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Abstract: Aiming at investigating the radiation noise characteristic of centrifugal pump under 12 
various working conditions, a noise measurement system is established, afterwards, the distribution 13 
of different points and intervals, as well as the overall level of noise are studied. The total sound 14 
pressure level distribution for different points manifests the dipole and asymmetric directivity 15 
characteristic. Additionally, the acoustic energy is introduced to compare the noise of different 16 
intervals to reveal the asymmetric characteristic, it is found that the variation of working condition 17 
has slightlittle impact on the acoustic energy distribution, and the ratio of the acoustic energy in the 18 
direction facing the tongue, as well as that in the direction against the tongue to total acoustic energy 19 
fluctuatesfluctuate around 0.410 and 0.160, respectively, under various working conditions. Besides, 20 
the A-weighted average sound pressure level (LpA) is applied to describe the overall level of noise, 21 
and LpA increases gradually with the growth of rotational speed, but the growth slope decreases. 22 
While in the operation of throttling regulation, LpA shows the trend that increases firstly, then 23 
maintains stably, and increases again with the growth of flow rate. This study could provide 24 
guidance for optimizing the operating conditions and noise control of centrifugal pumps. 25 
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experimental research 27 

 28 

1. Introduction 29 
With Widespread concerns on the development of technology and improvement of people’s 30 

awareness of environmental protection, noise hazard has increasingly drawn widespread attention, 31 
and accelerate the noise abatement investment has accounted, accounting for 15%-20% of the 32 
environmental protection investment [1]. The centrifugal pumps, as are widely applied in many 33 
fields of national economy [2,3], radiate a lot of noise during operation, which. The unexpected noise 34 
could affect the flow performance and deteriorate the working environment, and has become a major 35 
pollution hazard. Actually, the working condition of centrifugal pumps always changes to meet 36 
different working demands, which could cause the radiation noise also changes with the working 37 
condition.. To establish theoretical basis forof the radiation noise control technology offor centrifugal 38 
pumps, this study reveals the changing rules of radiation noise under various working conditions. 39 

For research on noise of centrifugal pumps, experimental study providesExperimental studies 40 
could provide the most reliable results, which has been widely adopted by for scholars. to detect the 41 
noise from centrifugal pumps. Choi et al. [4] conducted experiment and revealed that the main cause 42 
of radiation noise generated by impeller without volute was the pressure fluctuation on blade surface 43 
induced by flow field instability in. Chu et al. [5,6] took the impeller, whilevolute into consideration 44 
and attributed the primary source of noise in centrifugal pumps including a volute is associated 45 
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withto the interaction between the non-uniform outflux from impeller and tongue [5,6], and the 46 
further research showed that a slight increase of the gap between impeller and tongue would reduce 47 
the noise level significantly [7]. Parrondo et al. [8] established an acoustic model to characterize the 48 
internal sound field at low frequency range, and concluded that the internal sound field could be 49 
characterized by a dipole-like source located near the tongue. Cai et al. [9] measured the pressure 50 
fluctuation near the wall of tongue under various rotational speed conditions, and found that the 51 
pressure fluctuation intensity of pressure fluctuations near the tongue increased more rapidly than 52 
the increasethat of rotational speed. To further study the characteristic of internal sound field in pipe, 53 
fourFour-port model was introduced for the correlational research, which provided  of internal 54 
sound field in pipe, providing the convenience for the study about the changing rules of noise in inlet 55 
and outlet pipe under various medium temperature [10], rotational speed and flow rateworking 56 
conditions [11,10-12]. Based on LabVIEW, Yuan et al. [13] designed a measurement system for 57 
internal noise analysis of centrifugal pumps, which realized the with synchronous measurement offor 58 
noise signal in pipe, pressure and flow rate, and laid a foundation for the follow-up study about the 59 
influence of different centrifugal pumps structurestructures [14-16] on internal sound field under 60 
various flow rate conditionspressure level (SPL) at different frequencies. To characterize the feature 61 
of far field radiation noise, Ye et al. [17] measured the noise amplitude outside a centrifugal pump 62 
under various flow rate conditions on account of near-field acoustic pressure method, and it was 63 
found that noise amplitude increased with the flow rate and reached maximum at the highest 64 
efficiency point. 65 

Currently, numerical simulation has becomeas a useful research tool, which provided 66 
complementary withnumerical simulation compensated shortages for experiment. As the study 67 
progressed, aA hybrid method combining computational fluid dynamics (CFD) with Lighthill 68 
acoustic analogy was widely used to elucidate the acoustic generation [18,19]. Langthjem et al. [20,21] 69 
applied the hybrid method for noise calculation in a two-dimensional centrifugal pump, and 70 
concluded that the main cause of noise iswas the dipole source. The dipole source was defined as 71 
unsteady fluid force acting on the wall surface, which mainly included including impeller dipole 72 
source and volute dipole source in centrifugal pumps. Huang et al. [22], Ma et al. [23] and Liu et al. 73 
[24] tookconsidered the two different dipole sources as the noise source for acoustic calculation 74 
separately, and compared the sound pressure level (SPL) of radiation noise at different orderorders 75 
of blade passing frequency (BPF) with different structures, which could provideand these researches 76 
provided guidance for structural optimization of centrifugal pumps. In addition, Gao et al. [25] 77 
analyzed the directivity characteristic of radiation noise generated by the two different dipole sources 78 
separately, it was discovered that the radiation noise generated by impeller demonstrated the diploe 79 
directivity characteristic, while the volute-generated noise appeared an apparent asymmetric 80 
directivity characteristic that, i.e., the noise level in the direction facing the tongue was higher than 81 
that of the direction against the tongue, and. Dong et al. [26] explored the relationship between 82 
radiation noise pointed out that the volute-generated by volute dipole source and rotational speed, 83 
the volute-generated noise showed the trend that noise increased monotonously and nonlinearly 84 
with the increase in rotatingof rotational speed. 85 

Obviously, according to the above literature review,goes that previous experimental research 86 
mainly focused on the internal noise characteristic in pipe, however, lessmerely experimental 87 
research has been carried outfocused on the far field radiation noise. During the numerical 88 
simulation, the previous research mainly considered the influence of impeller dipole source and 89 
volute dipole source on the radiation noise separately, and the most study objects are the SPL at 90 
different orderorders of BPF, while the TSPL characteristic is ignored.. Actually, during the operation 91 
of centrifugal pumps, the radiation noise isresults from the interaction result of the two dipole source 92 
when pumps are running, so the interaction influence should be considered to obtain more accurate 93 
results. As a result of the directionality inIn addition, it is necessary to calculate the total sound 94 
propagation, different space points with respect to sound source have different directions, which 95 
results in noise directional difference of different points, on another side, the radiation noisepressure 96 
level (TSPL) of different monitoring points is, calculated by the superposition results of SPL at 97 
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different characteristic frequencies, it is necessary to calculate the TSPL of different monitoring points 98 
to acquire the directivity characteristic. Furthermore, because noiseNoise propagation is the 99 
propagationspread of acoustic energy in the medium, thus, the acoustic energy will change in 100 
thechanges with noise propagation process of noise propagation as the distance from the sound 101 
source changes, so it is also considered to describeand the directivity characteristic. can be detected. 102 
Besides, the overall level of radiation noise should be conducted to evaluate the noise levelintensity 103 
under a certainspecific working condition. What’s more, centrifugal conditions. In general, the 104 
pumps need to work are always working at various conditions to meetwith various working 105 
demands, which could causeand the radiation noise changing inevitablychanges accordingly, it is 106 
also indispensable to carry out the various working condition study for radiation noise to figure out 107 
the changing rules.  108 

ThereforeIn this paper, a centrifugal pump radiation noise measurement system is established 109 
in this paper. In the system, the centrifugal pump and motor are insulated by a soundproof room to 110 
reduce the influence of surrounding environment and motor operation on measurement results,. And 111 
then the TSPL and acoustic energy distribution characteristic on measurement surface in 112 
circumferential direction, as well as overall level characteristic of radiation noise are analyzed under 113 
various working conditions to reveal the changing rules of radiation noise, which may provide 114 
guidance for optimizing the working conditions and noise control of centrifugal pumps. 115 

2. Experimental facility and procedure 116 

2.1. Parameters of the test pump 117 

In this study, IS-80-50-250 is chosen as the test pump, and the prototype figure is shown in Figure 118 
1. Water at normal temperature is used as medium, and the geometric and performance parameters 119 
of the test pump are listed in Table 1.  120 

 121 
Figure 1. Prototype figure of the test pump 122 

Table 1. Geometric and performance parameters of the test pump. 123 
Parameter Value 
Inlet diameter , mm  80 
Impeller diameter , mm 250 
Outlet diameter, mm 50 
Nominal flow rate, m3/h 50 
Best efficiency 63% (50 m3/h) 
Design head, m 80 
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Nominal rotatingrotational speed, rpm 2900 
Blade number 6 

2.2. Radiation noise measurement system 124 
The experimental apparatuses used in the system are shown schematically in Figure 12, which 125 

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

flow metervalve
soundproof room

acoustic enclosure

frequency converter

motor

pump

bracket

water tank

pressure measuring point

monitoring point

two channel
signal analyzer

pressure recorder

computer

 135 

 136 
Figure 12. Layout and instrumentation of measurement system 137 
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Table 2. Measurement characteristic of instruments 138 

Instruments Type Application 
Measuring 

range 
Accuracy or 
sensitivity 

 Flow meter SLDG-800 Measuring flow rate 0-100m3/h 
0.2% 

(accuracy) 

 Pressure 
transducer 

MIK-300 

Measuring inlet 
pressure 

-100-0kPa 
(inlet pipe) 

0.5% 
(accuracy) 

Measuring outlet 
pressure 

0-1600kPa 
(outlet pipe) 

0.5% 
(accuracy) 

Pressure 
recorder 

RX-200D Recording pressure / / 

Microphone AWA14423L 
Measuring radiation 

noise 
10-20kHz 

50mV/Pa 
(sensitivity) 

Two channel 
signal analyzer 

AWA6290M+ 
Recording radiation 

noise 
/ / 

 139 
During the operation, when the operation system reaches stable, the flow rate, pressure, 140 

radiation noise level are measured sequentially and stored in computer terminal when the operation 141 
system is stable, after. After that, the rotational speed orand flow rate are adjusted via frequency 142 
converter and artificial regulation, respectively, then these parameters under various working 143 
conditions are recorded for analysis. Figure 23 shows the structure diagram of measurement system. 144 
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Figure 23. Structure diagram of measurement system 147 

2.3. Arrangement of the monitoring points 148 

To acquire the distribution characteristic of radiation noise, 16 monitoring points are arranged 149 
on the measurement surface around the pump, as. As shown in Figure 34, the monitoring points are 150 
1000mm away from the center of impeller, whichand arranged evenly in the circumferential direction 151 
[27]. During the measurement process, SPL characteristic of every point is measured by microphone 152 
sequentially. Here, SPL is defined as, 153 

ref

e

P

P
log20SPL =                               (1) 154 

dtp
T

1
P

T

0

2,
e =                               (2) 155 

l

t
T =                                          (3) 156 

where Pref is the reference acoustic pressure (2*10-5Pa in air), while Pe is the effective value of acoustic 157 
pressure defined as,, p’ is instantaneous acoustic pressure, t is the time of one revolution of impeller, 158 
and l is the number of blades (l=6 in this paper). 159 

dtp
T

1
P

T

0

2,
e =                               (2) 160 

 161 
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Figure 34. Arrangement of monitoring points in circumferential direction 163 

To figure outreveal the radiation noise intensity of different monitoring points and the 164 
directivity characteristic of radiation noise, it is necessary to derive a temporal intensity profile 165 
involving a superposition of acoustic pressuresSPL at each Fourier frequency, so. Thus TSPL is 166 
introduced in this paper and given by, 167 


=

=
n

1i

10SPL i10lg10TPSL                                 (3) 168 


=

=
n

1i

10SPL i10lg10TPSL                                  (4) 169 

where n represents the number of frequencies. However, TSPL only represents the noise level of a 170 
certain monitoring point, and it can’t be superimposed by arithmetic to describe the noise level of an 171 
interval. Therefore, the acoustic energy is more suitable for comparing the noise level of different 172 
monitoring intervals since it can be superimposed by arithmetic, moreover, the propagation of sound 173 
is essentially the propagation of energy. Briefly, the application of acoustic energy could reveal the 174 
noise level relationship between different intervals intuitively, so the average acoustic energy density 175 
[28] is analyzed, whichand it is defined as, 176 

2

2
e

cρ

P
ε =                                   (45) 177 

where Ɛ,ρand c representsrepresent the acoustic energy density, medium density (1.29kg/m3 in air) 178 
and the sound speed in medium (343m/s in air), respectively.  179 

To further evaluate the overall level characteristic of radiation noise on measurement surface, 180 
the average A-weighted sound pressure level (LpA) of the measurement surface is introduced and 181 
expressed as, 182 

)10
m

1
lg(10L

m

1i

10TSPL
pA

i
=

=                               (56) 183 

where m represents the number of monitoring points, and the LpA of 16 monitoring points on the 184 
measurement surface around the pump is calculated for analysis. 185 

3. Radiation noise characteristic under various rotational speed conditions 186 

In the operation ofThe variable speed regulation, the pump performance characteristic curve is 187 
adjusted by regulating the speed, this method has no throttling loss, which makes itand is an ideal 188 
adjustment method. In this section, on the basis of keeping the flow valve installed downstream on 189 
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the outlet pipe opened fully and unchanged, which ensuresthen the pipelineradiation noise 190 
characteristic unchanged, then the pump duty point is regulated by frequency converterunder 191 
various rotational speed conditions are studied. According to the similarity law, the relationship 192 
between flow rate and rotational speed is defined as, 193 

2

1

2

1

n

n

Q

Q =                                         (6) 194 

2

1

2

1

n

n

Q

Q =                                         (7) 195 

where Q and n representsrepresent the flow rate and rotational speed, while the subscript 1 and 2 196 
representsrepresent two different working conditions, respectively. It can be found that the flow rate 197 
is proportional to the rotational speed, so the flow rate of centrifugal pump is increasing with the 198 
increaserise of rotational speed. To ensure the safety of the running system, seven different rotational 199 
speeds that are less than or equal to the ratednominal rotational speed, including 1700, 1900, 2100, 200 
2300, 2500, 2700, 2900rpm, are measured to reveal the radiation noise changing rules under 201 
variousconsidered. The rotational speed conditionsspeeds and corresponding flow rates are shown 202 
in Table 3. 203 

Table 3. Rotational speeds and corresponding flow rates 204 
Rotational speed, rpm Flow rate, m3/h 
1700 56.9 
1900 64.8 
2100 69.6 
2300 74 
2500 78.2 
2700 82.1 
2900 86 

3.1. Directivity characteristic of radiation noise under various rotational speed conditions 205 

By measuring the SPL characteristic and calculating the TSPLTSPLs of 16 different points in the 206 
circumferential direction, the directivity characteristic of radiation noise is studiedobtained under 207 
various rotational speed conditions.  208 
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 210 
Figure 45. Directivity characteristic of radiation noise under various rotational speed conditions 211 

As shown in Figure 45, it can be found that the TSPL increases in the range offrom 80 to 100dB 212 
with the increase of rotational speed. As a result of the symmetric characteristic of impeller, the 213 
profilesprofile of directivity diagram of TSPL demonstratedemonstrates the dipole symmetric 214 
characteristic, it is also foundand one sees that the two TSPL valleys appear at 0° and 180°. In addition, 215 
apparent asymmetric characteristic also can be found due to the asymmetric structure of volute, more 216 
concretely, the noise level in the direction facing the tongue (in the interval from 90° to 157.5°) is 217 
higher than that in the direction against the tongue (in the interval from 292.5° to 0°), which means 218 
that the radiation noise is the interaction result of a combination of impeller and volute dipole source.  219 

To further reveal the asymmetric characteristic under various rotational speed conditions 220 
quantitatively, the ratio of the acoustic energy in the interval from 90° to 157.5° (Ɛ1), as well as that in 221 
the interval from 292.5° to 0° (Ɛ2) to the total acoustic energy (Ɛt) are calculated. As shown in Figure 222 
56, the valuevalues of Ɛ1/ Ɛt and Ɛ2/ Ɛt havechange little change with the increasechange of rotational 223 
speed, and the value of Ɛ1/ Ɛt fluctuates around 0.413, while the value of Ɛ2/ Ɛt fluctuates near 0.157, 224 
which means. It proves that the change of rotational speed would affect the acoustic energy, but it 225 
has slightlittle impact on the acoustic energy distribution. On the one hand, accordingAccording to 226 
the previous researchespast research [5-7], the volute tongue is the keymajor noise source, and the 227 
measurement interval in the direction facing the tongue is more closer to the tongue than other 228 
intervals, on. On the other hand, acoustic energy attenuatesweakens gradually as the distance from 229 
the sound source increases, so the acoustic energy has slightless attenuation in the direction facing 230 
the tongue, and causes the  than that in the direction against the tongue, causing a much higher ratio 231 
of acoustic energy in the direction facing the tongue much higher than that in the direction against 232 
the tongue. 233 
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Figure 56. The acoustic energy changing curves with rotational speed 236 

3.2. Changing rules of radiation noise under various rotational speed conditions 237 
TheTo analyze the noise level changing rules of different points under various rotational speed 238 

conditions, P1 (270°, in the direction against the outlet), P5 (0°, the valley point), P9 (90°, in the 239 
direction facing the outlet), P11 (135°, in the direction facing the tongue) and P13 (180°, the valley 240 
point) are selected to analyze the changing rules of noise level under various rotational speed 241 
conditions.. As shown in Figure 67, it can be more visually seeseen that the TSPL rising trendTSPLs 242 
of different monitoring points alongrise with the rotational speed increasing. In general, TSPLTSPLs 243 
of P5 and P13 are lower than others because the two points are located at the valley of dipole 244 
characteristic, meanwhile, TSPL of P1 lies between P5 and P11, moreover, as. As a result of the 245 
influence of volute tongue noise source, P9 and P11 have a higher noise level, and P9 is located in 246 
outlet direction, which is more affected by the internal flow noise in outlet pipe, so P9 is the highest 247 
noise level point. 248 
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Figure 67. TSPL changing curves with rotational speed 251 

To evaluate the overall level of radiation noise, the LpA of the 16 monitoring points is compared 252 
in Figure 7.8 under various rotational speed conditions. It can be observed that LpA increasesclimbs 253 
gradually with the increase of rotational speed, and reaches to maximum value at 2900rpm. When 254 
rotational speed increases from 1700 to 2900rpm, the LpA increases by 12.40%. However, the growth 255 
slope decreases gradually with the increase of rotational speed generally, in particular, the LpA grows 256 
rapidly in the interval between 1700 and 2300rpm, with an average increase of 1.12dB per 100rpm, 257 
while in the range from 2300 to 2900rpm, the growth rate of LpA slows down, with an average increase 258 
of 0.65dB per 100rpm, which is less than that in the range from 1700 to 2300rpm. It could be explained 259 
by that with the increase of rotational speed, the pressure fluctuationsfluctuation on wall surface also 260 
increaseincreases, but the increment rate of the variance of pressure fluctuationsfluctuation decreases 261 
[29]], and could cause the causes a slow increase of acoustic pressure around the pump increases 262 
slowly, as a result, the growth slope of noise level decreases graduallysteadily. 263 
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Figure 78. LpA changing curve with rotational speed 266 

4. Radiation noise characteristic under various flow rate conditions 267 

Compared with the variable speed regulation, the throttling regulation has the advantages of 268 
easy operation and low cost. Considering the two factors mentioned, throttling regulation is widely 269 
adopted at some occasions. In this section, the throttling regulation is realized by adjusting the valve 270 
opening on outlet pipe, then five different flow rates, i.e., 37.5, 50 (ratednominal flow rate), 62.5, 75 271 
and 86m3/h (valve open fully), are studied to explore the radiation noise characteristic under various 272 
flow rate conditions when rotational speed is set as 2900rpm. 273 

4.1. Directivity characteristic of radiation noise under various flow rate conditions 274 

By calculating the TSPLTSPLs of 16 different points in the circumferential direction, then the 275 
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Figure 89. Directivity characteristic of radiation noise under various flow rate conditions (2900rpm) 279 
It is discovered from apparent in Figure 89 that TSPL changes between 86dB and 100dB, not only 280 

the dipole characteristic, but also the asymmetric characteristic are presented in circumferential 281 
direction, which are similar to the diagram characteristic in Figure 4. And then the ratio of the acoustic 282 
energy in the interval from 90° to 157.5° (Ɛ1), as well as that in the interval from 292.5° to 0° (Ɛ2) to the 283 
total acoustic energy (Ɛt) are compared under various flow rate conditions, as. As shown in Figure 284 
910, the valuevalues of Ɛ1/ Ɛt and Ɛ2/ Ɛt show the fluctuation trend in the vicinity of 0.410 and 0.166, 285 
respectively, which. And these results are closer to the value ofthose under various rotational speed 286 
conditions. It also can be found that the deviation between the value of Ɛ1/ Ɛt and average value (0.410) 287 
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Figure 910. The acoustic energy changing curves with flow rate (2900rpm) 294 

4.2. Changing rules of radiation noise under various flow rate conditions 295 

In Figure 10, TSPL11, TSPLs of P1, P5, P9, P11 and P13 are also analyzed to reveal the noise level 296 
changing rules under various flow rate conditions. It is revealed that TSPLTSPLs of different points 297 
show the similar changing rules, specifically, the TSPL increases rapidly in small flow range from 298 
37.5 to 50m3/h, then basically levels off in the interval from 50 to 75m3/h, and continues to increase 299 
when flow rate is highhigher than 75m3/h. What’s more, the TSPL distribution characteristic of 300 
different points under various flow rate conditions also shows that P5 and P13 are the lowest noise 301 
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Figure 1011. TSPL changing curves with flow rate (2900rpm) 307 

Furthermore, LpA of 16 monitoring points is also studied under various flow rate conditions. It 308 
can be found in Figure 1112 that the LpA shows the same changing trend with the TSPL of different 309 
monitoring points thatalso increases sharply firstlyinitially at small flow rate, then maintains 310 
stablystable, and reaches to maximum value at large flow rate interval. Additionally, LpA changes a 311 
little with the increase of flow rate, which increases by 5.10% when flow rate grows from 37.5 to 312 
86m3/h. 313 
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Figure 1112. LpA changing curve with flow rate (2900rpm) 316 

To explore the reasons for the changing rulerules of LpA under various flow rate conditions, the 317 
head and efficiency are calculated, respectively. The changing rules of the two parameters are shown 318 
in Figure 1213, it can be found that with the increase of flow rate, the head decreases gradually, in. In 319 
addition, the efficiency shows the tendency that increases firstly from 37.5 to 50m3/h, and reaches to 320 
the maximum at 50m3/h, then remains essentially unchanged in the range from 50 to 75m3/h, which 321 
is the best efficiency range, and it keeps decreasing subsequently with the flow rate continues to grow. 322 
At low flow rate conditions, the pressure fluctuation inside the pump is low and causes low noise 323 
level, when. With the increase of flow rate increases, the pressure fluctuationsfluctuation inside the 324 
pump increaseincreases accordingly, while in the best efficiency range, i.e., in the range from 50 to 325 
75m3/h, the pressure becomes stable [16], which causes17], and leads to little change for the noise 326 
level change little, but. However, as the flow rate continues to increase, the head and efficiency 327 
decrease sharplydramatically, which may be caused by the occurrence of cavitation inside the pump, 328 
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Figure 1213. Head and efficiency changing curve with flow rate (2900rpm) 332 

5. Conclusions 333 

In this paper, a centrifugal pump radiation noise measurement system of centrifugal pump is 334 
established, then the directivity distribution characteristic and overall level characteristic of radiation 335 
noise on measurement surface are analyzed under various working conditions. The main conclusions 336 
are drawn as follows, 337 
a). Under various working conditions, the total sound pressure level distribution for different 338 

monitoring points in circumferential direction manifests the dipole characteristic, specifically, 339 
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condition, respectively.. Additionally, asymmetric characteristic thatis also validated, i.e., the 342 
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b). The change of working condition has slightlittle impact on the acoustic energy distribution of 346 
different intervals, and the ratio of the acoustic energy in the direction facing the tongue (Ɛ1), as 347 
well as that in the direction against the tongue (Ɛ2) to the total acoustic energy (Ɛt) 348 
fluctuatesfluctuate around 0.410 and 0.160, respectively, under various working conditions. 349 

c). In the operation of variable speed regulation, the average A-weighted sound pressure level (LpA) 350 
increases gradually with the increasing of rotational speed, and it increases by 12.40% when 351 
rotational speed increases from 1700 to 2900rpm, but the growth slope decreases gradually with 352 
the rise of pump rotational speed. While in the operation of throttling regulation, LpA shows the 353 
trend that increases firstly, then maintains stably, and continues to increase with the increase of 354 
flow rate, and it increases by 5.10% when flow rate grows from 37.5 to 86m3/h. 355 
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