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Abstract: In order to study the characteristics of a bidirectional shaft tubular pump with S-type
symmetric airfoil blades, a prototype model was designed, manufactured, and tested. The energy
characteristics, cavitation characteristics, and runaway characteristics of the pump were obtained
under forward and reverse operating conditions for five different blade angles. Based on the ba-
sic equations of the pump and the inlet and outlet velocity triangles, combined with model tests
and numerical simulations, the hydraulic performance of the pump was extensively analyzed and
evaluated. In addition, semi-empirical equations for reverse efficiency and runaway characteristics
were proposed. The dynamic pressure-drop coefficients were introduced to compare the cavitation
performance under different flow rates in forward and reverse operations. The results reveal that
the efficiency of the pump in reverse operation is greater than that of forward operation only under
a very small flow rate. While the cavitation performance of the bidirectional pump in the two op-
erating modes is almost the same, the runaway speed and backflow rate in forward operation are
considerably greater than those of reverse operation. The results provide an important reference for
the safe and stable operation of bidirectional shaft tubular pumps.

Keywords: bidirectional shaft tubular pump; experiment; numerical simulation; bidirectional
operation; hydrodynamic characteristics

1. Introduction

The pump system is widely used in ocean engineering, such as ship sewage, cooling
water supply, port dredging, and deep-sea water transfer, etc. An axial flow pump is
suitable for high flow rate and low head applications, e.g., water jet propulsion systems
and low head coastal pumping stations [1–4]. The tubular pump is a kind of horizontal
axial flow pump widely used in low head large pumping stations [5–7]. Furthermore, the
shaft tubular pump is a new type of low head pumping station structure form, where the
motor and gearbox are installed in the shaft so that the water flows through both sides of
the shaft [8,9]. The shaft tubular pump system is one of the more widely used forms of
bidirectional pumping station [10,11], which can meet many engineering needs, e.g., water
transmission in the deep sea.

There are three main methods to achieve bidirectional operation of pumping stations.
The first is to establish the layout of the two-way flow passage to realize forward and
reverse pumping [12,13], which is generally expensive. The second is to disassemble the
impeller, turn it 180◦ and install it for reverse pumping. However, it is impractical to
disassemble and reinstall the impeller frequently in actual operation. The third is the
assembly of the bidirectional pumping impeller, which can realize forward and reverse
pumping only by changing the direction of rotation of the motor. This form has a simple
structure, convenient operation, and management, which is especially suitable for water
transport, sewerage, and drainage in ports and the coast. However, due to the various
inlet and outlet passage structures, the forward and reverse hydraulic performance is
also different.
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The research on the bidirectional axial flow pump is still at the preliminary stage.
Most of the previous studies focused on energy characteristics. Pei et al. [14] found
that the distance between the impeller and the guide vane of the bidirectional axial tube
pump affects the efficiency of the pump under the forward operation, and the turbulent
dissipation is the main loss based on numerical results. Kan et al. [15] investigated the
flow and runaway characteristics of bidirectional ultra-low head pump stations using
numerical simulations. They analyzed the vibration amplitude of different measurement
points in forward and reverse operations, and found that the runaway process can be
divided into five stages. Kang et al. [16] investigated a reversible axial flow pump with
S-shaped blades based on numerical simulations. They found that under the nominal
flow rate, the relative difference between the direct and reverse operation modes is 15%.
For these two operating modes, the characteristic frequency downstream of the impeller
is similar but the pressure fluctuation amplitude is larger than the corresponding value
upstream of the impeller. Ma et al. [17] studied the bidirectional axial flow pump with
a high specific speed. Their results showed that the head and efficiency of the pump
have been greatly reduced during reverse operation, which is mainly due to the pre-swirl
caused by the guide vane. Ma et al. [18] compared the hydraulic performance of the blades
of the bidirectional S-shaped airfoil and arc airfoil. It was found that arc airfoil blades
can improve both the hydraulic and cavitation performances under a low flow rate and
near the best efficiency flow point compared to S-shaped airfoil blades. Meng et al. [19]
proposed an optimal design of a reversible axial flow pump based on the ordinary one-way
pump. After optimization, the efficiency and head of the pump in forward operation
decreased slightly. On the other hand, the efficiency and head for reverse operation
have been significantly improved, and the efficiency range has also been widened. Other
studies focus on the safety and stability of the pumping station system caused by pressure
pulsation. Ma et al. [11] designed a bidirectional pump with a high specific speed and
showed that the maximum pressure pulsation amplitude appears near the inlet edge
of the blade. The guide vane has a great influence on pressure fluctuation. When the
pump is in reverse operation, the pulsation amplitude is higher than that in forward
operation. Zhang et al. [20] comprehensively compared and analyzed the hydrodynamic
characteristics of the bidirectional axial flow pump under forward and reverse operations,
especially the pressure pulsation characteristics in the pump. Yang et al. [21] carried out an
unsteady numerical simulation of a single-conduit vertical submersible axial-flow pump
and analyzed the pressure pulsation characteristics under the bidirectional operation. They
found that the pressure pulsation at different positions of the pump is mainly affected by
the rotation of the impeller, and the axial force of the impeller is significantly affected by
the inlet velocity in positive and reverse operations.

Most of the previous studies focused on the energy characteristics and pressure pul-
sation of bidirectional axial flow pumps. However, there is little research on bidirectional
shaft tubular pumps. Moreover, the cavitation and runaway characteristics of bidirectional
pumps have not been documented in the literature. This paper selects the S-type bidirec-
tional shaft tubular pump as the research object. The energy characteristics, cavitation
characteristics, and runaway characteristics under both forward and reverse operations are
investigated. Based on the experimental and numerical results, we propose semi-empirical
equations for reverse efficiency, net positive suction head (NPSH), and runaway character-
istics. This study would be useful to address the difference between forward and reverse
operations of bidirectional shaft tubular pumps, and the proposed equations could predict
the performance of the pump under different working conditions.

2. Experimental Model and Set-Up
2.1. Experimental Model

The S-type bidirectional shaft tubular pump prototype model was developed by
Yangzhou University, the impeller and guide vanes of which are shown in Figure 1. The
pump system includes a shaft inlet passage, the pump model, and an outlet passage, which
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is shown in Figure 2. The impeller diameter of the pump model D is 300 mm. The rotational
speed n is 1050 rpm. The number of impeller blades is 4. The blade airfoil is of symmetrical
wing design, (i.e., airfoil with the same pressure surface and suction surface). The diameter
of the hub of the guide vane body d is 120 mm. There are 5 guide vane blades, which are
machined and welded by means of a mold. The inlet and outlet water channels are made
of welded steel plates. The inner wall of the steel channel is coated to meet the roughness
requirement. To facilitate the observation of the pump vane cavitation state and pump inlet
state, the impeller chamber is left with several transparent observation holes.

J. Mar. Sci. Eng. 2022, 10, 671 3 of 19 
 

 

2. Experimental Model and Set-Up 
2.1. Experimental Model 

The S-type bidirectional shaft tubular pump prototype model was developed by 
Yangzhou University, the impeller and guide vanes of which are shown in Figure 1. The 
pump system includes a shaft inlet passage, the pump model, and an outlet passage, 
which is shown in Figure 2. The impeller diameter of the pump model D is 300 mm. The 
rotational speed n is 1050 rpm. The number of impeller blades is 4. The blade airfoil is of 
symmetrical wing design, (i.e., airfoil with the same pressure surface and suction surface). 
The diameter of the hub of the guide vane body d is 120 mm. There are 5 guide vane 
blades, which are machined and welded by means of a mold. The inlet and outlet water 
channels are made of welded steel plates. The inner wall of the steel channel is coated to 
meet the roughness requirement. To facilitate the observation of the pump vane cavitation 
state and pump inlet state, the impeller chamber is left with several transparent 
observation holes. 

 
Figure 1. Impeller and guide vanes: (a) forward operation and (b) reverse operation. 

 
Figure 2. Bidirectional shaft tubular pump system. 

2.2. Laboratory Apparatus 
The pump model was firmly installed on the test bench for the requirement of smooth 

operation. The test power system includes a DC motor, pulley drive mechanism, and 
dynamometer, which are shown in Figure 3. The torque meter and the pulley drive were 
installed in the shaft, and the speed-controlled DC motor transmitted power through the 
belt. The torque meter was installed between the pump and the pulley drive. The torque 
meter and the pump, the torque meter and the pulley drive were directly connected by a 
flexible pin coupling to ensure that the torque meter only transmitted torque. 

The energy characteristics, cavitation characteristics, and runaway characteristics of 
the pump model at five forward and reverse blade angles (β = −4°, −2°, 0°, +2°, +4°) were 
tested. 

Figure 1. Impeller and guide vanes: (a) forward operation and (b) reverse operation.

J. Mar. Sci. Eng. 2022, 10, 671 3 of 19 
 

 

2. Experimental Model and Set-Up 
2.1. Experimental Model 

The S-type bidirectional shaft tubular pump prototype model was developed by 
Yangzhou University, the impeller and guide vanes of which are shown in Figure 1. The 
pump system includes a shaft inlet passage, the pump model, and an outlet passage, 
which is shown in Figure 2. The impeller diameter of the pump model D is 300 mm. The 
rotational speed n is 1050 rpm. The number of impeller blades is 4. The blade airfoil is of 
symmetrical wing design, (i.e., airfoil with the same pressure surface and suction surface). 
The diameter of the hub of the guide vane body d is 120 mm. There are 5 guide vane 
blades, which are machined and welded by means of a mold. The inlet and outlet water 
channels are made of welded steel plates. The inner wall of the steel channel is coated to 
meet the roughness requirement. To facilitate the observation of the pump vane cavitation 
state and pump inlet state, the impeller chamber is left with several transparent 
observation holes. 

 
Figure 1. Impeller and guide vanes: (a) forward operation and (b) reverse operation. 

 
Figure 2. Bidirectional shaft tubular pump system. 

2.2. Laboratory Apparatus 
The pump model was firmly installed on the test bench for the requirement of smooth 

operation. The test power system includes a DC motor, pulley drive mechanism, and 
dynamometer, which are shown in Figure 3. The torque meter and the pulley drive were 
installed in the shaft, and the speed-controlled DC motor transmitted power through the 
belt. The torque meter was installed between the pump and the pulley drive. The torque 
meter and the pump, the torque meter and the pulley drive were directly connected by a 
flexible pin coupling to ensure that the torque meter only transmitted torque. 

The energy characteristics, cavitation characteristics, and runaway characteristics of 
the pump model at five forward and reverse blade angles (β = −4°, −2°, 0°, +2°, +4°) were 
tested. 

Figure 2. Bidirectional shaft tubular pump system.

2.2. Laboratory Apparatus

The pump model was firmly installed on the test bench for the requirement of smooth
operation. The test power system includes a DC motor, pulley drive mechanism, and
dynamometer, which are shown in Figure 3. The torque meter and the pulley drive were
installed in the shaft, and the speed-controlled DC motor transmitted power through the
belt. The torque meter was installed between the pump and the pulley drive. The torque
meter and the pump, the torque meter and the pulley drive were directly connected by a
flexible pin coupling to ensure that the torque meter only transmitted torque.
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Figure 3. Test drive motor system.

The energy characteristics, cavitation characteristics, and runaway characteristics of
the pump model at five forward and reverse blade angles (β = −4◦, −2◦, 0◦, +2◦, +4◦)
were tested.
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2.3. Test System

The experimental tests were carried out on the high-precision hydraulic machinery
test bench at Yangzhou University. The test bench is a flat closed-cycle system consisting
of a hydraulic circulation system, drive motor system, control system, and measurement
system, as shown in Figure 4a. The accuracy of the test system and the pump system are
±0.288% and ±0.232%, respectively, which are higher than the standard requirements.
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1. DC speed control motor; 2. Auxiliary pump; 3. Cut-off valve; 4. Electromagnetic flowmeter; 5. 
Water storage and pressure stabilization tank; 6. Inlet vacuum tank; 7. Tested pump device and 
drive motor; 8. Outlet pressure tank; 9. Water storage and pressure stabilization tank. 
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Figure 4. Experimental setup: (a) schematic diagram of the test bench and (b) photo of the tested
pump system.

The measurement parameters include flow rate, head, efficiency, NPSH, rotational
speed, shaft power, runaway speed, and backflow. Table 1 shows all test equipment used.
During the tests, all signals measured by sensors can be displayed on the instrument which
is also connected to the programmable controller PLC and NI high-speed data acquisition
card. The processed digital signals are transmitted to the computer, thus realizing real-time
automatic data sampling and processing. The flow rate is measured by an electromagnetic
flowmeter that is installed on the DN400 steel pipe and there are enough straight pipe
sections in front of and behind the flowmeter to meet the measurement conditions. The
speed and torque are measured by the torque-speed sensor. The head is measured by
differential pressure sensors at the inlet pressure point of the vacuum tank and the outlet
pressure point of the pressure tank shown in Figure 4, which can be expressed as:

H = (z2 − z1 +
p2

ρg
− p1

ρg
) + (

v2
2

2g
−

v2
1

2g
) (1)

where z2 − z1 + p2/ρg− p1/ρg is piezometric head measured by the differential pressure
sensor, v1 and v2 are the mean flow velocity of 1-1 and 2-2 sections shown in Figure 4a.
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Table 1. Test equipment and related parameters.

Measuring Quantity Instrument Instrument Type Measurement Range Calibration Accuracy

Head

Difference pressure transmitter EJA110A 0~250 kPa
0~100 kPa ±0.076%

absolute pressure sensor EJA130 1~100 kPa ±0.065%
Standard resistance RX70-0.25 250 Ω ±0.01%
Digital multimeter 7150 ±0.002%

Flow Rate Electromagnetic flowmeter E-mag DN400 mm ±0.2%

Torque
Speed torque sensor JC1A 200 Nm ±0.2%

Speed torque sensor indicator TS-800B ±0.01%
Dynamic pressure sensor CYG505 −0.1 Mpa–0.15 Mpa ±0.2%

During the cavitation tests, the rotational speed is kept constant at 1050 rpm. The
vacuum pump is used to vacuum the inlet tank and gradually reduce the pressure in the
closed cycle test system until cavitation occurs. Net positive suction head, (i.e., NPSH)
is measured by an absolute pressure sensor at the inlet pressure measuring point of the
vacuum tank. Take the working condition point at which the efficiency of the system
decreases by 1% as the critical cavitation point, NPSHc can be computed by:

NPSHc =
pav

ρg
+ h− pv

ρg
(2)

where Pav is the absolute pressure at pressure measuring point of the vacuum tank; Pv is
saturated vapor pressure of water at test temperature; h is the height of pressure transmitter
above the centerline of the pump runner. Shaft power P is computed by:

P =
2πn(M−M0)

60
(3)

where M is the shaft torque measured by the speed torque sensor, and M0 is no load torque
of the pump shaft. The efficiency η can be calculated from the measured flow rate, head
and shaft power:

η =
ρgQH

P
× 100% (4)

In the runaway tests, the coupling between the torque instrument and the transmission
device is disconnected. The bidirectional pump is to run in reverse mode by turning on the
auxiliary pump shown in Figure 4a. The reverse runaway speed Nu and backflow rate Qu
can be calculated by the measured flow rate Q, head H, and rotary speed n:

Nu =
nD√

H
(5)

Qu =
Q

D2
√

H
(6)

3. Experimental and Numerical Results
3.1. Experimental Energy Characteristics

As shown in Figure 5, the energy characteristics of the S-type bidirectional shaft tubular
pump were tested at 1050 rpm at five blade angles in forward and reverse operations. At
each blade angle, the variation trend of efficiency and head with a flow rate in reverse
operation is similar to that in forward operation, but differs considerably in magnitude.
The superscript apostrophe denotes the corresponding values in reverse operation as those
in forward operation at the same blade angle and the same flow rate. It can be seen that
the efficiency and head of the pump in reverse operation are much lower than those in
forward operation. There exists a design flow rate Qd (Qd

′ for reverse operation), where an
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increase or decrease in flow rate results in an increase or decrease in efficiency while all
other factors remain constant. The head H (H′ for reverse operation) decreases gradually
with the increase in flow rate.
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Figure 5. Energy characteristics of the pump for blade angle β = (a) −4◦; (b) −2◦; (c) 0◦; (d) +2◦;
(e) +4◦. Vertical line stands for Q = Qd.

It is noteworthy that for all blade angles, the value of H′ is roughly as low as 0.4 m
when the reverse flow rate equals the forward operation design flow rate Qd (vertical line)
shown in Figure 5. This can be explained by combining the impeller velocity triangles
theory and the theoretical pump head theory expressed by the Euler equation. Firstly,
a symmetric airfoil blade on the cylindrical surface with impeller radius R = 105 mm is
intercepted for the inlet and outlet velocity triangles shown in Figure 6. For symmetric
airfoil blade pumps at the forward operation design flow rate Qd, the absolute blade outlet
flow angle α2 is approximately equal to the guide vane inlet angle α3 at which the direction
is along the tangent direction of the guide vane inlet shown in Figure 6a. In reverse
operation, the absolute inlet angle of the blade in reverse operation α′1 is determined by
the reverse outlet direction angle of the guide cane α3, i.e., α′1 = α3. Due to the symmetry
of the cascade, the inlet and outlet velocity triangles are the same when Q′ = Qd shown in
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Figure 6b. Therefore, the theoretical head of the pump in reverse operation H′T based on
the Euler equation is:

H′T =
uv′u2 − uv′u1

(1 + P∗)g
(7)

where u is the circumferential velocity, v′u1 and v′u2 are the circumferential component of
the absolute velocity of the blade inlet and outlet, and P* is the coefficient. Theoretically,
when Q = Qd, v′u1 = v′u2, so that H′T = 0. Equation (7) can also be expressed as
Equation (8). However, there is no ideal situation in these experiments, and v′u2 is slightly
larger than v′u1, resulting in reverse operation head H′ being slightly larger than 0. The
value obtained by experiments is about 0.4 m.

H′T =
u(u− Qd

A cot β′2)− u Qd
A cot α′1

(1 + P∗)g
= 0 (8)

where A = π(D2 − d2)/4, D is impeller diameter, and d is hub diameter. When the reverse
operation flow rate Q′ is not equal to Qd, the theoretical head H′T can express as:

H′T =
u(u− Qd−∆Q

A cot β′2)− u Qd−∆Q
A cot α′1

(1 + P∗)g
and Q′ = Qd − ∆Q (9)

H′T =
u(cot β′2 + cot α′1)

(1 + P∗)Ag
(Qd −Q′) (10)
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According to Equation (10), it is also found that when Q′ is greater than Qd, the
theoretical head H′T is less than 0 in the ideal situation.

Under the reverse operating condition, the optimal efficiency and corresponding flow
rate of the pump are always lower than those in the forward operating condition shown in
Figure 7. In forward operation, the optimal efficiency for each blade angle is almost the
same, i.e., about 66%. The flow rate at optimal efficiency increases monotonically with
blade angle, from a minimum of 217.91 L/s at β = −4◦ to a maximum of 285.06 L/s at
β = +4◦. On the other hand, in reverse operation, the optimal efficiency decreases with
blade angle, i.e., from 50.67% at β = −4◦ to 43.92% at β = +4◦. The maximum and minimum
optimal efficiencies decrease by 24.33% and 32.76%, respectively, compared to those of
forward operation.
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Figure 7. Optimal efficiency and corresponding flow rate at five blade angles under forward and
reverse operating conditions.

3.2. Numerical Energy Characteristics

In order to reveal the internal flow field of the bidirectional pump and find the reason
for the difference in unit head and efficiency between forward and reverse operations,
numerical simulations were carried out on the case of β = 0◦ using software CFX. The SST
k − ω turbulence model was chosen since it is widely used in numerical simulation of
rotating machinery, (e.g., [15,16,19]). The k and ω equations of the SST k− ω model are
as follows:

∂(ρk)
∂t

+
∂

∂xj
(ρUjk) =

∂

∂xj

[(
µ +

µt

σk

)
∂k
∂xj

]
+ Pk − β′ρkω + Pkb (11)

∂(ρω)

∂t
+

∂

∂xj
(ρUjω) =

∂

∂xj

[(
µ +

µt

σω

)
∂ω

∂xj

]
+ a

ω

k
Pk − βρω2 + Pωb (12)

where ρ is the fluid density; xj is the coordinate component;Uj is the velocity vector. Pk is
the production rate of turbulence;µt is the turbulent viscosity. Pωb and Pkb is the buoyancy
production term.

The inlet boundary condition was set as pressure inlet, and the outlet boundary
condition was set as mass flow outlet. The grid of fluid domain and the results of the grid
independence test are shown in Figure 8a,b, respectively. It is shown that when the number
of grids of the pump unit exceeds 10 million, the relative error in the calculated head is
within 0.3%. Therefore, in the present study, the number of grids is set at 10 million.
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Figure 8. Mesh of CFD model: (a) grid of fluid domain and (b) mesh independence tests.

The comparison between the numerical calculation results and the experimental results
for blade angle β = 0◦ is shown in Figure 9. The design flow rates under forward and reverse
operations Qd and Qd

′ are 250.85 L/s and 212.07 L/s for blade angle β = 0◦, respectively. For
forward operation at the design flow condition, the efficiency and the head are 65.32% and
1.84 m, respectively. For reverse operation at the design flow condition, in comparison, the
efficiency and the head are 47.21% and 1.516 m, respectively, which are considerably lower
than the corresponding values for forward operation. The difference between maximum
efficiency and minimum efficiency is 52.14%. In general, the simulated curves of head
and efficiency are basically consistent with those obtained experimentally, indicating that
the numerical simulation method is accurate and feasible. The predicted efficiency under
forward and reverse operations is slightly higher than that obtained experimentally. The
relative error is within 3%.
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Figure 9. Comparison between numerical and experimental results of the pump for blade angle
β = 0◦ in: (a) forward operation; (b) reverse operation.

Furthermore, at the same flow rate, the pump efficiency of reverse operation is much
lower than that of the forward operation. Streamlines distributions at a flow rate of
250.85 L/s for forward and reverse operations reveal the reason for this difference as shown
in Figure 10. In the reverse operation, there is an obvious outlet circulation existing in the
shaft passage, but in the forward operation, it is not obvious. The turbulence dissipation is
the dominant loss in shaft passage for reverse operation. Figure 11 shows the hydraulic
loss of the pump obtained from the numerical simulation. In reverse operation, the outlet
circulation cannot be reduced as there is no guide vane at the outlet of the pump, resulting
in a higher hydraulic loss compared to that of forward operation. In addition, under the
small flow rate condition, the reverse outlet circulation is larger, so the hydraulic loss of
shaft passage ∆H1 increases with the decrease in flow rate. In addition, ∆H1 is much larger
than that of forward at the same flow rate as shown in Figure 11a.
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Figure 10. Streamline distributions at flow rate Q = 250.85 L/s in: (a) forward operation;
(b) reverse operation.



J. Mar. Sci. Eng. 2022, 10, 671 11 of 17

J. Mar. Sci. Eng. 2022, 10, 671 11 of 19 
 

 

is the dominant loss in shaft passage for reverse operation. Figure 11 shows the hydraulic 
loss of the pump obtained from the numerical simulation. In reverse operation, the outlet 
circulation cannot be reduced as there is no guide vane at the outlet of the pump, resulting 
in a higher hydraulic loss compared to that of forward operation. In addition, under the 
small flow rate condition, the reverse outlet circulation is larger, so the hydraulic loss of 
shaft passage Δ 1H  increases with the decrease in flow rate. In addition, Δ 1H  is much 
larger than that of forward at the same flow rate as shown in Figure 11a. 

 
Figure 10. Streamline distributions at flow rate Q = 250.85 L/s in: (a) forward operation; (b) reverse 
operation. 

  

  

160 200 240 280 320
0.0

0.4

0.8

1.2

 Forward operation
 Reverse operation

ΔH
1 (

m
)

Q (L/s)

(a)

160 200 240 280 320
0.0

0.1

0.2

0.3

 Forward operation
 Reverse operation

ΔH
2 (

m
)

Q (L/s)

(b)

160 200 240 280 320
0.0

0.4

0.8

1.2  Forward operation
 Reverse operation

ΔH
 (m

)

Q (L/s)

(c)

160 200 240 280 320
0.0

0.4

0.8

1.2  Forward operation
 Reverse operation

ΔH
3 (

m
)

Q (L/s)

(d)

Figure 11. Hydraulic loss of the pump in: (a) shaft passage section; (b) diffusion straight tube passage;
(c) entire passage; (d) sum of entire passage and inlet impact loss.

For the forward operation, although the guide vane exists, there is still a certain
circulation at the outlet when the flow rate is significantly small or large, (i.e., deviating
from the design flow rate Qd). This leads to a trend of decreasing first and then increasing
in the hydraulic loss of the diffusion straight tube passage ∆H2 shown in Figure 11b. On the
whole, the total hydraulic loss of the passage ∆H during reverse operation is significantly
greater than that in forward operation as shown in Figure 11c.

The efficiency of forward operation η and reverse operation η′ can be expressed as:

η = [1−
k j(Qd −Q)2 + kc(Qd −Q)2 + k f Q2 + ∆h

HT
]ηvηm (13)

η′ = [1−
k′ j(Qd −Q)2 + k′ f Q2 + ∆h′

H′T
]η′vη′m (14)

where k j and kc are the impact loss coefficient of the blade and guide vane inlet, k f is
frictional hydrodynamic loss coefficient, ∆h is total hydraulic loss of flow channel, ηv is
volume loss efficiency, and ηm is mechanical loss efficiency. Under the same blade angle,
ideally, ηv ≈ η′v, ηm ≈ η′m, k f ≈ k′ f , kc ≈ k′ j, k j = λ/(2gA2) and λ = 5.5 ∼ 11.0.
Therefore, the difference in total hydraulic loss between forward and reverse operations is
the difference between ∆H3 = k j(Qd −Q)2 + ∆h for forward operation and ∆H3 = ∆h′ for
reverse operation, as shown in Figure 11d. It can be found that only under very small flow
conditions (<160 L/s), the hydraulic loss for reverse operation is less than that for forward
operation. Therefore, the efficiency of reverse operation is greater than that of forward
operation only under a small flow rate.
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3.3. Cavitation Characteristics

The critical net positive suction head NPSHc of the pump was tested in forward and
reverse operating conditions at five blade angles. The cavitation characteristics for forward
and reverse operations are similar. As the flow rate increases, the value of NPSHc tends
to decrease first and then increase, as shown in Figure 12; in other words, for each angle,
NPSHc attains a minimum value. For forward operation, NPSHc for β = −4◦ is the smallest
at Q/Qd < 1.06 and is the largest at Q/Qd > 1.14. Take the case of β = 0◦ as an example. For
forward operation, NPSHc achieves a minimum of 3.76 m and a maximum of 6.81 m at
Q = 281.5 L/s and 190.24 L/s, respectively. In comparison, for reverse operation, NPSHc
attains a minimum of 3.96 m and a maximum of 6.6 m at Q = 245.9 L/s and 26.45 L/s,
respectively. The NPSHc′ −Q′ curve for reverse operation at β = 0◦ can be regarded as a
parallel shift to the left of the forward operation curve shown in Figure 13. It can be found
that the trend of NPSHc with flow rate is the same under forward and reverse operations.
The values of minimum NPSHc and maximum NPSHc for the two operating conditions
(forward and reverse) are basically the same.
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Figure 13. Cavitation characteristic NPSHc−Q curve of the pump at blade angle β = 0◦.

Furthermore, in order to theoretically analyze the cavitation characteristics, NPSHc
can be calculated by:

NPSHc = λ1
v2

1
2g

+ λ2
w2

1
2g

(15)
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where λ1 and λ2 are dynamic pressure-drop coefficients, λ1 = 1–1.1, and λ2 varies greatly
with different working conditions. The value of λ2 is a symbol of the cavitation characteris-
tics of the pump. In this paper, combined with velocity triangles for the symmetric airfoil
blade at the inlet and outlet shown in Figure 6 and Equation (15), the forward and reverse
dynamic pressure-drop coefficients λ2 and λ′2 can be expressed as:

λ2 = (2gNPSHav − λ1
Q2

A2 )/[(
πn
30

R)
2
+

Q2

A2 ] (16)

λ′2 = (2gNPSHav − λ1
Q2

A2 sin2 α3
)/[(

πn
30

R− Q
A

cot α3)
2
+

Q2

A2 ] (17)

where λ1 = 1.05. The experimentally obtained minimum NPSHc at the five blade angles
in forward and reverse operations are, respectively, substituted into Equation (16) and
Equation (17) to calculate the values of λ2 and λ2

′, which are shown in Table 2. For forward
operation, λ2 attains the smallest value of 0.322 at β = 0◦ and increases with the increase in
deviation from for β = 0◦. However, for reverse operation, λ2

′ increases with the increase
in β with a minimum of 0.218 and a maximum of 0.419.

Table 2. Calculation results of λ2 and λ2
′ with minimum NPSHc for 5 blade angles.

Blade Angles
β (◦)

Forward Operation
NPSHc (m)

Forward Dynamic
Pressure-Drop Coefficient

λ2

Reverse
Operation
NPSHc (m)

Reverse Dynamic
Pressure-Drop Coefficient

λ2
′

−4◦ 3.02 0.374 3.62 0.218
−2◦ 3.36 0.340 3.65 0.236
0◦ 3.76 0.322 3.68 0.258

+2◦ 5.22 0.388 4.52 0.398
+4◦ 5.62 0.459 5.35 0.419

The dimensionless quantity λ2/λ2m (λ2
′/λ′2m for reverse operation) was introduced

to compare the cavitation performance under different flow rates, where λ2m is the value
of λ2 corresponding to the minimum NPSHc at each specific blade angle. Comparison
between forward and reverse operations for blade angle β = 0◦ is shown in Figure 14, where
Q0 is the flow rate at the minimum NPSHc. It can be observed that the two curves nearly
coincide; therefore, cavitation performance of the pump in forward and reverse operations
is almost the same.
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3.4. Runaway Characteristics

The unit runaway speed Nu and unit backflow rate Qu at different blade angles for
forward and reverse operations are shown in Figure 15. The values of Nu and Qu of forward
operation are greater than those of reverse operation Nu

′ and Qu
′. The difference in runaway

speed between forward and reverse operations at each angle is all about 50 rpm, which is
reflected by the two almost parallel lines in Figure 15a. In comparison, the difference in
flow rate is relatively small as shown in Figure 15b.
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Figure 15. Runaway characteristics of the pump in forward and reverse operations: (a) runaway
speed; (b) backflow rate.

In this paper, we considered combining the theory of the velocity triangles at the inlet
and outlet shown in Figure 16, and rotational speed calculation for Equation (5) to predict
the runaway speed in forward and reverse operations Nu and Nu

′. Similarly, the backflow
rates Qu and Qu

′ can also be predicted by combining the theory of the velocity triangles for
the blade at the inlet and outlet, and Equation (6) for the flow rate calculation.
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Figure 16. Velocity triangles for runaway state in: (a) forward operation; (b) reverse operation.

Theoretically, the pump has no energy input and output in a runaway state. Therefore,
the absolute speed at the inlet and outlet of the blade shall be equal to the partial speed
on the circumference, i.e., v′u2 = v′u1 for forward operation, vu2 = vu1 = 0 for reverse
operation. According to the blade velocity triangles at the inlet and outlet shown in
Figure 15, we can obtain:
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v′u1 = v′m cot α′, v′u2 = u− v′m cot β′2, v′m cot α′ = u− v′m cot β′2 (18)

u′ − vm cot β2 = 0 (19)

where u and u′ are the circumferential velocities in forward and reverse runaway states,
respectively. From the velocity triangles, it is known that α′1 = α3, β′2 = β2. The forward
runaway speed Nu and reverse runaway speed Nu

′ can be expressed as:

Nu =
60

πD
· Q′

A
(cot α3 + cot β2) (20)

Nu
′ =

60
πD
· Q

A
cot β2 (21)

Considering forward head H = s1Q′2 and reverse head H′ = s2Q2 in runaway
state and combined with Equations (5), (6), (20) and (21), Nu, Nu

′, Qu, and Qu
′ can be

expressed as:

Nu = η[
60

πA
(cot α3 + cot β2)]/

√
s1 (22)

Nu
′ = η(

60
πA

cot β2)/
√

s2 (23)

Qu =
1

D2√s1
(24)

Q′u =
1

D2√s2
(25)

where σ is the correction coefficient. In the Eulerian velocity triangle, it is assumed that
the blades are infinitely many and infinitely thin, and the relative flow velocity at any
point is along the tangential direction of the blades. Ideally, the correction factor σ = 1.
In this experiment, a correction factor σ = 1.36 is obtained according to the measurement
results. The resistance coefficients s1 and s2 can be calculated from the measured head and
the backflow rate in forward and reverse runaway states. The values of β2 and α3 are the
corresponding blade outlet angle and guide vane inlet angle of the middle section of the
symmetrical blade of R = 105 mm. The values of s1, s2, β2 and α3 are shown in Table 3.
In Figure 17a with a 5% variation interval included, we compare the measured data with
Equation (22) for the forward runaway speed Nu and Equation (23) for the reverse runaway
speed Nu

′. The calculated data by Equation (24) for Qu and Equation (25) for Qu
′ are also

compared with the measured data shown in Figure 17b. The calculated data shows a good
agreement with the experimental measurements, which proves that Equations (22)–(25)
can well predict the runaway characteristics in both forward and reverse operations.

Table 3. Runaway characteristic parameters.

Blade Angles
β (◦)

Resistance Coefficient
s1 (m−5s2)

Resistance Coefficient
s2 (m−5s2)

Blade Outlet Angle
β2 (◦)

Guide Vane Inlet Angle
α3 (◦)

−4◦ 11.23 11.88 21 74.2
−2◦ 9.51 10.70 23 74.2
0◦ 8.85 9.98 25 74.2

+2◦ 8.45 9.33 27 74.2
+4◦ 8.3 8.79 29 74.2
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Figure 17. Comparison between measured and calculated: (a) unit runaway speed (b) unit backflow
rate of the pump in forward and reverse operations.

4. Conclusions

The present study was conducted to analyze the difference between the forward and
reverse operating conditions of an S-shape bidirectional shaft tubular pump. The energy
characteristics, cavitation characteristics, and runaway characteristics of the pump at five
blade angles (β = −4◦, −2◦, 0◦, +2◦, +4◦) were tested. Numerical simulations for the
case of blade angle β = 0◦ were also used to reveal the internal flow field. The following
conclusions can be drawn:

At the same blade angle and flow rate, the head of the pump in reverse operation is
lower than that in forward operation. In reverse operation, the head of the pump H′ is
nearly 0 m at the design flow rate Qd. It can be explained by combining the impeller velocity
triangle theory and the theoretical pump head theory expressed by the Euler equation. The
efficiency calculation formulas for forward and reverse operations are also summarized.
The reason for the difference in efficiency between forward and reverse operations was
explored by numerical simulation. The hydraulic losses at different sections of the pump
are obtained. It is found that the efficiency of the pump in reverse operation is greater than
that in forward operation only under particularly small flow rate.

The cavitation characteristics of the pump in forward and reverse operations are simi-
lar. The NPSHc curve at each blade angle has the same trend and is parallel to each other. As
the flow rate increases, NPSHc tends to decrease and then increase, i.e., having a minimum
value. The dynamic pressure-drop coefficients in forward and reverse operations, λ2 and
λ′2, are obtained. A dimensionless parameter λ2/λ2m (λ2

′/λ′2m for reverse operation) was
introduced to compare the cavitation performance of the pump under different flow rates.
It is found that the cavitation performance of the S-type bidirectional shaft tubular pump
under forward and reverse operations is almost the same.

The rotational speed Nu and backflow rate Qu of the pump in forward operation
are greater than those in reverse operation Nu

′ and Qu
′. Moreover, four equations have

been developed to predict Nu, Qu, Nu
′ and Qu

′, respectively. The predictions show good
agreement with the experimental data.
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