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Abstract: For the purpose of studying the dynamic and inner flow features of an open inlet channel
axial flow pump unit, in the present study, numerical calculations using the SST k-ω turbulence
model are applied to an open inlet channel axial flow pumping unit based on the NS equation, and
experimental validation is then performed. The experimental output indicates that the designed
working conditions are Q = 350 L/s, head H = 5.065 m, efficiency η = 79.56%, and the maximum
operating head is H = 9.027 m, which is about 1.78 times that of the design head; further, the
pump device can operate in a wide range of working conditions. In addition, the design working
conditions are within the range of high-efficiency operating conditions. The calculated values
and the experimental comparison are all within a 5.0% margin of error; further, the numerical
calculations are reliable. The hydraulic loss of the inlet channel under the design condition
Q = 350 L/s is 0.0676 m, which satisfies the relationship of the quadratic function. The uniformity
of the impeller inlet velocity is 80.675%, and the weighted average angle of the velocity is 79.223◦ .
The hydraulic loss of the outlet channel under the design condition Q = 350 L/s is 0.3183 m, and
the hydraulic loss curve is a parabola with an upward opening. The flow state of the pump device
is sensitive to changes in the working conditions; additionally, the flow state is optimal under the
design working conditions. In this study, the energy and inner flow features of the open inlet axial
flow pumping units are revealed, and the research outcomes can be used as a reference for the
design and operation of similar pumping units.

Keywords: open inlet channel; axial flow pump device; numerical calculation; energy characteristics;
internal flow characteristics

1. Introduction

The inlet channel is one of the more important components of a pump station. A
reasonably designed inlet channel can provide a good inlet condition for the pump device
and make the water flow into the pump as smoothly as possible. In addition, not only will
this reduce the hydraulic loss, but it will also have a great impact on the overall flow state
of the device. If the design of the inlet channel is not reasonable, however, then it will lead
to water turbulence, a poor flow pattern, and will even—in serious cases—be accompanied
by the generation of a vortex, which seriously affects the performance of the pump device.
As the open water inlet structure is simple, has a convenient construction, and possesses
technical requirements that are easy to meet, the open water inlet is currently, as a result, a
widely used type of water inlet channel.

Certain scholars have conducted relevant studies on, for example, the optimal di-
mensions of open inlet channels. These dimensions have been summarized through
experimental studies [1]. The design criteria for inlet channels have also been summa-
rized [2,3], and reasonable suggestions have also been given for the other indicators of
inlet channels. Other scholars have also numerically optimized various parameters of
the inlet channel and have explored the effects of the back wall distance and back wall
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shape [4,5], bottom slope [6], and horn pipe height [7] values in regard to the hydraulic
performance. Certain other scholars have studied axial flow pumps and investigated the
effect of inlet channel conditions [8] via numerical calculations in order to investigate
the behavior of axial flow pumps. These same scholars have concluded, through experi-
ments, that changing the size of a vertical axial flow pump [9] causes changes in the flow
velocity and fluid pressure in the pipe. Some scholars have numerically solved the inter-
nal flow field of vertical axial flow pump devices. They have also explored the influence
of speed [10], under low-flow conditions, on the devices’ internal flow field; obtained
the change rule of the pump’s performance [11] under different deflection angles; and
studied the pressure allocation and distortion characteristics of different surfaces of the
blade via fluid–solid coupling [12], thereby deriving the pressure zone distribution law.
Relevant scholars have also studied the free surface vortex [13,14] as well as the internal
vortex structure [15] of the pump sump through numerical calculations [16]; further,
they have also photographed the evolution process of the underwater suction vortex [17]
of the axial flow pump device, providing a theoretical basis for the prevention of the
suction vortex being generated.

The optimal design of open inlet channels has been studied by many scholars, but
the internal flow characteristics are less well understood. Based on the NS equation [18],
this study adopts an SST k-ω [19] turbulence model, which is used to conduct numerical
calculations for an open inlet channel axial flow pump device and to analyze the internal
flow characteristics of an open inlet channel. The hydraulic performance and internal flow
characteristics of an open inlet channel axial flow pump device under different flow rates
are obtained, which can provide theoretical guidance for the design and operation of the
similar pump stations.

2. Numerical Computing Module, Meshing, and Calculation Approach
2.1. Numerical Computational Modules

The axial flow pump rig contains an open inlet channel, impeller, guide leaf, and
outlet elbow parts. The nominal diameter of the impeller is recorded as D = 300 mm, the
number of impeller blades is 4, and the number of guide leaf blades is 7. The detailed
design parameters of these components are displayed in Table 1.

Table 1. Detailed information regarding the pump unit.

Data Numerical Values

Impeller diameter, D (300–0.2) mm
Impeller rotation rate, n 1450 r/min

Design flow, Q 350 L/s
Design head, H 5.0 m

Design efficiency, η 80.0%

In this study, the models of the inlet water channel, inlet flare pipe, and outlet bend
are established by Solidworks. The models of the impeller and guide leaf are established
by ANSYS TurboGrid [20], and the overall calculated 3D model is indicated in Figure 1, the
pump rig position parameters are shown in Table 2.



Processes 2022, 10, 2284 3 of 17Processes 2022, 10, x FOR PEER REVIEW 3 of 17 
 

 

 
Figure 1. Three-dimensional diagram of the calculation model. (1) Open water inlet channel; (2) 
inlet flare; (3) impeller; (4) guide leaf; and (5) outlet bend. 

Table 2. Pump rig position parameters. 

Parameters Numerical Value Remarks 

Diving depth 475 mm (1.58D) Distance between the inlet surface of the flare and 
the bottom surface of the channel 

Posterior wall 
distance 375 mm (1.25D) 

Distance between the center of the impeller and 
the back wall of the channel 

Side wall dis-
tance 450 mm (1.5D) 

Distance between the impeller center and channel 
sidewall 

Sump length 2071 mm (6.9D) / 
Sump width 900 mm (3D) / 
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Figure 1. Three-dimensional diagram of the calculation model. (1) Open water inlet channel; (2) inlet
flare; (3) impeller; (4) guide leaf; and (5) outlet bend.

Table 2. Pump rig position parameters.

Parameters Numerical Value Remarks

Diving depth 475 mm (1.58D) Distance between the inlet surface of the
flare and the bottom surface of the channel

Posterior wall distance 375 mm (1.25D) Distance between the center of the impeller
and the back wall of the channel

Side wall distance 450 mm (1.5D) Distance between the impeller center and
channel sidewall

Sump length 2071 mm (6.9D) /
Sump width 900 mm (3D) /

2.2. Mesh Division

The open inlet channel and flare pipe are divided by unstructured grids in ICEM [21].
Further, the outlet bend is divided by structured grids in ICEM, and the impeller and guide
leaf are divided by structured grids in Turbogrid. Grid diagram of calculation model is
shown in Figure 2.
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The numerical calculation domain consists of 5 parts, which are the: open inlet channel,
inlet flare pipe, impeller domain, guide leaf domain, and outlet bend. In order to meet the
requirements of calculation accuracy, the “J” topology is adopted near the impeller blade,
the “O” topology is adopted for the guide leaf blade, and the “H” topology is adopted at
the impeller tip clearance, where eight layers of grids are arranged. The key parts of the
blade are densified to ensure that the average y+ of the grid at the impeller tip clearance
does not exceed 10. The average y+ value of the impeller and guide leaf surface is about
50 (y+ is a measureless number of distance to the wall, which is direct to the first mesh
height of the surface of the wall; in the numerical computation with the SST k-ω and RNG
k-ε turbulent current mode, the rotational and shear flow y+ is taken as 30~100). After the
grid independence [22] analysis was conducted, the efficiency of the pump unit changed
slightly after the grid number became 3,009,738 (i.e., the grid number of the impeller was
1,604,312, the grid number of the guide leaf was 442,491, the grid number of the outlet
bend was 212,750, the grid number of the bell mouth was 360,384, and the grid number of
the inlet channel was 389,801). Therefore, a grid number of 3,009,738 was selected for the
subsequent numerical calculations in this study. The grid independence analysis graph is
shown in Figure 3 (flow condition Q = 300 L/s).
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2.3. Control Equations and Boundary Conditions

In the calculation, the grid mode of the components is introduced into CFX-Pre, which
combines the meshes of each section to form the numerical calculation model of the pump
unit. Moreover, the numerical calculation settings and boundary conditions are detailed in
Table 3.

Table 3. Numerical computation setup and boundary conditions.

Settings Parameters

Rotational speed, n 1450 r/min
Inlet section Mass flow rate

Outlet section Average static pressure (1.0 atm)
No mobile solid wall surface Static

Free liquid surface Symmetry
Close-to-the-wall zone Standard wall functions

Moving and standing interfaces Frozen rotor, GGI grid stitching technology

In this study, four different models were used for the purposes of the grid irrelevance
analysis. Further, the results were fitted to the experimental efficiency value, where k-ε and
k-ω were 76.673% and 76.418%, respectively. The efficiencies of SST k-ω and RNG k-ε were
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closer to the test efficiencies of 77.62%, 77.463%, and 77.468%, respectively. Considering
the high accuracy required for solving the flow near the wall, the SST k-ω [23] model of
turbulent flow was used for the numerical computation of the open inlet channel axial flow
pump unit. The spreading items and the press force ramps are indicated using the finite
element-based finite volume approach; additionally, the high-resolution format (i.e., a high
resolution scheme) is used for the flow items. In the computation, the stress of the stream
of the field is P; the speeds of the x, y, and z orientations are u, v, and w, respectively; and
the condition of confluence for the equation of the kinetic energy of the turbulence and the
consumption rate ε is set to 10−5. In regard to the former, as a matter of principle, the less
the remaining difference is, the more desirable it is.

2.4. Calculation Method

The pump equipment head Hnet [24] is calculated as:

Hnet =


∫
s2

P2utds

ρQg
+ H2 +

∫
s2

u2
2ut2ds

2Qg

−

∫
s1

P1utds

ρQg
+ H1 +

∫
s1

u2
1ut1ds

2Qg

 (1)

The pump equipment efficiency η [25] is calculated as:

η =
ρgQHnet

Tω
× 100% (2)

where P1 and P2 mean the hydrostatic pressure at the intake and outtake of the axial
pump flow tunnel (in Pa); ρ is the water density (in kg/m3); g is the acceleration of gravity
(in m/s2); s1 and s2 are the axial flow pump intake and outtake cross-sectional area (in m2);
u1 and u2 are the flow velocity at each point of the inlet and outlet section of the axial pump
(in m/s); ut1 and ut2 are the normal components of the flow velocity at each point of the
inlet and outlet section of the axial pump (in m/s); Q is the flow rate of the axial pump
(in m3/s); T is the impeller rotational torque (in N·m); and ω is the rotation angular velocity
of the impeller (in rad/s).

The uniformity of the axial flow velocity distribution [26] is calculated as:

Vzu =

1− 1
va

√√√√[ n

∑
i = 1

(vai − νa)
2

]
/n

× 100% (3)

where Vzu is the uniformity of the axial flow velocity distribution at the exit section of the
runner; νa is the arithmetic mean of axial flow velocity at the exit section of the runner; vai
is the axial velocity (in m/s) of each calculation unit at the exit section of the runner; and n
is the number of calculation units at the exit section of the runner.

The velocity-weighted average angle [27,28] is calculated as:

θ =
∑ uai

[
90◦ − arctan

(
uti
uai

)]
∑ uai

(4)

where uti is the transverse velocity (in m/s) of each unit in the characteristic section of the
flow channel and uai is the axial velocity of unit i (in m/s).

The hydraulic loss hf [29,30] is calculated as:

h f = E1 − E2 = (
P1

ρg
− P2

ρg
) + (Z1 − Z2) + (

u1
2

2g
− u2

2

2g
) (5)

where E1 and E2 are the total energy at the inlet and outlet of the open flow channel; Z1
and Z2 are the height of the inlet and outlet of the open flow channel (in m); and u1 and u2
are the inlet and outlet water velocity of the open flow channel (in m/s).
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3. Test Rig and Test Approach
3.1. Test Rig

The test rig is a standing closed loop system, as illustrated in Figure 4.

Processes 2022, 10, x FOR PEER REVIEW 6 of 17 
 

 

2 2
1 2 1 2

1 2 1 2( ) ( ) ( )
2 2f

P P u uh E E Z Z
g g g gρ ρ

= − = − + − + −
 

(5)

where E1 and E2 are the total energy at the inlet and outlet of the open flow channel; Z1 
and Z2 are the height of the inlet and outlet of the open flow channel (in m); and u1 and u2 
are the inlet and outlet water velocity of the open flow channel (in m/s). 

3. Test Rig and Test Approach 
3.1. Test Rig 

The test rig is a standing closed loop system, as illustrated in Figure 4. 

111098765

1234

 
Figure 4. High accuracy hydraulic machinery test bench plan. (1) Inlet unit; (2) test pump equip-
ment; (3) the pressure discharge box; (4) forking water tank; (5)~(6) flow calibration unit in situ; (7) 
service regulation gate valve; (8) steady voltage rectifier barrel; (9) the electromagnetic meters of 
flow; (10) running control gate valve; and (11) accessory pump unit. 

The differential pressure transmitter (accuracy ± 0.015%) is used to measure the head 
in the test; the flow rate is measured using the electro-magnetic flowmeter (accuracy ± 
0.18%) measurement; the velocity and torque are calculated using speed and torque sen-
sors (accuracy ± 0.24%); and the integrated uncertainty of the test bench is measured at ± 
0.39%. 

3.2. Experimental Test Approach 
The head of the pump unit H [31,32] can be computed by the following equation: 

H p
g

p
g

z z u
g

u
g

= − + −






 + −







2 1

2 1
2
2

1
2

2 2ρ ρ  
(6)

The pump unit axial power N [33] can be computed by the following formula: 

'( )
30

N n M Mπ= −
 

(7)

The efficiency η [34,35] is calculated as: 

100%gQH
N

ρη = ×
 

(8)

where M is the input torsion of the pump (in N·m); M’ is the pump mechanical losing 
torsional moment (in N·m); n is the pump experimental revolution speed (in r/min); η is 
the pump model efficiency (in %); Q is the pump flow rate (in m3/s); H is the head of the 
pump (in m); ρ is the test of the densities of the body of water in real time (in kg/m3); and 
g is the acceleration of gravity at the location (in m/s2). 

  

Figure 4. High accuracy hydraulic machinery test bench plan. (1) Inlet unit; (2) test pump equipment;
(3) the pressure discharge box; (4) forking water tank; (5)~(6) flow calibration unit in situ; (7) service
regulation gate valve; (8) steady voltage rectifier barrel; (9) the electromagnetic meters of flow;
(10) running control gate valve; and (11) accessory pump unit.

The differential pressure transmitter (accuracy ± 0.015%) is used to measure the
head in the test; the flow rate is measured using the electro-magnetic flowmeter (accu-
racy ± 0.18%) measurement; the velocity and torque are calculated using speed and torque
sensors (accuracy ± 0.24%); and the integrated uncertainty of the test bench is measured
at ± 0.39%.

3.2. Experimental Test Approach

The head of the pump unit H [31,32] can be computed by the following equation:

H =

(
p2

ρg
− p1

ρg
+ z2 − z1

)
+

(
u2

2
2g
−

u2
1

2g

)
(6)

The pump unit axial power N [33] can be computed by the following formula:

N =
π

30
n(M−M′) (7)

The efficiency η [34,35] is calculated as:

η =
ρgQH

N
× 100% (8)

where M is the input torsion of the pump (in N·m); M’ is the pump mechanical losing
torsional moment (in N·m); n is the pump experimental revolution speed (in r/min); η is
the pump model efficiency (in %); Q is the pump flow rate (in m3/s); H is the head of the
pump (in m); ρ is the test of the densities of the body of water in real time (in kg/m3); and
g is the acceleration of gravity at the location (in m/s2).

4. Pump Unit Energy and Internal Flow Characteristic Analysis
4.1. Pump Unit Energy Characteristic Analysis

Following the numerical computation results, Equations (1) and (2) were used to
compute the numerical computation head and efficiency of the axial flow pump units,
as shown in Table 4. The test parameters under different flow conditions were obtained
through the test, and the test head and efficiency of the axial flow pump unit were calculated
using Equations (6)–(8), as illustrated in Table 4. A comparison of the numerical calculations
and the test energy characteristics is displayed in Figure 5.
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Table 4. Numerical calculations and experimental energy characteristics.

Numerical Calculations Test

Flow Rate Q
(L/s) Head H (m) Efficiency η (%) Flow Rate Q

(L/s) Head H (m) Efficiency η (%)

100 (0.286 Qd) 12.205 28.79 159.49 (0.456 Qd) 9.664 44.60
150 (0.429 Qd) 10.040 42.67 195.96 (0.560 Qd) 8.821 52.97
200 (0.571 Qd) 8.018 53.01 228.98 (0.654 Qd) 9.072 63.78
225 (0.643 Qd) 8.531 63.39 246.65 (0.705 Qd) 8.791 67.58
250 (0.714 Qd) 8.361 70.87 275.46 (0.787 Qd) 8.346 73.25
275 (0.786 Qd) 7.663 72.13 299.18 (0.855 Qd) 7.754 77.53
300 (0.857 Qd) 6.932 77.46 300.00 (0.857 Qd) 7.729 77.60
333 (0.951 Qd) 6.164 80.65 333.27 (0.952 Qd) 6.718 80.38

350 (1.0 Qd) 5.674 81.89 352.35 (1.007 Qd) 5.061 79.45
352 (1.005 Qd) 5.653 81.84 375.73 (1.074 Qd) 4.194 78.76
375 (1.071 Qd) 5.173 83.35 401.98 (1.149 Qd) 3.367 75.31
400 (1.143 Qd) 4.290 81.48 428.49 (1.224 Qd) 2.669 69.94
428 (1.223 Qd) 3.153 73.08 457.03 (1.306 Qd) 1.926 52.64
457 (1.306 Qd) 1.745 52.56 / / /
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According to the test results shown in Table 4, the highest efficiency working condi-
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According to the test results shown in Table 4, the highest efficiency working condition
of the pump unit is Q1 = 333.27 L/s, head H1 = 6.718 m, and efficiency η1 = 80.38%.
After the origin interpolation analysis is conducted, we can obtain the design working
condition Q2 = 350 L/s, head H2 = 5.065 m, and efficiency η2 = 79.56% as outlined in
Table 1. Further, we can obtain the axial flow pump design working condition Q3 = 350 L/s,
head H3 = 5.0 m, and efficiency η3 = 80.0% at the time the difference in the head is
∆H = 0.065 m and the efficiency difference is ∆η = 0.44%. This indicates that the design
point is accurate. Moreover, the difference between the efficiency of the highest efficiency
working point and the efficiency of the design working point ∆η = 0.82% indicates that
the design working condition is within the high-efficiency operating condition, thereby
meeting the design requirements. The maximum working head is at the beginning of the
saddle area—corresponding to a head of H4 = 9.027 m—which is about 1.78 times that of
the design head; this, therefore, indicates that the pump unit can operate in a wider range
of conditions, which is more conducive to the efficient, stable, and safe operation of the
pump unit.
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The comparative analysis displayed in Table 4 and Figure 5 shows that the test head
is slightly higher than is shown in the numerical calculations in respect to the low-flow
condition (Q = 100~330 L/s). Although the test efficiency is slightly lower than the nu-
merical calculation in the high-flow condition (Q = 330~457 L/s), the difference between
the efficiency in the flow condition (Q = 100~330 L/s and Q = 400~457 L/s) is not sig-
nificant. In addition, the difference in the flow condition (Q = 330~400 L/s) shows the
difference increases; further, the numerical calculation efficiency is higher than the test
value and the error margins of both the numerical calculation and test comparison are
within 5.0%. As such, in summary, the error values of the numerical calculation and test
measurement established in this study is small and, therefore, the numerical calculation
results are credible.

According to the numerical calculation results, the axial flow velocity distribution
uniformity, velocity weighted average angle, and inlet channel hydraulic loss at the impeller
inlet of the axial flow pump unit are calculated using Equations (3)–(5), respectively. These
results are displayed in Table 5, according to which Figures 6 and 7 can be drawn.

Table 5. Uniformity of flow velocity distribution and velocity average weighted angle.

Flow Rate Q (L/s) Uniformity of Flow Rate
Distribution VZU (%)

Velocity Weighted Average
Angle θ (◦)

225 (0.643 Qd) 56.400 68.119
250 (0.714 Qd) 64.831 71.193
275 (0.786 Qd) 71.063 73.879
300 (0.857 Qd) 75.183 76.055
333 (0.951 Qd) 79.265 78.357
350 (1.000 Qd) 80.675 79.223
352 (1.005 Qd) 80.796 79.308
375 (1.071 Qd) 82.123 80.183
400 (1.143 Qd) 83.198 80.872
428 (1.223 Qd) 83.798 81.317
457 (1.306 Qd) 84.014 81.491
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The design of the inlet channel should take into account the small hydraulic loss, while
also providing uniform flow inlet conditions for the impeller. The outlet of the inlet channel
is the inlet of the impeller chamber, and its axial velocity distribution uniformity, Vzu,
reflects the advantages and disadvantages of the inlet channel design. The closer Vzu is to
100%, the more uniform the axial velocity distribution of the inlet channel outlet water flow,
and the more uniform the water flow into the impeller in the same direction. As shown
in Table 5 and Figure 6, we can see that the uniformity of the flow velocity at the impeller
inlet of the open inlet channel increases gradually with the flow rate. It was recorded as
80.675% for the design working condition (Q = 350 L/s) and the streamline can enter the
impeller domain evenly. The open inlet channel axial flow pump rig, when compared to
the axial flow pump, increased the open inlet channel and inlet flare, resulting in the axial
flow pump impeller inlet conditions becoming worse. Additionally, as displayed in Table 5,
it can be seen that in the axial flow pump rig impeller inlet the flow velocity uniformity
is only 80.675%, which is the ideal state for when the axial flow pump impeller inlet flow
velocity uniformity is close to 100%. When compared to the axial flow pump, the pump
rig not only increased the open inlet channel hydraulic losses, but also the part, impeller,
guide leaf, and outlet channel due to the increase in the bad flow state. Further, hydraulic
losses will also increase and ultimately lead to a lower head and lower efficiency.

In addition, the axial velocity weighted average angle, θ, reflects the design quality
of the inlet channel Moreover, the closer it is to 90◦, the better the directional velocity of
the outlet flow of the inlet channel is. From Table 5 and Figure 6, it can be seen that the
velocity-weighted average angle at the impeller inlet is as low in the low-flow condition
(Q = 100~330 L/s); however, this gradually improves with the increase in the flow rate.
In regard to the design condition (Q = 350 L/s), the velocity-weighted average angle
reaches 79.223◦, and the curve increment decreases, also the value of velocity-weighted
average angle at the high-flow condition (Q = 350~457 L/s) remains essentially flat. The
velocity-weighted average angle at the outlet of the inlet channel, under the design working
condition (Q = 350 L/s), could indicate that the inlet channel can provide good water inlet
conditions for the impeller.

The Inlet and outlet channel hydraulic losses is shown in Table 6, through Table 6
and Figure 7, we can see that the hydraulic loss of the inlet channel satisfies the quadratic
function and that the hydraulic loss curve of the inlet channel can be obtained by fitting
hf = 0.5517 Q2 (fit: R = 0.9958, Q unit: m3/s, and hf unit: m). Further, the hydraulic
loss of the inlet channel is 0.0676 m when at the design condition (Q = 350 L/s). In
addition, when the hydraulic loss of the outlet bend meets the opening upward parabola,
through which the fitting can be derived from the outlet bend, the hydraulic loss curve is
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hf = 29.439Q2 − 22.27Q + 4.4992 (fit: R = 0.9599, Q unit: m3/s, and hf unit: m). Moreover,
the outlet bend hydraulic loss is 0.3183 m and the design conditions (Q = 350 L/s) near the
outlet channel hydraulic loss curve are located at the bottom of the parabola, indicating the
smallest instance of hydraulic loss.

Table 6. Inlet and outlet channel hydraulic losses.

Flow Rate Q (L/s) Hydraulic Loss of Inlet
Channel hf (m)

Hydraulic Loss of Outlet
Bend hf (m)

225 (0.643 Qd) 0.0244 0.8958
250 (0.714 Qd) 0.0307 0.8508
275 (0.786 Qd) 0.0396 0.6443
300 (0.857 Qd) 0.0489 0.4767
333 (0.951 Qd) 0.0609 0.3187
350 (1.000 Qd) 0.0676 0.3183
375 (1.071 Qd) 0.0781 0.2785
400 (1.143 Qd) 0.0891 0.2688
428 (1.223 Qd) 0.1022 0.3320
457 (1.306 Qd) 0.1165 0.5150

4.2. Analysis of the Internal Flow Characteristics of the Pump Unit

In the numerical calculation results of the open inlet channel axial flow pump unit,
the flow rates of Q = 250 L/s (0.714 Qd), Q = 300 L/s (0.857 Qd), Q = 350 L/s (1.0 Qd),
Q = 400 L/s (1.143 Qd), and Q = 450 L/s (1.223 Qd) show that five conditions were selected
for the analysis of the internal flow characteristics of the pump unit. In order to better
analyze the internal flow characteristics of the open inlet channel, three typical sections
were selected, as illustrated in Figure 8. Here, A1 is the horizontal section over the center
of the impeller, A2 is the longitudinal section perpendicular to the incoming flow direction
over the center of the impeller, and A3 is the longitudinal section parallel to the incoming
flow direction over the impeller center.
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Figure 8. Schematic diagram of the A1–A3 sections.

The streamlines and velocity distribution of the open inlet channel axial flow pump
unit at flow conditions Q = 250 L/s (0.714 Qd), Q = 300 L/s (0.857 Qd), Q = 350 L/s (1.0 Qd),
Q = 400 L/s (1.143 Qd), and Q = 450 L/s (1.223 Qd) for sections A1–A3 are illustrated in
Figures 9–11.
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As demonstrated in Figure 9, it can be seen that the open inlet channel has a more
uniform distribution for each flow streamline on the left side of the impeller domain.
Moreover, there is a vortex at the center of the rear wall due to the backflow of water
hitting the rear wall between the right side of the impeller domain and the rear wall. The
side wall of the flow channel, near the wall surface due to the side wall effect, the wall
velocity is close to zero, whereas the side wall flow velocity stratification is greater, therefore
illustrating uniform gradient changes. The streamline and velocity distribution of the open
inlet channel illustrate the axisymmetric distribution along the central axis of the inlet
channel, which indicates that the numerical calculation results are in accordance with the
fluid mechanics theory.

As shown in Figure 9, in the low-flow working condition (Q = 250~350 L/s), the
stratification effect of flow velocity in the inlet channel near the impeller domain is more
obvious. However, the flow velocity distribution is not uniform as there is a semi-circular
low-velocity area in front of the impeller domain and there are two symmetrical semi-
circular high-velocity areas on the left and right sides of the impeller domain. In addition,
both sides of the back wall of the flow channel is a slow velocity zone, the back wall zone
has less water movement, and is approximately a stagnant water zone. Under the design
condition (Q = 350 L/s), the stratification effect of flow velocity in the inlet channel near the
impeller domain is improved, and there is only a low-velocity semicircular region in front
of the impeller domain. There is no sudden change in flow velocity in the region on the left
and on the right sides of the impeller domain. Further, the flow velocity in the back wall
region increases, but it is still small. In the high-flow working condition (Q = 350~428 L/s),
the stratification effect of flow velocity in the inlet channel near the impeller domain is



Processes 2022, 10, 2284 12 of 17

further improved. In addition, the area of the low-velocity semi-circular region in front of
the impeller domain is reduced, but there are two symmetrical high-velocity semi-circular
regions on the left and right sides of the impeller domain, and the low-velocity region in
the back wall area is further reduced. There is a vortex area at the center of the back wall
under each working condition; however, the location and size of the vortex area remain
essentially similar as the flow rate increases.
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Figure 10. Flow diagram of A2 section at different flow conditions.

As seen in Figure 10, it can be determined that the flow velocity is higher near the
inlet flare, under each working condition, and the high-velocity area is distributed in a ring
shape, which decreases in a gradient from the center of the flare to the surroundings. With
the increase in the flow, the ring area of the high-speed area gradually increases. From the
distribution of streamlines in Figure 10, it can also be demonstrated that the streamlines
contract towards the flare mouth and that the top streamline of the inlet channel is more
uniform compared to the bottom.
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As per Figure 11, it can be seen that the internal flow speed of the open inlet channel is
lower, the streamline before the flare inside the inlet channel is more uniformly distributed,
the streamline inside the inlet channel is gathered from all around to the flare, and the flow
velocity near the flare is obviously increased in a gradient. Further, the water obtains kinetic
energy at the impeller; the flow velocity reaches the maximum; and the guide lobe recovers
the ring volume and converts part of the kinetic energy into pressure energy. Moreover,
the flow velocity at the guide lobe is reduced compared with that at the impeller and, until
the water flow into the outlet bend, the flow rate is further reduced. One of the reasons for
this is because the internal flow line of the outlet channel is more complex. In addition, the
flow pattern is poor and the fluid masses hit one another. However, on the other hand, the
kinetic energy is reduced because the kinetic energy is further transformed into pressure
energy and position potential energy, which also means that the velocity is reduced.

At low flow rates (Q = 250~350 L/s), there is significant outflow and backflow at the outlet
of the guide leaf due to the low flow rate. In regard to the design conditions (i.e, Q = 350 L/s)
and at high flow rates (Q = 350~428 L/s) the outflow phenomenon is improved and almost
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disappears; further, the streamlines inside the impeller and guide leaf are more uniform. In the
small flow condition (Q = 250~350 L/s) and the design working condition (Q = 350 L/s), flow
velocity distribution at the outlet of the bend outlet channel is more uniform compared with
the high-velocity condition (Q = 350~428 L/s), and there is no vortex in the bend outlet channel,
which means that the flow pattern of the outlet is comparatively reasonable. In addition, there
is an obvious high-velocity and low-velocity interaction zone inside the bend outlet channel
in the high-flow condition (Q = 350~428 L/s). Moreover, the flow velocity distribution is not
uniform, which seriously affects the conversion of kinetic energy and the recovery of pressure
energy of the outlet. In summary, the flow pattern of the discharge water under the design
condition (Q = 350 L/s) is relatively good, which can also be illustrated by the hydraulic loss
curve of the outlet channel, as shown in Figure 7.

The 3D streamlines of the open inlet axial flow pump unit at flow conditions Q = 250 L/s
(0.714 Qd), Q = 300 L/s (0.857 Qd), Q = 350 L/s (1.0 Qd), Q = 400 L/s (1.143 Qd), and Q = 450 L/s
(1.223 Qd) are illustrated in Figure 12.
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From Figure 12, it can be seen that the streamlines distribution of the open inlet
channel under various flow conditions is relatively uniform. With the increase in flow,
the streamlines located on both sides of the flare section converges toward the middle.
The streamlines of the inlet channel along the inlet direction on the left and right sides
are generally symmetrical with respect to the A3 surface. Under small flow conditions
(Q = 250~350 L/s), the streamline inside the outlet bend is generally divided into two
streamlines close to the inside and outside of the bend. The intertwining phenomenon
of the internal streamlines is obvious, which is the main reason for the large hydraulic
losses under this condition. With the increase in the flow rate, the uniformity of streamline
distribution in the outlet channel of bend under design conditions (Q = 350 L/s) and large
flow conditions (Q = 350~428 L/s) is improved; further, the best distribution is achieved at
Q = 350 L/s.

5. Conclusions

In this study, the SST k-ω turbulence module is used to numerically assess an open inlet
channel axial flow pumping rig according to the NS equation; moreover, the experimental
energy characteristics are also verified. The main conclusions are as follows:

(1) The test results suggest that the highest efficiency working conditions of the pump rig
are Q1 = 333.27 L/s, head H1 = 6.718 m, efficiency η1 = 80.38%, the design working
conditions are Q2 = 350 L/s, head H2 = 5.065 m, efficiency η2 = 79.56%, and the
highest working head is H4 = 9.027 m (which is about 1.78 times that of the design
head). Further, the pump rig can be said to have a wide range of operating conditions
and the design conditions are within the designated high-efficiency operating con-
ditions, therefore meeting the design requirements. The numerical calculation and
test comparison error margins are within 5.0%, the numerical calculation and test
measurement errors are small, and the numerical calculation results are credible.

(2) The numerical calculation results demonstrate that the hydraulic loss of the inlet
channel meets the relation hf = 0.5517Q2. Additionally, the hydraulic loss of the outlet
bend meets the relation hf = 29.439Q2 − 22.27Q + 4.4992. Further, 80.675% of the
inlet flow velocity uniformity of the pump unit’s impeller is in its design working
condition (Q = 350 L/s), and 79.223% is in the weighted average angle of the flow
velocity. As the flow increased, both the flow uniformity and the flow speed weighted
average angle increased.

(3) Through a comprehensive analysis of the flow patterns in the inlet channel, impeller,
guide leaf, and outlet channel at different flow rates, it was found that the internal
flow of the pump units is the most stable under the design condition Q = 350 L/s and,
as a result, there are fewer bad flow patterns. The flow patterns of the inlet channel
and outlet channel become worse when the flow rate decreases, and the flow pattern
of the inlet channel is improved when the flow rate increases. However, compared
with the design condition, the improvement is limited, and the flow pattern of the
outlet channel is significantly worse.
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