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Abstract: A large number of operation practices show that the reliability and stability of large axial
flow pump systems will face significant challenges during the start-up process. If the start-up control
mode or safety auxiliary facilities of large axial flow pump stations are unreasonable, start-up failure
will easily follow. In order to find a scientific control strategy for the start-up of large axial flow pump
stations, the start-up characteristics of large axial flow pump stations must be fully understood first.
In this paper, based on the secondary development of Flowmaster software, a simulation study of the
start-up process of a large axial flow pump system equipped with different safety aids is carried out.
It is found that it is a very dangerous start-up control mode to delay the opening of the rapid-drop
gate to reduce the maximum reflux value and reflux duration when the pump system is initially
started. When the rapid-drop gate opens with a delay of 4 s, the power overload coefficient reaches
23.49, indicating that the possibility of start-up failure of the large axial flow pump system increases
sharply the longer the gate delay is opened. The method of adding a flap valve to the rapid-drop
gate can significantly weaken the instantaneous impact power of the unit and prevent the unit from
overload. When safety auxiliary facilities with an additional disc valve on the fast descending gate are
adopted, the backflow coefficient is within 0.2, the impact head coefficient is within 2, and the power
overload coefficient is less than 0. The research results will provide an important reference value for
comprehensively understanding the start-up characteristics of large axial flow pump stations and
finding scientific and safe start-up control strategies.

Keywords: large axial flow pump system; start-up characteristics; safety auxiliary facilities; numerical
simulation; model experiment

1. Introduction

In order to meet the needs of drainage, irrigation, and inter-basin water transfer, the
large axial flow pump station system (LAPS) is widely used in many countries in the world.
At present, the optimization and improvement of the energy characteristics of the LAPS
have reached a design bottleneck, and the reliability and stability of the LAPS have become
the main problems in the development of the LAPS [1–3]. A number of operation practices
show that the reliability and stability of the LAPS will face the greatest challenge during the
start-up process, and operating parameters such as flow, head, shaft power and impeller
torque change sharply during the start-up process of the LAPS. The inertia of fluid flow
and the inertia of machine motion cause great dynamic additional load, and most of the
accidents involving a LAPS occur during the start-up of units. Exploring a reasonable
start-up control mode and finding effective auxiliary facilities to improve the safety and
reliability of the unit in the start-up process has become an urgent task for the development
of the LAPS [4–6].

Many experts and scholars have carried out research on the transition process of hy-
draulic machinery and its systems, and the research on the transition process of hydropower
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stations or pump stations is more mature [7,8]. Its theoretical basis is mainly rigid water
hammer theory and elastic water hammer theory, and the analysis method is mainly the
characteristic line method in computational fluid dynamics. The characteristic line method
in computational fluid dynamics has been tested by engineering field tests, and has good
adaptability and accuracy in dealing with the transition process of hydraulic machinery. In
recent years, some scholars have tried to use the method of three-dimensional numerical
simulation to study the evolution law of the internal flow field in the transition process
of hydraulic machinery. However, application of three-dimensional numerical simulation
in hydraulic machinery systems, especially in the LAPS, is very time-consuming. It often
requires a huge calculation cost to calculate a single case, and the accuracy is difficult to
guarantee. It is difficult to compare and discuss a large number of different cases. At the
same time, hydraulic machinery systems such as the LAPS are often equipped with many
kinds of safety auxiliary facilities [9–11], such as overflow holes, flap valves, rapid-drop
gates and so on. Three-dimensional numerical simulation will face multiple exit boundaries
such as overflow holes, flap valves, rapid-drop gates and so on, and the outlet boundary
conditions of the flap valve and the rapid-drop gate change in real time, so the convergence
of three-dimensional numerical simulation is extremely difficult [12,13].

At present, the progress of research on different hydraulic machinery systems is very
uneven, and most of the research results are concentrated on hydropower stations, pumped
storage power stations and centrifugal pump stations. The research on the transition
process of the LAPS is almost non-existent [14–17]. On the one hand, the related research
of the LAPS started relatively late, on the other hand, the problem of the transition process
of the LAPS has its particularity [18,19]. Firstly, the inlet system and outlet system of the
LAPS are distorted and irregular short pipes, and most of them are cast-in-place reinforced
concrete structures, so water compressibility, wave propagation and pipeline elasticity
cannot be the decisive factors of the transition process. Secondly, the core content of the
dynamic process research of the LAPS is not to study the abnormal water hammer pressure
in the system, but to establish the relationship between the characteristic parameters of the
pump unit to prevent overload and lack of control [20–22].

According to the field operation experience of the LAPS, if the start-up control mode
or safety auxiliary facilities of the LAPS are unreasonable, its start-up will easily fail. There
are two most common main reasons for start-up failure of the LAPS [23–25]. Firstly, the
LAPS falls into the saddle zone of the axial flow pump during the start-up process, which
leads to the instability or even failure of the start-up of the LAPS. Secondly, during the
start-up of the LAPS, the instantaneous impact power exceeds the maximum power limit
of the unit, which leads to the overload of the unit and the failure of the start-up. Therefore,
whether the LAPS falls into the saddle zone of the axial flow pump during the start-up
process, and whether the instantaneous impact power is overloaded, are the core factors
in reviewing whether the transition process of the LAPS is safe [26–28]. At the same time,
because the backflow in the LAPS will cause impact and damage to the pump blade at
the initial stage of the start-up of the LAPS, parameters such as the maximum backflow
flow (MBF) and backflow duration of the LAPS during the start-up process are also worthy
of attention.

In this paper, the start-up characteristics of the LAPS are studied by combining one-
dimensional modeling, three-dimensional modeling and a model experiment. Firstly,
three-dimensional modeling of the LAPS is carried out, and the pressure drop curves
of the inlet channel, outlet channel and flap valve under different flow conditions are
established by the CFD method. Secondly, the secondary development of Flowmaster
V7 software is carried out, and the pump experiment performance curve obtained from
the model experiment is stored in the database of Flowmaster in the form of the Suter
curve, and the pressure drop characteristics of inlet and outlet channels predicted by CFD
are added to the self-developed flow resistance element. Thirdly, an energy characteristic
experiment and power-off runaway experiment are carried out on the pump system model,
and the experimental results are compared with the software simulation results to verify



Machines 2023, 11, 182 3 of 26

the accuracy of the simulation calculation. Finally, the start-up characteristics of LAPS
units with different auxiliary facilities and different start-up control modes are studied,
and the relationship and variation law of characteristic parameters in the start-up process
are revealed.

2. Numerical Simulation and Experimental Setup
2.1. Physical Model

This paper took a typical LAPS in China as its research subject. A typical LAPS
consists of an inlet channel, axial flow pump, outlet elbow, outlet channel and safety
auxiliary facilities. Among them, the safety auxiliary facilities include a rapid-drop gate,
flap valve and overflow hole. Figure 1 shows the diagram and main parameters of the
LAPS. Since the start-up under the maximum net head Hn is the most unfavorable condition
in the start-up process of the LAPS, the start-up process research in this paper is based
on the maximum net head as the calculation boundary. The specific speed of the pump is
806, the impeller inlet diameter is 1.87 m, and the impeller outlet diameter is 1.96 m. The
inertia moment of the LAPS Ip is 425.80 kg·m2, the motor rotation inertia Im is 3350 kg·m2,
the upper limit of motor power Pu is 1000 kW, and the area of the rapid-drop gate Ar is
13.25 m2. It should be noted that the rapid-drop gate is opened or closed at a constant speed.
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Figure 1. Diagram and main parameters of the large axial flow pump system.

2.2. Simulation Process and Mathematical Model

Before the simulation based on Flowmaster was carried out, the pressure drop charac-
teristics of the inlet and outlet channels were calculated by CFD method (based on ANSYS
CFX 17.2 software). The grid diagram of the core components of LAPS is shown in Figure 2,
which has been densified at the blade shroud. The impeller and guide vane are divided by
structured grids, and the other parts are divided by unstructured grids. Figure 3 shows
the grid independence analysis of the head and efficiency of LAPS under the design flow
condition during the steady-state condition. It can be seen that when the total number of
grids increases to 5.16 million, the head and efficiency are basically stable and meet the
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requirements of grid independence. In order to save calculation time and cost, the scheme
in this paper is simulated numerically with the number of grids set at 5.16 million. Table 1
shows the number of grids and nodes of each flow passage component. It can be seen that
the number of grids and nodes of the inlet channel is 1,083,798 and 191,421 respectively,
and the number of grids and nodes of the outlet channel is 910,224 and 158,193. The CFD
calculation is based on the Reynolds time-averaged N-S equation, which is discretized by
the finite volume method and the SIMPLEC algorithm [29–31]. The pressure term is in
the standard format, and the momentum, turbulent kinetic energy and dissipation rate
terms are in the second-order upwind scheme. For the setting of boundary conditions,
velocity inlet conditions and free outflow conditions are used as inlet and outlet boundary
conditions, respectively.
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Table 1. Number of grids and nodes of each flow passage component.

Flow Passage Component Number of Grids Number of Nodes

Inlet channel 1,083,798 191,421
Impeller 1,296,256 1,373,248

Guide vane 1,438,255 1,538,250
Outlet elbow 432,533 78,380

Outlet channel 910,224 158,193
Total 5,161,066 3,339,492

The simulation of the start-up transition process was realized by Flowmaster software
and its self-defined secondary development platform [32]. Flowmaster regards the fluid
pipeline system as the object, and regards the fluid pipeline system as a series of fluid
pipeline elements. The pipeline is directly connected by nodes, and the continuity equation
and momentum equation are used to linearly describe the fluidity of each element in the
system. The simplified fluid network solution equation is as follows [33]:

v
∂h
∂x

+
∂h
∂t
− v sin α +

a2

g
∂v
x

= 0 (1)

g
∂h
∂x

+ v
∂v
∂x

+
∂v
∂t

+
f v|v|
2D

= 0 (2)

where h is the head along the way, in the pipeline expressed as the sum of pressure energy
and potential energy and in the free surface reservoir expressed as the water level; v is the
average velocity of the fluid on the cross-section; g is the gravitational acceleration; f is the
friction factor; α is the angle between the pipe centerline and the horizontal line; D is the
pipe diameter; a is the wave velocity.

In the simulation, the overall linear equations of the whole fluid network were solved
first to obtain the flow and head parameters of each element in the steady state, and then
the transient process was calculated. The model of each element in the fluid network
was mainly based on the pressure-flow relationship, and the linear equations of the fluid
network were derived according to the following derivation.

Taking the pipeline as an example, the linear equation of the element was derived.
It was assumed that Qm1 and P1 were the fluid mass flow and pressure at the inlet of the
pipeline, and Qm2 and P2 were the fluid mass flow and pressure at the outlet of the pipeline,
respectively. Assuming that the cross-sectional area along the pipeline is constant, the
relationship between the pressure difference and the flow can be expressed as follows [34]:

∆P = k
ρv2

2
=

kQ2
m

2ρA2 (3)

where Qm is the mass flow; ∆P is the pressure difference between the inlet and outlet of the
pipeline, ∆P = P2 − P1; A is the cross-section area of the element; ρ is the liquid density; k
is the pressure difference coefficient.

Considering the direction of the mass flow of the fluid, the formula can be changed
to [35]:

∆P =
kQm|Qm|

2ρA2 (4)

Thus, the linear equation of pipeline inlet and outlet can be deduced [33]:

Qm1 = − 2ρA2

k|Qm1|
P1 +

2ρA2

k|Qm1|
P2 (5)

Qm2 =
2ρA2

k|Qm2|
P1 −

2ρA2

k|Qm2|
P2 (6)
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Because of the continuity of the fluid Qm1 = Qm2, the linear equation can be ob-
tained [34]:

Qm1 = A1ρ1 + A2ρ2 + B1 (7)

Qm2 = A3ρ3 + A4ρ4 + B2 (8)

where A1 = − 2ρA2

k|Qm1|
, A2 = −A1, B2 = 0, A3 = −A1, A4 = A1, B2 = 0

Since any fluid node in the pipeline system must satisfy the continuity equation,
the overall equation set of the whole pipeline system can be obtained by simultaneously
establishing the continuity equations of all nodes. For any fluid node m on the pipeline
system [35]:

M

∑
i=1

Qin = qm (9)

where Qin is the node flow of unit i connected to node m; the left side of the formula is
the sum of node traffic of all M units contributing to the node; and qm is the total traffic
entering the node.

Before the simulation based on the Flowmaster platform, the pump experiment and the
three-dimensional modeling of the LAPS were carried out, and the performance curve of
the pump test and the pressure drop curve of the flow channel were obtained by the pump
experiment and CFD method [36–38]. Then, the secondary development of Flowmaster
software was carried out, and the pump test performance curve obtained from the model
test was stored in the database of Flowmaster in the form of the Suter curve, and the
pressure drop characteristics of inlet and outlet channel predicted by CFD were added to
the self-developed flow resistance element. Figure 4 shows the numerical strategy block
diagram of this numerical calculation.
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2.3. Simulation Model Construction and Boundary Conditions

A simulation model based on the Flowmaster platform was built after secondary
development. Figure 5 shows the simulation model platform involving all components
such as the overflow hole, flap valve and rapid-drop gate. Among them, element 1 and
element 3 represent the inlet and outlet channels, which were realized in the form of
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self-defined flow resistance elements and rigid pipes. Element 2 represents the hydraulic
model of the LAPS, and the pump speed control was realized by the pump speed controller.
Element 4 represents the overflow hole, which was realized in the form of a rigid pipe and
check valve. Element 5 represents the rapid-drop gate, and the gate control was realized
by the gate controller. Element 6 represents the flap valve attached to the rapid-drop gate.
It should be noted that in the study method used this paper, the simulation models of
different schemes can delete the elements not involved, according to need.

Machines 2023, 11, x FOR PEER REVIEW 7 of 27 
 

 

2.3. Simulation Model Construction and Boundary Conditions 

A simulation model based on the Flowmaster platform was built after secondary de-

velopment. Figure 5 shows the simulation model platform involving all components such 

as the overflow hole, flap valve and rapid-drop gate. Among them, element 1 and element 

3 represent the inlet and outlet channels, which were realized in the form of self-defined 

flow resistance elements and rigid pipes. Element 2 represents the hydraulic model of the 

LAPS, and the pump speed control was realized by the pump speed controller. Element 4 

represents the overflow hole, which was realized in the form of a rigid pipe and check 

valve. Element 5 represents the rapid-drop gate, and the gate control was realized by the 

gate controller. Element 6 represents the flap valve attached to the rapid-drop gate. It 

should be noted that in the study method used this paper, the simulation models of dif-

ferent schemes can delete the elements not involved, according to need. 

 

Figure 5. Schematic diagram of simulation model of the large axial flow pump system. 

The control of the pump start-up speed in the Flowmaster platform was based on the 

field measured data of the LAPS. The pump speed rose linearly from 0, taking 6 s reach to 

the rated speed of 214.3 r/min. The length of the pipeline in element 1 in the Flowmaster 

platform took the length of the centerline of the inlet channel, which was 10.62 m. Twenty-

five sections were uniformly selected from the inlet to the outlet of the inlet channel, and 

the weighted average of the hydraulic diameter of these 25 sections was 2.82 m, the diam-

eter of the pipe in element 1. The length of the pipeline in element 3 in the Flowmaster 

platform took the length of the centerline of the outlet channel, which was 23.87 m. 

Twenty-five sections were uniformly selected from the inlet to the outlet of the outlet chan-

nel, and the weighted average of the hydraulic diameter of these 25 sections was 2.87 m, 

the diameter of the pipe in element 3. After the independence test of the calculation time 

step, 0.0025 s was selected as the time step for transient calculation. The total calculation 

time of transient simulation was 250 s. 

2.4. Scheme and Its Specific Description 

In order to better describe the influence of adding different auxiliary measures on the 

characteristic parameters of LAPS, this section uses Table 2 to describe in detail the hy-

draulic components added in different schemes and the changes of control methods when 

using different auxiliary measures. 

Table 2. Scheme and its specific hydraulic components description. 

Figure 5. Schematic diagram of simulation model of the large axial flow pump system.

The control of the pump start-up speed in the Flowmaster platform was based on
the field measured data of the LAPS. The pump speed rose linearly from 0, taking 6 s
reach to the rated speed of 214.3 r/min. The length of the pipeline in element 1 in the
Flowmaster platform took the length of the centerline of the inlet channel, which was
10.62 m. Twenty-five sections were uniformly selected from the inlet to the outlet of the
inlet channel, and the weighted average of the hydraulic diameter of these 25 sections was
2.82 m, the diameter of the pipe in element 1. The length of the pipeline in element 3 in
the Flowmaster platform took the length of the centerline of the outlet channel, which was
23.87 m. Twenty-five sections were uniformly selected from the inlet to the outlet of the
outlet channel, and the weighted average of the hydraulic diameter of these 25 sections
was 2.87 m, the diameter of the pipe in element 3. After the independence test of the
calculation time step, 0.0025 s was selected as the time step for transient calculation. The
total calculation time of transient simulation was 250 s.

2.4. Scheme and Its Specific Description

In order to better describe the influence of adding different auxiliary measures on
the characteristic parameters of LAPS, this section uses Table 2 to describe in detail the
hydraulic components added in different schemes and the changes of control methods
when using different auxiliary measures.

The Flowmaster platform and the British fluid Society have carried out a number
of experiments on the resistance coefficient of the flap valve, and the loss coefficient of
different types of flap valves can be selected in the Flowmaster database. The different loss
coefficients ξ caused by the change of the opening angle of the flap valve in this simulation
are shown in Table 3.
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Table 2. Scheme and its specific hydraulic components description.

Start-Up Control
Simulation

Safety
Auxiliary
Facility

Components

Time for
Pump to

Reach Rated
Speed

Time
Required
for Gate
Opening

Relation between
Motor Starting

and Gate
Opening

Scheme Design

Influence of opening
speed of rapid-drop

gate (Section 4.1)

Rapid-drop
gate

6 s Synchronization

Time required for gate opening
(TRRO)

20 s 45 s 70 s 95 s 120 s

Influence of
delaying opening of

rapid-drop gate
(Section 4.2)

Rapid-drop
gate 6 s 120 s Asynchronization

Time of gate opening delay
(TOOD)

1 s 2 s 3 s 4 s

Influence of adding
the flap valve
(Section 4.3)

Rapid-drop
gate and

flap valve
6 s 120 s Synchronization

Area of flap valve
(AOF)

2.0 m2 3.5 m2 5.0 m2

Influence of adding
the overflow hole

(Section 4.4)

Rapid-drop
gate and

overflow hole
6 s 120 s Synchronization

Elevation of overflow hole
(EOOH)

5.65 m 6.15 m 6.65 m

Influence of adding
both the flap valve
and overflow hole

(Section 4.5)

Rapid-drop
gate, flap
valve and

overflow hole

6 s 120 s Synchronization
Elevation of overflow hole

(AOF =3.5 m2)

5.65 m 5.90 m 6.15 m

Table 3. Hydraulic loss coefficient of the flap valve.

Flap valve opening angle α 20 30 40 50 60

Loss coefficients ζ 6.3 4 3.2 2.8 2.5

2.5. Experimental Setup

The experimental test in this paper was carried out on the high-precision hydraulic
machinery test bench of Jiangsu Key Laboratory of Hydraulic and Power Engineering. The
system comprehensive uncertainty of the experimental test was related to the precision of
the measuring instrument, and its calculation formula is as follows [39]:

Eη,s = ±
√

E2
q,s + E2

H,s + E2
n,s + E2

M,s (10)

where Eη,s is the system comprehensive uncertainty %; Eq,s is the flow test system uncer-
tainty %; EH,s is the head test system uncertainty %; En,s is the speed test system uncertainty
%; EM,s is the torque test system uncertainty %.

The system comprehensive uncertainty of the test bench was ±0.39%. Figure 6 shows
the schematic diagram of the high-precision hydraulic machinery test bench. The parame-
ters of the main measuring instruments of the test bench are shown in Table 4. Figure 7
shows the physical diagram of axial flow pump.
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Figure 6. Schematic diagram of the high-precision hydraulic machinery test bench. 1. Intake tank.
2. Tested pump unit and drive motor. 3. Pressure outlet tank. 4. Bifurcation tank. 5. Condition
regulating gate valve. 6. Voltage regulating rectifier. 7. Electromagnetic flowmeter. 8. System forward
and reverse operation control gate valve. 9. Auxiliary pump unit.

Table 4. Parameters of main measuring instruments of the test bench.

Measuring Items Instrument Name Instrument Types Instrument Range Calibration Accuracy

Head Difference pressure transmitter EJA 110A 0~200 kPa ±0.1%
Flow Electromagnetic flowmeter E-mag type DN400 mm ±0.20%

Torque Speed and torque sensor ZJ 200 N·m ±0.15%
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3. Model Validation

In order to verify the feasibility of the numerical strategy and the accuracy of the
simulation results, for this paper we machined the LAPS model and conducted an energy
characteristic experiment and power-off runaway experiment on the LAPS model. The
model experiment diagram of the LAPS is shown in Figure 8. The energy characteristic
experiment carried out was to verify the steady simulation model, and the power-off
runaway experiment was to verify the transient simulation model. The actual test process
was completely based on the acceptance test specifications of the pump model and device
model (SL 140-2006). The energy characteristics of the LAPS under different flow conditions
and the runaway characteristics of the pump under different lifts were tested.
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Figure 8. Model experiment of the large axial flow pump system.

Figure 9 shows the comparison between the experimental results and the simulation
results [40,41]. Figure 9a shows the energy characteristics, and Figure 9b shows the runaway
speed of the pump after power-off. From Figure 9a, it can be seen that the experiment
head and shaft power were very close to the simulation head and shaft power, and the
maximum error was less than 5%, indicating that the steady simulation of the LAPS based
on the numerical model in this paper has high accuracy. From Figure 9b, it can be seen
that the runaway speed of the pump after the power-off of the LAPS under the different
heads was very close to that of the simulation, the variation law was highly consistent and
the maximum error was less than 3%, indicating that the transient simulation of the LAPS
based on the numerical model in this paper also has high accuracy [42,43].
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Figure 9. Comparison between experimental results and simulation results.

Figure 10 shows the error analysis of numerical simulation. From the error of head
and shaft power in Figure 10a, it can be seen that with the increase of flow, the error value
of head and shaft power obtained by numerical simulation gradually decreased. At the
design flow, the error of head was about 3.0%, and the error of power was about 0.5%. From
Figure 10b, it can be seen that the error value of runaway speed obtained by numerical
simulation gradually decreased with the increase of head. At the design head, the error
value of runaway speed was about 2.0%.
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4. Results and Discussion
4.1. Influence of Opening Speed of Rapid-Drop Gate

In order to explore the influence of rapid-drop gate opening speed on the start-up
process characteristics of the LAPS, it was necessary to transiently simulate the start-up
process of the LAPS with different gate opening speeds (gate opening and unit start-up
synchronization). Figure 11 shows the variation law of the key characteristic parameters
of the LAPS with time; the time required for gate opening was 120 s. It can be seen from
Figure 11 that the fluid in the pump will be backflow at the initial stage of the start-up
because the speed of the impeller has not been raised to the rated speed. With the gradual
increase of the speed of the impeller, the phenomenon of backflow in the pump gradually
disappears, and the pump head increases steadily. When t = 6 s, the unit reaches the
rated speed, and the instantaneous impact head and instantaneous impact power (IIP)
of the pump also reach the maximum. When the unit reaches the rated speed, the LAPS
gradually transitions to the conventional steady operation, and the fluctuation of the key
characteristic parameters tends to be smooth.
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According to the actual operation experience of the LAPS, as long as the corresponding
instantaneous flow rate does not fall within the flow range of the saddle area when the
LAPS reaches the rated speed, it can basically ensure that the start-up of the LAPS will
not lead to instability of the LAPS due to the influence of the saddle zone. Through the
performance experiment of the pump, it was found that the flow rate range of the saddle
zone was 7.5 m3/s~8.5 m3/s. When t = 6 s, the instantaneous impact head of the pump
was 9.06 m, and the corresponding flow was 5.76 m3/s, which was not within the flow
range of the saddle zone, indicating that when the LAPS starts with this scheme, it cannot
be unstable due to the influence of the saddle zone. However, when t = 6 s, the IIP of the
unit is 1035.88 kW, which exceeds the upper limit of the maximum power of the motor.
Therefore, it is likely to cause the LAPS to fail on start-up.

Figure 12 shows the variation law of flow rate and head under different times required
for gate opening (TRRO). From Figure 12, the following conclusions can be drawn. Firstly,
no matter which TRRO is adopted, the corresponding instantaneous flow rate is not within
the flow range of the saddle area when the LAPS reaches the rated speed, so the start-up of
the LAPS cannot be unstable due to the influence of the saddle zone. Secondly, no matter
which TRRO is adopted, the instantaneous impact head in the LAPS reaches the maximum
when the unit reaches the rated speed, but the slower the gate opening speed is, the faster
the increasing speed of the pump head is, and the greater the maximum instantaneous
impact head is. Thirdly, the slower the gate opening speed is, the more favorable it is for
reducing the backflow and the duration of backflow at the initial stage of the start-up of
the LAPS. It can be observed that with the increase in the TRRO, the maximum backflow
flow (MBF) in the start-up process of the LAPS gradually decreases, and the duration of
the backflow state in the LAPS is also gradually shortened.
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Figure 12. Variation law of flow rate and head with time under different times required for gate opening.

Figure 13 shows the MBF and IIP of the LAPS under the different TRRO. The following
conclusions can be drawn from Figure 13. Firstly, with the gradual increase in the TRRO,
the MBF decreases gradually. Under the TRRO = 20 s scheme, the MBF in the LAPS is
6.53 m3/s, and under the TRRO = 120 s scheme, the MBF in the LAPS has been reduced to
2.44 m3/s. Secondly, the decline rate of the MBF in the LAPS is not linear, but slows down
with the gradual increase of the TRRO. Thirdly, the larger the TRRO, the greater the IIP
of the unit is. Under the TRRO = 20 s scheme, the IIP of the unit reaches 1009.36 kW, and
under the TRRO = 120 s scheme, the IIP of the unit reaches 1035.88 kW. It is obvious that
if the gate starts too slowly, the IIP will exceed the upper limit of the maximum power of
the motor, which will lead to the overload of the unit and finally lead to start-up failure.
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system with different times required for gate opening.

4.2. Influence of Delaying Opening Time of Rapid-Drop Gate

From Section 4.1, it can be found that in the initial stage of the start-up of the LAPS,
if the rapid-drop gate and the motor are opened synchronously, backflow will occur in
the LAPS, which will cause impact and damage to the pump blade. This section studies
the influence of delaying opening time of the rapid-drop gate in the start-up process
characteristics of the LAPS.

Figure 14 shows the variation law of the flow rate and head of the LAPS with differ-
ent times of gate opening delay (TOOD). The following conclusions can be drawn from
Figure 14. Firstly, when adopting the four different TOOD schemes, the flow rate of the
LAPS corresponding to the synchronous speed of the unit is not within the flow range
of the saddle zone, and the start-up of the LAPS cannot be unstable due to the influence
of the saddle zone. Secondly, delaying the opening of the gate will result in a surge of
instantaneous impact head, but the instantaneous impact head in the LAPS will still reach
the maximum when the unit reaches the rated speed, and the longer the gate lag is, the
greater the instantaneous impact head of the pump. Finally, delaying the opening of the
gate can significantly reduce the MBF and the duration of backflow at the initial start-up
of the LAPS. It can be observed that the longer the TOOD, the smaller the MBF during
the start-up of the LAPS is, and the shorter the duration of the fluid backflow state in the
LAPS is.

Figure 15 shows the MBF and backflow duration of the LAPS with the different TOOD.
The following conclusions can be drawn from Figure 15. Firstly, with the delay of the
rapid-drop gate opening, the MBF of the LAPS gradually decreases, and the backflow
duration of the LAPS continues to shorten. When the TOOD = 1 s, the MBF in the LAPS is
1.60 m3/s, and the duration of backflow is 3.08 s. When the TOOD = 4 s, the MBF and the
duration of backflow in the LAPS are 0, indicating that the backflow in the LAPS disappears
completely. Secondly, when the TOOD = 2 s, the decreasing rate of the MBF and backflow
duration in the LAPS tend to be linear, and when the TOOD is more than 2 s, the decline
rate of the MBF and backflow duration in the LAPS slows down gradually.
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Figure 15. Maximum backflow flow of the large axial flow pump system with different times of gate
opening delay.

Figure 16 shows the IIP and the growth rate of the LAPS with different TOOD. The
following conclusions can be drawn from Figure 16. Firstly, the opening of the rapid-drop
gate lags the opening of the motor, which will bring great risk to the start-up of the LAPS.
With the delayed opening of the rapid-drop gate, the IIP of the unit increases rapidly. The
IIP of the unit is 1061.4 kW when the TOOD = 1 s, and the IIP of the unit has reached
1234.89 kW when the TOOD = 4 s, which far exceeds the upper limit of the motor power.
Secondly, the longer the opening of the rapid-drop gate lags the opening of the motor, the
faster the IIP growth rate of the unit will rise. When the TOOD = 1 s, the growth rate of the
IIP of the unit is 2.46%. When the TOOD = 4 s, the growth rate of the IIP of the unit has
jumped to 7.15%.
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4.3. Influence of Adding the Flap Valve

From Section 4.1, it can be found that if the gate opening speed is too slow, the head
and power of the LAPS will increase sharply in a short time, which will cause the motor
to overpower and the pump unit start-up will fail. This section studies the influence of
adding the flap valve to the start-up process characteristics of the LAPS.

Figure 17 shows the variation law of the flow rate and head of the LAPS after adding
the flap valve. Figure 18 shows the flow rate at the flap valve. The following conclusions
can be drawn by combining Figures 17 and 18. Firstly, when adopting the three different
areas of flap valve (AOF), the flow rate corresponding to the synchronous speed of the
LAPS is not within the flow range of the saddle zone, and the start-up of the LAPS cannot
be unstable due to the influence of the saddle zone. Secondly, the addition of the flap
valve to the rapid-drop gate will significantly reduce the maximum instantaneous impact
head, and with the increase of the AOF, the maximum instantaneous impact head will
gradually decrease. Thirdly, the scheme of adding the flap valve is not helpful to shorten
the backflow state at the initial stage of the LAPS start-up, and the flow rate variation law
of the LAPS with different AOF is basically the same as that without the flap valve. Finally,
with the increase of the AOF, the shunt effect of the flap valve in the start-up process is
gradually enhanced.

Figure 19 shows the MBF and IIP of the LAPS after adding the flap valve. The
following conclusions can be drawn from Figure 19. Firstly, the addition of the flap valve
to the rapid-drop gate will weaken the IIP of the unit, prevent the overload of the unit
and significantly improve the reliability of the LAPS start-up. When AOF = 2.0 m2 (15%
of the area of the gate), the IIP of the unit has been reduced to 974.26 kW, which reduces
the 61.62 kW compared with the start-up scheme without a flap valve. With the gradual
increase of the AOF, the IIP of the unit decreases gradually. Secondly, the method of adding
the flap valve is not helpful to reduce the MBF at the initial stage of the LAPS start-up.
No matter how big the AOF is, the MBF of the LAPS is unchanged, consistent with MBF
start-up without adding the flap valve, which is 2.44 m3/s.
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4.4. Influence of Adding the Overflow Hole

This section studies the influence of adding an overflow hole in the start-up process
characteristics of the LAPS. Figure 20 shows the variation law of the flow rate and head
of the LAPS after adding the overflow hole. Figure 21 shows the flow rate at the overflow
hole. Combining Figures 20 and 21, the following conclusions can be drawn. Firstly, with
different elevation of overflow hole (EOOH), the corresponding flow rate of the LAPS is
not within the flow range of the saddle zone when the unit reaches the synchronous speed,
and the start-up of the LAPS cannot be unstable due to the influence of the saddle zone.
Secondly, after adding the overflow hole, the instantaneous impact head of the start-up
process is reduced, but the extent of the reduction is not as obvious as that of the flap valve.
When the overflow hole is not added, the instantaneous impact head is 9.06 m, and when
the EOOH = 5.65 m (1.06 times of the maximum net head), the instantaneous impact head
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still reaches 8.45 m. Thirdly, adding overflow holes does not help to shorten the backflow
state at the initial stage of the LAPS start-up, and the backflow variation law of the LAPS
with different overflow hole elevations is basically the same as that of the LAPS without
an overflow hole. Finally, with the increase of the EOOH, the shunt effect in the start-up
process of the overflow hole is gradually weakened.
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Figure 21. Flow rate at the overflow hole.

Figure 22 shows the MBF and IIP of the LAPS after adding the overflow hole. The
following conclusions can be drawn from Figure 22. Firstly, adding the overflow hole
can appropriately reduce the IIP of the unit, but cannot significantly improve the start-up
reliability of the LAPS. With different overflow holes, only the IIP of the EOOH = 5.65 m
(1.06 times of the maximum net head) is lower than the maximum power limit of the motor.
The IIP of EOOH = 6.15 m (1.15 times of the maximum net head) and EOOH = 6.65 m
(1.24 times of the maximum net head) is still as high as 1007.13 kW and 1024.89 kW, which
cannot meet the start-up load requirements. Secondly, the method of adding the overflow
hole is not helpful to reduce the MBF at the initial stage of the LAPS start-up. No matter
how higher the EOOH is, the MBF of the LAPS is unchanged, consistent with the MBF
start-up without adding the flap valve, which is 2.44 m3/s.
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4.5. Influence of Adding Both the Flap Valve and Overflow Hole

According to the analysis results of Sections 4.3 and 4.4, adding the flap valve is more
effective than adding the overflow hole to improve reliability in the start-up process. This
section further studies the influence of adding the overflow hole on the start-up process
characteristics of the LAPS on the basis of adding a flap valve to the rapid-drop gate.

Figure 23 shows the variation law of the flow rate and head of the LAPS when the
overflow hole is further added. The following conclusions can be drawn from Figure 23.
Firstly, after adding overflow holes with the three different elevations, the corresponding
flow rate of the LAPS is not within the flow range of the saddle zone when the unit reaches
the synchronous speed, and the start-up of the LAPS cannot be unstable due to the influence
of the saddle zone. Secondly, adding the flap valve on the basis of the rapid-drop gate and
then adding the overflow hole is not helpful in further reducing the instantaneous impact
head in the start-up process. The instantaneous impact head is 8.18 m when only adding
the flap valve and not adding the overflow hole, the pump head is still 8.18 m when a
different elevation overflow hole is added. Finally, on the basis of adding the flap valve,
adding an overflow hole is still not helpful to shorten the backflow at the initial stage of the
LAPS start-up, and the flow rate variation law of the LAPS with time has not changed after
adding overflow holes of different elevations.
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Figure 23. Variation law of the flow rate and head of the large axial flow pump system with different
elevations of overflow hole (area of flap valve is 3.5 m2).

Figure 24 shows the flow rate at the flap valve and overflow hole. Figure 25 shows
the MBF and IIP of the LAPS when an overflow hole is further added. The following
conclusions can be drawn by combining Figures 24 and 25. Firstly, the flap valve diversion
plays an absolutely dominant role in the initial start-up of the LAPS, and further setting the
overflow hole on the basis of adding the flap valve (26% of the rapid-drop gate area) cannot
play an obvious role in the further diversion in the initial start-up of the LAPS. Only the
overflow hole with an elevation of 5.65 m could divert the maximum flow rate of 0.81 m3/s
at the initial stage of the start-up of the LAPS. Secondly, on the basis of adding the flap
valve (26% of the area of the rapid-drop gate), the addition of the overflow hole has no
significant influence on the MBF and IIP of the LAPS. On the basis of adding the flap valve
(26% of the area of the rapid-drop gate), it can be considered whether or not to adjust the
overflow hole further.
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Figure 24. Flow rate at flap valve and overflow hole.
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Figure 25. Maximum backflow flow and instantaneous impact power of the large axial flow pump
system with different elevation of overflow hole (area of flap valve is 3.5 m2).

4.6. Comparison of the Influence of Different Safety Auxiliary Measures

In order to study the influence of different safety auxiliary measures on the start-up
characteristics of the LAPS, this section extracts the key characteristic indexes in the start-
up process of the LAPS and carries out the dimensionless treatment. The dimensionless
coefficients include backflow coefficient KQ, impact head coefficient KH and power overload
coefficient KP. The dimensionless method is as follows [44]:

KH =
Hi
Hd

(11)

KQ =
Qb
Qd
× 10 (12)

KP =
Pi − Pu

Pu
× 100 (13)

where Hi is the maximum instantaneous impact head in the start-up process; Hd is the
design head of the LAPS; KH is the impact head coefficient; Qb is the maximum backflow
during start-up; Qd is the design flow of the LAPS; KQ is the backflow coefficient; Pi is the
maximum IIP in the start-up process; Pu is the upper limit of motor power; KP is the power
overload coefficient.

Figure 26 shows the key characteristic indexes (dimensionless) during the start-up of
the LAPS after taking different safety auxiliary measures. The following conclusions can be
drawn from Figure 26. Firstly, when no other facilities are used, only the opening speed of
the rapid-drop gate is adjusted, so it is difficult to take into account the backflow coefficient
index and the impact head coefficient index at the same time. Once the setting of the rapid-
drop gate opening law is unreasonable, it will often lead to a sharp increase in the backflow
or a sharp increase in the instantaneous impact head. When the total opening time of the
rapid-drop gate is 20 s, the backflow coefficient reaches 0.51, which will cause a certain
impact and damage to the pump blade. Secondly, the delayed opening of the rapid-drop
gate has a very great risk, although the backflow coefficient index has been optimized to a
certain extent, the power overload coefficient is more than 5. When the rapid-drop gate
opens with a delay of 4 s, the power overload coefficient reaches 23.49, indicating that the
possibility of start-up failure of the LAPS increases sharply the longer the gate opening is
delayed. Thirdly, the improvement effect of adding a flap valve or overflow hole on the
quality of the start-up process is similar, but the indexes of the start-up process of the LAPS
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with the addition of a flap valve show it is better. When the safety auxiliary facilities of
an additional flap valve on the rapid-drop gate are adopted, the backflow coefficient is
within 0.2, the impact head coefficient is within 2, and the power overload coefficient is less
than 0. Combining the three key characteristic indexes of backflow coefficient, impact head
coefficient and power overload coefficient to evaluate them, the method of adding a flap
valve on the rapid-drop gate can obtain a higher quality of the start-up process. Finally, on
the basis of the existing flap valve, further adding overflow holes has little influence on
improving the quality of the start-up process, and the three key characteristic indexes have
little change. Only an overflow hole with a very low elevation can further slightly improve
the start-up process quality of the LAPS.
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Figure 26. Key characteristic indexes (dimensionless) in the start-up process of the large axial flow
pump system.

In order to further comprehensively show the changes in the start-up characteristics
of the LAPS before and after the adoption of safety ancillary measures, this paper selects
the one with the highest quality of all the start-up transition process calculation schemes to
display. Figure 27 shows variation law of the key characteristic parameters of the LAPS. In
Section 4.1, Figure 11 shows the variation law of key characteristic parameters of the LAPS
(TRRO = 120 s). Compared with Figure 11, the curve of the key characteristic parameters in
Figure 27 is relatively smooth, the fluctuation of the parameters is relatively smooth at the
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initial stage of the LAPS start-up, the coverage of the backflow area is small and the IIP is
within the allowable range. After the unit reaches the rated speed, the characteristics of the
LAPS quickly transition to a stable operation state.
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5. Conclusions

In this paper, considering the defects of theoretical derivation method and CFD method
in obtaining a large number of different pump start-up schemes, a new simulation strategy
is proposed. Based on the secondary development of Flowmaster, the start-up process
of a LAPS with various safety auxiliary facilities such as a pat door and overflow hole is
numerically simulated, and the start-up characteristics of a large axial flow pump station
are comprehensively explored. This paper fills the gap in the research on the influence of
safety auxiliary facilities on the LAPS start-up process, and can provide important reference
value for LAPS systems to find a scientific and safe start-up control strategy. The main
conclusions are as follows:

(1) During the start-up transition process, if only the opening speed of the rapid-drop
gate is adjusted without any safety auxiliary facilities, it will be difficult to give
consideration to the index of backflow coefficient and the index of impact head
coefficient. Once the gate opening speed is too fast, it will cause a sharp increase in
backflow, while if the gate opening speed is too slow, it will cause a sharp increase in
the instantaneous impact head and the instantaneous impact power.

(2) It is a very dangerous start-up mode to delay the opening of the rapid-drop gate
to reduce the maximum backflow value and the duration of backflow at the initial
start-up of the pump system. When the opening of the rapid-drop gate lags behind
the start of the motor, the instantaneous impact power of the unit will increase rapidly,
and the possibility of start-up failure of the pump station will be greatly increased.

(3) The method of adding the flap valve to the rapid-drop gate has no obvious benefit
in shortening the backflow state at the initial stage of the pump start-up, but it
will significantly weaken the instantaneous impact power of the unit and prevent
overload of the unit. When the safety auxiliary facilities of an additional flap valve on
the rapid-drop gate are adopted, the backflow coefficient is within 0.2, the impact head
coefficient is within 2, and the power overload coefficient is less than 0. Synthesizing
the three key characteristic indexes in the start-up process evaluation, the method of



Machines 2023, 11, 182 24 of 26

adding a flap valve on the rapid-drop gate can obtain a higher quality of the start-up
transition process.

The influence of the overflow hole on the start-up process characteristics of the pump
station is similar to that of the flap valve, but the effect of improving the start-up process
quality of the pump station is not as good as that of the flap valve. Moreover, it should be
pointed out that, on the basis of the existing flap valve, the further addition of an overflow
hole has little effect on improving the quality of the start-up transition process, and the
three key characteristic indexes show little change. In the case of the existing flap valve, the
start-up transition process quality of the pump station can be further slightly improved only
if an overflow hole with extremely low elevation is used. In this paper, a one-dimensional
simulation of the start-up process of a large axial flow pump system equipped with safety
auxiliary facilities is carried out. The main purpose of the research is to reveal the variation
of key characteristic parameters of a LAPS equipped with different safety auxiliary facilities
during the start-up process, and to evaluate the influence of different safety auxiliary
facilities on the safety of LAPS during the start-up process. However, the three-dimensional
internal flow field of the LAPS has not been studied in detail. In the future research, the
three-dimensional numerical simulation of LAPS will be carried out based on CFD method
to reveal the hydraulic transient flow characteristics during LAPS start-up.
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Nomenclature

g Local acceleration of gravity (m/s2)
H Head (m)
M The impeller torque (kN·m)
n Rated speed (r/min)
H the maximum net head (m)
D Impeller diameter
Ip The inertia moment of the LAPS (kg·m2)
Im The motor rotation inertia (m3/s)
Ar The area of the rapid-drop gate (m2)
t Time (s)
ρ The density of flow (kg/m3)
ω The angular velocity of the impeller (rad/s)
η Efficiency (%)
ηexp Experimental efficiency (%)
ηsim Simulated efficiency (%)
Qb The maximum backflow
Qd Designed flow
Hexp Experimental head (m)
Hsim Simulated head (m)
Hi Maximum instantaneous impact head
Hd The design head of the pump system
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KH The impact head coefficient
KQ The backflow coefficient
Kp The power overload coefficient
Pi The maximum IIP
Pu The upper limit of motor power

Abbreviations

CFD Computational fluid dynamics
LAPS Large axial flow pump station system
IIP Instantaneous impact power
TRRO Time required for gate opening
TOOD Time of gate opening delay
AOF Area of flap valve
EOOH Elevation of overflow hole
MBF Maximum backflow flow
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