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Abstract: A non-uniform velocity profile occurs at the inlet of a coastal axial-flow pump which is
placed downstream of the forebay with side-intake. As a result, the actual efficiency and head of
the pump is dissimilar to the design parameters, and the lack of the theoretical investigation on
the relationship between inflow distortion and energy losses restricts the application of the coastal
axial-flow pump in the drainage project. In this paper, the unsteady numerical simulation and
entropy production theory are employed to obtain the internal flow structure and quantify energy
losses, respectively, with three inflow deflection angles (θ = 0◦, 15◦, or 30◦). It is reported that the
best efficiency point (BEP) shifts to large flow rate with θ increasing, due to the decline of the velocity
component in axial direction at the impeller inlet. Therefore, the total entropy production (TEP) of
the coastal axial-flow pump rises with θ increasing under small flow rates, but it decreases with θ

increasing under large flow rates. The high total entropy production rate (TEPR) in the vicinity of
the tailing edge of the impeller and guide vanes rises with θ increasing, caused by the enhanced
wake vortex strength. In addition, the high TEPR area near the inlet of outflow conduit rises with θ

increasing, originated from the improvement of secondary vortices intensity.

Keywords: coastal axial-flow pump; inflow deflection angle; total entropy production; energy losses

1. Introduction

Vertical axial-flow pumps have been extensively applied in drainage projects in coastal
cities, due to high flow rate and convenient maintenance measures [1–3]. Their hydraulic
performance is the key to ensure the normal operation of urban water systems. In general,
the hydraulic design of a coastal axial-flow pump is based on a purely axial inflow at the
inlet section, i.e., a uniform inflow rate. However, some coastal axial-flow pumps need to
be installed along narrow watercourses and the coastal axial-flow pump’s inlet is connected
to the forebay with side-intake to reduce its footprint. As a result, the inlet section of the
coastal axial-flow pump shows a non-uniform velocity profile in the actual application,
which leads to the performance deviations compared with the hydraulic design due to
the change of angle between inflow and leading edge in the impeller [4,5]. To develop
the application prospects of coastal axial-flow pumps in drainage project, the physical
connection between the unstable flow structure induced by non-uniform inflow and energy
loss characteristics needs to be established.

In recent years, computational fluid dynamic (CFD) techniques have been increasingly
used in the design of water jet pumps [6], centrifugal pumps [7,8], pump-turbines [9],
and axial-flow pumps [10]. It can rapidly and accurately capture the details of unsteady
flow structures induced by non-uniform inflow levels [11] and predict the pump’s per-
formance [12] under different inflow conditions. Consequently, the investigations of
non-uniform inflow characteristics of different pumps present significant advancements.
Zheng [13] analyzed the flow structure and pressure pulsation in a mixed-flow pump
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with non-uniform inflow originated from the geometrical structure of the forebay. He
found that the flow stability inside the impeller and guide vanes is susceptible to the
inflow condition under small flow rates. The pressure fluctuation intensity near the inlet
of impeller and guide vanes rises with the inflow deflection angle increasing. In addition,
reactor coolant and water jet pumps are other good examples that illustrate the influence of
non-uniform inflow on external characteristic parameters and inner flow field. In reactor
coolant pump, the steam-generator simulator can destroy the uniform distribution of ve-
locity at the suction pipe inlet. Long et al. [14] and Wang et al. [15] numerically compared
the hydraulic performance and internal flow structure of the reactor coolant pump with a
steam-generator simulator and straight pipe. The result shows that non-uniform inflow can
lead to the decline of pump head, high radial force of the impeller, and high risk of fatigue
failure. Xu et al. [16] reported that the pressure pulsation energy under non-uniform inflow
can be decreased by declining the rotation speed such that the reactor coolant pump can
operate stably. Since the secondary vortex caused by an adverse pressure gradient at the
interface between the suction pipe and steam-generator simulator was the main cause of
the non-uniform inflow, Wang et al. [17] designed a rectify baffle to ensure a uniform axial
velocity at the interface and significantly enhance the pump performance. In water jet
pump, the intake duct can cause low-velocity zones and circumferential vortices in the
vicinity of the impeller inlet section, which reduces blade loading and pump head [18].
Therefore, Cao et al. [19] divided the distorted flow filed at the pump inlet into distorted
and clean sector regions, and applied the modified parallel compressor theory to achieve a
rapid prediction for the pump performance under the non-uniform inflow. Luo et al. [20]
also found that the non-uniform inflow not only increases the axial force of the impeller,
but also considerably increases the pressure pulsation amplitude near the leading edge
owing to the block effect of the circumferential vortex.

The previous studies have extensively focused on the study of the unstable flow
induced by the non-uniform inflow and have not explored clearly the physical connection
between the inflow distortion and energy transport properties. Energy loss can be divided
into mechanical and hydraulic losses. Benefitting from the continuous development of the
entropy generation theory [21,22], the local hydraulic losses in pumps can be quantitatively
evaluated [23] and calculated using CFD-Post [24]. Researchers can numerically predict
the effects of design variables on the entropy production to obtain a useful suggestion for
the hydraulic design of pumps. For instance, Wang et al. [25] found that a T-shaped blade
of a centrifugal pump significantly drops the total entropy production rate (TEPR) near the
suction side of impeller, which improves the pump’s performance. Ji et al. [26] investigated
the influence of the tip clearance radius on the energy losses in a mixed-flow pump under
stall condition. The results show that the TEPR near the shroud of the impeller and guide
vanes rises with the tip clearance radius increasing. Thus, the size of the tip clearance
should be controlled as much as possible. Fei et al. [27] reported that the total entropy
production (TEP) of impeller in a slanted axial-flow pump declines with an improvement
in the net positive suction head (NPSH).

However, the effect of non-uniform inflow on the spatial distribution of energy losses
in a coastal axial-flow pump has not been made a thorough inquiry so far. In this paper,
the angle between the inflow and normal directions of the pump inlet is defined as the
inflow deflection angle θ to depict the nonuniformity of inflow. The entropy production
theory is utilized to visualize and explore the energy losses in a coastal axial-flow pump
for various inflow deflection angles (θ = 0◦, 15◦, and 30◦). The main content of this paper
is arranged as follows: Section 2 describes the main design parameters of the object of
research, the boundary condition setting of the numerical simulation, and the derivation of
the entropy production theory. Section 3 verifies the calculation accuracy by an external
characteristics test. Section 4 discusses the effect of the inflow deflection angle on the
hydraulic performance and local entropy production rate distribution of each hydraulic
component. For the last part, Section 5 summarizes the main findings of this work.
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2. Numerical Simulation
2.1. Three-Dimensional Model and Mesh

A coastal axial-flow pump is divided into inflow conduit, impeller, guide vanes, and
outflow conduit as shown in Figure 1. The design head Hdes, design flow rate Qdes, and
rotation speed n are 4.4 m, 0.308 m3/s, and 1340 r/min, respectively. The specific speed

is 893.4, calculated by 3.65nQdes
0.5

Hdes
0.75 . The main geometry parameters of impeller and guide

vanes are shown in Table 1.
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Figure 1. Geometry structure of a coastal axial-flow pump.

Table 1. Geometry parameters of impeller and guide vanes.

Parameters Unit Value

Impeller
Blade number 3

Impeller diameter mm 300
Hub diameter mm 120

Tip clearance radius mm 0.3
Guide vanes
Vane number 6
Hub dimeter mm 108

Outlet diameter mm 325

In this work, the hexahedron grids were employed for all calculation domains and
the detailed mesh structure can be seen in Figure 2. ICEM CFD was applied to generate
the mesh of the inflow conduit, impeller and outflow conduit, while the mesh of guide
vanes was produced by TurboGrid. The design head Hdes for θ = 0◦ was selected as a
reference for the mesh refinement as shown in Figure 3. It shows that when the total grid
nodes of the coastal axial-flow pump exceed 5,675,561, the relative deviation rate of the
design head is less than 0.04%. Therefore, the grid nodes of the inflow conduit, impeller,
guide vanes, and outflow conduit were determined as 1,332,635, 1,965,942, 1,226,352, and
1,150,632, respectively. Furthermore, the average Y+ values of the inflow conduit, impeller,
guide vanes, and outflow conduit were 5.0, 10.1, 10.8, and 15.9, respectively.
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2.2. Governing Equations and Boundary Conditions

In this study, the unsteady Reynolds time-averaged Navier-Stokes equation with
an SST k–omega turbulence model was employed to estimate the external characteristic
parameters and inner flow field of a coastal axial-flow pump. The steady simulation
results were applied as the initial values for the unsteady simulation. The inlet boundary
condition was set by velocity inlet. To investigate the effect of inflow distortion, three
inflow deflection angles (θ = 0◦, 15◦, and 30◦) were selected, as shown in Figure 4. The
operation flow rate equals actual inflow velocity multiplied by the area of inlet section.
The “Opening Pres. And Dirn” was set as outlet boundary condition. The reference
pressure and relative pressure were 1 atm and 0 Pa, respectively. The interface condition
between guide vanes and outflow conduit was set as “None”. For the steady simulation,
the interface conditions between the impeller and stators (inflow conduit and guide vanes)
were set as “stage”, which can achieve data transfer between different domains by means of
circumferential averaging for the interface. As for the unsteady calculation, the “Transient
Rotor Stator” was applied for the interface conditions between the impeller and stators to
consider the influence of the relative position of impeller-stator on the internal flow and
hydraulic performance, at each time-step. Furthermore, the timestep and total time were
0.000373134 s and 0.447761 s.
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2.3. Entropy Production Theory

Owing to the presence of viscosity and Reynolds stress in the flow field, part of the
mechanical energy of the motor and the total pressure energy in a coastal axial-flow pump
will be dissipated as the internal energy (or energy losses) during the pump operation.
Entropy, as a parameter of system state, is suitable for describing the internal energy loss.
In general, in a coastal axial-flow pump, the flow field is identified as an incompressible
and constant temperature. Thus, the entropy production is originated from the dissipation
of mechanical energy. Considering that the computational domain is governed by unsteady
Reynolds-Averaged Navier–Stokes equations, the entropy production rate caused by the

dissipation of mechanical energy
(

Φ
T

)
can be calculated as follows [21–23]:

(
Φ
T

)
= S′

PRO,D
+ S′

PRO,I
(1)

S′
PRO,D

=
µ

T

{
2×

[(
∂u1

∂x

)2
+

(
∂u2

∂y

)2
+

(
∂u3

∂z

)2
]
+

(
∂u1

∂y
+

∂u2

∂x

)2
+

(
∂u3

∂x
+

∂u1

∂z

)2
+

(
∂u2
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+

∂u3
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)2
}

(2)

S′
PRO,I

=
µ

T

2×

(∂u′1
∂x

)2

+

(
∂u′2
∂y

)2

+

(
∂u′3
∂z

)2
+

(
∂u′1
∂y

+
∂u′2
∂x

)2

+

(
∂u′3
∂x

+
∂u′1
∂z

)2

+

(
∂u′2
∂z

+
∂u′3
∂y

)2
 (3)

where T and µ are the thermodynamic temperature and dynamic viscosity, respectively.
Subscript 1, 2, and 3 stand for the velocity directions of the x, y, and z for the Cartesian
coordinate system. u and u′ stands for the time-averaged velocity and velocity fluctuation
component. S′

PRO,D
represents the entropy production rate originated from the direct dissi-

pation caused by fluid viscous force. S′
PRO,I

is the entropy production rate originated from

indirect dissipation caused by the velocity fluctuation.
(

Φ
T

)
presents the TEPR.

Solving the unsteady Reynolds-Averaged Navier–Stokes equation cannot obtain the
velocity fluctuation components. Therefore, Kock proposed Equation (4) to calculate
S′

PRO,I
[21–23].

S′
PRO,I

=
ρε

T
(4)

where ε is the turbulent dissipation rate.



J. Mar. Sci. Eng. 2022, 10, 1283 6 of 17

Finally, the TEP can be estimated as below [21–23]:

SPRO,T =
∫
V

(S′
PRO,D

+ S′
PRO,I

)dV (5)

3. Test Validation

In this study, a test for the measurement of the external characteristic parameters in
a coastal axial-flow pump was carried out to validate the calculation accuracy and the
test bench can be seen in Figure 5. A vertical enclosed structure was applied, which has a
two-layer structure. The coastal axial-flow pump, stabilizer tanks, intelligent differential
pressure gauges, and torque meters were placed on the upper floor, while electromagnetic
flow meters and auxiliary pumps were placed on the lower floor. Table 2 presents different
main parameters of the measuring instrument. The measurement uncertainties of flow rate
and head are EQ = 0.2% and EH = 0.1%, respectively. The measurement uncertainties of
speed and torque are EM = 0.1% and EN = 0.1%, respectively. A less than 0.3% of the system

uncertainty of the test bench was determined by
√

E2
Q + E2

M + E2
N + E2

H .

J. Mar. Sci. Eng. 2022, 10, x FOR PEER REVIEW  7  of  17 
 

 

High-Pressure 
Tank 2

High-Pressure 
Tank 1

Low-Pressure 
Tank

Circulating Pump Valve

Outflow conduit Inflow conduit

 

Figure 5. Test bench photo. 

 

Figure 6. The external characteristic parameters of CFD and test at   = 0°. 

4. Results and Discussion 

4.1. Pump Performance under Different Inflow Deflection Angles 

Figure 7 shows the efficiency and head curves under three     values. The pump ef‐

ficiency decreases with an increase in    within Q = 0.8Qdes − 1.1Qdes, but it increases with 

an increase in     within Q = 1.1Qdes − 1.2Qdes. The highest efficiency point shifts to large 

flow rates as     increases. In addition, the pump head declines with an increase in   . 

   

0

2

4

6

20

40

60

80

220 250 280 310 340 370 400

H
 /[

m
]

η
/[

%
]

Q /[L·s−1]

Test-Efficiency CFD-Efficiency Test-Head CFD-Head

50

60

70

80

0.7 0.8 0.9 1.0 1.1 1.2 1.3

η
/[

%
]

Q/Qdes

0° 15° 30°

2

3

4

5

6

0.7 0.8 0.9 1.0 1.1 1.2 1.3

H
 /[

m
]

Q/Qdes

0° 15° 30°

Figure 5. Test bench photo.

Table 2. Main parameters of measuring instrument.

Measurement Instrument Measurement Items Maximum
Measurement Value

Measurement
Uncertainty

Intelligent electromagnetic flowmeter Flow rate 1800 m3/h EQ = 0.2%

Intelligent torque and speed sensor Speed and Torque 200 N·m EM = 0.1%
EN = 0.1%

Intelligent differential pressure transmitter Head 10 m EH = 0.1%

Figure 6 compares the external characteristic parameters between the CFD results and
test data at θ = 0◦. The efficiency curve and head curve of the CFD were similar to that of
the test. When Q ≥ 1.0Qdes, the efficiency and head of CFD were higher than efficiency
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and head of test, respectively. However, when Q < 1.0Qdes, the efficiency and head of
CFD were slightly lower than efficiency and head of test, respectively. Compared with the
efficiency and head of test, the maximum relative errors of the efficiency and head of CFD
were less than 5% and 6%, respectively, which verified the reliability of the CFD results.
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4. Results and Discussion
4.1. Pump Performance under Different Inflow Deflection Angles

Figure 7 shows the efficiency and head curves under three θ values. The pump
efficiency decreases with an increase in θ within Q = 0.8Qdes − 1.1Qdes, but it increases
with an increase in θ within Q = 1.1Qdes − 1.2Qdes. The highest efficiency point shifts to
large flow rates as θ increases. In addition, the pump head declines with an increase in θ.
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To clarify the internal relationship between inflow deflection angle, hydraulic perfor-
mance, and flow pattern at impeller inlet, Figure 8 shows the radial distributions of the
axial velocity at impeller inlet under three θ values. The radial coefficient can be calculated
as Equation (6).

R∗ =
R− Rh
Rs − Rh

(6)

where Rh and Rs denote the hub radius and the shroud radius, respectively. R is the
calculated circle radius. The axial velocity first rises and then declines with R* increasing,
caused by the wall effect, and it improves with flow rate increase. The axial velocity
decreases with θ increasing, which improves the impeller attack angle. Thus, the highest
efficiency point shifts to the larger flow rates and head declines as θ increases.
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Figure 8. The axial velocity at the impeller inlet with three inflow deflection angles under (a) 0.8Qdes,
(b) 1.0Qdes, and (c) 1.2Qdes.

4.2. Distribution of TEP under Different Inflow Deflection Angles

The TEP distribution with three θ values under different flow rates can be seen in
Figure 9. Under 0.8Qdes and 1.0Qdes, TEP increases with an increase in θ. Compared
with θ = 0◦, the growth rates of θ = 30◦ are 18.0% and 45.1% under 0.8Qdes and 1.0Qdes,
respectively. Under 1.2Qdes, TEP first drops and then rises with an increase in θ. Compared
with θ = 0◦, the decline rate of θ = 30◦ is 13.5%. In addition, the minimum TEP of θ = 0◦

and θ = 15◦ can be found under 1.0Qdes, and that of θ = 30◦ can be found under 1.2Qdes.
Under different inflow deflection angles, the flow corresponding to the lowest TEP and the
highest efficiency is consistent, which shows that TEP can effectively reflect the impact of
the inflow deflection angle on hydraulic performance.
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Figure 9. TEP distribution with three inflow deflection angles under 0.8Qdes, 1.0Qdes, and 1.2Qdes.

The TEP percentages of the inflow conduit, impeller, guide vanes, and outflow conduit
are obtained in the Figure 10. The TEP of the inflow conduit is much lower than that of the
impeller, guide vanes, and outflow conduit for each flow rate. Since the circulation of the
impeller outflow decreases with the improvement of the flow rate, the TEP proportion of
guide vanes declines significantly with the improvement of the flow rate. Under 0.8Qdes,
the TEP for the impeller, guide vanes, and outflow conduit increases with θ increasing.
Compared with θ = 0◦, the growth rates with θ = 30◦ of the impeller, guide vanes, and
outflow conduit are 29.2%, 10.8%, and 16.8%, respectively. Under 1.0Qdes, the influence of
θ on the TEP of the guide vanes and outflow conduit is obvious. Compared with θ = 0◦, the
growth rates with θ = 30◦ of the guide vanes and outflow conduit are 116.2% and 79.0%,
respectively. Under 1.2Qdes, the TEP percentage of the guide vanes is very small, and the
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TEP of the outflow conduit decreases significantly with an increase in θ. Compared with
θ = 0◦, the decline rate with θ = 30◦ of the outflow conduit is 22.5%.
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Figure 10. TEP percentage of hydraulic components with three inflow deflection angles under
(a) 0.8Qdes, (b) 1.0Qdes, and (c) 1.2Qdes.

4.3. Distribution of TEPR under Different Inflow Deflection Angles

To obtain the local TEPR in the impeller passage, the impeller passage can be split into
10 parts through 11 turbo surfaces, as can be seen in Figure 11. In this study, R* of turbo
surface i was determined by (i− 1)× 0.1. The volume-averaged TEPR of each part in the
impeller passage under the three θ values are found in Figure 12. As a result of the wall
effect, the volume-averaged TEPR near hub and shroud is higher than that in other parts.
Under 0.8Qdes, the volume-averaged TEPR of Part 2–4 and Part 10 increases obviously with
an increase in θ. Compared with θ = 0◦, the relative growth rate of the volume-averaged
TEPR of Part 10 with θ = 30◦ is 40.8%. Under 1.0Qdes and 1.2Qdes, the volume-averaged
TEPR of Part 10 is the largest, caused by tip leakage flow. The volume-averaged TEPR
from Part 2 to Part 10 decreases with an increase in θ. Compared with θ = 0◦, the decline
rates of the average TEPR of Part 10 with θ = 30◦ are 3.1% and 2.8% under 1.0Qdes and
1.2Qdes, respectively.
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Figure 11. The division diagram of (a) turbo surface and (b) part of impeller.
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Figure 12. The volume-averaged TEPR in the impeller with three inflow deflection angles under
(a) 0.8Qdes, (b) 1.0Qdes, and (c) 1.2Qdes.

The TEPR distribution on the turbo surface of impeller passage (R* = 0.95) under
three θ values are obtained in Figure 13. As a result of the decline of attack angle, the
flow separation area and TEPR in the vicinity of the suction side decreases with flow rate
increasing. The high TEPR near trailing edge can be found caused by the shock effect of the
wake vortex on the main stream. In addition, the increase in θ leads to the enhancement of
flow separation and improvement of the high TEPR area in the vicinity of the trailing edge.
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The guide vanes passage also can be split into 10 Parts through 11 turbo surfaces
to obtain the local TEPR distribution, as can be found in Figure 14. Figure 15 prsents
the volume-averaged TEPR in the guide vanes under the three θ. As a result of the wall
effect, the volume-averaged TEPR of Part 1 and 10 was obviously higher than that of
the other parts. Under 0.8Qdes, the volume-averaged TEPR of Part 6–10 increase with
an increase in θ, and the relative increase rate of Part 6 with θ = 30◦ is 97.1% com-
pared with θ = 0◦. Under 1.0Qdes, the volume-averaged TEPR of all Part 1–10 increase
with an increase in θ, and the relative increase rate of Part 6 with θ = 30◦ is 288.5%
compared with θ = 0◦. Under 1.2Qdes, the volume average TEPR of Part 7–10 with
θ = 30◦ is obviously higher than that with θ = 0◦, and the relative increase rate of Part 9
is 143.1%.
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Figure 15. The volume-averaged TEPR in the guide vanes with three inflow deflection angles under
(a) 0.8Qdes, (b) 1.0Qdes, and (c) 1.2Qdes.

Figure 16 shows the local TEPR ditribution on the turbo surface with an R* = 0.1 of the
guide vanes. Under 0.8Qdes, there are obvious high TEPRs near the inlet due to the strong
impeller-guide vanes interference effect, and high TEPR areas decline with θ increasing.
These results show that an increase in θ can reduce the impeller-guide vanes interference
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effect. Under 1.0Qdes, TEPR near the suction side is high originated from flow separation,
which shifts to the impeller inlet as θ increases. Under 1.2Qdes, the fluid flows close to the
blade surface, so the high TEPR mainly results from the wall effect of the blade. However,
a large area with a high TEPR due to flow separation appears near the suction side when θ
increases to 30◦.
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Figure 16. The TEPR distribution on the turbo surface of the guide vanes with three inflow deflection
angles under (a) 0.8Qdes, (b) 1.0Qdes, and (c) 1.2Qdes. (R* = 0.1).

The circumferential velocity in the guide vanes outflow has a significant influence on
the hydraulic losses in the outflow conduit. Figure 17 denotes the radial distribution of the
circumferential velocity located in the guide vanes outlet under three θ values. Under 0.8Qdes,
the circumferential velocity increases from R* = 0 to R* = 0.9, but it decreases from R* = 0.9 to R* =
1.0, originated from the wall effect. The secondary vortex in the outlet section is enhanced by an
increase in θ, which results in a block effect and a decline in circumferential velocity. Therefore,
the circumferential velocity drops with θ increasing. Under 1.0Qdes, the circumferential velocity
increases from R* = 0 to R* = 0.9, and it decreases from R* = 0.9 to R* = 1.0, respectively. The
circumferential velocity increases with an increase in θ within R* = 0.8–1.0, which indicates
that obvious secondary vortex structure near the shroud cannot be found. Under 1.2Qdes, the
circumferential velocity increases with an increase in θ within R* = 0.4–1.0. This phenomenon
shows that there is no obvious secondary vortex structure at outlet.
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Figure 17. The radial distribution of the circumferential velocity of the guide vanes outlet under
(a) 0.8Qdes, (b) 1.0Qdes, and (c) 1.2Qdes.
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Figure 18 shows the local TEPR distribution in the inlet of the outflow conduit under
the three θ values. Due to the shock effect of secondary vortices on the main stream,
there are obviously high TEPR at the inlet, and the positions of these TEPR correspond
to the positions of the guide vanes. Furthermore, the high TEPR area drops with flow
rate increasing, which indicates that the block effect of secondary vortices declines with
flow rate increasing. However, the high TEPR area increases with an increase in θ, which
indicates that the intensity of secondary vortices increases with an increase in θ.
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Figure 18. TEPR distribution in the outlet of guide vanes with three inflow deflection angles under
(a) 0.8Qdes, (b) 1.0Qdes, and (c) 1.2Qdes.

The position of vertical mid section of the outflow conduit is shown in Figure 19.
Figure 20 depicts the local TEPR distribution and velocity vector in the vertical mid section
of the outflow conduit. Due to the influence of residual circulation in the outflow of the
guide vanes, high TEPR can be found in the vicinity of the inlet of the outflow conduit
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with a decrease in TEPR along the direction of inlet to outlet. For 0.8Qdes, the high TEPR
area near the inlet improves with θ rising, resulting from the enhancement of the secondary
vortex strength. When the internal fluid passes the corner of the outflow conduit, the
flow direction changes, which results in a reverse pressure gradient and a backflow near
the outlet. Consequently, the intensity of the vortex structure decreases with an increase
in θ. Under 1.0Qdes, the TEPR and backflow intensity decreases, compared with 0.8Qdes.
However, the high TEPR area near the inlet increases and the backflow area near outlet
declines, as θ increases. Under 1.2Qdes, TEPR decreases further, but the backflow intensity
increases significantly, compared with 0.8Qdes. There is an obvious high TEPR downstream
of the corner caused by a large backflow. As the inflow deflection angle increases, the area
with a high TEPR near the inlet and downstream of the corner increases and declines with
an increase in θ.
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5. Conclusions

In this work, the unsteady Reynolds-Averaged Navier–Stokes equation with SST k–
omega turbulence model was solved to predict the external characteristic parameters and
the unsteady flow field in a coastal axial for three different inflow deflection angles. The
effect of the various inflow deflection angles on the hydraulic losses was investigated using
the entropy production theory. The main findings were concluded as below:

(1) The axial velocity at the impeller inlet decreases as θ increases, which results
in an improvement in the attack angle. Therefore, the head decreases and the highest
efficiency point shifts to large flow rate, as θ increases. Moreover, the TEP of the coastal
axial-flow pump increases with an increase in θ under 0.8Qdes and 1.0Qdes, but the TEP of
the coastal axial-flow pump with θ = 0◦ is obviously higher than that with θ = 15◦ and 30◦

under 1.2Qdes.
(2) The TEP inside the impeller increases with an increase in θ under 0.8Qdes, but it

decreases with an increase in θ under 1.0Qdes and 1.2Qdes. The TEPR near the hub and the
shroud is high, originated from the wall effect and tip leakage flow. The high TEPR area
near the trail edge rises with θ increasing.

(3) The TEP inside the guide vanes with θ = 30◦ is obviously higher than that with
θ = 0◦ and 15◦. The highest TEPR can be obviously found near the hub. The high TEPR
area at the leading edge near the hub decreases with an increase in θ. When θ increases to
30◦, there is a high TEPR near the suction surface under 1.2Qdes.

(4) Under 0.8Qdes and 1.0Qdes, the increase in the inflow deflection angle enhances
the strength of the secondary vortex at the inlet of the outflow conduit and the barrier
effect, leading to an obvious increase for the TEP inside the outflow conduit with θ = 30◦

compared to that with θ = 0◦ and 15◦.
These results can provide corrective suggestions for theoretical hydraulic design, so

that the coastal axial-flow pump can be better applied in practical engineering.
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Nomenclature

Hdes (m) Design head
Qdes (m3/s) Design flow rate
n (r/min) Rotation speed
S (J/(kg K)) Specific entropy
ρ (kg/m3) Water density
→
q (W/m2) Heat flux density
T (K) Thermodynamic temperature
u (m/s) Fluid velocity
Vz (m/s) Axial velocity
Vu (m/s) Circumferential velocity
Φ (W/(m3)) Viscous dissipation rate
S′

PRO,D
(W/(m3·K)) Entropy production rate originated from direct dissipation

S′
PRO,I

(W/(m3·K)) Entropy production rate originated from indirect dissipation
SPRO,T (W/K) Total entropy production
θ (◦) Inflow deflection angle
R* Radial coefficient
Rs (mm) Shroud radius
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Rh (mm) Hub radius
BEP Best efficiency point
TEP Total entropy production
TEPR Total entropy production rate
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