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Abstract: Aiming at investigating the radiation noise characteristic of centrifugal pump under
various working conditions, a noise measurement system is established, afterwards, the distribution
of different points and intervals, as well as the overall level of noise are studied. The total sound
pressure level distribution for different points manifests the dipole and asymmetric directivity
characteristic. Additionally, the acoustic energy is introduced to compare the noise of different
intervals to reveal the asymmetric characteristic, it is found that the variation of working condition
as shightlittle impact on the acoustic energy distribution, and the ratio of the acoustic energy in the
direction facing the tongue, as well as that in the direction against the tongue to total acoustic energy
fluetuatesfluctuate around 0.410 and 0.160, respectively, under various working conditions. Besides,
the A-weighted average sound pressure level (Lpa) is applied to describe the overall level of noise,
and Lpa increases gradually with the growth of rotational speed, but the growth slope decreases.
While in the operation of throttling regulation, Lpa shows the trend that increases firstly, then
maintains stably, and increases again with the growth of flow rate. This study could provide
guidance for optimizing the operating conditions and noise control of centrifugal pumps.

Keywords: centrifugal pump; radiation noise; distribution characteristic; acoustic energy;
experimental research

1. Introduction

With-Widespread concerns on the develeg
awareness-of-environmental protection,+ei
and_accelerate the noise abatement investment-has—accounted auountmg for 15% 20% of the
environmental protection investment [1]. The centrifugal pumps, as-are-widely applied in many
fields of national economy [2,3], radiate a lot of noise during operation,which. The unexpected noise
could affect the flow performance and deteriorate the working environment;-and-has-become-a-major

condition:. To establish theoretical basis forof the radiation noise control technology effor centrifugal
pumps, this study reveals the changmg rules of radlatlon noise under various working conditions.

Experimental studies
could provld e the most rehable resultsweh%a#beeﬂ%}éehuadepted%v for scholars- to detect the

noise from centrifugal pumps. Choi et al. [4] conducted experiment and revealed that the main cause

of radiation noise generated by impeller without volute was the pressure fluctuation on blade surface

induced-by-flow field-instability-in_Chu et a] 5,6] took the mpeﬂe&—wlﬂlevolute into consideration

CELS) £ nirify DU ineudine avelateis— ciatad
and attributed the primary seus £noise in—~eentrifugal pumps-includinga—voluteis-asseciated
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withto the interaction between the non-uniform outflux from impeller and tongue [5,6], and the
further research showed that a slight increase of the gap between impeller and tongue would reduce
the noise leselsignificantly [7]. Parrondo et al. [8] established an acoustic model to characterize the
internal sound field at low frequency range, and concluded that the internal sound field could be
characterized by a dipole-like source located-near the tongue. Cai et al. [9] measured the pressure
fluctuation near the wall of tongue under various rotational speed conditions, and found that the
pressure fluctuation intensity efpressureHuctuationsnearthetongue-increased more rapidly than

the-nereaselhal of rotational speed. Fo-fertherstadythecharacteristicorinterralsound-teld-npipes
fourFour-port model was introduced for the eerrelational-research,—which—provided— of internal

sound field in pipe, providing the convenience for the study-abeut-the-changing rules of noise in ialet
and-outlet-pipe under various meditm—temperature 10} rotational speed-andHowrateworking
conditions [+4;10-12]. Based on LabVIEW, Yuan et al. [13] designed a measurement system for
internal noise analysis of centrifugal pumps;whichrealized-the with synchronous measurement effor
noise signal-#-pipe, pressure and flow rate, and laid a foundation for the follow-up study about the
influence of different eentrifugal-pumps-structurestructures [14-16] on internal-sound field-under
variousHowrate-conditionspressure level (SPL) at different frequencies. To characterize the feature
of far field radiation noise, Ye et al. [17] measured the noise amplitude outside a centrifugal pump
under various flow rate conditions-en-account-of near-field-acoustic pressure-method, and it-was
found that noise amplitude-increased—with-the flowrate-and reached maximum at the highest
efficiency point.

Currently, numericalsimulation—has—becomeas a useful research tool, which—provided
complementary—withnumerical simulation compensated shortages for experiment. As—the—study
progressed,—aA hybrid method combining computational fluid dynamics (CFD) with Lighthill
acoustic analogy was widely used to elucidate the acoustic generation [18,19]. Langthjem et al. [20,21]
applied the hybrid method for noise calculation in a two-dimensional centrifugal pump, and
concluded that the main cause of noise iswas the dipole source. The dipole source was defined as
unsteady fluid force acting on the wall surface,~which-mainly-inecladed including impeller dipole
souree-and volute dipele-source in centrifugal pumps. Huang et al. [22], Ma et al. [23] and Liu et al.
[24] teekconsidered the two different-dipole sources as the noise source for acoustic calculation

separately, and compared the sound-pressurelevel{SPL)-of radiationneise at different exderorders

of blade passing frequency (BPF) with different structures, swhich-couldprevideand these researches
provided gu1dance for structural opt1m1zat1on of centnfugal pumps. In add1t10n Gao et al. [25]

separatelyitwas discovered that the radiation noise generated by impeller demonstrated the dlploe
directivity characteristic, while the volute-generated noise appeared an apparent asymmetric
directivity characteristic-that, i.c., the noise level in the direction facing the tongue was higher than

that of the direction against the tongue—aﬁét Dong et al. [26] explored—therelationship-betveen

raciationnoise-pointed out that the volute-generated by—velute-dipolesource-androtational-speed;
the—ve%&te—geﬁefated—neﬁe—%%mwed—the%eﬂd—that—mnse increased monotonously and nonlinearly
with the increase inretatingof rotational speed.

Obviously, accordingto-the-abeve literature reviews;goes that previous experimental research
mainly focused on the internal noise characteristic in pipe, however, lessmerely experimental
research has—been—ecarried—outfocused on the far field radiation noise. During the numerical
simulation, the previous research mainly considered the influence of impeller dipole source and
volute dipole source on the radiation noise separately, and the-most study—objects-are the SPL at
different exderorders of BPFwhile-the TSPL-characteristicisignored-. Actually, duringthe-operation
ofcentrifugal-pumps,-the radiation noise isresults from the interaction resuit-of the two dipole source
when pumps are running, so the interaction influence should be considered to obtain more accurate
results. As—aresult-of-the-directionality-inIn addition, it is necessary to calculate the total sound

7

pressure
level (TSPL) of different monitoring points-is Lalculated by the superposmon resuts-of SPL at



98

99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115

116

117

118
119
120

121
122
123

Energies 2017, 10, x FOR PEER REVIEW 30f20

different characteristic frequencies, itisriecessary-to-calenlate the TSPL-of differentmonitoring points
to acquire the directivity characteristic. Furthermore—because—noiseNoise propagation is the
propagationspread of acoustic energy in the ed1um, thus, the acoustic energy willchange—in

thechanges with noise propagation process ef-neise—propagation—as—thedistancefrom—the sound

source-changes, so-it-is-also-considered-to-deseribeand the directivity characteristic- can be detected.
Besides, the overall level of radiation noise should be conducted to evaluate the noise levelintensity
under a—eertainspecific working condition—What's—mere—centrifugal-conditions. In general, the
pumps rneed—to—work-are always working at various conditions te—meetwith various working

demands, which-could—eauseand the radiation noise ehanginginevitablychanges accordingly, it is
also indispensable to carry out the various working condition study for radiation noise to figure out
the changing rules.—

Fhereforeln this paper, a centrifugal pump radiation noise measurement system is established

then the TSPL and acoustic energy distribution characterlstlcaaﬂ—measufemeﬂt—&uffaee—m
e&eum%efeﬂﬂal-ehfec—&eﬁ as well as overall level characterlstlc of radlatlon noise are analyzed-under

S se, which may provide
guidance for optimizing the working conditions and noise control of centrifugal pumps.

2. Experimental facility and procedure

2.1. Parameters of the test pump

In this study, I5-80-50-250 is chosen as the test pump, and the prototype figure is shown in Figure

1. Water at normal temperature is used as medium, and the geometric and performance parameters

of the test pump are listed in Table 1.

Figure 1. Prototype figure of the test pump

Table 1. Geometric and performance parameters of the test pump.

o JL L

Parameter Value - - {Formatted: Line spacing: At least 13 pt
Inlet diameter , mm 80 - - { Formatted: Line spacing: At least 13 pt
Impeller diameter , mm 250 « - { Formatted: Line spacing: At least 13 pt
Outlet diameter, mm 50 - - { Formatted: Line spacing: At least 13 pt
Nominal flow rate, m3/h 50 - - - { Formatted: Line spacing: At least 13 pt
Best efficiency 63% (50 m3/h

Design head, m 80 ‘B

) { Formatted:

Line spacing:

At least 13 pt
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Nominal zetatingrotational speed, rpm 2900 “l { Formatted: Line spacing: At least 13 pt

Blade number 6 - - ‘[Formatted: Line spacing: At least 13 pt

124 2.2. Radiation noise measurement system

125 The experimental apparatuses used in the system are shown schematically in Figure 42, which
126  ineludesinclude soundproof room, water circulation system, circuit control system, data acquisition
127  and storage system. In the measurement system, to reduce the influence of surrounding environment
128  and motor operation on the measurement results, the centrifugal pump and motor are insulated by
129 a soundproof room, the interior and exterior walls of soundproof room, along with the motor are
130 surrounded by soundproof cotton: i i i
131  operation-onthe -measurementresults—of radiation—neise.. Besides, the pump is driven by the
132 YVF2180L-2 type three-phase asynchronous motor, and the rotational speed is regulated by Y0300G3
133 type frequency converter. The flow rate, inlet pressure, outlet pressure, as well as the radiation noise
134 level are measured and recorded by corresponding instrument listed in Table.2.

135

flow meter

frequency
converter

pressure recorder-

136

137 Figure 12. Layout and instrumentation of measurement system - ‘[ Formatted: Indent: First line: 0 cm
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Table 2. Measurement characteristic of instruments

L Measuring Accuracy or
Instruments Type Application o
range sensitivity
0.2%
Flow meter SLDG-800 Measuring flow rate 0-100m3/h b
(accuracy)
Measuring inlet -100-0kPa 0.5%
Pressure pressure (inlet pipe) (accuracy) «
MIK-300
transducer Measuring outlet 0-1600kPa 0.5%
pressure (outlet pipe) (accuracy)
Pressure . N
RX-200D Recording pressure / /
recorder
. Measuring radiation 50mV/Pa
Microphone AWAT14423L i 10-20kHz o “
noise (sensitivity)
Two channel Recording radiation *
AWA6290M+ / /

signal analyzer noise

During the operation, when the operation system reaches stable, the flow rate, pressure,

radiation noise level are measured sequentially and stored in computer terminal-when-the-eperation
system-is-stable—after. After that, the rotational speed erand flow rate are adjusted via frequency

converter and artificial regulation, respectively, then these parameters under various working
conditions are recorded for analysis. Figure 23 shows the structure diagram of measurement system.

r—| Centrifugal pump [— Frequency converter
. Pipeline
Signal analyzer
—Computer terminat Flow meter —
Pressure recorder Valve — Artificial regulation
— Water tank

{ Formatted: Line spacing:

At least 13 pt

- { Formatted: Line spacing:

At least 13 pt

- { Formatted: Line spacing:

At least 13 pt

. { Formatted: Line spacing:

At least 13 pt

. { Formatted: Line spacing:

At least 13 pt

: { Formatted: Line spacing:

At least 13 pt
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r— Centrifugal pump [— Frequency converter
] Pipeline
Signal analyzer
Computer terminal [ Flow meter —
Pressure recorder Valve — Aurtificial regulation
— Water tank

Figure 23. Structure diagram of measurement system

2.3. Arrangement of the monitoring points

To acquire the distribution characteristic of radiation noise, 16 monitoring points are arranged

on the measurement surface around the pump;-as. As shown in Figure 34, the monitoring points are

1000mm away from the center of impeller, whichand arranged evenly in-the circumferential direction
[27]. During the measurement process, SPL characteristic of every point is measured by microphone

sequentially. Here, SPL is defined as,

SPL= 20l0g—¢ o
B
(7,
p= L[ p 2
3 \ma” : @
t
r=1L 3)
/

where Pryis the reference acoustic pressure (2*10Pa in air), while-P. is the effective value of acoustic

pressure-defined-as;, p’ is instantaneous acoustic pressure, f is the time of one revolution of impeller

and [ is the number of blades (/=6 in this paper).
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90°

P12

N
) 5%
180° P13 i'y'gm-r-

P14

P16~ py P2
270°

Figure 34. Arrangement of monitoring points in circumferential direction
To figure—outreveal the—radiation noise intensity of different monitoring points and the
directivity characteristic-of-radiationneise, it is necessary to derive a temporal intensity profile
involving a superposition of aceusticpressuresSP’L at each Fourier frequency;—se. Thus TSPL is
introduced in-thispaper-and given by,

.
M%}M —3)

i=1

.
TPSL = 101g210”’1"/’” (4)

i=1

where 1 represents the number of frequencies. However, TSPL only represents the noise level of a
certain monitoring point, and it can’t be superimposed by arithmetic to describe the noise level of an
interval. Therefore, the acoustic energy is more suitable for comparing the noise level of different
monitoring intervals since it can be superimposed by arithmetic, moreover, the propagation of sound
is essentially the propagation of energy. Briefly, the application of acoustic energy could reveal the
noise level relationship between different intervals intuitively, so the average acoustic energy density
[28] is analyzed, whichand it is defined as,

o=t (45)

where €, pand c representsrepresent the acoustic energy density, medium density (1.29kg/m3 in air)
and the sound speed in medium (343m/s in air), respectively.

To further evaluate the overall level characteristic of radiation noise on measurement surface,
the average A-weighted sound pressure level (Lpa) of the measurement surface is introduced and
expressed as,

I\ ;
Loy =10 lg(;Z] 107PL1/10) (56)
where m represents the number of monitoring points, and the Lpa of 16 monitoring points on the

measurement surface around the pump is calculated for analysis.

3. Radiation noise characteristic under various rotational speed conditions

In-the-operation-ofThe variable speed regulation-the pump-performance-characteristic eurve-is

djusted-by-regulating-the-speed,-this-method has no throttling loss, which-makes-itand is an ideal

adjus

adjustment method. In this section, on the basis of keeping the flow valve installed downstream on
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the outlet pipe opened fully and unchanged, which—ensuresthen the pipelineradiation noise
characteristic sehansed —then—the—pump—dub—poirtis—resulred-by—trequencv—converterundoer

various rotational speed conditions are studied. According to the similarity law, the relationship
between flow rate and rotational speed is defined as,

o _n (&)
0 n e
9 _m (7)
9 n

where Q and n representsrepresent the flow rate and rotational speed, while the subscript 1 and 2
representsrepresent two different working conditions,respeetively. It can be found that the flow rate
is proportional to the rotational speed, so the flow rate of centrifugal pump is increasing with the
inereaserise of rotational speed. To ensure the safety of the running system, seven different rotational

speeds that are less than or equal to the ratednominal rotational speed,-inchacing 170019002100,
')'znn '7l:ﬂﬂ ')’7ﬂﬂ '7()ﬂﬂvwr M, are measﬂ“‘eé to—revea th o Faéiaﬁ OR—hReise Ehaﬂ gqﬂ;; rules HHéEF

variousconsidered. The rotational speed-conditionsspeeds and corresponding flow rates are shown
in Table 3.

Table 3. Rotational slweeds and C()rresgonding flow rates

Rotational speed, rpm Flow rate, m3/h
1700 56.9

1900 64.8

2100 69.6

2300 74

2500 782

2700 82.1

2900 86

3.1. Directivity characteristic of radiation noise under various rotational speed conditions

By measuring the SPL characteristic and calculating the ¥SPLTSPLs of 16 different points in the
circumferential direction, the directivity characteristic of radiation noise is studiedobtained under

various rotational speed conditions.

—=—1700rpm
100 —0—1900rpm
—®—2100rpm
95 | —0—2300rpm
2500rpm
% 2700rpm
) —*—2900rpm
85+
2
= 80+
a
Z]
-
85+
90+
954
100 -

270.0
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—®—1700rpm
100 - —0—1900rpm
] —®—2100rpm
95 | —0—2300rpm
1 2500rpm
90 2700rpm
—*—2900rpm
85 |
2
=z
= 80 - 0.0
=
£
85
3375
90
95 |
100 -
210 270.0
R11 Figure 45. Directivity characteristic of radiation noise under various rotational speed conditions <+ ~ - { Formatted: Centered, Indent: First line: 0 cm
212 As shown in Figure 45, it can be found that the TSPL increases in-therange-offrom 80 to 100dB

213 with the increase of rotational speed. As a result of the symmetric characteristic of impeller, the
R14  profilesprofile of directivity diagram of TSPL demenstratedemonstrates the dipole symmetric
R15  characteristic, itisalse-foundand one sees that the two TSPL valleys appear at 0° and 180°. In addition,

216  apparent asymmetric characteristic also can be found due to the asymmetric structure of volute, more

217  concretely, the noise level in the direction facing the tongue (in the interval from 90° to 157.5°) is
218  higher than that in the direction against the tongue (in the interval from 292.5° to 0°), which means
|219 that the radiation noise is the interaction result of a-cembination-ofimpeller and volute dipole source.
220 To further reveal the asymmetric characteristic under various rotational speed conditions
221  quantitatively, the ratio of the acoustic energy in the interval from 90° to 157.5° (€1), as well as that in
222 the interval from 292.5° to 0° (€2) to the total acoustic energy (€:) are calculated. As shown in Figure
R23 56, the valuevalues of €1/ € and €/ € havechange little ehange with the inereasechange of rotational
P24 speed, and the value of €1/ & fluctuates around 0.413, while the value of €/ & fluctuates near 0.157;
P25  swhich-means, It proves that the change of rotational speed would affect the acoustic energy, but it

226  has shightlittle impact on the acoustic energy distribution. Oa-the-one-hand-aceordingAccording to

R27  the previousresearchespast research [5-7], the volute tongue is the keymajor noise source, and the
P28  measurement interval in the direction facing the tongue is mere—closer to the tongue than other

P29  intervals,en. On the other hand, acoustic energy attenuatesweakens gradually as the distance from

P30  the sound source increases, so the acoustic energy has slightless attenuation in the direction facing

R31 the tongue-and-causes-the—_than that in the direction against the tongue, causing a much higher ratio

P32 of acoustic energy in the direction facing-the-tongue much-higher than-thatinthe direction-against
233 the tongue.
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Figure 56. The acoustic energy changing curves with rotational speed

3.2. Changing rules of radiation noise under various rotational speed conditions

TheTo analyze the noise level changing rules of different points under various rotational speed+ - — ‘[ Formatted: Space After: 0 pt

conditions, P1 (270°, in the direction against the outlet), P5 (0°, the valley point), P9 (90°, in the
direction facing the outlet), P11 (135°, in the direction facing the tongue) and P13 (180°, the valley
point) are selected—to—haberzethe—changing—rules—olnoisedevelrndervariomi—rolatioral—speed
eonditions.. As shown in Figure 67, it can be more visually seeseen that the Tél—L—H—H—;—“.g—t—i—eﬂéTSI’Ls
of different monitoring points alengrise with the rotational speed increasing. In general, FSPETSPLs
of P5 and P13 are lower than others because the two points are located at the valley of dipole
characteristic, meanwhile, TSPL of P1 lies between P5 and P11,mereover—as. As a result of the
influence of volute tongue noise source, P9 and P11 have_a higher noise level, and P9 is located in
outlet direction, which is more affected by the internal flow noise in outlet pipe, so P9 is the highest
noise level point.
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Figure 67. TSPL changing curves with rotational speed

To evaluate the overall level of radiation noise, the Lpa of the 16 monitoring points is compared
in Figure 78 under various rotational speed conditions. It can be observed that Lpa irereasesclimbs
gradually with the increase of rotational speed, and reaches to maximum walze-at 2900rpm. When
rotational speed increases from 1700 to 2900rpm, the Lpa increases by 12.40%. However, the growth
slope decreases gradually with the increase of rotational speed generally, in particular, the Lya grows
rapidly in the interval between 1700 and 2300rpm, with an average increase of 1.12dB per 100rpm,
while in the range from 2300 to 2900rpm, the growth rate of Lpa slows down, with an average increase
of 0.65dB per 100rpm, which is less than that in the range from 1700 to 2300rpm. It could be explained
by that with the increase of rotational speed, the pressure fhuctuationsfluctuation on wall surface also
inereaseincreases, but the increment rate of the variance of pressure fluctuationsfluctuation decreases
[291], and eould-cause-the-causes a slow increase of acoustic pressure around the pump-inereases
slowly, as a result, the growth slope of noise level decreases graduallysteadily.
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Figure 78. Lpa changing curve with rotational speed

4. Radiation noise characteristic under various flow rate conditions

12 of 20

Compared with the variable speed regulation, the throttling regulation has the advantages of

easy operation and low cost. Considering the two factors mentioned, throttling regulation is widely

adopted at some occasions. In this section, the throttling regulation is realized by adjusting the valve

opening on outlet pipe, then five different flow rates, i.e., 37.5, 50 (ratednominal flow rate), 62.5, 75

and 86m3/h (valve open fully), are studied to explore the radiation noise characteristic under various

flow rate conditions when rotational speed is set as 2900rpm.

4.1. Directivity characteristic of radiation noise under various flow rate conditions

By calculating the FSPLETSPLs of 16_different points in the circumferential direction, then the
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directivity characteristic of radiation noise is analyzed under various flow rate conditions.

—=—37.5m’h
100 —e—50m’/h
—A—62.5m’h
96 —o—75m’/h
—*—86m’/h
92|
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_ 88
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= 8411800
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H
88 |
202.5
92 |
96 -
100 -
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96 -
100- 247.5 292.5

270.0

Figure 89. Directivity characteristic of radiation noise under various flow rate conditions (2900rpm)

It is eiseoveredfrem-apparent in Figure 89 that TSPL changes between 86dB and 100dB, not only
the dipole characteristic, but alse-the asymmetric characteristic are presented in circumferential
direction, . And then the ratio of the acoustic
energy in the interval from 90° to 157.5° (£1), as well as that in the interval from 292.5° to 0° (€2) to the
total acoustic energy (&:) are compared under various flow rate conditions;-as. As shown in Figure
910, the walaevalues of &/ & and &/ & show the fluctuation trend in the vicinity of 0.410 and 0.166,
respectively—whieh. And these results are closer to the-vahze-ofthose under various rotational speed

conditions. It also can be found that the deviation between the value of €1/ & and average value (0.410)
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is relatively-larger at 50m3/h—which. It could be explained by that in the measurement process, the
measurement results are affected by the severe disturbance of the surrounding environment, but it
does not affect the conclusion that the change of flow rate also has skightlittle impact on the acoustic

energy distribution.
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0.254
0.
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0.10 4 -

0.00 T T T T T
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flow rate(mslh)
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Figure 910. The acoustic energy changing curves with flow rate (2900rpm)

4.2. Changing rules of radiation noise under various flow rate conditions

In Figure 40, FSPE11, TSPLs of P1, P5, P9, P11 and P13 are also analyzed to reveal the noise level

changing rules under various flow rate conditions. It is revealed that *SPLTSPLs of different points

show the similar changing rules, specifically, the TSPL increases rapidly in small flow range from
37.5 to 50m3/h, then basically levels off in the interval from 50 to 75m3/h, and continues to increase
when flow rate is kighhigher than 75m3/h. What's more, the TSPL distribution characteristic of
different points under various flow rate conditions also shows that P5-and13-are-the lowestnoise
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BO2  level pointsFSPLat P5 and P13 are lower than others, while TSPLs of P9 and P11 are higher than
BO3  others, and P9 is highest noise level point, which is-similartecoincides with the distribution under

304  various rotational speed conditions.
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308 Furthermore, Lpa of 16 monitoring points is also studied under various flow rate conditions. It

BO9  can be found in Figure 1112 that the Lya shows-the same changing trend-with-the TSPLof different
B10  monitoringpeints—thatalso increases sharply fissthyinitially at small flow rate, then maintains
B11  stablystable, and reaches to maximum value at large flow rate interval. Additionally, Lya changes a

312 little with the increase of flow rate, which increases by 5.10% when flow rate grows from 37.5 to

313 86m3h.
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To explore the reasons for the changing rulerules of Lya under various flow rate conditions, the
head and efficiency are calculated, respectively. The changing rules of the two parameters are shown
in Figure 1213, it can be found that with the increase of flow rate, the head decreases graduallyi#. In
addition, the efficiency shows the tendency that increases-firstly from 37.5 to 50m3/h, and reaches to
the maximum at 50m3/h, then remains essentially unchanged in the range from 50 to 75m?h, which
is the best efficiency range, and it keeps decreasing subsequently with the flow rate continues to grow.
At low flow rate conditions, the pressure fluctuation inside the pump is low and causes low noise
levelwhen. With the increase of flow rate-inereases, the pressure fluctuationsfluctuation inside the
pump inereaseincreases accordingly, while in the best efficiency range, i.e., in the range from 50 to
75m3/h, the pressure becomes stable [16}—which—eauses]7], and leads to little change for the noise
level-change-litte but. However, as the flow rate continues to increase, the head and efficiency

decrease « ydramatically, which may be caused by the occurrence of cavitation inside the pump,
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B29  and leadcontribute to the dramatic increase of Lpa when flow rate is larger than 75 m3/h.
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333 5. Conclusions
B34 In this paper, a centrifugal pump radiation noise measurement system ofcentrifugal-pump-is
B35 established, then the directivity distribution characteristic and overall level characteristic of radiation
B36  noiseenmeasurementsurface are analyzed under various working conditions. The main conclusions

337  are drawn as follows,
338 a). Under various working conditions, the total sound pressure level distribution for different
b39 monitoring points in-cireumferential-direction-manifests the dipole characteristic, specifically,
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b).

the two valley values appear at 0° (in the direction against the tongue) and 180° and the
minimum valley values are presented at the minimum rotational speed and minimum flow rate
condition,+espectively.. Additionally, asymmetric characteristic hatis also validated, i.e., the
noise level in the direction facing the volute tongue is higher than that in the direction against
the tongue-is-alse—validated, and the monitoring point in outlet direction is the highest noise
level point.

The change of working condition has skightlittle impact on the acoustic energy distribution of
different intervals, and the ratio of the acoustic energy in the direction facing the tongue (£1), as
well as that in the direction against the tongue (€2) to the total acoustic energy (&)
flaetuatesfluctuate around 0.410 and 0.160, respectivelyundervariousworkingconditions.

In the operation of variable speed regulation, the average A-weighted sound pressure level (Lpa)
increases gradually with the increasing of rotational speed, and it increases by 12.40% when
rotational speed increases from 1700 to 2900rpm, but the growth slope decreases gradually with
the rise of pump rotational speed. While in the operation of throttling regulation, Lpa shows the
trend that increases firstly, then maintains stably, and continues to increase with the increase of

flow rate, and it increases by 5.10% when flow rate grows from 37.5 to 86m3/h.
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