = j(mmp .

Then, Equations (13) and (14) are, respectively, expressed as

80’ rCp = Bchvfgl(CLcosqo — Cpsineg) (16)

87'cva;fr2CP = Bey,v%, (Crsing + Cpcose) (17)
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Based on the condition that the installation angle 6 and chord length cj, are known,
the axial-induced velocity v, annular-induced angular velocity wy, and « of air can be
calculated by combining Equations (16) and (17), thus the steady force Fy and Fr can
be obtained.

2.3. Unsteady Forces

Since the unsteady force is caused by the velocity pulsation near the blade surface, it
is assumed that the average flow through the wing is a constant U, and the disturbance
velocity is a small quantity U’ = [U], U}, U}], so it can be obtained by ignoring the square
term of a small quantity:

— dCp oCy, — aCc  uf oaCL Uy
~ B —— _ = — £ = _ 9 1
CL~CLt 80406+ 877 Gt ox U, oy U, (18)
— 9Cp U, oCp U}
Cp~Cp+ 22 9Cp L (19)

ox U, oy u,

where C; and Cp are the time-averaged lift and resistance coefficients, respectively. The
slopes of lift and resistance are taken as constants. According to Equations (7) and (8), the
perturbation lift per unit length along the blade height is L’ = L — L and the resistance is
D' = D — D, respectively.

1 oCr oCr. _

L' = Epchu,(ﬁuﬁWuﬁzqu{) (20)
1 9Cp aCp _

D' = Epchu,(ﬁuﬁWuﬁzc,;u{) (21)

As the resistance coefficient Cp is much smaller than the lift coefficient C; under
the thin wing, the pulsating resistance D’ is much smaller than the pulsating lift force L’
and can be ignored. The slope of the theoretical lift line aa% for a two-dimensional thin
wing with a low attack angle « is equal to 27r. Because of a two-dimensional inlet wind
u' = [U;, Uj, 0], the disturbance lift formed is therefore given as

L/

— = ot Uy + 2pmally (22)
h

where the second term can be ignored compared with the first term when the attack angle

« is small. So, there is
!

L
— = pnl,Uj (23)
Ch

where the lift disturbance acting on such a blade is only caused by the attack angle dis-
turbance caused by the change in velocity Uj. The magnitude of U} is denoted by. The
magnitude of v is denoted by v4. The relationship between U} , and v, is as follows [16]:

Ub, = 0.04v4 (24)

where, A represents the amplitude.
The Sears function is used to calculate the blade pulsating lift force per unit length
(along the radius direction) [17]:

fu = —meppU, Uy 4cospe™ MEANTS (0, M) (25)
where 7 represents the n order harmonic wave and the pulse dynamic amplitude is

fua = —rcppU Ub 4c089Sc (07, M) (26)
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where the equivalent frequency o, is

_ NWrANCh
On = 2U, (27)
Equation (25) shows that the lift force acting on the blade is a periodic function of time,
the fundamental frequency corresponds to the blade speed, and the # order harmonic only
depends on the n order spatial harmonic component of the incoming flow disturbance field.

s(on/ B2 M2, . [ M2, Honf(Mr)
(o, wy) = B g (M) g (M5 28)
Pr B B
. 2 67"”’1//5%[17z(1+zZ¢27n//sZ)] 5
where s represents the Sears function. S((Tn / ,3r> = NITETyT , Br = /1— M2,
M, = %,I (My) = (1—B;) In M, + B+ In(1 4 Br) —In2, Jy and J; is the Bezier function.

According to the Fourier transform, the amplitude coefficient of all harmonics is the
amplitude relationship between the n order harmonics and the n — 1 order harmonics
(n — 1)/n. It can be seen that the order is higher and the amplitude is accordingly lower. In
this paper, the unsteady force L is calculated and analyzed mainly from the first six-order
unsteady force causing the blade pulsation noise.

6
Lp = Z fn (29)
n=1

2.4. The Loading Force Varies with the Chord Length of the Blade

From the above-steady and unsteady forces, the blade loading force F, can be obtained
by vector superposition, which is the load force distribution along the radius direction.
Based on the above, the distribution of the loading force along the chord length is studied.
In order to reduce the calculation time, the influence of the airfoil thickness is ignored,
the upper and lower surface elements are synthesized into a single element, and the
pressure value is adopted by the pressure difference between the upper and lower surface
elements [18]. For the inclined parabolic load, the fan’s circumferential load distribution is
shown in Figure 2 in the blade coordinate system. Here, 6* represents the azimuth in the
blade coordinate system and b is the chord length of the blade element at 7.

/”‘“‘“‘\\ A

1.5F//b

7/77\7 . . | \

b3r 2b/3r

i
\
A
A

Figure 2. Inclined parabolic loading force distribution.

According to the literature [7], the actual distribution of the chord load of the blade
element is closest to the assumption of the inclined parabolic shape, so in the numerical cal-
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culation of loading noise in this paper, the load of the inclined parabolic shape distribution
is selected to calculate the chord distribution of the aerodynamic load on the blade element.
The load distribution function is

1.5F, L 35F 2 [ x *
=t — = (0%)°, =22 < 0F <0
IWF{b (O, <o <

1.5F, 135F 2b
i (9*) 0<o*r <%

(30)

where [ is the blade loading force.

3. Noise Model of Automotive Axial Fan

Based on the steady and unsteady loading forces on the blade surface of the axial fan
combined with the FW-H equation, the noise mathematical model including the parameters
of the automotive axial fan is established, and then the time—-domain solution of the noise
model is obtained through the coordinate transformation and delay equation.

3.1. Establishment of Fan Mathematical Model Noise

The FW-H equation is the basic equation of aeroacoustics. Assuming that the control
surface f(x;, t) = 0 is the fan blade surface, the most commonly used form of the FW-H
equation can be obtained:

10> & 3[povnd d[Fo O*[T;iH
12PNy deedn] AR PIEGL
c? ot 0x; ot ox; 0x;0x;
In the formula, 5 % - 8—2 is the operator for volatility, p(x;, t) represents the sound
pressure value of the observation point at time ¢, v,, = — % represents the outside normal
vector of the control surface velocity, F; = —Pi]-'n jis the blade surface load component, and

the far right term represents the thickness sound source, load sound source, and quadrupole
sound source, respectively. Tj; = pu;u; — Pjj — o’ d;j is the Lighthill stress tensor. p and
Dj; are the density and stress tensors, respectively. J;; is Kronecker symbol; subscript
0 represents undisturbed quantity; the apostrophe denotes perturbations; #n represents the
projection of control surface normal; H(f) is the Heaviside function; and J(f) represents
Dirac and satisfies

9H(f)

HUP) = {20 0(0) = x = 5

The automotive axial fan is at low speed and subsonic flow, so the quadrupole noise
can be ignored. Assuming that the volume density is constant, the non-equilibrium mass
flow into the fluid is equivalent to a monopole, which can be ignored. In this case, the
FW-H equation can be expressed as

<1 92 92 >P(x1’/ b= A[povnd(f)] _ d[Fi6(f)] (33)

2 a2 ar o,

(32)

It is assumed that the fan blades are in constant motion. In fan blade noise calculated
by the application of delay time, the integrand function of each sound source on the blade
surface f = 0 is adopted using the appropriate value corresponding to the respective delay
time T, namely the acoustic pressure p(x, t), the sound blade surface microelements in their
respective corresponding delay time T emissions, and the sum of the acoustic signals of the
same receiving points in X.

According to FW-H Equation (33), the time-domain calculation formula of noise is
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) poVa (rMifi+coMr—coM?) 4 i, d 1, LM | g
p(x t) Tff 0 r2(1—Mr)3 S+47‘(c0 ff 0 r(1— M) S+4nff 0 2(1— Mr) s+
ret ret ret (34)
1 Iy (l’MﬂA’,‘JrCOMy*CQM )
Jr ds
4mey Jf=0 ,z(ler)3
ret

In the formula, the first term is the thickness noise, the second, third, and fourth
terms are the load noise, and “ret” stands for the delay time. py is the air density, and cy
is the sound velocity. V; is the velocity component of the particle velocity fixed on the
surface along the x; axis and the subscript i represents the component along the x; axis.
Vi = Vin; is the normal velocity of the moving elements along the physical plane and n; is

the normal vector of the elements. Vn is the derivative of the normal velocity of the moving
elements along the physical plane with time. r is the distance of the sound source on the
blade surface to the receiving point. # = e;7; is the unit vector for the receiver radiation
direction, #; = (x; — y;)/r is the component of the vector 7 on the x; axis and among them,

r=4/(x— yi)z . M; = V;/cp is the Mach number of the moving microelement. Assuming
that M, = V;i#;/cg is the projection of the Mach number of the moving microelement onto
the R vector, [ is the loading force of the microelement on the blade surface and J; is the
component of the force [ in the direction of the x; axis. I, is the projection of / at the receiving

point direction and I; is the derivative of the load with respect to the time T. The location of
the receiving point in this paper is one meter in the leeward direction of the center point of
the fan. The noise of Equation (34) is discretized in space, that is, the fan blade is divided
into many tiny sound source surfaces As, and the fan noise can be obtained as follows:

m Vi (#M;Ri+coMy—cogM?
—L o n( iR 0Vlr—Co ) . )
p(x/ t) T 4 ]gll Vz(l—MR)3 AS]
ret I (RMR M MZ) (35)
m R _I.M; iRitc —C
%Z 7+ 2 llM'2+R : R3O ’Asf
: C()R(1 MR) Rz(l—MR) CoRz(l—MR)
ret

where the sound source surface As; represents the jth microsound source surface,j=1,... , m.
m means that the whole sound source is divided into m microsource surfaces.

The total sound pressure p(t) at time t is obtained using a numerical calculation based
on Equation (36). For the discretization of time ¢, the sampling time interval of each point is
0.0001 s and the discrete time ¢ can be expressed as

£(i) = 0.0001 x (i —1) (36)

wherei=1,...,k Inorder to perform the FFT calculation, the number of sampling points k
must be an exponent of 2. In consideration of accuracy and computing resources, k should
be 256.

The effective value of the total sound pressure within a period (expressed in dB) is [19]

Y
5= 10logyg 10?016(0())22 (37)

where p(i) represents the sound pressure corresponding to time (7).

3.2. Time-Domain Solution of Fan Noise Model

The position of each point on the blade is in the blade coordinate system, whereas
the receiving point is in the fixed coordinate system. In order to describe the distance
between them, the position of each point source must be transformed from the blade
coordinate system to the fixed coordinate system, including the conversion between the
blade coordinate system and the rotating coordinate system, and the rotation coordinate
system and the ground coordinate system.
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The fan blade movement produces a pressure disturbance in the fluid (air) and forms
aerodynamic noise. The aerodynamic noise of the fan is the result of the superposition of
sound waves radiating from all points on the surface of the fan blade. The sound pressure
at the receiving point is the sum of all pressure waves emitted by all sound sources at
different times but arriving at the same receiving point at the same time, so it needs to be
solved by the delay equation.

3.2.1. Coordinate Conversion

Assuming that the position of a point source on the blade surface in the blade coor-
dinate system is & = (@', I/, ¢/)’, the position of the point source in the fixed coordinate
system can be described by the coordinate transformation formula [6]:

1 0 0 a’ 0
y= |0 cos® —sind| |b'| + |0 (38)
0 sinf cosf | | h

where y is the position vector of the point source on the blade surface in the fixed
coordinate system.

The coordinate of the receiving point is described as x = (x1, xp, X3)T and combined
with Equation (38), the radiation vector can be written as

X1 — a 4]
r=x—y= Xy — b'cosO + c’sind = |n (39)
x3 — b'sin@ — c’cos — h 3

3.2.2. Time-Domain Solution of Delay Equation

In the fan blade noise model, it is necessary to solve the time of each sound source
making a sound on the blade surface transmitted to the same receiving point at the same
time. Based on the above coordinate transformation, the delay equation is expressed as

"2 ! /. 2 , . ’ 2,0.5
PR [(x1 —a')" + (x2 — b'cost + csinf)” + (x3 — b'sin® — c’cos — h)“|
Co Co

(40)

where the fan center height h = 1.5, x; = —1, xp =0, x3 = h and 7 stands for the delay time.

The surface of a blade is divided into several microelements and the pressure distribu-
tion on all microelements is calculated. According to the delay time of each microelement,
all the sound waves transmitted at the receiving point are superimposed to obtain the total
sound pressure, as shown in Figure 3.
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Figure 3. Calculation flow chart.
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4. Calculation Simulation and Verification of Automotive Axial Fan

The boundary conditions of the noise calculation simulation and verification for the
automotive axial fan are as follows: the fan speed is 2400 r/m, the fan blade diameter is
D = 0.409 m, the blade number is B = 7, the density is p = 1.226 m/s?, the sound velocity is
cp = 340 m/s, the hub ratio is & = 0.43, the blade center height is H = 1.5 m, the sampling
time interval of each point is 0.0001 s, and a noise receiving point is arranged at 1 m leeward
from the fan center.

A MATLAB numerical calculation is carried out combined with the above theory and
boundary conditions and further compared with the FLUENT software simulation and
experimental results.

4.1. Theoretical Calculation of Automotive Axial Fan Noise
4.1.1. Structural Parameter Setting

For the existing fan blades, according to the above noise mathematical model and
boundary conditions, the blades are divided into 12 equal parts using 13 sections from the
blade root to the blade tip. The radius, installation angle, and chord length corresponding
to each section are shown in Table 1 and a discrete numerical analysis model is established.

Table 1. Blade structural parameters.

Sections Radius/m Installation Angle® Chord Length/m
Section 1 0.088000 35.0 0.0544
Section 2 0.097708 32.8 0.0568
Section 3 0.107417 30.7 0.0589
Section 4 0.117125 28.7 0.061
Section 5 0.126833 26.9 0.0631
Section 6 0.136542 25.1 0.0652
Section 7 0.146250 23.6 0.0674
Section 8 0.155958 22.2 0.0699
Section 9 0.165667 21.1 0.0721
Section 10 0.175375 20.0 0.0746
Section 11 0.185083 19.2 0.0775
Section 12 0.194792 18.6 0.0806
Section 13 0.204500 18.0 0.0728

As the blade has a certain circumferential bending, in order to accurately locate each
sound source element, the experimental sample is taken as a reference to obtain the bending
angle corresponding to the chord length center of each section with the different radii in
this paper, as shown in Table 2.

Table 2. Circumferential bending angles of different radii.

Radii/m 0.0818 0.112475 0.14315 0.2045
Bending angles/ 0 —4 0 12

According to the data in Table 1, the relationship between its circumferential bending
angle and the radius is as follows:

~0.1715711n - + 2.430022(r — r;,) — 18.951314(r — r;,)°

r

f = arctan 41)

where ry, is the radius of the fan hub.

4.1.2. Analysis of Theoretical Calculation Results of Noise

Based on the above numerical analysis model, MATLAB software is used for the
simulation, and the blade loading force and time—-domain data are obtained. Since the first
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six order blade pulsating loads are taken as unsteady loading forces, the first six order
blade pulsating noise spectrums are extracted after FFT.

(1) Calculation results of load distribution

As described above, a single blade is divided into 12 equal parts along the radius and
4 equal parts along the chord length, with a total of 48 sound source surfaces. According to
Equation (30), the loading force on each sound source surface is calculated and the loading
force at the center of every four microelements with the same radius from the blade root
to the blade tip (four equal parts along the chord length) is phase-superimposed. The
calculation results of the loading force on a blade are shown in Figure 4. It is shown in
Figure 4 that the loading force increases gradually along the radius. In the vicinity of the
blade tip, considering the influence of the tip vortexes, the blade tip loss is corrected. The
chord length decreases, which reduces the area of the sound source near the blade tip, so
the loading force decreases accordingly.

2.5
< 2
8
:é 1.5
g 1
705
2

0

0 0.05 0.1 0.15 0.2 0.25
radius(m)

Figure 4. Blade surface loading force distribution along the blade radius.

(2) Noise calculation results

The rotation speed of the fan is 2400 r/m so the fan runs for 0.025 s. Figure 5 shows
the time-domain data of fan noise calculated according to Equations (35) and (36). It can be
seen in Figure 5 that seven obvious noise peaks occur within a period, corresponding to
the fan operating noise of the seven blades.

0.2

0.15 F

Sound pressure(Pa)
@)
o (@)
a1 —

O 1 1 1 1
0 0.005 0.01 0.015 0.02 0.025

time(s)
Figure 5. Calculation results of fan noise in the time domain.

(8) Calculation results of noise spectrum

The spectrum characteristics of the fan noise are obtained based on an FFT transfor-
mation of the time-domain data and then the calculation results of the fan noise in the
frequency domain are obtained by being converted into a weighted sound pressure level,
as shown in Figure 6. It can be seen in Figure 6 that the first six orders of pulsating noise
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from the fan make a major contribution in the whole-frequency band, and the amplitude
from the first to the sixth orders decreases gradually.
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Figure 6. Calculation results of fan noise in the frequency domain.

4.2. Noise Verification of Automotive Axial Fan

In order to evaluate the accuracy of the noise numerical calculation, the results are
further compared with the FLUENT software simulation and experimental results.

4.2.1. Automotive Axial Fan Noise Simulation Settings and Analysis Results

Combined with the above parameters, FLUENT software is used for the simulation
in this paper. The LES method is used to calculate the transient flow field and the FW-H
method is used to solve the far-field noise distribution [20].

(1) Establishment of simulation model

According to the structural parameters of the mathematical model (41) and Table 2,
the corresponding simulation geometric model is built, as shown in Figure 7.

Figure 7. Fan 3D model.

The simulation model is divided into four parts: the inlet domain, outlet domain,
dynamic domain, and static domain. The partial plan of the YZ grid profile map along the
X direction (axial direction) is shown in Figure 8 and it can be seen that the fan is placed in
the static domain of the pipeline as a dynamic domain; the fan diameter is 409 mm and the
hub ratio is 0.4. The overall calculation domain is the cylindrical pipe; the diameter of the
pipe is 2200 mm, the X direction is the flow direction, the X direction length of the inlet
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domain is 1650 mm, the X direction length of the outlet domain is 6050 mm, the X direction
length of the static domain is 1160 mm, and the total length of the pipeline X direction is
8860 mm.

Dynamic domain
1

1

tatic
Inlet domain domain

Outlet domain

I I I
Figure 8. The mesh sketch of computing region distribution.

(2) Grid division

Using ICEM as the pre-processing software, the simulation object is meshed. Unstruc-
tured grids are used in the inlet and outlet domains, rotating domains, and static domains.
Pentahedral prismatic grids with regular stretching are used in the inlet and outlet domains,
and the mesh size is 28 mm. The mesh sizes of the blade tip and the front and back edges in
the rotating domain range from 0.3 mm to 0.8 mm. Five layers of boundary layer mesh are
added to the solid surface, which is mainly pentahedral prism mesh. The size of the first
layer is controlled at 0.01 mm, and the size of the rest of the rotating domain is tetrahedral
mesh with a size of about 6mm. The static domain is a tetrahedral mesh with a size of
about 24 mm. The total mesh number of the model is about 9.35 million.

(8) Calculation method and setting of initial conditions

The fluid in the fan movement area belongs to turbulent movement and the internal
fluid can be considered incompressible gas. The energy conservation equation is not
considered, and the influence of gravity on the flow field is ignored. The RNG k—epsilon
turbulence model is used for the steady calculation, SIMPLE (semi-implicit method for
pressure-linked equations) is used for the pressure-velocity coupling and the multiple
reference frame (MRF) is adopted for the rotating domain [21]. The unsteady flow in the
rotating domain is regarded as the steady flow. The flow-field data obtained from the
steady calculation convergence is taken as the initial field of calculation. Based on the large
eddy simulation (LES), the sublattice Smaqorinsky-Lilly model is used to recalculate the
transient flow field using the pressure-implicit second-order algorithm [22].

The Ffowcs-Williams-Hawkings (FW-H) acoustic model in the FLUENT software is
used to simulate the noise prediction and the FFT method is used to process the noise
time-domain data to obtain the noise spectrum characteristics.

(4) Simulation analysis results

Based on the above simulation analysis model and boundary conditions, LES is used
to calculate the transient flow field. On this basis, the FW-H acoustic model is used to
simulate and obtain the variations in sound pressure with time at the fan receiving point,
as shown in Figure 9, which shows that the fan noise receiving point is in a relatively stable
state since the third cycle of pressure fluctuations, so the time-domain data is extracted
from the third cycle; each point-sampling interval is 0.0001 s, each cycle is 0.025 s, and
the stable data from eight cycles are taken for the FFT transformation to carry out the
corresponding spectrum analysis.
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Figure 9. The graph of sound pressure varying with time at receiving points.

In order to verify the accuracy of the grid model, the first boundary layer at 0.005 mm,

0.01 mm, and 0.02 mm is selected for the grid sensitivity analysis, as shown in Figure 10.
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Figure 10. Sound sensitivity analysis of different mesh sizes.
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The total sound pressure levels corresponding to 0.005 mm, 0.01 mm, and 0.02 mm
are 72.3 dB(A), 71.8 dB(A), and 69.7 dB(A), respectively. The results for the first
boundary layer at 0.01 mm and 0.005 mm are very close in terms of the total sound
pressure level.

As shown in Figure 10, the noise peaks corresponding to 0.01 mm and 0.005 mm
are no more than 3 dB(A) in the whole-frequency band, whereas the noise peak
corresponding to 0.02 mm is up to 8 dB(A) in some frequency bands. The results
for the first boundary layer at 0.01 mm and 0.005 mm are very close in terms of the
sound spectrum.

The accuracy of the first boundary layer at 0.02 mm is low, whereas that at 0.005 mm
increases the number of grids and reduces the speed of the simulation. In order to
ensure the accuracy and speed of the calculation, the grid size of the first boundary
layer at 0.01 mm is adopted in the following simulation.

4.2.2. Experimental Settings and Analysis Results of Automotive Axial Fan Noise

@

Experimental Settings

According to the structure parameters of the mathematical and simulation models,

consistent experimental samples are created and the fan bench noise is verified. As shown
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in Figure 11, the single fan is fixed to the bench using elastic rope in the four corners of
the upper and lower beams, which ensures the vibration produced by the fan will not
spread through the elastic rope to the bench and avoid noise interference. An external
voltage-regulated power supply is connected to drive the fan to run under the specified
speed. An LMS noise and vibration testing instrument is used for testing and verification.

Figure 11. Test of single fan’s noise.

(2) Experimental analysis results

According to the above simulation and experimental settings, the time-domain ex-
perimental results for the fan noise can be obtained combined with the corresponding
boundary conditions. As shown in Figure 12, seven obvious noise peaks appear in one
cycle, corresponding to the running noise of the fan’s seven blades.

0.25

0.2
0.15
0.1

0.05

Sound pressure(Pa)

0 0.005 0.01 0.015 0.02 0.025
Time(s)

Figure 12. Experimental results of fan noise in the time domain.

4.2.3. Noise Simulation and Experimental Verification

According to the time-domain calculation results in Figures 5 and 12, the effective
value (expressed in dB) within the stable period (at least one period) is obtained using
Equation (37). Then, the total sound pressure levels of the fan simulation and experiment
are 71.8 dB(A) and 73.3 dB(A), respectively, by weighting A, as shown in Table 3. In order
to verify the accuracy of the model, the results of the numerical calculation are compared
with those of the simulation and experiment, and the total sound pressure level of the
numerical calculation is 0.5 dB(A) less than that of the simulation and 2 dB(A) less than
that of the experiment.

Table 3. Comparison of numerical calculation, simulation, and experimental results.

Unit of Noise Num.erlcal Simulation Value Experimental Value
Calculation Value

dB(A) 713 71.8 733
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The noise spectrum results can be obtained using an FFT transformation of the fan
simulation and experimental noise time—domain calculation results that are compared with
the numerical calculation results, as shown in Figure 13. It can be seen in Figure 13 that
there is a small difference between the peak values of the numerical calculation results,
simulation results, and experimental results in the middle- and low-frequency bands.
Because the attenuation characteristics of high-frequency noise caused by damping in the
transmission process are not considered in the numerical calculation, their results of a high
frequency are obviously higher than those of the simulation and experiment.

80
. Numerical calculation results
SE,; 60 | Simulation result
Z F Experimental results
o LR ihetstip
o] N
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2 V
(] Y
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o]
(=
220 |

-40

0 1000 2000 3000 4000 5000
Frequency (Hz)

Figure 13. Single fan noise comparison of numerical calculation, simulation, and test results.

In order to further compare the differences between the numerical calculation results
of the discrete noise and the simulation and experimental results, the first six orders of
pulsating noise of the fan are extracted in this paper from Figure 13 (harmonic frequencies
are 280 Hz, 560 Hz, 840 Hz, 1120 Hz, 1400 Hz, and 1680 Hz, respectively) for comparative
analysis, as shown in Figure 14. The maximum differences between the first and third order
pulsating noises through the numerical calculation and the simulation and experimental
results are 0.6 dB(A) and 2.5 dB(A), respectively. The maximum differences between
the fourth and sixth order pulsating noises through the numerical calculation and the
simulation and experimental results are 2.2 dB(A) and 4.5 dB(A), respectively. The above
comparison results do not exceed the error target requirement of 5 dB(A) of the spectrum
peak, which indicates that the theoretical calculation model is reliable and the error is mainly
caused by the simplification of the theoretical model to a certain extent, the inherent errors
of the simulation analysis method, and the measurement errors in the experimental process.

It can be seen from the above comparison results that the accuracy of the mathematical
model of fan noise obtained from the load force using the new method proposed in
this paper meets the requirements, which can be used as an important reference for the
study of a high-precision noise mathematical model of low Mach-number fan and blade
parameter optimizations.
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Figure 14. Numerical calculation comparison of single fan discrete noise with simulation and
experimental results.

5. Conclusions

In order to study the influence of the blade parameters of an automotive axial flow fan
on its noise and then control the noise of the fan, a new method is presented to obtain the
load force and then a mathematical model of the noise and blade parameters of the axial fan
of the vehicle is established. The specific research conclusions are as follows: (1) According
to the LS blade type, the lift and resistance coefficient curves of the axial fan blade of the
vehicle are established, based on this, the constant load force of the blade surface is obtained
using the BEM theory and the structural characteristics of the blade of the axial fan. Based
on the theory of unsteady thin wings and experimental data, the non-constant load force on
the blade surface is obtained, and the constant load force and the non-constant load force
are vectors superimposed to obtain the total load force on the blade surface, which provides
an important theoretical basis for the study of a high-accuracy noise mathematical model
of a low Mach-number fan. (2) Based on the total load force on the surface of the blade
and the FW-H equation, a mathematical model of the relationship between the noise of
the axial flow fan and the radius, speed, and installation angle of each section of the blade,
chord length, and circumferential bending angle is established. The results show that the
differences between the total sound pressure levels calculated using the proposed model
and the results of the FLUENT software simulation and experimental results are 0.5 dB(A)
and 2 dB(A), respectively. The differences between the first and third order pulsating
noises using the numerical calculation and the simulation and experimental results are
0.6 dB(A) and 2.5 dB(A), respectively. The maximum differences between the pulsating
noises of the fourth and sixth orders using the numerical calculations and the simulation
and experimental results are 2.2 dB(A) and 4.5 dB(A), respectively. The above comparison
results all meet the accuracy requirements of the model, indicating that the model is reliable,
which can provide a theoretical basis for noise control and blade parameter optimizations
of vehicle axial fans.
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