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Abstract: Miniature drainage pumps with a radial blade are widely used in situations with critical
constant head and low noise requests, but the stable operation state is often broken up by the
entraining gas. In order to explore the internal flow characteristics under gas–liquid two phase
flow, pump performance and emitted noise measurements were processed under different working
conditions. Three-dimensional numerical calculations based on the Euler inhomogeneous model and
obtained experimental boundaries were carried out under different inlet air void fractions (IAVFs).
A hybrid numerical method was proposed to obtain the flow-induced emitted noise characteristics.
The results show there is little influence on pump characteristics when the IAVF is less than 1%.
The pump head slope degradation was found to increase with air content. The bubbles adhere to
the impeller hub on the blade’s suction side and spread to the periphery with a big IAVF, leading to
unstable operation. It is obvious that vortices appear inside the impeller flow passage as IAVF reaches
6.5%. The two-phase flow pattern has a small effect on the characteristic frequency distribution of
pressure fluctuation and emitted noise, but the corresponding pulsation intensity and noise level will
increase. The study could provide some reference for low noise design of the drainage pump.
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1. Introduction

Pumps are classified as general machinery with varied applications [1–3]. In addition to
energy saving and emission reduction, pumps now attract attention in terms of vibration and noise
reduction [4,5]. Mini pumps with radial vane impellers are widely used in many fields such as
electronic industries, blood pumps for medical industries, aerospace industries, and in some home
appliances [6,7]. These pumps are known as mini-pumps because their sizes are smaller than 50 mm.
Drainage pumps for home appliances such as drum type washing machines are mini pumps that
consist of a synchronous motor with a splined shaft and a radial impeller connected with the splined
shaft and the pressure chamber [8,9]. The radial impellers are easy to manufacture and present a stable
head [10,11]. At present, the most important qualities of the washing machine are the water saving,
power saving, and low noise ability, similar to other home appliances. The stable operation state of the
centrifugal pumps is always broken up by the entraining gas, resulting in performance degradation
and a higher level of the noise [12]. Therefore, it is significant to study gas–liquid two-phase flow
behavior and the relationship to pump performance and flow induced noise characteristics of radial
blade pumps.
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The drainage pump is the prime drainage power component in a drum type washing machine.
Initial research from Jang and Lim [13] points out that the drainage pump is one of the main noise
sources in the operation of a washing machine, which affects the quality of the equipment seriously.
They invented an apparatus that can control the vibration and noise during the startup period. However,
the pump falls in the state of air water mixed transportation, namely empty discharge with the decrease
of water level, which has a higher impact on the noise and vibration levels. An unsteady flow pattern
of the air water mixture will induce gas pockets and cause performance degeneration when the pump
is working in this period. Murakami and Minemura [14,15] studied experimentally the influence
of air–water two-phase flow on centrifugal pump performance related to the internal flow-field by
visualization and proposed a one-dimensional modeling method. This was the first study which
focused on the flow pattern inside the impeller in relation with pump performance. Subsequently,
Pessoa and Prado [16] observed cyclical head variation of the centrifugal pump under gas–liquid
two-phase flow and pointed out that this may be caused by the periodic variation of the air pocket
in the pump. Flow visualization by a high-speed camera makes it easy to identify the flow patterns
and bubble size distribution when analyzing the internal flow-field under gas–liquid two phase flow.
Serena and Bakken [17] performed flow instability analysis on a multiphase pump model working
under higher gas void fractions and described the complex flow behavior in terms of length, location,
and time scale. Further, their studies provide detailed information about the unsteady two-phase
flow behavior and surging phenomena. Schäfer et al. [18] performed investigations using gamma-ray
tomography techniques to find local discontinuities in pump characteristics. The handling ability for
gas entraining of a centrifugal pump is still not clear to the pump designer, which is related to the
two-phase flow behaviors inside the flow passage. Verde et al. [19] investigated how both flow and
head modification can be related to flow pattern modifications inside the impeller. The above research,
mainly experimental, focused on a traditional bend centrifugal impeller, rarely on radial blade pumps.
Computational fluid dynamics (CFD) has been used widely in many engineering fields with the rapid
development of computer technology [20–22] which could comprehensively and physically understand
complicated rotating flow phenomena combined with advance signal processing technology [23–25].
Three-dimensional Reynolds-averaged Navier–Stokes equations (3D-URANS) CFD approaches based
on Eulerian-Eulerian two-phase momentum equations and drag force models are widely adopted to
process the simulation. The size and coalescence of the bubble has been found to play an important role
in modeling the flow characteristic of pump under two-phase conditions [26,27]. The review paper by
Si et al. [28] introduces a lot of related research works on flow-induced noise of pumps, most of which
believe that the intensive pressure pulsations are an important source of hydrodynamic excitation force
that in turn produces fluid and structure-borne noise. Further, fluid-borne noise is a major contributor
to radiated noise as well as increased fatigue in the system components. However, related research
introduced in [28] mainly focused on the internal flow and induced noise under pure water conditions.
More attention should be paid to the influence of air–water mixed flow behavior to fluid borne noise
on such radial blade pumps under two-phase flow.

In the present work, pump performance and noise characteristics were experimentally tested on a
mini drainage pump used in washing machines. Pump performance and emitted noise measurements
were both processed to obtain a relation between basement and boundary conditions for the next
simulation works. 3D-URANS numerical calculation based on Euler inhomogeneous model and the
obtained experimental boundary conditions are applied for four flow rates and different inlet air
void fractions. The obtained air phase distribution and velocity field are presented for exploring the
influence of the IAVF on the head degeneration and pressure pulsation variation of the model pump.
The results could provide some theoretical guidance in optimizing the mini pump with low noise.

2. Experimental Setup and Calculation of Boundary Conditions for Pump Model

A single-stage, single-suction centrifugal pump with radial blade impeller and annular chamber
volute was used for the study. This type of drainage pump is widely used on the drum washing
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machine because it could produce the same head when reversed rotate, thereby effectively avoiding the
entanglement of debris. As shown in Figure 1, it provides kinetic energy and potential energy for the
liquid after washing, which is necessary for the drainage process of washing machine. The required
pump head Hr for draining is 0.8m. Design parameters of the pump are shown in Table 1. With the
decrease in water level, the pump undergoes in the state of empty discharge expressed as pump head
falling and high level of noise generation with intuitive adverse feeling of humans.
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Figure 1. Selected pump model. (a) Working scenario of the pump; (b) Impeller; (c) Casing.

Table 1. Design parameters of the model pump.

Parameters Values Parameters Values

Design Flow rate Qd 1.08 m3/h Blade thickness δ 1.5 mm
Head Hd 1.2 m Blades number Z 6

Rotating speed n 3000 r/min Specific speed ns 68
Impeller outlet diameter D2 37 mm Volute base circle diameter D3 50 mm

Blade outlet width b2 6.25 mm Diameter of outlet pipe D4 30 mm

2.1. Test Equipment and Loop

In order to simulate the working condition of the model drainage pump used in the washing
machine, an open type test rig was built, as shown in Figure 2. The hydraulic performance and noise
experiments of drainage pump are performed in the semi-anechoic chamber with size of 4.2 × 3.2 × 3 m.
The background noise of the semi-anechoic chamber is 20 dB and the cut-off frequency is 50 Hz.

In this open loop, the valve between the upper tank and lower tank is kept open when processing
pump performance measurements under different IAVF. The air injection system is driven at the constant
0.5 bar pressure by a compressor combined with a regulator tank. The air mass flow rate is measured and
well controlled by a Bürkert 8107 fluid control system which contains micro-electromechanical system
flow sensors that could supply volume air flowrate value on standard conditions (25◦, 101,325 Pa).
The initial air volume flow rate is calculated by ideal gas equation of state after measuring the pump
inlet pressure. Then, further calculation of the IAVF could be processed by the obtained air and
pure water volume flowrate. The air–water mixed fluid is sucked into the pump, goes through the
regulating valve, and finally arrives into the upper tank. Air bubbles inside the mixed fluid exhaust
to the external space stay in the upper tank and the left pure water runs to the lower tank. The flow
rate of pure water was measured by an electromagnetic flowmeter set between the lower tank and the
mixer. Pump performance curves at pure water fluid are obtained when the compressor stopped.
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Figure 2. Experiment system list as: (a) Test rig; (b) semi-anechoic chamber; (c) Data acquisition system.

Pump noise characteristics are also measured as they are used in washing machines, which means
working for a drainage period. The valve between the upper tank and lower tank keeps close to
simulate the drainage of the water inside the lower tank. Three microphones typed as PCB 14,043
(3.15 Hz~20 kHz frequency response, 146 dB maximum sound pressure level) located around the
pump as a circle with 1 m to collect noise signal together with equipment and software of LMS test Lab
platform (Leuven Measurement & System international, Leuven, The Kingdom of Belgium).

Two static pressure sensors with an accuracy of 0.25% were set at the pump inlet and outlet to
calculate the pump head. Digital power meter with accuracy 0.4% were used to measure the hydraulic
shaft power after dividing it by a constant motor efficiency coefficient. The pump head and efficiency
also could be obtained following the procedure in ISO 9906: 2012 [29]. The biggest uncertainties of the
measurement are ±1.8% error of pump head, ±5% error of pump efficiency, ±0.5% error of water flow
rate, and ±0.5% of air void fraction calculated by instrument precision.

2.2. Experimental Results Analysis

2.2.1. Pump Performance

According to the Bernoulli equation, the parameters such as head, efficiency, IAVF, and density of
the air–water mixer fluid are defined as follows.

H =
p2 − p1

ρg
+

v2
2 − v2

1

ρg
+ (z2 − z1) (1)

η =
ρgHQ

Pe
(2)
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IAVF =
Qg

Qg + Ql
(3)

ρ = (1− α)ρl + ρg (4)

where the subscript g means air and l means water. Shaft power Pe is calculated by multiplication of
the obtained motor current and voltage values and its constant efficiency value (namely 0.65).

According to the Euler formula, the radial type impeller could provide a constant head whatever
the flow rate. Figure 3a shows the measured hydraulic performance curve of the washing machine
drain pump under pure water. Inconsistent with theory, the head curve of the pump shows a linear
degradation trend with a small slope when the flow rate increases. The head shows a maximum
value of 2.3 times Hr when the pump is running at zero flow rate. The maximum flow rate that could
supply enough head for draining is no more than 1.4 Qd. A maximum efficiency value of 22.4%
concerns mostly the design flow rate vicinity. The above phenomenon can be explained in a way
that the hydraulic loss in the inlet and outlet part of pumps increases with the increasing flow rate
in actual flow conditions, which leads to the drop in the pump head. Figure 3b presents the pump
head degradation results under initial flow rate as Qd and constant regulating valve position when the
IAVF increases. The result shows that the pump can still work when IAVF maximum reaches 70%.
However, the required head Hr cannot be supplied by the pump when the gas content is greater than
25%, which might result in reflux flow from the outlet pipe of the pump. As shown in Figure 3c are
the pump head degradation results under three constant water flow rates wherein the pump head
drops in all three conditions, but a small flow rate could reach a bigger IAVF because of the higher
initial head. When the IAVF is greater than 15%, the slope of the head degradation curve under 0.8 Qd

deteriorates rapidly, by 10% under 0.6 Qd and 7% under 0.4 Qd. This might refer to the gas entrained
handing ability difference of the impeller under different initial flow conditions.
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2.2.2. Radiated Noise of the Drain Pump at Different Measuring Points

Figure 4 shows the averaged radiated noise characteristic of the model pump during one cycle of
operation. The horizontal axis corresponds to the running time of the drainage pump and the ordinate
corresponds to the total sound pressure level of the model pump. The sound pressure level (SPL) can
reflect the acoustic field characteristics in terms of sound pressure distribution, which is defined as:

SPL = 20lg
p

pre f
(5)

where p means sound pressure and pref equal to 10−5 Pa. During the noise test process, the valve
between the upstream tank and lower tank is kept close in order to simulate the actual draining process
of the drainage pump. The LMS noise acquisition module starts at the same time as the drainage pump
is working. The results show that the radiated noise curve of model pump can be divided into three
parts corresponding to the different running states of the washing machine, namely the starting period,
normal draining period, and gas–liquid mixture transportation period (empty period). The motor
starts, and the rotor produces significant noise at the beginning of start-up period. Then, the rotational
speed of the pump gradually reaches the designed one, leading to normal flow rate working conditions
and the SPL gradually reduces to a low level, about 38.5 dB(A). In this period, namely the normal
drainage period, the pump transports pure water. As the water level inside the lower tank drops,
some of the air draw into the drainage pump to form a gas-liquid two-phase flow state. The SPL of
the pump increases sharply and reaches about 50 dB (A). Due to the performance deterioration of the
pump during the empty discharge period, the head of the pump does not reach the required 0.8 m and
the fluid in the outlet pipe is continuously returning to the impeller and generating fluid borne noise,
thereby keeping the radiated noise of the pump at a higher level. The difference in the above sound
pressure level is related to the pressure pulsation phenomenon corresponding to the specific flow state
of the two-phase flow inside the pump passage.
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In addition, Figure 5 shows the spectrum comparison in frequency between the normal drainage
period and the empty discharge period. The ordinate represents the SPL amplitude and the abscissa is
processed as a multiple of the shaft frequency (f n). For the normal drainage period and the empty
discharge period, an expected discrete noise characteristic appears and the axial frequency and its
multiple is the main frequency, which means the discrete noise is related to the motor rotational speed.
For a two-phase flow state, the unsteady flow in the pump gives rise to the instability of the pump rotor,
which in turn makes the discrete noise of the empty discharge period higher. Thus, we could conclude
that SPL is bigger at the end of the drainage period because of gas-liquid two phase flow. This happens
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due to the unsteady flow inside the rotating part of the pump that causes the flow induced structure
vibration and turns to radiated noise.
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3. Numerical Simulation Study on the Inner Flow Behavior

Presented here is a very helpful tool to solve basic equations that model the flow movement by
CFD, which give us more movement characteristics of the flow than experimental investigations [30,31].
In recent years, in order to provide detailed two-phase flow results in terms of flow structure, phase
distribution and slippage, CFD has become increasingly important with the rapid development of
computer technology, which can be used to obtain physical understanding of the noise generated by
gas–liquid two phase flow.

3.1. The Eulerian–Eulerian Inhomogeneous Two-Phase Flow Modeling Method

The numerical calculation of the model pump flow field concerns pumps working under pure
and air–water mixed flow conditions at different flow rates. Normally, multiphase flow models are
subdivided into homogeneous and inhomogeneous kind. In the inhomogeneous model, both the
velocity slip and the interphase mass and momentum transfer terms are solved. Each phase has its
own fluid field and passes through the phase transfer unit. Because the homogeneous model does not
consider any velocity slip between the two phases, this research adopts the inhomogeneous model
regardless of the temperature field, for which the liquid phase is continuous and the gas phase is
discrete. The particle model assumes that the gas–liquid two-phase flow pattern corresponds to a
bubbly flow, meeting the principle of the mass and momentum conservation. Gas–liquid here always
refer to air–water in the following.

∂
∂t
(αkρk) + ∇ · (αkρkwk) = 0 (6)

∂
∂t
(αkρkwk) + ∇ · (αkρkwk ⊗wk) = −αk∇pk +∇ · (αkµk(∇wk + (∇wk)

T)) + Mk + fk (7)

where k is phase (l-liquid, g-gas); ρk is density of the k phase, kg/m3; pk is pressure of k phase, Pa; αk is
the void fraction of k phase; µk is the dynamic viscosity of k phase, Pa·s; wk is the relative velocity of
the k phase fluid, m/s; Mk is due to the interphase drag force; and f k refers to the added mass force
related to the contribution of the impeller rotation.

For this two-phase flow approach, the liquid phase is considered the continuous phase using the
renormalization group (RNG) k-ε turbulence model. Meanwhile, the gas phase is considered as the
discrete phase using the zero-equation theoretical model, which means that the action between the two
phases only considers the so-called interfacial drag coefficient through the following relations [32]:
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Ml = −Mg =
3
4

cD
ρl

dB
αg

(
wg −wl

)∣∣∣wg −wl
∣∣∣ (8)

with:

cD =

{ 24
Re
(1 + 0.15Re0.687) (Re ≤ 1000)

0.44 (Re > 1000)
(9)

and

Re = ρl

∣∣∣wg −wl
∣∣∣

µl
dB (10)

where dB is the diameter of the bubble and cD refers to the resistance coefficient.

3.2. Computational Domain, Meshing and Boundary Setting

The flow field computational domain includes the inlet chamber, impeller, pressure chamber, and
filter chamber. ANSYS ICEM 14.0 was used to carry out this work. As shown in Figure 6, the impeller
and the filter chamber are meshed with a hexahedron structure, which can better control the density
of the grid boundary layer and ensure the orthogonality of the grid. Due to the complexity of the
geometric models of the inlet chamber and the pressure chamber, unstructured meshes with better
geometric adaptation are adopted. The resulting pump model that consisted of 2,377,605 elements in
total (about 2.4 × 106) was chosen for rotating and stationary domains after grid independence analysis.
It can be seen from Figure 7 that when the number of meshes is greater than this value, the change in
head coefficient of the model pump working under Qd is less than 1%.
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Considering the requirements of the test, the inlet boundary conditions are set according to the
pressure measured in the experiment, and the outlet boundary conditions are set as the mass flow rate.
A certain amount of air phase is defined as initial bubble with a diameter of 0.2 mm which is equivalent
to the experimental injector device. The liquid boundary adopts the non-slip solid wall condition,
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and the gas boundary adopts the free-slip solid wall condition. The smooth wall condition is used for
the near-wall function. The time step was set as 5.56 × 10−5 s, corresponding to 1◦ impeller rotation for
each step. The accuracy of convergence is set to 10−4. A total simulation time was set as 0.2 s in order
to further process a data reduction of the unsteady flow field, corresponding to 10 impeller revolutions.
The direction of impeller rotation is set as counterclockwise.

The previous experimental results show that the system cannot maintain a very constant flow rate
of pure water when inject air at high flow rates. Pump performance deteriorates quickly, leading the
drain pump to go into an empty discharge operation period when IAVF is bigger than 7%. Big radiated
noise during the empty discharge period is caused by the mixing and impacting process from the outlet
backflow to the impeller blade. Moreover, pre-research of the modeling method used in this calculation
by Si et al. [33] suggests that it is more accurate for low IAVF. Therefore, simulation processes at selected
flow rates smaller than 1.2 Qd and several conditions IAVF lower than 7% were carried out.

3.3. Simulation Results Analysis from CFD

3.3.1. Pump Performance Degradation

A comparison between the experimental and the numerical results of the pump head ratio and
efficiency under the pure water conditions are shown in Figure 8. Values of each point are obtained by
the average of 360 timesteps from the unsteady calculation. It can be seen that the experimental results
show the same trend as the simulation results in the range from 0.1 Qd to 1.2 Qd. Simulated head ratio
of the model pump is almost identical to the test one when flow rate below 0.4 Qd. There is a certain
difference with bigger values when the flow rate is above 0.4 Qd, which might be due to the smooth
wall boundary setting. Deviation between them increases gradually with the increase of the flow rate.
The relative error between the two works is below 5%, indicating that the results of simulation are
credible. Simulated head ratios under eight flow rates and three different IAVFs are also presented in
Figure 8. Here, the pump head ratio decreases faster as the flow rate increases at big IAVF. The pump
head ratio has little change at small flow rates when the gas content is lower than 7%. This might
occur because the radial type blades are conducive to transporting air bubbles into the cavity without
causing blockage under a low flow rate.
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3.3.2. Two Phase Flow Behavior Analysis

Figure 9 shows the volume distribution of the air phase inside the pump flow passage under Qd

at three different IAVF conditions. When the inlet gas content is low, the bubble volume is relatively
small and mainly distributed near the suction surface of the impeller. With the increase of inlet gas
content, the bubble near the suction surface of impeller will develop along the hub direction and radial
direction of the impeller, and then block some part of the flow channel. When the IAVF reaches 6.5%,
the impeller channel is partly blocked, which reduces the working capability of the model pump.
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The air pocket formed in the filter chamber occupies the upper half of the flow passage, which further
deteriorate the impeller flow condition.
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Figure 9. Air phase distribution at different IAVF under Qd: (a) 1%; (b) 3%; (c) 6.5%.

Figure 10 shows the air velocity distribution inside the impeller middle section under four different
flow rates when IAVF equal to 6.5%. Seen from it, the flow rate has obvious effect on the air phase
velocity, the larger the flow rate, the bigger the velocity. The air phase with high velocity mainly
appears near the pressure side in the middle of the flow passage under small flow rate. And also, partly
bubbles with high velocity separate from the tip of the impeller, which is related to the centrifugal force
generated by the rotating impeller. As the flow rate increases, the area of air phase with high velocity
becomes larger and moves to the middle of the flow passage and trailing edge position. Under 0.8 Qd,
the distribution of air phase velocity streamline is quite disordered, and there are obvious swirls in
some blade passage. With the increase of flow rate, the number of swirls increase, and the position
of the vortex also has a corresponding deviation. The corresponding gas velocities are higher in the
vortex region above, which indicates that the swirl motion in the flow has a great influence on gas
accumulation as well as on its position, and then effects the working capability of the model pump.
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Turbulent kinetic energy is used to describe the degree of turbulence pulsation, and it is often used
to describe the viscous dissipation of fluid and the range of pulsation and diffusion. Figure 11 shows
the distribution of the turbulent kinetic energy of the impeller in the model pump under the conditions
of an inlet gas content of 6.5% and different flow rates. With the increase of flow rate, the turbulent
kinetic energy in the impeller passage increases obviously, and the high turbulent kinetic energy region
mainly appears near the impeller outlet. Under the design conditions, the turbulent kinetic energy
of the flow is relatively uniform. On the other hand, under off-design conditions, the high turbulent
kinetic energy is mainly concentrated in the gas accumulation area due to the decrease of fluid flow
stability in the channel, which is caused by the gas accumulation, and then it leads to high energy loss,
which reduces the working capability of the model pump.
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3.3.3. Analysis of Pressure Fluctuations

From the above turbulent kinetic energy (TKE) analysis, the void fraction of bubbles is closely
related to the intensity of TKE. Future analysis on frequency domain are needed to express the flow
behavior. The inner flow characteristics, including rotor–stator interaction, eddy current, and backflow,
which is closely related to pump noise, induce a dynamic response of the pump in terms of pressure
pulsation. Therefore, several monitoring points are set as shown in Figure 12 during the simulation.
Among them, P1, P2, P3, and P4 are evenly distributed on the outlet of the impeller, whereas P5 is
locate at the middle of outlet chamber, P6 and P7 are located near the volute tongue of the drainage
pump. The pressure pulsation of each monitoring point is analyzed by fast Fourier transform (FFT)
under Qd at IAVF equal to 0% and 6.5%.Processes 2019, 7, x FOR PEER REVIEW 12 of 19 
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In order to present this in a normalized form, a nondimensional pressure coefficient CP
* expressed

as follows is introduced.

CP
∗ =

(
P− P

)
0.5ρu22 (11)

where P is the static pressure of the monitoring points, P is the average of the static pressure, ρ is the
fluid density, and u2 is the circumferential velocity component at the impeller outlet.

Figure 13 is the frequency representation of the pressure pulsation spectrum. The results shown
in Figure 13a,b indicate that the amplitude of pressure pulsation is larger in the low frequency region
(below 300 Hz) and it is mainly caused by the flow separation, backflow, and turbulence inside the pump
flow passage under pure water conditions. No matter whether the inlet is pure water or gas–liquid
two-phase flow, there are obvious discrete frequencies in the impeller outlet region, which are 300 Hz
and frequency multiplier. From Figure 13c,d, the peak value of the frequency multiplier decreases faster
than that of blade frequency, which indicates that the gas–liquid two-phase flow does not affect the
characteristic frequency of pressure pulsation. Compared with pure water, the amplitude of pressure
pulsation increases obviously, which indicates that the existence of bubble makes the flow instability of
impeller outlet increase. Close to the tongue area of the volute, the pressure pulsation intensity in the
low frequency region of the two-phase flow is obviously higher than that in the pure water conditions,
inducing greater noise.
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Figure 13. Spectrum of pressure fluctuation in the model pump: (a) P1-P4, IAVF = 0; (b) P5-P7,
IAVF = 6.5%; (c) P1-P4, IAVF = 0; (d) P5-P7, IAVF = 6.5%.

4. Radiated Noise Simulation

In an air–water two phase flow situation, the complex flow behavior is expressed as pressure
pulsation with big intense generation of strong hydraulic excitation which in turn causes radiated
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noise problems. Hence, the relationship between hydraulics and radiated noise of the pump running
at the above conditions must be well understood. A numerical simulation of the model pump working
under Qd and air–water two phase flow are presented to provide detailed information.

4.1. Computational Acoustic Theory and Method

A hybrid numerical method mentioned by Gao et al. [34] is proposed to describe the flow-induced
noise generation and dissemination based on Lighthill acoustic analogy theory, which subdivides the
computational process into computational fluid dynamics (CFD) and computational acoustics (CA).
The CFD process calculates the characteristics of the sound source and puts out the flow field behavior
such as velocity, density, and pressure for acoustic simulation. Acoustic analogies are derived from the
Navier–Stokes equations, which govern both the flow field and corresponding acoustic filed. It can be
transformed into a Lighthill function, which is expressed as:∫

Ω

(
∂2

∂t2
(ρ− ρ0)δρ+ c2

0
∂
∂xi

(ρ− ρ0)
∂(δρ)

∂xi

)
dx = −

∫
Ω

∂Ti j

∂x j

∂(δρ)

∂xi
dx +

∫
Γ

∂
∑

i j

∂x j
niδρdΓ(x) (12)

The first part of the right term is the volume source, and the second part is the surface source.
In the acoustic simulation, the solution of the Navier-Stokes equation firstly assumes the water as
incompressible to calculate the flow-induced acoustic source. Then, the compressibility of the water
is to be considered to solve the acoustic wave propagation. Combined with acoustic wave equation,
the final frequency response of the radiated noise could be calculated.

During the noise simulation procedure, the unsteady simulation of the pump flow field was
re-obtained using the detached eddy simulation (DES) method, a modification of a RANS (Reynolds
Average Navier-Stokes) model in which switches to a sub-grid scale formulation in regions fine enough
for large eddy simulation [35]. The detailed flow information, such as flow velocity, pressure, density,
etc., under two phase flow conditions, are extracted and transformed as the sound source in the acoustic
simulation. Meanwhile, the acoustic calculation domains were built and the acoustic meshes were
generated containing an interface setting. Finally, the radiated noise calculation was completed by the
acoustic finite element method using Actran12.0 software. The flow chart of the acoustic simulation
work is shown in Figure 14.
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Figure 14. The flow chart of the radiated noise calculation of the multi-stage centrifugal pump.

4.2. Computational Domain, Mesh Generation and Boundary Condition of the Acoustic

The computational domain for the acoustic simulation includes the structural domain and
air-borne domain, as shown in Figure 15. Unstructured mesh, which has better adaptability to the
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geometry, is applied in the acoustic simulation. To guarantee the precision of the acoustic computation,
the maximum mesh size should meet the Equation (13). The data transmission of the interface between
the structural domain and the air-borne domain is accomplished with the integral interpolation method.
Also shown in Figure 15, the maximum mesh size of the structural domain is 0.0002 m and air-borne
domain is 0.0006 m in this study. The inner surface between the structural domain and flow field
domain is loaded with information of the unsteady flow to yield the sound source in the subsequent
simulation, and the definition of the radiated air-borne sound domain is set to get the distribution of
the radiated noise in the subsequent simulation.

Lmax <
c

6 fmax
(13)
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The material properties of the structure domain are shown in Table 2. Considering the total time
of the unsteady CFD simulation and the time step, the frequency range of the acoustic simulation is set
from 0–3000 Hz and the resolution is set as 1 Hz.

Table 2. Material properties of the structure domain.

Material Density/(kg/m3) Young’s Modulus/GPa Poisson’s Ratio

PP 910 0.896 0.4103

4.3. Acoustic Field Results

In order to analyze the properties of the radiated noise, 60 monitor points are mounted equally in
the mid-span surface of the pump casing surface with a radius equal to 1 m. The SPL of the monitoring
points set in the sound field is obtained by using the ACTRAN PLTViewer module, and the frequency
response spectrum results are shown in Figure 16.

The radiation noise under pure water, as can be seen in the above figure, contains certain discrete
frequency amplitude. Confirmed with the pressure pulsation analysis above, it is known that this
discrete frequency is caused by the rotor stator interaction between the impeller and the water chamber.
Compared with the discrete noise under the pure water condition, the two-phase flow condition
with IAVF of 6.5% present a higher level in the entire frequency domain, which is consistent with
the experimental results. In addition, in the two-phase flow condition, the discrete frequency of the
radiated noise is no longer obvious, which is consistent with the pressure pulsation analysis above.
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Figure 16. Frequency response of the radiated noise at monitoring point of the sound field.

Figure 17 shows the corresponding cloud image of the radiation noise at blade passing frequency
(300 Hz) in pure water and IAVF equal to 6.5% condition. The left column with “map pressure”
means SPL distribution. The scale represents the magnitude of the SPL values. In Figure 17a, the SPL
near the wall of the shell is the largest, and the noise gradually decreases with the increase of the
radius. The distribution of noise sound pressure levels across both the section of the impeller and the
axial section exhibit dipole characteristics, which are related to the dynamic and static interference
phenomena in the model pump. Among them, the light blue band region can be regarded as a dipole
axis, and the dipole axis normal region has the highest sound pressure level. The larger radiated
sound pressure is mainly in the vicinity of the model pump outlet and the model pump chamber.
Compared with Figure 17a, the SPL of the pump noise working under an air–water two-phase flow
condition increases significantly as shown in Figure 17b, and the dipole characteristics are no longer
obvious. This phenomenon indicates that the interaction between the air–water two-phase flow and
the model pump casing is intensified, the excitation force of the pump casing is obviously increased,
and the dipole source is no longer the main source of radiated noise. Under two-phase flow conditions,
the bubble volume inside the pump passage changes with time, which occurs owing to the influence of
the monopole.
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Figure 17. The SPL contour at blade passing frequency: (a) IAVF = 0; (b) IAVF = 6.5%.

5. Conclusions

The study presents an experimental and numerical study on gas–liquid two-phase flow behavior
and flow induced noise characteristics of radial blade pumps. Three-dimensional numerical calculations
based on the Euler–Euler inhomogeneous model and obtained experimental boundaries are carried
out under different inlet air void fraction (IAVF). A hybrid numerical method is proposed to obtain the
flow-induced emitted noise characteristics. The following results have been obtained:

(1) Under small flow rate conditions, the change of inlet gas content has a little effect on the
head characteristics of drainage pump. When the IAVF is 1%, the influence of gas phase on the head
characteristics of the drainage pump is small. With the increase of IAVF, the slope of the flow-head
descending curve of the pump becomes larger. The influence of gas void on pump performance
gradually increases with an increase of flow rate. When IAVF reaches 6.5%, the head curve decreases
obviously at all flow rates.

(2) The sound pressure level is bigger at the end of drainage period (empty discharge period)
because of air-water two phase flow. The flow induced structure vibration and noise is due to the
unsteady flow inside the rotating part of the pump. Further, under two-phase flow conditions,
the unsteady flow in the pump gives rise to the instability of the pump rotor, which in turn makes the
discrete noise of the empty discharge period higher.

(3) As the IAVF increases at different flow rate conditions, the bubble adheres to the impeller hub
and the backside of the blade, and develops around it. In addition, the formation of vapor pockets is
easy in the inlet chamber, which could reduce the working capability of the drainage pump. When the
IAVF is 6.5%, the air velocity increases with an increase of the flow rate. At small flow rates, flow
separation will occur, and when the flow rate is 80% of the nominal value, an obvious vortex appears
in the impeller flow channel.

(4) The air–water two-phase flow has a little effect on the characteristic frequency distribution
of both the impeller outlet pressure pulsation and radiated noise SPL. However, the corresponding
pulsation intensity and SPL values will increase with an increase in IAVF, which indicates that the
existence of bubbles increases the instability of the impeller outlet flow. Thus, the influence of flow
state should be taken into account in the hydraulic optimization of drainage pump impellers.
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Nomenclature

IAVF inlet air void fraction
b impeller blade width
d diameter of bubble
D diameter
H pump head
M shaft torque
n rotational speed
p local static pressure
P shaft power
Q volume water flow rate
R radius
SPL sound pressure level
v velocity
z height level
Z impeller blade number
Greek Symbols
α local gas void fraction
η global efficiency of the pump
ρ density of fluid mixture
ω angular velocity
δ blade thickness
Subscripts
B bubble
d design condition
g gas
l liquid
r required
1 inlet of the impeller
2 outlet of the impeller
3 inlet of the volute
4 outlet of the pump
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