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Abstract—The approach of resolving analysis the cross-flow relative motion streamline on the cross-flow
straight blade is presented to predict the rotation acrodynamic noise performance of cross-flow fan by solving
the dipole source term of Ffowcs Williams and Hawkings equation, while the cross-flow fan is applied in the
indoor unit of split-type air-conditioner and operated in the rated condition. The calculating results of the
method are respectively drawn by programming in Matlab computational language, and compared with the
results of CAA numerical simulation and noise experiment. There are some differences in the distribution
condition of aerodynamic force fluctuation amplitude on the blade surface, and sound pressure in the related
frequency on the indoor unit casing, or on the sphere far field, between the streamline computation approach
and numerical simulation. The orders of magnitudes of these calculating results solved by the analysing
streamline method are similar with that attained by the numerical simulation. The resolving analysis
approach has the characteristics of decreasing the computing cost and not constructing the acoustics grid
model of fan, compared with the numerical simulation. The error between the result of numerical simulation
and noise test is larger than that between the result of theoretical calculation and noise test, so the approach
could be used for the rotation acrodynamic noise analysis of the cross-flow fan.
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INTRODUCTION

The cross-flow fan is usually used to drive the air
medium to flow at some velocity, which helps the air
taking the heat and humidity exchange with the refrig-
erating medium to form the conditioning airflow in
the indoor unit of split-type air-conditioner. The air
flows cross the impeller twice with the complicated
moving status and very low Mach number, which
increases the difficulty to predict the internal flow
characteristics and aerodynamic acoustics of the fan.
It is well known while the blade is periodically rotating
around the rotor axis, the blade hit the nearby gas
medium to cause the aerodynamic force fluctuation of
the gas, which could produce the noise wave. The
aerodynamic force fluctuation of the gas on the blade
surface could be regarded as the dipole, which is the
main rotation aerodynamic noise source in the low
Mach number flowing fan. So the analysis of the force
fluctuation condition on the blade surface is import-
ant to reduce the noise of the cross-flow fan. In the
streamline approach, the accuracy conditions of some
complex functions’ Taylor series expansions are the
important factor to influence the solutions of the
Navier-Stokes equations and the dipole source term of
Ffowcs Williams and Hawkings equation, while the
complex functions could not be normally integrated

and need to be taken the Taylor series expansions to
change into power functions in order to solve these
equations. CAA is a popular numerical computing
method to predict the aerodynamic acoustics of the
fan recently, and its analysis needs to be based on the
fan’s flow field predicting results of CFD. In CAA
numerical simulation, the noise source data’s accu-
racy condition of the blade surface’s gas medium, the
interaction between the different frequency sound
waves, and the action of the wall to the sound wave
make the important influence on the obtained solu-
tion. Shigehisa Funabashi et al. [1] proposed a noise
prediction model with considering the gas velocity dif-
ference at each blade of the cross flow fan, the experi-
ment and numerical simulation were used to check the
model, and the results were good accordance with the
model prediction results. Young J. Moon et al. [2] and
Yong Cho et al. [3] computed the unsteady viscous
flow field to predict the internal flow and acoustic per-
formance of cross flow fan with the numerical meth-
odology. The non-isometric impeller and block-stag-
gered impeller were applied in cross-flow fan to reduce
noise by Xu Shumin et al. [4], Y Li et al. [5] and Tian
Jie et al. [6]. Go-Long Tsai et al. [7] and Wang Yin-
jiao et al. [8] studied the impact of rotor-skew-angle
and blade slope on the flow style and noise level of
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cross-flow fan by the means of numerical simulation
and experiment.

Gan Jia-Ye et al. [9] analysed the influence of the
interaction between the rotor and the stator on the
noise level in the cross-flow fan by the methods of
experiment and numerical simulation. Liu Hai-Jian
et al. [10] designed the inlet guide vane in the cross-
flow fan, and found the IGV could improve the aero-
dynamic performance and increase the noise of the
fan by the means of numerical simulation and experi-
ment. Huanxin Lai et al. [11] and Zhou Bo et al. [12]
designed the stabilizer with the special structure to
decrease the cross-flow fan aerodynamic noise level.
Wu Xian-Jun et al. [13] analysed the aerodynamic
noise production’s mechanism to make some mea-
sures to reduce the noise of the cross-flow fan. Jin
Shuo [14] researched the technical measures to reduce
the noise of the cross-flow fan, and used noise exper-
iments to confirm the measures’ decreasing noise
effect. Hu Yatao et al. [15], Liu Fei et al. [16] and Han
Wen et al. [17] studied the characteristics of vortex
shedding and pressure fluctuation to evaluate their
influence on the cross-flow fan’s noise level. Liu Min
et al. [18] and Chen Anbang et al. [19] investigated the
aerodynamic acoustics performances of the cross-
flow fans by the ways of numerical simulation and
noise experiment. Wang Jian-ming et al. [20] studied
the aerodynamic noise performance of the cross-flow
fan with extending the blade external edge by numeri-
cal simulation, and found that the extending structure of
the blade external edge could contribute to reduce the
aerodynamic noise of the cross-flow fan. A.A. Aksenov
et al. [21] developed current approaches to fan noise
simulation mainly based on the Lighthill equation and
so-called aeroacoustic analogy, which are also based
on the transformed Lighthill equation, such as the
well-known FW-H equation or the Kirchhoff theo-
rem. K.R. Pyatunin et al. [22] presents numerical sim-
ulation results of the civil aircraft engine fan stage
noise in the far field are presented. Noise propagation
to the far acoustic field is calculated by the boundary
element method using acoustic Lighthill analogies.

In this work, a theoretical computing approach on
solving the dipole source term of Ffowcs Williams and
Hawkings equation (FW-H equation) is put forward to
predict the cross-flow fan rotation aerodynamic noise,
according to the fluid machinery’s aerodynamic
acoustics theory and so on.

METHODOLOGY OF CALCULATING
THE AERODYNAMIC NOISE

The relative motions of gas are mainly made up of
the flowing cross the blade and the axial whirling rela-
tive motion, while the gas medium is flowed through
the rotated impeller with limited blade number. The
suction and pressure surface’s contour line of the
blade could be considered as the cross-flow relative
motion streamline, when the viscosity of air medium
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is neglected. The coordinate function of blade suction
and pressure surface’s contour line could be acquired
in the stationary rectangular coordinate at the initial
moment, and the function could be transformed into
the moving rectangular coordinate at any operation
time with the related equation. The distribution func-
tion of velocity and static pressure on the blade surface
could be attained by solving the related equation, and
put the function of velocity, static pressure and other
relevant variable into the dipole source term of FW-H
equation to solve the functional expression of sound
pressure on the noise field.

Supposing Condition of Calculation

—The inflow attack angle of gas medium flowing
around blade is equivalent to zero degree, when the fan
is operated in the rated condition.

—At the initial time, the No. 1 referred blade is
located in the first quadrant of rectangular coordinate.

—The air flow is regarded as the incompressible
flow according to the low Mach number (0 £ Ma <
0.0438), the medium’s viscosity is ignored, and the
medium’s density is equal to the constant.

—The blade surface is named the S2 stream sur-
face, and the stream surface in the radial direction

(z = z,) perpendicular to the z coordinate axis, is
named the S3 stream surface.

Theoretical Calculation Process and Model

The rotated axis of cross-flow impeller is the z axis,
and the fan is run in the rated condition. The calculat-
ing process and model is presented in the below:

—Confirm the function of the S2 stream surface
(the blade surface) in the stationary rectangular coor-
dinate, as follow:

S (x0.y9) = 0.

—Determine the function of the intersecting line
between the S3 and S2 stream surface, as follow:

S (x0:30) = 0,
-2 =0. (D

—When the impeller is rotated around the z axis
negative direction at the angular speed m, the station-
ary coordinate (x,,),,z) has a functional relation with
the moving coordinate (x,y,z) on the blade surface,
shown in the follow equation:

Xy = xcos (—f + @) + ysin (—wrf + @), (2)
Yo = —xsin (—oz + @,) + ycos (—or + @,). (3)

Here ¢, is the blade pitch angle of the other blade with
No 1 blade, rad, ¢is the rotating time of the impeller, s.

—Substitute the variables x,,y, in the equation (1)
with the equation (2) and (3), the function of the
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intersecting line between the S2 and S3 stream surface
in the moving coordinate could be obtained.

Jf (xcos (—wr + @) + ysin (-wr + @),

4
—xsin (—wz + @,) + ycos(—wf + @,)) =0, @

z2—27y=0.

—Solve the x, y and z direction components of the
cross-flow relative velocity on the blade surface’s
cross-flow relative motion streamline by the relevant
equation between the function of streamline and
velocity in the rectangular coordinate.

w.o— o dz—z) ofdz-2)
YTy dz 9z dy

_ofdz—z) o d(z-2)
9z dx ox dz

o= ¥ dz-z) o d(z-2%)
4 ox dy Jdy dx

—Ensure the coordinates (i4,v,,,w) of the midpoint
of the middle arc in every unit passage of the rotor at
the initial time, and solve the x, y and z direction com-
ponents of the axial whirling relative velocity on the
streamline.

b

b

W, = olugsin (o2) + vocos (of) — yl,

W,, = o[-uycos (wr) + v, sin (wr) + x],
W, =0.

—Solve the x, y and z direction components of the
velocity by the velocity triangle vectorial resultant
among two relative motion velocities and the circum-
ferential velocity.

V. =W, + afusin (or) + vicos (wr) ], %)
V, =W, + o[-ucos(wr) + vysin (or)], (6)
V. =0 (7

—Put the velocity’s function into Navier Stokes
equation to solve the functional expression of static
pressure on the streamline.

—Then the medium’s viscosity is considered, the
functional expressions of velocity and static pressure
could be regarded as those on the outer boundary of
the blade surface’s boundary layer. So the relative
velocity on the blade surface is equal to zero because of
the medium’s viscosity, and the static pressure on the
blade surface is equal to that on the outer boundary of
the blade surface’s boundary layer.

—Integrate the dipole source term of FW-H equa-

tion (8) with putting the velocity function and the
static pressure function of the blade surface into the
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equation to attain the function of sound pressure, and
the other term of FW-H equation is ignored because of
the low Mach number.

, 1 RR; 9 1 T;
o' c—— || mr= | 9
43_[6(‘)1 V‘([) R3c+ ot c+ C+ ) Z;
1 R 9 f
s dS(Q)
4nicy 4| RPc” ot|c” _ ¢
T=T, (8)
1 R, 9 P4
+ 9 d
43‘[6’3 V:[,) R ot et _ ¢
RR,
L[| S LI
4mcy | R dte ot fe| |

Here p' is the variation of air density, kg/m?, ¢, is the
sound velocity, m/s, R is the distance between the

c+‘ = |1 — Ma,

Ma, is the component of the moving Mach number,
which is attained by projecting the moving Mach
number onto the direction of watcher, T is the sound
wave radiant time, s, 7 is the Lighthill stress tensor,
Pa, f is the y; direction component of the aerody-
namic force on the fluid per unit area, applied by the
solid surface, Pa, f; = —n,(p — p,) + ne;, n; is the y,
direction component of the normal vector on the
blade surface, ¢; is the viscosity stress tensor, Pa, a; is
the y; direction component of the object moving
accelerated speed, m/s?, v, is the y, direction compo-
nent of the velocity, m/s.

sound source and the watcher, m,

b

The dipole source term of FW-H equation is shown
in the follow equation (9):

' 1
p |— ——
4mc; 5 R’c’ ot

R 0 /i

T
4

dsS(Q). (©)

=T,

—Equation (9) is converted to equation (10), after
the p' is transformed into the sound pressure p with the

. 2 A}
equation p =cp.

1 R 9 fi

dS(Q).

=T,

= = (10)
P 4ncy g, Rc' ot

T
C

—The Fourier series transformation of the equation
(10) in the related frequency is carried out to transfer
the sound pressure function from the time domain
into the frequency domain.
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Module 1 Module 2... Module 5...

Module 8 Module 9

Fig. 1. Sketch map of cross-flow impeller.

The amplitude of cosine component of sound pres-
sure function:

pcos (nant)dt. (11)

_2
a,==
T

—N

NN

Here T is the period corresponding with the blade
passing frequency of the impeller, s, # is the harmonic
serial number of Fourier series transformation,
n=1,2, 3..

The amplitude of sine component of sound pres-
sure function:

. 21
b= sin (n—t) dr.
P T

2
— 2
T (12)

S 1N

2

The total amplitude of sound pressure function:

A=\a’ + b, (13)

—Take the logarithm of the total amplitude of
sound pressure function relative to the reference pres-
sure (A =2 X 107 Pa) and convert it into the sound
pressure level:

_ 4, a, + b,

0 4

Side plate
of the shell

Side plate
of the casing

Side plate
of the diffuser
duct

Front wall of the diffuser
duct
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According to the solved functional expression of
aerodynamic force fluctuation amplitude and sound
pressure, and the domain of definition of the func-
tional independent variable, the distributing nepho-
grams of the aerodynamic force fluctuation amplitude
on the blade and the sound pressure on the sound field
could be respectively drawn up by programming in the
software of Matlab, which could be convenient for
analysing the distributing characteristics of the acous-
tics parameter intuitively.

ANALYSIS OF COMPUTATIONAL RESULTS

The calculation approach is applied to the GL92
cross-flow impeller case, which is used in the split-
type air-conditioner indoor unit, and has nine mod-
ules. Every module of the impeller is equipped with
thirty-five pieces of blades, arranged along the circle
direction with the variable pitch angle (Fig. 1). The

external diameter D, is equal to 92 mm, and the inter-

nal diameter D, is equal to 70 mm. When the rotor is
stationary, the contour line function of pressure sur-
face is shown in the equation (15), and the contour
line function of suction surface is shown in the equa-
tion (16). The shell of the split-type air-conditioner
indoor unit is regarded as the near sound field of the
fan, as shown in Fig. 2. The internal cross flow field
plane of the air-conditioner indoor unit is taken in
order to show the internal flow field’s geometry struc-
ture of the air-conditioner indoor unit, which is per-
pendicular to the rotating axis of the rotor in any posi-
tion, as shown in Fig. 3. The far sound field of the fan
is a sphere surface, its radius is equal to 1.1 meter, and
the center of the sphere surface is the center of the
impeller.

yo = 0.1032 —9.3043x, + 291.701x; — 3004.4x;. (15)

vy = 0.2477 — 20.7415x,

16
+ 591.4032x; — 5590.3x;. (16)

Front panel

- of the shell
Vortex wall
Stabilizer
Rear wall of the diffuser
duct

Fig. 2. Sketch map of split-type air-conditioner indoor unit’s shell.
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Inflow passage Inflow passage
Heater of the shell of the casing

Front panel
of the shell

Flow passage
of the envaporimeter

Vortex wall

Stabilizer

Front wall

of the diffuser duct \

Flow passage
of the diffuser duct

Rear panel
of the shell

Flow passage
of the rotor

Flow passage of the rotor
internal circle

Rear wall
of the casing

Rear wall
of the diffuser duct

Outflow passage
of the casing

Fig. 3. Sketch map of the internal cross flow field plane of the split-type air-conditioner indoor unit.

The nephograms of the aerodynamic force fluctu-

Ui

ation amplitude (—) on every module blades’ surface

and the sound presgure on the sound field are respec-
tively drawn up by programming in the software of
Matlab 7.0, according to the solved functional expres-
sion of aerodynamic force fluctuation amplitude and

sound pressure, with the x,, y, and z varied in the spe-
cific range, the operation time equal to 0.022 s and
0.0466 s, and the angular velocity m equal to 135 rad/s,
as shown in Figs. 4—10.

The aerodynamic force fluctuation amplitude (%)
t

distributing condition on blade surface corresponding
with the module 1 to module 9 of the cross-flow
impeller is shown in the unit map (a) to (i) of Fig. 4. In
every unit map, there are two aerodynamic force fluc-
tuation amplitude distributing nephograms of the
same module blade surface from bottom to up in the
operation time 0.022 and 0.0466 s. The distributing
condition of the aerodynamic force fluctuation ampli-
tude on the blade surface is varied with the rotating
time and the position of blade. In the operation time
0.022 s, the maximum aerodynamic force fluctuation
amplitudes in the module 1 rotor to module 9 rotor are

approximately located on the blades in the zone
nearby the rear wall of the casing and the outflow pas-
sage of the casing. The minimum aerodynamic force
fluctuation amplitudes in the module 1 rotor, module
3 rotor, module 5 rotor, module 7 rotor and module 9
rotor are almost lain on the blades in the outflow pas-
sage of the casing. The minimum aerodynamic force
fluctuation amplitudes in the module 2 rotor, module
4 rotor, module 6 rotor and module 8 rotor are almost
lain on the blades in the inflow passage of the casing.
In the operation time 0.0466 s, the maximum aerody-
namic force fluctuation amplitudes in the module 1
rotor to module 9 rotor are approximately lain on the
blades in the inflow and outflow passage of the casing,
and the zone nearby the rear wall of the casing. The
minimum aerodynamic force fluctuation amplitudes
in the module 1 rotor and module 9 rotor are nearly
located on the blades in the inflow and outflow pas-
sage of the casing, and the zones nearby the front and
rear wall of the casing. The minimum aerodynamic
force fluctuation amplitudes in the module 2 rotor,
module 3 rotor, module 4 rotor, module 5 rotor, mod-
ule 6 rotor, module 7 rotor and module 8 rotor are
nearly lain on the blades in the zones nearby the front
and rear wall of the casing. So it can be concluded that
the distributing position of the minimum and maxi-
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Fig. 4. Nephogram of the aecrodynamic force fluctuation amplitude on the blade surface. (a) Module 1; (b) Module 2; (c) Module 3;
(d) Module 4; (e) Module 5; (f) Module 6; (g) Module 7; (h) Module 8; (i) Module 9.

mum aerodynamic force fluctuation amplitude on the
blade surface is varied with the rotating time of rotor.
The distributing scope of every module blade’s aero-
dynamic force fluctuation amplitude in the two oper-
ation times is shown in Table 1.

From Table 1, the maximum value of aerodynamic
force fluctuation amplitude on the module 8 blade is
larger than that on the other module blade, and the
minimum value of aerodynamic force fluctuation
amplitude on the module 9 blade is less than that on
the other module blade at # = 0.022 s. The maximum
value of aerodynamic force fluctuation amplitude on
the module 6 blade is greater than that on the other
module blade, and the minimum value of aerody-
namic force fluctuation amplitude on the module 8
blade is less than that on the other module blade at 1 =
0.0466 s. The maximum value of aerodynamic force
fluctuation amplitude on the module 1 to module 9
blade at r = 0.022 s is respectively larger than that on
the modulel to module 9 blade at = 0.0466 s.

As it is shown in Fig. 5, the sound pressure level on
the air-conditioner’s indoor unit shell near sound field
in the blade passing frequency 752.5 Hz is varied from
31.3748 to 78.5787 dB. The maximum sound pressure
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is almost lain in the small area on the upper part of the
stabilizer surface. The minimum sound pressure is
nearly lain in the small area on the bottom part of the
diffuser duct’s rear wall, and the small area on the
down side plate of the casing. The average level of
sound pressure on the upper part of the shell’s front
panel is larger than that on the other part of the shell’s
front panel. The average level of sound pressure on the
up side plate of the shell is greater than that on the bot-
tom side plate of the shell. The distributing area of the
maximum sound pressure is less than that of the min-
imum sound pressure. The distributing area of the
sound pressure in the range of 60 to 65 dB is the most
in the whole sound pressure distributing nephogram of
the shell. The distributing area of sound pressure in the
range of 31.3748 to 35 dB is the least in the whole
sound pressure distributing nephogram of the shell.

It could be seen from Fig. 6 that the sound pressure
level on the air-conditioner’s indoor unit shell near
sound field in the secondary harmonic frequency
1505 Hz of the blade passing frequency is varied from
26.9632 to 75.8396 dB. The maximum sound pressure
is approximately located in the small area on the upper
part of the vortex wall surface. The minimum sound
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Fig. 4. (Contd.)

pressure is nearly lain in the small area on the bottom
part of the diffuser duct’s rear wall, and the small area
on the down side plate of the casing. The average level
of sound pressure on the bottom side plate of the shell
is less than that on the up side plate of the shell. The
average level of sound pressure on the upper part of the
shell’s front panel is greater than that on the other part
of the shell’s front panel. The distributing area of the
maximum sound pressure is no larger than that of the

minimum sound pressure. The distributing area of the
sound pressure in the scope of 55 to 60 dB is the most
in the whole sound pressure distributing nephogram of
the shell. The distributing area of the sound pressure in
the scope of 26.9632 to 30 dB is the least in the whole
sound pressure distributing nephogram of the shell.

The sound pressure level’s distribution on the air-
conditioner’s indoor unit shell near sound field in the
triple harmonic frequency 2257.5 Hz of the blade
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Fig. 5. Nephogram of the sound pressure level on the
indoor unit shell near sound field in the blade passing fre-
quency 752.5 Hz.

passing frequency is presented in Fig. 7, and the dis-
tributing scope of sound pressure is from 25.5372 to
74.2413 dB. The average level of sound pressure level
on the upper part of the shell’s front panel is greater
than that on the bottom part of the shell’s front panel.
The average level of sound pressure on the bottom side
plate of the shell is less than that on the up side plate of
the shell. The maximum sound pressure is almost lain
in the small areas on the upper part of the stabilizer
surface and vortex wall. The minimum sound pressure
is approximately located in the small area on the bot-
tom part of the diffuser duct’s rear wall and the small
area on the down side plate of the casing. The distrib-
uting area of the maximum sound pressure is no less
than that of the minimum sound pressure. The distrib-
uting area of the sound pressure in the scope of 60 to
65 dB is the most in the whole sound pressure distrib-
uting nephogram of the shell. The distributing area of
the sound pressure in the scope of 25.54 to 30 dB is the
least in the whole sound pressure distributing nepho-
gram of the shell.

Figure 8 shows the distribution scope of sound
pressure level on the sphere far sound field in the blade
passing frequency 752.5 Hz is from 33.1366 to 64.4821 dB.
The maximum sound pressure is almost located in the
areas with the colormap level from 60 to 64.4821 dB on
the sphere far sound field’s nephogram. The mini-
mum sound pressure is approximately lain in the areas
with the colormap level from 33.1366 to 35 dB on the
sphere far sound field’s nephogram. The distributing
area of the maximum sound pressure is larger than that
of the minimum sound pressure. The distributing area
of the sound pressure in the scope of 60 to 64.4821 dB
is the most in the whole sound pressure distributing
nephogram of the sphere face. The distributing area of
the sound pressure in the scope of 33.1366 to 35 dB is
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Fig. 6. Nephogram of the sound pressure level on the
indoor unit shell near sound field in the secondary har-
monic frequency 1505 Hz of the blade passing frequency.

the least in the whole sound pressure distributing
nephogram of the sphere face.

The distribution range of sound pressure level on
the sphere far sound field in the secondary harmonic
frequency 1505 Hz of the blade passing frequency is
from 30.7923 to 61.7651 dB, as shown in Fig. 9. The
distributing area of the sound pressure in the range of
55 to 60 dB is the most in the whole sound pressure
distributing nephogram of the sphere face. The dis-
tributing area of the sound pressure in the scope of
30.7923 to 35 dB is the least in the whole sound pres-
sure distributing nephogram of the sphere face. The
maximum sound pressure is almost located in the
areas with the colormap level from 60 to 61.7651 dB on
the sphere far sound field’s nephogram. The mini-
mum sound pressure is nearly located in the areas with
the colormap level from 30.7923 to 35 dB on the
sphere far sound field’s nephogram. The distributing
area of the minimum sound pressure is less than that
of the maximum sound pressure.

As sketched in Fig. 10, the sound pressure level on
the sphere far sound field in the triple harmonic fre-
quency 2257.5 Hz of the blade passing frequency is
changed from 29.6516 to 60.1711 dB. The maximum
sound pressure is almost located in the areas with the
colormap level from 55 to 60.1711 dB on the sphere far
sound field’s nephogram. The minimum sound pres-
sure is approximately located in the areas with the
colormap level from 29.6516 to 30 dB on the sphere far
sound field’s nephogram. The distributing area of the
maximum sound pressure is larger than that of the
minimum sound pressure. The distributing area of the
sound pressure in the range of 55 to 60 dB is the most
in the whole sound pressure distributing nephogram of
the sphere face. The distributing area of the sound
pressure in the scope of 29.6516 to 35 dB is the least in
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Fig. 7. Nephogram of the sound pressure level on the
indoor unit shell near sound field in the triple harmonic
frequency 2257.5 Hz of the blade passing frequency.
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Fig. 8. Nephogram of the sound pressure level on the sphere
far sound field in the blade passing frequency 752.5 Hz.
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Fig. 9. Nephogram of the sound pressure level on the
sphere far sound field in the secondary harmonic fre-
quency 1505 Hz of the blade passing frequency.

the whole sound pressure distributing nephogram of
the sphere face.

COMPARISON WITH NUMERICAL
SIMULATION RESULTS

The acoustic numerical simulation of the cross-
flow fan is carried out in CAA software, and the noise
source data is attained, based on the results of
unsteady CFD numerical simulation. The noise
source data and surface mesh models of impeller, the
indoor unit shell near sound field and the sphere far
sound field are respectively loaded in the software,
then the numerical simulation could be started to iter-
ate. The distributing nephograms of aerodynamic
force fluctuation amplitude on the impeller, sound
pressure on the indoor unit shell and sphere far field
are shown in Figs. 11—17. In the two unit maps of rotor
distributing nephogram Fig. 11, the module 1 rotor to
module 9 rotor are respectively arranged from up to
bottom.

Figure 11 indicates the distribution scope of the
aerodynamic force fluctuation amplitude on the rotor
surface is all from —1.57 to 137 dB at f = 0.022 s, and
the distribution scope of the aerodynamic force fluc-
tuation amplitude on the rotor surface is all from 18.3
to 130 dB at # = 0.0466 s. In the operation time 0.022
and 0.0466 s, the maximum and minimum aerody-
namic force fluctuation amplitude predicted in the
numerical simulation is less than that solved by the
analysing streamline method. The fluctuation ampli-
tude distribution of every blade is changed with the
operation time and the position of the blade. In the
operation time 0.022 s, the maximum aerodynamic
force fluctuation amplitudes in the module 1 rotor to
module 9 rotor are almost located on the blades in the
inflow and outflow passage of the casing. The mini-
mum aerodynamic force fluctuation amplitudes in the
modulel rotor to module 9 rotor are approximately
located on the blades in the inflow and outflow pas-
sage of the casing, and the zone nearby the rear wall of
the casing. In the operation time 0.0466 s, the maxi-
mum aerodynamic force fluctuation amplitude in the
module 1 rotor, module 2 rotor and module 8 rotor is
almost located on the blades in the inflow and outflow
passage of the casing. The maximum aerodynamic
force fluctuation amplitudes in the module 3 rotor to
module 7 rotor are almost lain on the blades in the
zone nearby the rear wall of the casing, and the inflow
and outflow passage of the casing. The maximum
aerodynamic force fluctuation amplitude in the mod-
ule 9 rotor is almost located on the blades in the inflow
passage of the casing. The minimum aerodynamic
force fluctuation amplitude in the module 1 rotor is
almost lain on the blades in the zone nearby the rear
wall of the casing. The minimum aerodynamic force
fluctuation amplitudes in the module 2 rotor to mod-
ule 8 rotor are approximately located on the blades in
the outflow passage of the casing. The minimum aero-
dynamic force fluctuation amplitude in the module 9
rotor is almost lain on the blades in the zones nearby
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the front and rear wall of the casing, and the outflow
passage of the casing. So it can be deduced that the
distributing position of the minimum and maximum
aerodynamic force fluctuation amplitude on blade
surface is varied with the operation time.

Figure 12 shows the sound pressure level on the
indoor unit shell near sound field in the blade passing
frequency 752.5 Hz is varied in the scope of 21 to
77.3 dB. The maximum value and the minimum value
of sound pressure is less than that attained by the ana-
lysing relative motion streamline method. The average
level of sound pressure on the tongue face, vortex wall
and rear wall is larger than that on the shell’s front
panel. The average level of sound pressure on the bot-
tom part of the shell’s front panel is less than that on
the up part of the shell’s front panel. The maximum
sound pressure is almost lain in the partial areas on the
stabilizer surface, vortex wall and rear wall. The mini-
mum sound pressure is approximately located in the
small area on the shell’s front panel. The distributing
area of the maximum sound pressure is larger than that
of the minimum sound pressure. The distributing area
of the sound pressure in the scope of 66 to 71.6 dB is
the most in the whole sound pressure distributing
nephogram of the shell. The distributing area of the
sound pressure in the scope of 21 to 26.6 dB is the least
in the whole sound pressure distributing nephogram of
the shell.

According to Fig. 13, the sound pressure level on
the indoor unit shell near sound field in the secondary
harmonic frequency 1505 Hz of the blade passing fre-
quency is varied from 35.2 to 85.8 dB. The maximum
value and the minimum value of sound pressure is
larger than that attained by the analysing relative
motion streamline method. The maximum sound
pressure is almost located in the partial area on the sta-
bilizer surface, vortex wall and shell’s front panel. The
minimum sound pressure is nearly lain in the small
area on the upper side plate of the shell and diffuser
duct. The average level of sound pressure on the volute
throat is larger than that on the rear wall. The average
level of sound pressure on the upper part of the shell’s
front panel is greater than that on the middle and bot-
tom part of the shell’s front panel. The distributing
area of the maximum sound pressure is greater than
that of the minimum sound pressure. The distributing
area of the sound pressure in the range of 75.7 to 80.7 dB
is the most in the whole sound pressure distributing
nephogram of the shell. The distributing area of the
sound pressure in the range of 35.2 to 40.2 dB is the
least in the whole sound pressure distributing nepho-
gram of the shell.

The distributing condition of the sound pressure
level on the indoor unit shell near sound field in the
triple harmonic frequency 2257.5 Hz of the blade
passing frequency is presented in Fig. 14, and the
sound pressure is changed from 19.2 to 72.4 dB. The
maximum value and the minimum value of sound
pressure is less than that obtained by the analysing
streamline method. The maximum sound pressure is
approximately located in the small areas on the middle
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Fig. 10. Nephogram of the sound pressure level on the
sphere far sound field in the triple harmonic frequency
2257.5 Hz of the blade passing frequency.

and bottom part of the stabilizer surface, vortex wall,
shell’s front panel and diffuser duct’s rear wall. The
minimum sound pressure is nearly lain in the small
area on the upper side plate of the shell, the small area
on the upper and middle part of the vortex wall and
diffuser duct’s front wall, the small area on the middle
and bottom part of the shell’s front panel and the small
area on the upper, middle and bottom part of the dif-
fuser duct’s rear wall. The average level of sound pres-
sure on the tongue surface and vortex wall is greater
than that on the rear wall. The average level of sound
pressure on the middle part of the shell’s front panel is
less than that on the other part of the shell’s front
panel. The distributing area of the maximum sound
pressure is larger than that of the minimum sound
pressure. The distributing area of sound pressure in the
scope of 61.8 to 67.1 dB is the most, and the distribut-
ing area of sound pressure in the scope of 19.2 to 24.6 dB
is the least in the whole sound pressure distributing
nephogram of the shell.

The sound pressure level’s distributing nephogram
on the sphere far sound field in the blade passing fre-
quency 752.5 Hz is predicted in Fig. 15, and the sound

Table 1. Statistics of distributing scope of aerodynamic
force fluctuation amplitude on blade surface

Aerodynamic force | Aerodynamic force
Position |fluctuation amplitude |fluctuation amplitude
(dB), r=0.022s (dB), t=10.0466 s

Module 1 73.1177 ~ 141.121 65.8963 ~ 139.9924
Module 2 65.2391 ~ 141.1643 73.5021 ~ 139.9613
Module 3 79.9605 ~ 141.1032 72.8653 ~ 139.9419
Module 4 63.3694 ~ 141.1623 68.1577 ~ 139.9472
Module 5 72.0468 ~ 141.1613 66.1152 ~ 140.0111
Module 6 75.8487 ~ 141.1889 81.9418 ~ 140.1039
Module 7 62.8619 ~ 141.1879 80.1976 ~ 139.9676
Module 8 77.9507 ~ 141.2288 | 36.5652 ~ 139.9989
Module 9 56.9318 ~ 141.11 74.7074 ~ 139.9833
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Fig. 11. Nephogram of the force fluctuation amplitude on the blade surface. (a) = 0.022s; (b) = 0.0466 s.

pressure is varied from 4.25 to 57.9 dB. The maximum
value and minimum value of sound pressure is less
than that attained by the analysing relative motion
streamline method. The maximum sound pressure
level is almost located in the areas with the colormap
level from 52.6 to 57.9 dB on the sphere far sound
field’s nephogram. The minimum sound pressure
level is approximately located in the areas with the
colormap level from 4.25 to 9.62 dB on the sphere far
sound field’s nephogram. The distributing area of the
maximum sound pressure is larger than that of the
minimum sound pressure. The distributing area of the
sound pressure in the range of 47.2 to 52.6 dB is the
most in the whole sound pressure distributing nepho-
gram of the sphere face. The distributing area of the
sound pressure in the scope of 4.25 to 9.62 dB is the
least in the whole sound pressure distributing nepho-
gram of the sphere face.

The different sound pressure levels in the second-
ary harmonic frequency 1505 Hz of the blade passing
frequency are disorderly arrayed on the sphere far

Pressure amplitude, dB (RMS). 1, =
Occurrence 1
77.3
I 71.6
66
60.4
54.7
49.1
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37.8
32.2
26.6
21
On boundary

Fig. 12. Nephogram of the sound pressure level on the
indoor unit shell near sound field in the blade passing fre-
quency 752.5 Hz.

sound field, as shown in Fig. 16. The distributing
scope of sound pressure level is from 12.9 to 76.3 dB.
The minimum value of sound pressure is less than that
obtained by the analysing relative motion streamline
method. The maximum value of sound pressure is
greater than that attained by the analysing relative
motion streamline method. The maximum sound
pressure is almost located in the areas with the color-
map level from 70 to 76.3 dB on the sphere far sound
field’s nephogram. The minimum sound pressure is
approximately lain in the areas with the colormap level
from 12.9 to 19.3 dB on the sphere far sound field’s
nephogram. The distributing area of the maximum
sound pressure is larger than that of the minimum
sound pressure. The distributing area of sound pressure
in the scope of 51 to 57.3 dB is the most in the whole
sound pressure distributing nephogram of the sphere
face. The distributing area of sound pressure in the scope
of 12.9 to 19.3 dB is the least in the whole sound pressure
distributing nephogram of the sphere face.
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Fig. 13. Nephogram of the sound pressure level on the
indoor unit shell near sound field in the secondary har-
monic frequency 1505 Hz of the blade passing frequency.
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Fig. 14. Nephogram of the sound pressure level on the
indoor unit shell near sound field in the triple harmonic
frequency 2257.5 Hz of the blade passing frequency.
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Fig. 15. Nephogram of the sound pressure level on the sphere
far sound field in the blade passing frequency 752.5 Hz.
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Fig. 16. Nephogram of the sound pressure level on the

sphere far sound field in the secondary harmonic fre-
quency 1505 Hz of the blade passing frequency.

Figure 17 demonstrates the sound pressure level in
the triple harmonic frequency 2257.5 Hz of the blade
passing frequency on the sphere far sound field is
changed from 10.9 to 54.8 dB. The maximum value
and minimum value of sound pressure is less than that

ACOUSTICAL PHYSICS  Vol. 65
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attained by the analysing relative motion streamline
method. The distributing area of the sound pressure in
the range of 46 to 50.4 dB is the most in the whole
sound pressure distributing nephogram of the sphere
face. The distributing area of the sound pressure in the
scope of 10.9 to 15.3 dB is the least in the whole sound
pressure distributing nephogram of the sphere face.
The maximum sound pressure is almost located in the
areas with the colormap level from 50.4 to 54.8 dB on
the sphere far sound field’s nephogram. The mini-
mum sound pressure is nearly located in the areas with
the colormap level from 10.9 to 15.3 dB on the sphere
far sound field’s nephogram. The distributing area of
the minimum sound pressure is less than that of the
maximum sound pressure.

COMPARISON WITH NOISE
EXPERIMENT RESULTS

The noise test of cross-flow fan was conducted in
the hemi-anechoic chamber, and the sound wave,
which was produced by the cross-flow fan, was
received by the measuring microphone to load in the
spectrum analyzer, the rotating speed of cross-flow
impeller could be adjusted by use of the frequency
converter, and the test facilities were shown in Fig. 18.
The fan was run in the mode of the refrigeration super-
high rotating speed during the operation noise mea-
sured. When the test fan was stopped, the spectrum
curve of sound pressure level of background noise in
the hemi-anechoic chamber was measured, shown in
Fig. 19. Then the spectrum curve of sound pressure
level of the fan’s operation noise was measured after
finishing the above steps, shown in Fig. 20. The sound
pressure levels in the blade passing frequency 752.5 Hz,
its secondary harmonic frequency 1505 Hz, and its tri-
ple harmonic frequency 2257.5 Hz, which are com-
pared with those in the analysing streamline method
and CAA numerical silation, need filter out the com-
ponent of background noise’s sound pressure level
with equation (17) to ensure the comparing results
right.

( spL, SLLO)
SPL =101g,,\10 1 —10 10 /. (17)

Here SPL, is the test sound pressure level of the
fan’s operation noise, dB(A), SPL, is the sound pres-
sure level of background noise in the hemi-anechoic
chamber, dB(A).

Figure 19 indicates the background noise’s fre-
quency in the hemi-anechoic chamber is varied from
0to 10000 Hz, and the sound pressure level in the fre-
quency 752.5, 1505, and 2257.5 Hz is respectively
equalto 6.8, —6.36, and —7.82 dB(A). The total compose
sound pressure level is equal to 23.4 dB(A), and the max-
imum background noise’s sound pressure level is equal to
10.5 dB(A), lain in the frequency 101.8 Hz.

Figure 20 shows the running noise’s frequency of
cross-flow fan is approximately distributed in the
scope of 0 to 10000 Hz with the rotor’s rotating speed
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Fig. 18. Sketch map of the noise test facilities.
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Fig. 19. Sound pressure level spectrum curve of the back-
ground noise of noise test environment.

equal to 135 rad/s. The total compose sound pressure
level is equal to 44.5 dB(A), and the maximum far field
sound pressure level is equal to 26.4 dB(A), lain in the
frequency 770.5 Hz. The far field sound pressure level
in the frequency 752.5 Hz is nearly equal to
25.47 dB(A), the sound pressure level is equal to
25.41 dB(A), after the component of the background
noise’s sound pressure level is filtered out. While the
A-sound pressure level is converted into the general
sound pressure level by looking up the equal-loud-

ness-level contours of 40 pohn, and 25.41 dB(A) is
equal to 64.3933 dB. The far field sound pressure’s rel-
ative error in the frequency 752.5 Hz between the ana-
lysing streamline method and the noise experiment is
0.14%, and that between the CAA numerical simula-
tion and the noise experiment is —10.08%. The far
field sound pressure level in the frequency 1505 Hz is
approximately equal to 21.72 dB(A), and the sound
pressure level is equal to 21.71 dB(A) by filtering out
the component of the background noise. 21.71 dB(A)
isequal to 61.71 dB after A-sound pressure level is con-
verted into the general sound pressure level. The far
field sound pressure’s relative error in the frequency
1505 Hz between the CAA numerical simulation and
the noise experiment is 23.64%, and that between the
analysing streamline method and the noise experi-
ment is 0.09%. The far field sound pressure level in the
frequency 2257.5 Hz is around equal to 17.03 dB(A),
and the sound pressure level is equal to 17.02 dB(A) by
removing the component of the background noise.
17.02 dB(A) is equal to 55.6629 dB after A-sound pres-
sure level is converted into the general sound pressure
level. The far field sound pressure’s relative error in the
frequency 2257.5 Hz between the analysing streamline
method and the noise experiment is 8.1%, and that
between the CAA numerical simulation and the noise
experiment is —1.55%. The far field sound pressure’s rel-
ative errors in the related frequency 752.5 and 1505 Hz
between the CAA numerical simulation and the noise
experiment are larger than those between the analys-
ing streamline method and noise experiment. The far
field sound pressure’s relative error in the related fre-
quency 2257.5 Hz between the CAA numerical simu-
lation and the noise experiment is less than that
between the analysing streamline method and noise
experiment.

As far as the reasons for different solving errors
between the results of theoretical calculation, or
numerical simulation and those of noise experiment are
concerned, they mainly include the follow three aspects:
Firstly, CAA numerical simulation predicting result is
affected by the blade surface gas velocity and pressure’s
accuracy condition, which is attained on CFD numerical
simulation. Secondly, the wall in the sound field is
regarded as the stiff wall, while the sound wave is moved
to the wall, and it will be absolutely reflected without
considering the refraction in CAA numerical simulation.
Finally, the streamline computation approach’s result is
affected by the accuracy condition of some complex
functions’ Taylor series expansions.

CONCLUSIONS

The dipole source term of FW-H equation could be
solved, after the functions of velocity and static pres-
sure are determined by analysing the cross-flow rela-
tive motion streamline on the cross flow blade. The
CAA numerical simulation and noise test of the cross-
flow fan are carried out to evaluate the theoretical
approach’s practicality. The following main conclu-
sions are drawn:
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Fig. 20. Sound pressure level spectrum curve of the cross-
flow fan noise test.

—The sound pressure in the blade passing fre-
quency, the secondary harmonic frequency, and the
triple harmonic frequency on the indoor unit shell or
sphere far field could be solved by the theoretical
method of analysing the cross-flow relative motion
streamline to predict the rotation aerodynamic noise
characteristics of the cross-flow fan. The maximum
and minimum aerodynamic force fluctuation ampli-
tude of the rotor solved by the analysing streamline
method is different from that predicted by CAA
numerical simulation. The maximum and minimum
sound pressure levels in the blade passing frequency,
the secondary harmonic frequency, and the triple har-
monic frequency on the indoor unit shell or sphere far
field solved by the analysing streamline method are
different from those predicted by CAA numerical sim-
ulation. But the orders of magnitudes of all the calcu-
lating results solved by the analysing streamline
method are approximated with those attained by the
numerical simulation.

—The theoretical approach is a new method of
resolving calculation the rotation aerodynamic noise
of the cross-flow fan, which has the feature of the low
computing cost and not to construct the acoustics
mesh models of the cross-flow fan’s impeller and
sound field, compared with CAA numerical simula-
tion. The method of resolving analysis cross-flow rel-
ative motion streamline directly solves Navier Stokes
equation and the dipole source term of FW-H equa-
tion by the resolving approach, so the calculating prin-
ciple of the method is closer to the reality than that of
CAA numerical simulation.

—The result’s error between the theoretical com-
putation and noise experiment is less than that
between CAA numerical simulation and the noise
experiment, which is aroused by the related process
and the characteristics of two computing methods.
The resolving analysis approach of the cross-flow
streamline could mainly be applied to analyse the
aerodynamic characteristics of the low Mach number,

ACOUSTICAL PHYSICS  Vol.65 No.4 2019

low-speed and low-pressure flowing phenomenon, so
it could be used to calculate the aerodynamic charac-
teristics of any low-speed fan. While the method is
applied to analyse the aerodynamic characteristics of
the high Mach number, and high-speed flowing, the
compressibility and density variation of the gas
medium should be considered. So it is feasible for the
streamline calculation approach to predict the cross-
flow fan’s rotation aerodynamic noise.
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