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ABSTRACT 

To investigate the accidental shutdown process for a large vertical and submersible mixed-flow pump unit in a 

drainage pumping station, a three-dimensional numerical method for this transition process was proposed 

according to the angular momentum balance theorem and rigid body rotation technology. We obtained the 

transient performance curves of the unit and the internal flow characteristics of the full flow channel. In 

addition, we also analyzed the energy loss distribution of the through-flow components during this progress 

based on the entropy production theory. The results show that the whole runaway process needs to go through 

four stages: the pump mode, the pump braking mode, the turbine mode, and the stable runaway mode. The 

pressure amplitude changes greatly in impeller and guide vanes, and the main fluctuation frequency is the blade 

frequency. There are higher harmonic frequencies in the dynamic rotor-stator interface. As the rotating speed 

increases in turbine mode, the negative pressure area near the impeller blade’s trailing edge gradually increases. 

The entropy production method can be used to determine the location, intensity of energy loss during the 

transient process. If the rotating speed exceeds the allowed value in the runaway turbine mode, the interaction 

between blade tip vortex and hub vortex rope may cause loss of stability. 

 

Keywords: Vertical and submersible mixed-flow pump; Accidental shutdown; Transition process; Entropy 

production; Computational fluid dynamics. 

NOMENCLATURE 

D internal diameter 

f turbulence fluctuation frequency 

i current number of time step  

𝐽 rotational inertia moment 

k turbulent kinetic energy 

𝑀0 the driving torque of the motor 

𝑀1 moment of water resistance  

𝑀2 moment of wind resistance  

𝑀3 moment of bearing friction 

n rotation speed 

𝑛𝑠 specific speed of pump 

p instantaneous pressure 

�̅� average pressure of the monitoring 

point 

Q volume flowrates of the pump 

T fluid temperature 

ρ density 

𝑢′, 𝑣′ 𝑤′ components of fluctuation velocity 

μt  turbulence viscosity 

μ fluid viscosity 

μeff effective viscosity 
𝑑𝜔

𝑑𝑡
 angular acceleration 

∆𝑡 specified time step size  

H water head of the pump 
 

 

1. INTRODUCTION 

As the key device for energy conversion in water 

engineering infrastructure, pumps are mainly used 

for water supply and drainage, agricultural irrigation, 

flood control, environmental protection and river 

governance and etc. Hence, pumps play an important 

role in agricultural production and urban 

construction in modern society (Tsukamoto and 
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Ohashi 1982; Jin et al. 2011). Compared with other 

types of pumps, the vertical submersible pump is an 

integrated unit, which has the characteristics of 

compact and simple structures, convenient 

installation, and low operating noise (Jianjun and 

Hongquan 2018). Therefore, it is often applied in the 

situation with only limited available area of the 

pumping station, or without the requirement of 

construction of underground plant. 

In recent years, with the continuous construction of 

new pumping stations, the stability issue has 

attracted researchers’ attention. Accidents like the 

pumping station unit being shut down due to sudden 

power failure or mis-operation, and the intercept 

device on the discharge pipe refuses to operate, water 

back-flow may occur under the pressure difference 

between the upstream and downstream water levels 

of the pump unit. Thus, it may induce the pump 

reversely rotating into the turbine condition until it 

reaches the runaway state (Fu et al. 2020). In this 

process, the pump’s performance, such as speed and 

flow rate, changes dramatically. This leads to serious 

flow separation, and other unstable flow phenomena 

in the device. Usually, this kind of flow phenomena 

is the cause of the system vibration and noise, and 

may further affect the unit’s stability and safety (Xi 

et al. 2021). Therefore, it is of great importance to 

carry out the research on transition process to 

provide certain theoretical guidance for engineering 

design and practical operation. 

Initially, the studies on pump transition procedures 

were focused on the pump’s start-up process with 

experimental method (Feng et al. 2020). 

Tsukamoto and Ohashi (1982) conducted a rapid 

start-up test study on a centrifugal pump, and 

analyzed the transient external characteristics 

results. Wu et al. (2006) conducted an 

experimental study on the performance and 

pipeline resistance of centrifugal pump at quick 

start-up condition. The above-mentioned 

experimental tests require the pump to be 

accelerated till a runaway speed, which can easily 

excite the resonance of the machine. Hence, this 

sort of experimental operation usually involves 

huge risk of damaging the testing machine and it’s 

motor (Trivedi et al. 2018). In general, the 

experimental study is of great cost and potential 

risk.  

Other than the experimental study, many scholars 

have proposed some other methods such as the one-

dimensional characteristic line method to calculate 

and analyze the transient flow behavior of the pump 

system. Thanapandi and Prasad (1995) studied the 

transient laws of running speed, flow rate and water 

head at the moment of start-up and shutdown of a 

centrifugal pump by using the line method. Xi et al. 

(2021); Wang et al. (2010) studied the one-

dimensional transition process of the pump system, 

and discussed the closing law of the valve behind the 

pump and the optimization process of the air valve 

arrangement scheme. Kim et al. (2015) calculated 

the hydraulic transient process in a pump station after 

a power failure based on the characteristic line 

method, and applied numerical analyses of water 

hammer for a pump-pipeline system with an air 

chamber. Rezghi and Riasi (2016) conducted 

numerical research on sensitivity of hydraulic 

parameters for two parallel pump-turbine units under 

runaway condition based on Suter transform method. 

Rohani and Afshar (2010) proposed an implicit 

characteristic line method for effectively simulating 

the instantaneous flow caused by pump failure, 

which required less computation. Obviously, the 

characteristic method plays a pivotal role in the early 

analysis of the fluid transient flow process, but the 

method has limitations as it cannot accurately 

capture the detailed transient flow fields inside the 

system (Fu et al. 2020). 

With the rapid development of computational 

simulation technology, numerical simulation has 

been widely used, more and more scholars have 

begun to use this technology to study the transition 

process of the pump units. Zhang et al. (2013) 

conducted simulation and experiment for a 

centrifugal pump shutdown process by establishing a 

closed pipeline system, and analyzed its transient 

characteristics and flow field evolution. Wang et al. 

(2022) carried out numerical simulation of a water 

turbine runaway process based on the CFX platform 

and developed Fortran programs. Fu et al. (2020) 

simulated the transient flow characteristics of 

pipeline pump during its outage runaway process 

based on VOF model in Fluent. Kan et al. (2022) 

carried out numerical simulation of an axial-flow 

pump model during the power failure process, and 

obtained the evolution features of rotational speed, 

flow rate, and torque, as well as the evolution process 

of the cross-sectional flow velocity field and the 

impeller blade surface pressure. Xi et al. (2021) 

explore the transient characteristics of the large-scale 

vertical siphon axial flow pumping station during the 

start-up and exhaust process with numerical 

simulation method, it shows that the flow separation 

phenomenon of the impeller channel of the pump 

device with the vacuum breaking valve closed is 

serious, the large-scale vortex in the guide vane 

blocks the flow channel, and the instantaneous 

impact on the blade surface is strong. 

In general, it can be shown that the above-mentioned 

works on transient process are mainly focused on 

centrifugal pumps, pump turbines or axial flow 

pumps. It lacks the work about the accidental 

shutdown process for a large vertical submersible 

mixed flow pump unit. Hence, we aim to investigate 

the accidental shutdown process for a large vertical 

and submersible mixed-flow pump unit in a drainage 

pumping station. In this paper, a prototype vertical 

submersible mixed-flow pump unit for drainage 

pump station is selected. The real-time rotating speed 

of the pump unit is obtained by solving the angular 

momentum equation acting on the rotating part in 

ANSYS Fluent. Combined with the rigid body 

rotation technology, a three-dimensional transient 

numerical calculation method for transient process 

analysis can be established. By this way, we can 

obtain the performance parameters of the system and 

the evolution characteristics of the flow field. The 

research results provide some interesting suggestions 

for the design of large-scale vertical submersible 

mixed-flow pumping stations. 
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2. PHYSICAL MODEL AND DOMAIN 

DISCRETIZATION 

2.1 Pump Parameters  

A vertical submersible mixed-flow pump is selected 

as the research object. The designed volume flow 

rate for each pump is Q=11m³/s, the water head is 

H=6.9m, the rotating speed is n=210 rpm, specific 

speed of the pump is defined as 𝑛𝑠 =
3.65𝑛√𝑄

𝐻0.75
= 597, 

and the electrical power is 1250kW. More detailed 

parameters of the pump are listed in Table 1. 

 

2.2 Mesh Sensitivity 

The working condition with highest static head is 

selected to study the transition process, and the 

computing region is shown in Fig. 1. The flow 

components of the pumping station are mainly 

composed of four parts: inlet channel, impeller, 

guide vanes and the outlet channel. In addition, in 

order to improve the robustness of simulation, the 

extended inlet region and outlet region are 

respectively added to the whole computation 

domain. 

High-quality mesh plays a key role in the stability 

and accuracy of the simulation. The designed three-

dimensional model was imported into the 

professional mesh generation software ICEM-CFD. 

The structure meshes of impeller and guide vanes 

were performed in Turbo-Grid. As shown in Fig. 2, 

the boundary layer of blades is surrounded by O type 

topological structure to improve the mesh quality and 

resolution near the blades.  

The grid number directly affects the accuracy of the 

calculation results. We chose four different amount 

of grid sets (0.97, 1.47, 3.43 and 5.12 million) of the 

prototype pump at the design points for three-

dimensional unsteady calculations. Since the torque 

moment on the impeller is the key for shutdown 

transient calculation to determine the real-time 

rotating speed, we chose the impeller torque 

parameter as the target function for mesh sensitivity 

verification. As shown in Fig. 3, the torque moment 

of the impeller changes with the increase of grid  

 

Table 1 Design parameters of the submersible 

mixed-flow pump. 

 

 

 
Fig. 1. Model of vertical submersible pump station unit. 

 

 
Fig. 2. Mesh distribution of computation domain. 

Parameters Unit Value 

Number of impeller blades / 3 

Number of guide vanes / 7 

Rotational inertia (J) kg. m2 2175 

Diameter of impeller mm 1870 

Rotational speed (n0) rpm 210 

Design flow rate (Q0) m3∙s-1 11 

Water head (H0) m 6.9 

Electrical power kW 1250 
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Fig. 3. Variation of impeller torque with 

mesh density change. 

 

number. When the total grid amount exceeds 3.43 

million, the impeller torque moment still remains 

almost unchanged. Therefore, we chose 3.43million 

grids for subsequent calculation. 

 

2.3 Validation of the Numerical Method 

To verify the reliability of the numerical calculation 

method, the corresponding model pump with 

D=320mm and n=1207 rpm is tested. The 

corresponding results are then converted to the 

prototype pump according to the principle of 

similarity. Meanwhile, the calculated results for the 

unsteady prototype pump case were compared with 

the test data, just as shown in Fig. 4. It can be shown 

that the numerical simulation results are slightly 

higher than the experimental result, which is due to 

 

 

Fig. 4. Pump performance comparison between 

numerical results and experimental data. 

the fact of ignoring the tip clearance, wall roughness 

and mechanical loss, and also the conversion error 

from model to prototype. However, the results of the 

numerical calculation and the trend of the pump 

performance are basically consistent with the test 

data within an acceptable error range. 

3. TRANSITION NUMERICAL 

SIMULATION METHODOLOGY 

3.1 Angular Momentum Equation 

During the accidental shutdown progress of a 

pumping station, the impeller rotating speed follows 

the balance equation of angular momentum acting on 

the impeller (Feng et al. 2020), i.e. 𝐽
𝑑𝜔

𝑑𝑡
= 𝑀0 −

𝑀1 − 𝑀2 − 𝑀3 . Where, 𝐽  is the rotational inertia 

moment of the motion part, which is calculated as the 

value of 2175kg∙m2 according to the three-

dimensional prototype geometry and material 

density; 
𝑑𝜔

𝑑𝑡
 is the angular acceleration; 𝑀0  is the 

electromagnetic torque of the motor, and it is zero 

during the runaway process; 𝑀1  is the water 

resistance moment acting on the impeller by the 

water flow, which is calculated and updated at each 

time step according to the flow fields with a user 

defined function (UDF) in Fluent. 𝑀2 is the moment 

of wind resistance, which is very small compared to 

the water resistance moment, so it can be ignored in 

this calculation. 𝑀3 is the moment of bearing friction. 

It is neglected here for simplicity, but the 

calculations are subject to some error caused by the 

lack of the frictional moment for a real prototype unit. 

The rotating speed is updated by using 𝜔𝑖+1 = 𝜔𝑖 +
𝑀0−𝑀1−𝑀2−𝑀3

𝐽
× ∆𝑡 , 𝑖  is the current time step 

number, and ∆𝑡 is the specified time step size. 

 

3.2 Simulation Method 

The transient calculation for the pump shutdown 

process were conducted in the commercial software 

of ANSYS Fluent with the shear stress transport 

turbulence model (SST k-ω). The SST k-ω model has 

both the advantages of k-ε model and k-ω model, and 

can take into consideration the flow separation 

phenomenon under unfavorable pressure gradient 

conditions to some extent (Menter 1994, 2009; Mao 

et al. 2014). The method of whole domain with rigid 

body rotation was chosen to update the impeller 

location. The sliding mesh model at the interface was 

applied for the data transfer between rotating domain 

and stationary domain. The second-order scheme is 

adopted for the unsteady term, diffusion term and 

convection term. The discrete equations for pressure 

and velocity were solved discretely with coupling 

algorithm.  

The boundary conditions for inlet and outlet are 

respectively set as the total pressure and static 

pressure according to the water level difference 

between the upstream and downstream of the 

pumping station. The time step is set as the time 

interval allowing the impeller rotating of one degree  
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Fig. 5. Algorithm schema for pump run-

away transition simulation. 

 

under pump working condition according to our 

previous experience. The standard of residual 

convergence in each time step is 10-5, and the 

maximum number of internal iterations in each time 

step is 20. 

During the numerical simulation, we first obtain an 

unsteady calculation result at a specified working 

condition of the pump station, and then we remove 

the driving moment to simulate the power cut-off 

progress. Thereafter, the rotational speed of the 

impeller changes in real time with the evolution of 

the flow field, and finally reaches the maximum 

reverse speed under a certain water level difference. 

Since the time for the unit entering the runaway 

condition is unknown in advance, the total 

simulation time should be set long enough during the 

calculation. The rotation speed, mass flow and 

moment of the impeller are monitored during this 

procedure, so as to determine the transition 

characteristics. The basic simulation procedure is 

shown in Fig. 5. 

4. RESULTS AND ANALYSIS 

4.1 Characteristics of Performance 

Parameters 

Figure 6 shows the transient variations of speed, flow 

rate, torque moment and axial force during the 

runaway process of power failure. In order to 

compare these values with those of the normal 

working conditions of the pump system, we have 

done the normalization of the dynamic parameters. 

The dynamic values that change with time are 

compared to the initial values. It can be seen that 

there exist four stages through the whole running 

away process: the pump mode, the pump braking 

mode, the turbine mode, and the stable runaway 

mode. Supposing the unit being disconnected from 

the power after 0.72s of stable pump operation, the 

unit is then no longer affected by the driving force of 

the motor and the impeller starts to decelerate under 

the action of water resistance torque until the speed 

drops to zero at about 2.86s. Then, the water 

resistance torque becomes the reverse driving torque, 

which makes the pump impeller accelerate in the 

reverse direction until the runaway speed under the 

specified static head level is reached. Besides, we 

also found that the variation trend of the impeller 

rotating speed is not synchronized with flow rate 

changing. This is mainly due to the fact that the water 

head provided by the impeller is balanced by the 

pressure difference of the outlet to inlet water level 

and the hydraulic loss through the entire pump flow 

passage when the impeller rotating speed is reduced. 

The performance curve demonstrated that although 

the pump impeller is rotating, the flow rate of the 

pump device is zero. With further decrease of the 

rotating speed, the work done by the impeller to the 

fluid is not enough to overcome the static pressure 

difference and hydraulic loss. At this moment, the 

water flow starts to reversely flow from the outlet to 

inlet, that is, the phenomenon of backflow occurs. At 

the time about 8.7s, the torque periodically oscillates 

around zero, and the rotating speed reaches the  

 

 
Fig. 6. Transient variation of the key dynamic parameters in pump runaway process. 
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maximum runaway speed of 347 rpm, which is about 

1.65 times the rated speed. The direction of axial 

force does not change during the whole process of 

the pump being out of control, which is always in the 

same direction as the gravity. Hence, there is no 

possibility of the so-called ascension phenomenon. 

 

4.2 Pressure Fluctuations 

In the process of power failure, the change of the 

flow field of the pump unit leads to the change of the 

internal pressure. Thus, the different pressure 

monitoring points are selected at three typical 

sections, namely A, B and C, as shown in Fig. 7, 

indicating respectively the impeller inlet, impeller 

outlet and guide vane’s outlet of the pump unit. Three 

monitoring points are arranged at span=0.1, 0.5, and 

0.9 in each plane (A: a1~a3, B: b1~b3, C: c1~c3). 

The pressure coefficient Cp is used to eliminate the 

effect of static pressure at each monitoring points, 

which is defined as (Bejan 1996; Xi et al. 2021) 

(𝐶𝑝 = (𝑝 − �̅�)/0.5𝜌𝑢2). Where,  �̅� is the average 

 

 
Fig. 7. Locations of monitoring points. 

 
 

 
 

(a) (b) 

 
 

(c) (d) 

 
 

(e) (f) 

Fig. 8. Pressure fluctuations of monitoring points. 

(a2) 

(b2) 

(c2) 
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pressure of the monitoring point when the pump is 

running at normal conditions, p is the instantaneous 

pressure during the transition process, ρ is the liquid 

density, u is the maximum blade tip speed at normal 

pump mode. To analyze the frequency changing 

characteristics of the pressure fluctuation in the 

pump runaway process, a short-time Fourier 

transform (STFT) was performed with a Hamming 

window function at point of a2, b2 and c2, 

respectively.  

Figure 8 shows the time domain (a, c, e) and 

frequency domain (b, d, f) of the pressure 

fluctuations at different monitoring points during the 

transition process. It shows that, between the power-

off to braking mode, the monitoring pressure on 

section A presents a completely opposite variation 

trend when comparing with section B and C. At 

section plane A, due to the sudden removal of the 

driving torque after the power failure, the water flow 

drives the impeller to do deceleration movement and 

the flow velocity also changes sharply. At this 

moment, the water flow in the inlet pipe section is 

subject to the flow inertia, which produces the water 

impact to the impeller. The formation of positive 

water hammer effect results in the pressure rise at the 

monitoring point until the system crosses over the 

pump mode. When the pump enters turbine operation 

mode, the water flow causes the impeller to perform 

reverse acceleration until it reaches a stable runaway 

speed. During this period, the static pressure at 

section A decreases and gradually tends to a stable 

state of periodic pulsation. The pressure at point a1 

near the hub is significantly lower than the other two 

points at a2 and a3. This can be explained by the 

evolution of the vortex belt in the inlet flow channel 

shown in Fig. 15. The pressure in the central area of 

the inlet passage decreases when the pump unit starts 

to reverse. At section B, due to the negative water 

hammer effect, the pressure at the monitoring point 

drops. A low peak value appears at 2.3s, and there is 

a corresponding small peak value of force and 

torque. As the impeller reverses and enters the 

turbine mode, the pressure at the monitoring point 

gradually decreases, and the severity of the pressure 

pulsation is b3, b2 and b1 in turn. If we combine 

analysis from Fig. 10 and Fig. 11, we can find out 

that the above-mentioned phenomenon is due to the 

pump reversal and the low-pressure area begins to 

appear near the trailing edge. It is enhanced with the 

increase of reverse rotational speed, which is more 

obviously observed from the hub to the tip of the 

impeller. At section plane C, the pressure at the 

monitoring points drops immediately when the unit 

is powered off and reaches the minimum value at 

1.2s. This is because the pump rotating speed 

decreases sharply once the pump’s driving torque is 

released, resulting in the pump water head dropping 

sharply. As it enters the runaway operation 

condition, the monitoring pressure approximately 

keeps a stable periodic oscillation. From the 

frequency analysis of points a2, b2, and c2, we can 

find that the blade passing frequency is dominant and 

multiple frequencies can be captured on section 

plane B for the interaction between the rotor and 

stator. 

4.3 Flow Fields 

In this section, we chose some special moments 

during power failure to explore the evolution 

mechanism of flow field. The selected moments are 

respectively at t=0, Q=0, n=0 and M=0. Here, M = 0 

means the net torque on the impeller reaches zero, 

and the pump reverses its rotating direction and 

reaches the maximum runaway speed. Fig. 9 shows 

the streamline and static pressure distribution in the 

meridian cross-section of the pump unit at the 

specific characteristic time. 

As seen from the results, when the pump is at normal 

working condition, the streamline distribution in the 

meridian cross-section is relatively smooth, without 

obvious undesirable flow patterns such as backflow, 

and only a small amount of vortex exists in the outlet 

channel for the space diffuse and redirection. When 

the driving torque of the impeller disappears, the 

impeller keeps rotating in the forward direction 

because of the fluid inertia. At the same time, the 

rotating speed gradually decreases under the action 

of water resistance torque, and the unstable flow 

phenomena in the tunnel such as vortex begin to 

appear and gradually develop. When the flow rate is 

zero, there is obvious unstable turbulence in the inlet 

and outlet channels, especially in the outlet channel. 

After that, the unit enters the braking condition and 

the water flow in the reverse direction, while the 

pump is still in forward operation. During this 

process, the flow state changes rapidly until the 

rotating speed reaches zero, and the water flow in the 

outlet channel gradually becomes smooth, while 

more and more obvious swirl area in the inlet channel 

begins to appear.  

Then, the impeller begins to reverse, and the unit 

enters the turbine operating condition. During this 

stage, the flow in the outlet channel is relatively 

smooth, and the flow in the inlet channel is still 

relatively smooth due to the reformation of the flow 

fields, but the flow pattern is still relatively turbulent 

until the unit reaches the stable flyaway condition. At 

this moment, there is always a large area of vortex 

backflow area in the inlet channel.  

Figure 10 shows the pressure distribution on the 

impeller blade’s pressure surface (PS) and suction 

surfaces (SS) at several typical times during the 

runaway process. It illustrates that most areas of 

pressure surface are positive pressure, and most areas 

of the suction surface are negative pressure at the 

initial moment of pump operation. After the unit is 

powered off, the pump starts to decelerate, and when 

the speed drops to zero, part of the kinetic energy is 

converted into pressure energy in this process, which 

results in the pressure on the suction side increases, 

and the overall distribution is basically equivalent 

with the pressure side. When the unit rotates 

inversely and enters the turbine operating condition, 

with the continuous increase of the impeller speed 

until it reaches the runaway operating condition, 

obvious negative low-pressure area begins to appear 

near the trailing edge (water inlet edge at this 

situation) and obvious high-pressure area begins to 

appear near the trailing edge. As the inverse rotating  
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(a) t=0 

 
(b)  𝑡𝑄=0=1.92s 

 
(c)  𝑡𝑛=0=2.76s 

 
(d)  𝑡𝑀=0=8.7s 

Fig. 9. Streamlines and static pressure 

distributions in meridian plane of pump. 

 

speed increases during the runaway process, the 

water flow impacts the blade on the blade suction 

surface, which results in the serious flow detachment 

and generation of low-pressure area on the pressure 

side near the blade trailing edge. With the increase of 

rotating speed, the size of low-pressure area  

 
(a) t=0s               

 
(b) tn=0=2.76s 

 
(c) t=4.19s 

 
(d) t=5.59s 

 
(e) t=8.7s 

Fig. 10. Static pressure distribution on blade 

surface at different instants. 

 

gradually increases. This increases the possibility of 

cavitation, flow detachment, and other unstable flow 

state. All these flow phenomena increase the 

operation risk of the pump unit. 

To further analyze the flow evolution inside the 

impeller and guide vane during the whole runaway 

process, Fig. 11 shows the distribution of velocity 

and streamline at different spans and different 

moments. Because the maximum static water head 

between the inlet and outlet channels is selected for 

the current calculation, which is corresponding to 

off-design pump working condition, there is a certain 

vortex area near the guide hub, while it is stable in 

the impeller passage. When the power is shut off and 

the flow rate drops to zero, the kinetic energy 

provided by the impeller is not strong enough to 

overcome the gravity of the water flow itself, and it 

appears obvious reverse flow phenomenon in the 

guide vane section. As the rotating speed continues 

to decrease 
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(a) t=0s 

 
(b) tQ=0=1.31s  

 
(c) tn=0=2.76s 

 
(d) t=4.19s  

 
(e) t=5.59s  

 
(f) t=8.7s  

Fig. 11. Velocity and streamline distributions at 

different instants (left: Span=0.5, right: 

Span=0.9). 

 to zero, a global reverse flow area is shown both in 

the impeller and the guide vane. When pump enters 

the turbine mode, the pressure difference around the 

pressure side and the suction side, is greater at the 

blade tip area and more apparent with the increase of 

rotating speed. 

 

4.4 Distribution of Entropy Production 

Entropy production is an unavoidable dissipative 

effect arising from the energy conversion process (Li 

et al. 2016). There are various unstable flows, such 

as vortex, flow separation, backflow, etc., in the 

process of accidental power failure of the pump 

device, and these turbulent flow patterns increase the 

loss and entropy production. In addition, fluid kinetic 

energy and pressure energy are converted into 

internal energy and dissipated energy, which also 

causes an increase of entropy production. Therefore, 

we can calculate the value of entropy production 

distribution in the whole flow field during the pump 

flyaway process, which can be applied to study and 

analysis the energy loss (Kock and Herwig 2004, 

2005; Herwig and Kock 2006). Due to the large 

specific heat capacity of water, it can be supposed 

that the temperature is constant during this process, 

thus the entropy due to heat transfer can be ignored. 

Entropy production is generally expressed as the 

entropy generation rate (EGR). For turbulent flow, 

there are two main contribution sources of EGR, one 

is generated by the mean velocity, called the mean 

dissipation term, and the other is caused by the 

pulsating velocity, called the turbulent dissipation 

term (Bejan 1996). 

The entropy yield (Zhou et al. 2022) due to average 

velocity is 

�̇��̅�
′′′ =

𝜇

𝑇
∑

1

2
(

𝜕�̅�𝑖

𝜕𝑥𝑗
+

𝜕�̅�𝑗

𝜕𝑥𝑖
)

23

𝑖≠𝑗

+ 2
𝜇

𝑇
∑ (

𝜕�̅�𝑖

𝜕𝑥𝑖
)

23

𝑖=1

 

�̇�𝐷′
′′′ =

𝜇𝑒𝑓𝑓

𝑇
∑

1

2
(

𝜕𝑢′
𝑖

𝜕𝑥𝑗
+

𝜕𝑢′
𝑗

𝜕𝑥𝑖
)

23

𝑖≠𝑗

+ 2
𝜇𝑒𝑓𝑓

𝑇
∑ (

𝜕𝑢′
𝑖

𝜕𝑥𝑖
)

23

𝑖=1

 

Where, �̅�𝑖 and 𝑢′
𝑖, i= 1~3, are the average velocities 

and fluctuation velocities in the x, y, z directions. T 

is the fluid temperature, μ and μeff are the fluid 

dynamic viscosity and effective dynamic viscosity of 

the fluid, which can be calculated from 𝜇𝑒𝑓𝑓 = 𝜇 +

𝜇𝑡 , in which μt is the turbulent dynamic viscosity. 

Since the Reynolds averaged SST k-ω turbulence 

model is used for the current calculation, the entropy 

generated by the pulsation velocity can be 

approximated by �̇�𝐷′
′′′ = 𝛽 ·

𝜌𝑓𝑘

𝑇
. Where, β = 0.09, f is 

the turbulent pulsation frequency, k is the turbulent 

kinetic energy, ρ is the density. By integrating the 

above two parts of entropy in different regions, the 

distribution of entropy yields at each part can be 

obtained, namely the direct dissipation entropy yield 

𝑆�̅� = ∫ �̇��̅�
′′′𝑑𝑉

𝑉
 and the turbulent dissipation 

entropy yield 𝑆𝐷′ = ∫ �̇�𝐷′
′′′𝑑𝑉

𝑉
. Therefore, the total 

entropy of the entire computational domain is 

obtained as S = 𝑆�̅� + 𝑆𝐷′ . 
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(a) Evolution of entropy production 

 
(b) Entropy production percentage 

Fig. 12. Evolution of entropy production for different components. 

 

Figure12 shows the integrated entropy and its ratio 

of each component varies with time. It shows that the 

entropies obtained from the outflow channel and 

guide vanes are higher than that of the impeller and 

inlet channel at the initial pump normal working 

moment. When the flow rate of the unit reaches zero 

and starts to form the backflow phenomenon, the 

entropy production of the inlet channel starts to rise 

and exceeds those of the impeller and guide vanes at 

t≈2.5s, and the entropy production of the impeller 

exceeds that of the guide vanes after t=2.32s. As the 

unit enters the turbine mode and reaches the stable 

runaway state, the entropy production in the inlet 

channel and impeller gradually occupies the 

dominant position, and the largest entropy 

production component is the inlet channel, followed 

by the impeller, guide vanes and outlet channel, in 

which the entropy production in the inlet channel and 

impeller accounts for about 90% of the total entropy. 

It can also be seen from the Fig. 12 that the entropy 

production changes sharply during the period of 

t=1.9-5.6s. At this period, the unit is gradually 

operating from the braking mode to the turbine 

mode, and the flow field changes. Both the flow 

velocity and direction change dramatically, and 

unstable flow phenomena such as turbulent eddies 

are prominent.  

According to the above-mentioned change law of 

entropy production, we found that during the whole 

accident shutdown process, the entropy production 

of the inlet channel and impeller changes drastically. 

Besides, according to the previous flow field 

analysis, its change near the impeller rim is more 

obvious. Thus, we select the impeller section of 

span=0.9 and the X-Y section of the inlet channel to 

observe the entropy production distribution law and 

carry out in-depth analysis of its unstable flow. Fig. 

13 shows the distributions of local entropy 

production rate and vortex at impeller span=0.9 at 

different moments during the accident shutdown 

process. It can be seen, as the unit enters the stable 

runaway state, the area with higher local entropy 

production rate is mainly concentrated in the area 

near the original trailing edge of the blade pressure 

side, which is corresponding to the inlet side in 

turbine mode. The distribution of local entropy 

production rate is basically the same as the 

distribution area of vortex, which indicates that the 

fluid is affected by strong vortex separation here. 
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(a) t=0s 

 
(b) tn=0=2.76s 

 
(c) t=4.19s 

 
(d) t=5.59s 

 
(e) t=8.7s 

Fig. 13. Entropy production rate (left) and vortex (right) distributions at Span=0.9. 

 

    

 (a) t=2.76s               (b) t=5.59s 

 

 (c) t=8.7s               (d) t=10.9s 

Fig. 14. Evolution of entropy distribution in meridian plane near the elbow channel. 

 

This causes the increase of hydraulic loss, which is 

consistent with the previous analysis. As seen in Fig. 

14, the area of the high entropy production rate 

becomes gradually larger with the increasing rotating 

speed, and its distribution is very similar to that of 

the vortex at the inlet channel near the guide cone. 

All these further verify the reliability of the entropy 

production analysis, and it can be applied to describe 

the specific location, range, and intensity of the 

energy loss. 

 

4.5 Vortex Rope Behavior 

It can be seen from Fig. 15, when the reversing 

rotating speed of the unit is relatively low, three 

small swirling vortexes can be observed detaching 

from the impeller blade tip, and they interact with the 

elbow wall to form scattered small vortexes. As the 

turbine’s rotating speed increases, the turbine’s hub 

vortex begins to form, but it keeps relatively stable at 

the beginning, as shown in Fig. 15(b). Then, the hub 

vortex becomes stronger with more obvious spiral 

characteristics during approaching to the runaway   

  
(a) t=2.76s                       (b) t=5.59s 

 
(c) t=8.7s                        (d) t=10.9s 

Fig. 15. Evolution of vortex rope in elbow 

channel. 
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condition. The hub vortex rope and its interaction 

with the blade tip vortex cause serious instability 

problems for the pump unit in the out-of-control 

state. 

5. CONCLUSIONS 

Based on the user-defined function scheme and rigid 

body rotation technology, we simulated the runaway 

transition process of a vertical submersible mixed-

flow pump unit, and obtained several conclusions as 

following: 

(1) The pump’s whole running away process due 

to accident power off has four stages: the pump 

mode, the pump braking mode, the turbine mode, and 

the stable runaway mode. We should check carefully 

about the time period, the maximum flying away 

speed, and the axial force during the whole period. 

We also need to take some measures, such as 

breaking device, gate or valve adjustment, to control 

the potential risk or damage to the device. 

(2) During the whole process, the pressure 

changes greatly and the main fluctuation frequency 

is related to the blade frequency. In the dynamic 

rotor-stator interface, it shows higher harmonic 

frequencies. As the rotating speed increases and 

approaches the runaway condition, the negative 

pressure area near the impeller blade’s trailing edge 

gradually increases, which has a certain influence on 

the stable and safe operation of the pump device and 

its cavitation performance. 

 (3) There is an obvious correlation between the 

entropy production and the performance of the 

pumping unit. As the flow field evolves, the entropy 

production changes simultaneously. The energy loss 

is closely related to the unstable flow phenomena, 

such as flow separation, and vortex inside the flow 

field. The interaction between blade tip vortex and 

hub vortex rope leads high stability risk when the 

unit entering the flying-away turbine mode. 
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