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Abstract: In this study, model tests and numerical simulations are conducted to study the bi-
directional full-flow pump (BFFP). Firstly, the head, efficiency and shaft power of the BFFP are
significantly higher in the positive operating condition than in the negative operating condition.
When the unit operates in the positive direction, the clearance reflux flow rate, the flow uniformity
and velocity-weighted average angle of the impeller inlet, and the intensity of pressure pulsation are
significantly greater than those during the negative operation. When the pump unit is operating at
low flow rates, the clearance reflux produces a significant disturbance to the impeller inlet main flow.
Two vortices appear in the near-wall area of the clearance outlet (i.e., impeller inlet), and the range
of vortices is larger in the positive operation than in the negative operation. Secondly, at low-flow
and design-flow conditions, the total entropy production of the pump unit in the positive direction is
greater than that in the negative direction. When at small- and design-flow rates, the amplitude of
pressure pulsation in the positive direction is smaller than that in the negative direction. This study
will contribute to the research and development of a full-flow pump.

Keywords: bi-directional full-flow pump; S-shaped airfoil; pressure pulsation; unsteady; entropy
production rate; model test

1. Introduction

Since the 20th century, pump units operating in one direction have been widely used
in industry and agriculture. Some of these projects have separately arranged diversion
units and drainage units to meet the needs of different periods. With the development of
the economy and environment, some pump station can no longer meet the current demand.
Therefore, many scholars have proposed the transformation of the traditional unidirectional
operating pumping units into pumping units that can operate in both directions [1–3].

At present, many scholars have conducted a lot of research on the hydraulic charac-
teristics of bi-directional pumps. Meng et al. [4,5] researched the hydraulic performance
of a bi-directional axial-flow pump. The research showed that the performance of the
bi-directional pump in a negative operating condition is significantly worse than that in
a positive operating condition. Under a low-flow condition, the deformation of the im-
peller blades is greater in a negative operation than in a positive operation. Conventional
bi-directional pump impellers are of unidirectional design and have relatively poor perfor-
mances in negative operations. Therefore, some scholars have conducted a lot of research
on the “S” airfoil-type [6–8]. It was found that the “S” airfoil-type with center-symmetric
design can ensure the similar hydraulic performance in positive and negative operation.
The bi-directional pump with an “S” airfoil-type does not need to reverse the impeller
by 180◦ in the negative operation. Reverse operation can be achieved by directly rotating
the motor in reverse, which greatly saves the operation and management costs of the
pumping station. Meanwhile, Ma et al. [9] compared the bi-directional pump unit using an
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S airfoil-type and an arc airfoil-type. It was found that the bi-directional pump with an “S”
airfoil-type can take into account both positive and negative operation performances. The
comprehensive hydraulic performance of the “S” airfoil-type pump is remarkably better
than that of the arc airfoil-type pump.

Unlike the structure of the axial flow pump, the full-flow pump (FFP) integrates the
motor with the outer edge of the impeller and does not need to be driven by a drive shaft.
Its flow channel also does not need to be designed in a curved shape and has a simple
structure, so it is widely used in areas such as low-head pump stations and circulating
cooling pumps. Shi et al. [10–12] showed that the clearance reflux of FFP leads to a lower
performance than axial pump. When at a small flow rate, the pressure pulsation (PP) of the
FFP is smaller compared with the axial-flow pump. The BFFP in this paper combines the
advantages of FFP and “S” airfoil-type, so it is meaningful to study it.

Currently, many scholars study the pump performance mainly by external characteris-
tics, PP, entropy production (EP) and vortex. Song et al. [13] studied the PP caused by free
surface vortex in pump stations by experiment and numerical simulation. It was found
that a free surface vortex tends to trigger low-frequency PP and induce unit resonance. Jiao
et al. [14] found that the installation of the inlet guide vane at the impeller inlet of a shaft
tubular pump could induce low-frequency PP. Yang et al. [15] studied the PP characteristics
in the axial-flow-pump skip-shaped channel by using numerical simulation. It was found
that the further away from the impeller, the smaller the amplitude of the main frequency of
the PP. Zheng et al. [16] found that in the interstitial region of centrifugal pumps, pressure
fluctuations are still determined by the blade passing frequency. The PP at the impeller
outlet is greater than at other locations. Pankaj P. Gohil et al. [17] found that low-frequency,
high-amplitude PP dominates in the turbine tail pipe at lower loading conditions. Ahmed
et al. [18] found that the pressure of the axial flow pump increased along the direction
of the impeller inlet to the outlet. The highest pressure value was found in the impeller
outlet region. Yang et al. [19,20] investigated the energy-loss characteristics of an axial
flow pump. Research has shown that the pressure energy loss in the impeller is the largest.
The area where the energy loss occurs is mainly concentrated at the inlet and outlet ends
of the blade. Meng et al. [21] studied the energy loss of a bi-directional axial-flow pump.
Research has shown that the EP is mainly concentrated at the impeller, regardless of a
positive or negative operation. Feng et al. [22] studied the power failure transition process
of centrifugal pumps. The energy loss of the centrifugal pump was found to be mainly
related to the flow separation, backflow and vortex inside the flow field during the whole
accidental-power-failure runaway process.

From the above study, it can be found that the external characteristics of the pump in
the two operating directions are bound to be different. The characteristics of PP, entropy
production rate (EPR) and vortex also have different degrees of difference. Therefore, this
paper focuses on the study of the BFFP through the above aspects. Due to the small size of
the BFFP model, the rotor motor is difficult to machine. Therefore, this paper still uses the
drive shaft to drive the impeller. This paper focuses on the study of BFFP by combining
numerical simulation and model testing [23–26]. Firstly, the test bench is designed and
the PP and external characteristics of the “S” type BFFP unit are tested. Then, unsteady
numerical simulations of the unit are performed. Finally, the accuracy of calculation is
verified by model test. The research in this paper can play a positive role in the development
of the FFP.

2. Numerical Calculation
2.1. Computational Model and Grid

The calculation model of the BFFP unit consists of impeller, stator and rotor clearance
(SRC), inlet guide vane (IGV), guide vane (GV), GV diffusion section, and inlet and outlet
water channels. The SZM35 hydraulic model is used for the impeller and GV of the BFFP,
and Figure 1 shows the two-dimensional parameter diagram of the SZM35 impeller model.
The impeller hub diameter D1 is 120 mm. The impeller shroud diameter D is 300 mm. The
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number of impeller, GV and IGV blades are four, six and five, respectively. The impeller
speed n is 1421 r/min. The thickness d of the SRC is 1 mm. The design flow rate is Qd
= 297.3 L/s. Figure 2 display 3D model of the impeller “SZM35” and its internal flow
diagram.
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Figure 2. A 3D model of the impeller “SZM35” and its internal flow diagram.

In order to increase the speed and accuracy of the calculations, structured grids were
used for all parts of the pump unit. As the number of grids affects the convergence and
accuracy of the simulation, a grid-independent analysis was performed for the BFFP model.
The variations of the head with the number of grids are displayed in Figure 3. Figure 3
shows that once the number of grids reaches 6.17 million, increasing the number of grids
has little effect on the head. Therefore, taking into account the calculation time, the total
number of grids was determined to be 6.91 million. The grid information for each part of
the pump unit is shown in Table 1. A computational model of the pump unit and the grids
of each part are shown in Figure 4. The detailed grids of the SRC and impeller are shown
in Figures 5 and 6.
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Table 1. Grid information for each part of the computational model.

Part Impeller GV IGV Inlet
Channel

Outlet
Channel SRC GV Diffuser

Number of
grids (104) 66 81 65 226 136 77 40
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2.2. Control Equations

The N-S equation is chosen as the basic control equation for the calculations in this
paper. Compared with the standard k-ε model, the RNG k-ε model adds terms to the k and
ε transport equations and has a higher accuracy for high-speed flow and eddy flow. Since
the flow at the clearance of the BFFP is complex, the RNG k-ε turbulence model is suitable
for the numerical calculation. Although the flow at the clearance of the FFP is complex, the
RNG k-ε turbulence model was found to be suitable for the numerical simulation of the
FFP according to Shi et al. [27,28].

The k and ε equations in the RNG k-ε model are, respectively

∂(ρk)
∂(t)

+
∂(ρkui)

∂(xi)
=

∂

∂xj

[
αkµe f f

∂k
∂xj

]
+ µt

(
∂ui
∂xj

+
∂uj

∂xi

)
∂ui
∂xj
− ρε (1)

∂(ρε)

∂(t)
+

∂(ρεui)

∂(xi)
=

∂

∂xj

[
αεµe f f

∂ε

∂xj

]
+

C1ε • ε

k
µt

(
∂ui
∂xj

+
∂uj

∂xi

)
∂ui
∂xj
− C2ερ

ε2

k
− R (2)

where xi and xj represent the coordinate components; αk and αε represent the corresponding
coefficients of k and ε, respectively; ρ means the fluid density; µe f f represents the effective
turbulent flow viscosity coefficient; µt represents the turbulent viscosity; ui and uj represent

the time-averaged velocity components; µe f f = µ + µt; µt = ρCµ
k2

ε ; R =
Cµρϕ3

(
1− ϕ

ϕ0

)
ε2

(1+βϕ3)k ;

Cµ = 0.0845; C1ε = 1.42; C2ε = 1.68; ϕ =
(
2Eij

) k
ε ; Eij =

1
2

(
∂ui
∂xj

+
∂uj
∂xi

)
; ϕ0 = 4.377; and

β = 0.012.
The momentum equation and the continuity equation are

∂

∂t
(ρui) +

∂

∂xi

(
ρuiuj

)
= − ∂p

∂xj
+

∂

∂xj

(
µ

∂ui
∂xi
− ρu′iu

′
j

)
+ Si (3)

∂ρ

∂t
+

∂

∂xi
(ρui) = 0 (4)

where t is the physical time; p is the local pressure; and Si is the Reynolds stress.

2.3. Boundary Conditions and Calculation Settings

First, the computational model in this paper was drawn using Unigraphics NX 12.0
software. Then, numerical simulations were performed using ANSYS CFX 2019 R3 software.
Finally, post-processing was performed using CFD POST as well as TECPLOT. The inlet
of the BFFP is set as a mass-flow inlet. The outlet is set as a static pressure outlet with a
pressure value of 1 atm. The impeller is set as the rotating domain, while other sections
are set as the static domain. The solid-wall surfaces include the blade surface, hub surface,
shroud surface, SRC surface, channel surface, etc., and the boundary adopts the no-slip
condition to satisfy the viscous fluid. The IGV and impeller, impeller and GV, and SRC
and impeller were dynamic and static interfaces, which were set by the “transient frozen
rotor” [29–31]. The rest of the interfaces in the pump device were static and static interface,
with no need to set additional. Before the IGV, there was a long section of straight tube to
accommodate the drive shaft, which was set to a solid wall and the boundary was set to a
no-slip condition.

The size of the time step had an impact on the computational accuracy, and a time-step
independent analysis of the device was performed, as shown in Figure 7. The results in
Figure 7 show that the calculation results become more accurate as the value of the time step
decreases. However, the difference between the results for time steps of 2.3458 × 10−4 s and
1.1729 × 10−4 s is smaller. Finally, the time step of 2.3458 × 10−4 s (i.e., the time used
to rotate the impeller by two degrees) was chosen with reference to the study of Zhang
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et al. [32], Mu et al. [33] and Jin et al. [34] and the limitation of computational resources.
The total time t is 0.5911 s, which is the time for 14 rotations of the impeller.
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3. Results and Discussion
3.1. Analysis of Performance

Before the external characteristic analysis, the dimensionless parameters head coeffi-
cient Hc and discharge coefficient Qc are introduced, and their respective equations are:

Hc =
H
Hd

(5)

Qc =
Q
Qd

(6)

where Hd is the design head, m; H is the head, m; Qd is the design flow rate, kg/s; Q is the
flow rate, kg/s.

In order to investigate the difference in performance of BFFP during the positive and
negative operation, numerical simulations of the pump unit were performed. The head H,
efficiency η and shaft power P of the pump unit were taken out for comparison, as shown
in Figure 8. It can be found that when the flow rate increases, the efficiency first increases
and then decreases, and the head and shaft power gradually decrease. The external
characteristics of the BFFP have the same tendency in positive and negative operation.
The head, efficiency and shaft power of the BFFP are significantly higher than those of the
negative operation when it is running in the positive direction. The maximum efficiency
of the unit is 59.74% in the positive operation and 52.89% in the negative operation. The
difference in efficiency is about 6.85%. Under the design condition, the head difference in
the two directions is about 1.46 m, and the efficiency difference is about 4.92%. Under the
design condition, the shaft power difference is about 4.94 kW. Compared with the positive
running condition, the performance curve of the unit shifted about 40 kg/s to the low flow
rate in the negative running condition.



J. Mar. Sci. Eng. 2023, 11, 1188 7 of 23

J. Mar. Sci. Eng. 2023, 11, 1188 7 of 24 
 

 

in Figure 8. It can be found that when the flow rate increases, the efficiency first increases 
and then decreases, and the head and shaft power gradually decrease. The external char-
acteristics of the BFFP have the same tendency in positive and negative operation. The 
head, efficiency and shaft power of the BFFP are significantly higher than those of the 
negative operation when it is running in the positive direction. The maximum efficiency 
of the unit is 59.74% in the positive operation and 52.89% in the negative operation. The 
difference in efficiency is about 6.85%. Under the design condition, the head difference in 
the two directions is about 1.46 m, and the efficiency difference is about 4.92%. Under the 
design condition, the shaft power difference is about 4.94 kW. Compared with the positive 
running condition, the performance curve of the unit shifted about 40 kg/s to the low flow 
rate in the negative running condition. 

 
Figure 8. Head, efficiency and shaft power at each flow rate. 

The difference in performance between the positive and negative operation of BFFP 
is obvious. The performance when running in the negative direction is significantly worse 
than the performance when running in the positive direction. In order to investigate the 
reason for the performance difference, the pressure difference (PD) ΔP between the inlet 
and outlet of the impeller, SRC reflux flow coefficient Qr of the BFFP are taken out for 
analysis. The results in Figure 9 show that the Qr and ΔP of the BFFP gradually decrease 
when the flow rate increases. The Qr and ΔP are significantly smaller in the negative op-
eration compared with the positive operation. When the BFFP is operating under the de-
sign conditions, the Qr is approximately 3.79 kg/s in the positive direction and approxi-
mately 3.06 kg/s in the negative direction. The difference between the Qr of the two oper-
ating conditions is approximately 0.74 kg/s. 

Figure 8. Head, efficiency and shaft power at each flow rate.

The difference in performance between the positive and negative operation of BFFP is
obvious. The performance when running in the negative direction is significantly worse
than the performance when running in the positive direction. In order to investigate the
reason for the performance difference, the pressure difference (PD) ∆P between the inlet and
outlet of the impeller, SRC reflux flow coefficient Qr of the BFFP are taken out for analysis.
The results in Figure 9 show that the Qr and ∆P of the BFFP gradually decrease when
the flow rate increases. The Qr and ∆P are significantly smaller in the negative operation
compared with the positive operation. When the BFFP is operating under the design
conditions, the Qr is approximately 3.79 kg/s in the positive direction and approximately
3.06 kg/s in the negative direction. The difference between the Qr of the two operating
conditions is approximately 0.74 kg/s.
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Since the performance of the pump unit is obviously influenced by the pattern of
flow, the reason for the difference in performance between the two operating directions
of the pump could be found by analyzing the flow pattern of the impeller inlet. The inlet
conditions of the impeller can be judged from the two parts of flow uniformity Vu (FU)
and velocity-weighted average angle θ (VAA). Figure 10 shows the comparison of FU and



J. Mar. Sci. Eng. 2023, 11, 1188 8 of 23

VAA for the pump impeller inlet. From the figure, it can be found that in both operating
directions, the FU and VAA have the same changing trend. When the flow rate increases,
the FU gradually increases, while the VAA first decreases and then increases. In the positive
operation, the water enters the impeller at a higher velocity-weighted average angle after
passing through the inlet guide vane because the inlet guide vane is the straight vane type.
In the negative operation, due to the diffused shape of the rear guide vane, the water passes
through the rear guide vane with a pre-swirl and therefore enters the impeller at a lower
velocity-weighted average angle than in the positive operation. Similarly, at low flow rates
and design conditions, the velocity uniformity at the impeller inlet is slightly better in the
positive operation than in the negative operation. In summary, the inlet conditions at the
impeller inlet are better in positive operation than in the negative operation for the BFFP,
which is one of the reasons why the positive performance of the pump is better than the
negative performance.

Vu =

1− 1
Va

√√√√√ n
∑

i=1
(Vai −Va)

2

n

× 100% (7)

where n represents the number of grids; Vai represents the axial velocity of the ith grid
node, m/s; Va represents the average axial velocity, m/s.

θ =

n
∑

i=1

(
90
◦ − arctan Vti

Vai

)
Vai

n
∑

i=1
Vai

(8)

where Vti represents the transverse velocity of the ith grid node, m/s.
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The work capacity of the impeller is influenced by factors such as the shape of the
blades and the inlet water flow pattern, so the pressure distribution on the surface of the
blades of the BFFP can be studied. Figure 11 shows the pressure distribution Ps on the
surface of the blade at a span equal to 0.9. Steamwise equal to 0 means at the head of the
blade. Steamwise equal to 1 means at the tail of the blade. It can be found that the PD at
the head of the blade is much larger than at the tail. As the flow rate increases, the PD
between the pressure side (PS) and the suction side (SS) of the blade becomes smaller and
smaller. When at a 0.67 Qd operating condition, the pressure distribution on the PS is larger
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in the positive operation than in the negative operation, and the pressure distribution on
the suction side is smaller in the positive operation than in the negative operation. In
design- and high-flow conditions, the difference in pressure distribution on the PS of the
blades is small, and the pressure on the SS of the blades is significantly smaller in the
positive than in the negative operation. In the negative operation, the PD between the
PS and the SS of the blade is distinctly smaller than that in the positive operation. This is
the fundamental reason why the positive performance of the BFFP unit is better than the
negative performance.
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The SRC reflux flow is a kind of reflux unique to FFP. When the flow rate is too large, the
impeller inlet conditions will be more negatively affected, while a too-small flow rate will not be
conducive to motor lubrication and heat dissipation. Therefore, the SRC reflux flow should be
controlled in a suitable range. The three-dimensional parameter map within the pump section
was extracted and is shown in Figure 12. To research the impact of SRC reflux on the pattern
of flow in the pump, the pressure and flow line diagrams of the impeller chamber during the
positive and negative operations were taken out, as shown in Figures 13 and 14. To clearly
show the position and perspective of the analysis in Figures 13 and 14. From the diagram, it
can be found that the flow pattern inside the impeller is relatively smooth. There are two
vortexes (red circle area) in the SRC, where the reflux stays and can play a role in reducing
the motor temperature and lubrication. When the flow rate decreases, the larger the SRC
reflux flow, the greater the effect of the reflux on the impeller inlet flow pattern. Whether a
positive or negative operation, at a small flow rate, the reflux impacts the main flow in the
impeller inlet side shroud area due to the large SRC reflux flow. Two vortexes appear on
both sides of the clearance outlet (impeller inlet) under the action of wall shear force. The
vortex on the front side of the clearance outlet is larger, while the vortex on the back side
of the clearance outlet is smaller. At the same time, the impeller outlet near the hub also
appears a wide range of reflux vortex. When at a Qd and 1.21 Qd operating condition, due
to the small flow rate of the reflux, the main water flow at the inlet near the shroud only
appears a slight offset flow, and no bad flow conditions, such as a vortex, are generated.
When at the same flow rate the pressure gradient at the impeller inlet and outlet in the
negative direction is smaller than that in the positive direction, which is consistent with the
conclusion drawn in Figure 10. When at a 0.67 Qd operating condition, the range of vortices
in positive direction is also greater than in negative direction because the SRC reflux flow
is greater in positive direction.
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3.2. Entropy Production Analysis

Mechanical energy loss occurs all the time during the operation of the water pump,
and the process is irreversible, so the increment of EPR in the unit is always greater than
0. The fluid velocity in turbulent motion is divided into two parts, namely, the average
velocity and the fluctuating velocity [35–37], so the local EPR SE of the fluid also includes
two parts, and its formula is as follows:

SE = SDE + STE (9)

where SDE is the viscous dissipative EPR, W/m3/K and STE is the turbulent dissipative
EPR, W/m3/K.
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2µ

T
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In addition to the above two types of EP, there is also wall EPR SWE in the near-wall
region, and its formula is:

SWE =
τ · v

T
(12)

where T is the temperature and is taken as constant room temperature 298.15 K in the
calculation; v is the velocity of the first layer mesh node of the wall, m/s; and τ is the wall
shear force, Pa.

The EP can be obtained by volume fractionation of the above three types of EPR, with
the total EP ∆Spro being the sum of the fractions [38], which are given by

∆Spro,DE =
∫

V
SDEdV (13)

∆Spro,TE =
∫

V
STEdV (14)

∆Spro,WE =
∫

A
SWEdA (15)

∆Spro = ∆Spro,DE + ∆Spro,TE + ∆Spro,WE (16)

where ∆Spro,DE is the viscous dissipative EP, W/K; ∆Spro,TE is the turbulent dissipative EP,
W/K; ∆Spro,WE is the wall EP, W/K; A is the wall area of BFFP, m2; and V is the volume of
BFFP, m3.

In order to visualize the flow instability region inside the unit and to visualize the
energy loss, the EPR inside the pump unit is calculated. Figure 15 shows the EP of each
component of the pump unit for three operating conditions. Figure 16 shows the EPR
distribution in the pump unit for both directions of operation. The EPR distribution of the
SRC, impeller, GV and IGV profiles are selected for demonstration, respectively.
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As the flow rate decreases, the EPR inside the BFFP unit gradually increases, and the
high EPR range gradually extends to the impeller inlet direction. Since the EPR inside
the unit is mainly generated by various bad flow patterns and the collision and friction
between water and wall, the EPR is mainly concentrated at the solid wall surface of the
impeller chamber and the wall of each overflow component downstream of the impeller.
Due to the hedging of the SRC reflux and the mainstream, the impeller inlet flow is more
turbulent, and the EPR in the area near the shroud is very high. Especially in small flow
rate, the flow rate of the SRC reflux and the high EPR region gradually extends toward
the impeller inlet, in which the high EPR area appears in nearly half of the impeller blade
radial direction. Under low-flow operation, the reflux flow in the clearance is higher, and
the entire clearance is a high EPR region and the range of this high EPR area is larger than
the other two flow conditions. Because the reflux flow is small compared with the total
flow, the EPR in the SRC is negligible.

The total EPR of the BFFP is about 1.27 times, 1.13 times and 1.08 times higher in the
positive operation than in the negative operation at 0.67 Qd, Qd and 1.21 Qd flow rates.
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In particular, the difference in EPR between two running directions at 0.67 Qd operating
condition is greater, resulting in a significantly lower performance of the pump in negative
running than in positive running. When at the Qd operating condition, the EPR of the
impeller in the positive operation accounts for about 35% of the total EPR, while the EPR of
the impeller chamber in the negative operation accounts for about 58% of the total EPR,
which shows that the energy exchange inside the impeller in the negative operation is more
obvious.

3.3. Pressure Pulsation Analysis

Before studying the PP of the BFFP, two dimensionless parameters, PP coefficient
CP and PP intensity (PPI) CP*, are introduced to enhance the comparability between the
data [39–42]. The PPI is determined in CFD-POST using the standard deviation algorithm,
which is defined according to a statistical approach and is a dimensionless parameter. The
PPI represents a composite measure of the resultant over one cycle at the network interface,
independent of the specific instantaneous rotational position at which the impeller is located.
The concept of PPI, therefore, provides a comprehensive and accurate quantitative analysis
of the non-stationary flow phenomena in the inlet and outlet sections of the impeller. The
equations for PP coefficient and PPI, respectively, are

CP =
Pi − P
0.5ρu2 (17)

CP
∗ =

√√√√√ n
∑

i=1
CP

2

Nt
(18)

where Nt represents the number of steps in one revolution of the impeller, and its value
is 180; P represents the average pressure, Pa; ρ represents the liquid density, kg/m3; Pi
represents the transient pressure, Pa; and u represents the circumferential velocity of the
impeller shroud, m/s.

The performance of BFFP differs greatly during the positive and negative operation, so
the PP characteristics will also be different. The PPI distribution of two planes of impeller
inlet and outlet (as shown in Figure 17) are taken out, as shown in Figures 18–21.
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From Figure 18, Figure 19, Figure 20 and Figure 21, it can be seen that there are four 
uniformly distributed high pulsation areas in both the inlet and outlet of the impeller, 
both in the positive and negative operation. This is due to the fact that the internal pulsa-
tion of the unit is mainly caused by the periodic collision of the blade with the water flow. 
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for research, where P1 is placed in the middle of the IGV and impeller, and P2 is placed 
in the middle of the impeller and GV, as shown in Figure 22. Figure 23 and Figure 24 show 
that the primary frequency of PP at the impeller inlet and outlet is BPF regardless of 
whether the BFFP is operating in a positive or negative direction. The amplitude of PP at 
the impeller inlet is greater than that at the impeller outlet. In the design condition, the 
primary frequency of PP at the impeller inlet in the positive and negative operation is 3.01 
and 3.65 times that at the impeller outlet, respectively. The difference of the PP amplitude 
between impeller inlet and outlet in the negative operation is larger. At a high flow rate, 
the amplitude of PP at the impeller inlet and outlet during negative operation is smaller 
than that during the positive operation. In the other two flow rates, in the pump in a neg-
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From Figures 18–21, it can be seen that there are four uniformly distributed high
pulsation areas in both the inlet and outlet of the impeller, both in the positive and negative
operation. This is due to the fact that the internal pulsation of the unit is mainly caused by
the periodic collision of the blade with the water flow. Under low flow conditions, the PPI
is higher at the impeller inlet near the shroud area due to the large interference of the SRC
reflux to the main flow. The area of high PPI is approximately half the impeller diameter.
As the flow decreases, the PPI of the impeller inlet gradually increases in both operating
directions; the PPI of the impeller outlet gradually increases in the positive operation, while
it first increases and then decreases in the negative operation.

The PP of the BFFP is concentrated in two positions of the impeller inlet and outlet
for research, where P1 is placed in the middle of the IGV and impeller, and P2 is placed
in the middle of the impeller and GV, as shown in Figure 22. Figures 23 and 24 show that
the primary frequency of PP at the impeller inlet and outlet is BPF regardless of whether
the BFFP is operating in a positive or negative direction. The amplitude of PP at the
impeller inlet is greater than that at the impeller outlet. In the design condition, the primary
frequency of PP at the impeller inlet in the positive and negative operation is 3.01 and
3.65 times that at the impeller outlet, respectively. The difference of the PP amplitude
between impeller inlet and outlet in the negative operation is larger. At a high flow rate,
the amplitude of PP at the impeller inlet and outlet during negative operation is smaller
than that during the positive operation. In the other two flow rates, in the pump in a
negative operation, the impeller inlet and outlet PP amplitude are greater than the positive
operation.
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4. Verification of Numerical Model Accuracy
4.1. Introduction to the Test System

The external characteristics and PP test of the BFFP were carried out on the high-
precision hydraulic mechanical test bench of Yangzhou University. The three-dimensional
schematic diagram of the hydraulic mechanical test bench is shown in Figure 25. The test
bench is a closed circulation system composed of a hydraulic circulation system, power
system, control system and measurement system. All parts of the BFFP device were finely
processed and assembled. The impeller was machined from brass material and has four
blades. The impeller diameter was 300 mm and the hub ratio was 0.4. The rotor was made
of plastic steel material and installed on the outer edge of the blade. The blade numbers of
IGV and GV were five and six, respectively, among which IGV adopts straight blades and
GV adopts diffuse blades. Both IGV and GV blades were 5 mm thick and made of stainless
steel. The layout of the BFFP device and PP measuring points is shown in Figure 26. PP
sensors M1, M2 and M3 were, respectively, arranged at the IGV water inlet, the impeller
water inlet and the impeller outlet. The IGV, impeller and GV are shown in Figure 26a–c,
respectively.
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When data acquisition is performed on a BFFP device, there is uncertainty in the
measurement results due to imperfect corrections for systematic and random effects. This
uncertainty is composed of systematic uncertainty and random uncertainty. The smaller the
uncertainty, the higher the accuracy of the measurement result. The combined uncertainty
Eη is the sum of the squares of the system uncertainty
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The combined uncertainty Eη of the efficiency test of the pump unit is ±0.2598%,
which is equivalent to the requirements of ISO 9906: 2012 level 1 (δη ≤ ±2.9%).

4.2. External Characteristics

Since a steady-state calculation is required before the transient calculation, the results
of the steady-state calculation can also be used to verify the accuracy of the numerical
simulation. Figure 27 shows the comparison between the numerical simulation and the
model test of the BFFP. Through comparison, it was found that during the positive and
negative operation of the pump device, the head curves calculated and tested under high
flow rate have a high degree of agreement. As the flow rate decreases, the pump unit
enters an unstable operating condition, so the error in the test and calculation increases.
The deviation at low flow rates is relatively large, but the maximum deviation does not
exceed 3%. This shows that the numerical simulation of BFFP is accurate and reliable.
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Figure 27. Experimental and numerical simulation results of BFFP.

4.3. Pressure Pulsation Results

As the PP data collected in the test are transient data, they can be used to verify the
accuracy of the transient calculation. The PP experiment tested the PP of the impeller
inlet under the design conditions during positive and negative operation, respectively.
The sampling time was 20 s, and the sampling interval was 0.001 s. Figure 28 shows the
comparison of experimental and computational results. It can be found from the figure that
the main frequency of PP at the measuring point at the impeller inlet is 94.73 Hz regardless
of positive or negative operation. This frequency is 1 times the blade passing frequency
(BPF). The overall difference between the calculated value of PP and the test results is not
large, and the positions of the major frequency and the minor frequency are consistent.
This shows that the transient simulation results of the BFFP device are accurate.
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5. Conclusions

In this study, unsteady numerical simulations of a BFFP unit were performed. The
performance of the unit was investigated in both positive and negative directions by means
of external characteristics, internal flow field, EPR and PP. The pump unit was tested by
model tests and compared with calculations to confirm the accuracy of the simulation. The
research in this paper leads to the following conclusions.

(1) The performance of BFFP is significantly better in the positive operation than in the
negative operation. The difference in head between positive and negative operation
is about 1.46 m, the difference in efficiency is about 4.92% and the difference in shaft
power is about 4.94 Kw at Qd operating condition. The PD at the head of the blade
is greater than that at the tail. From the blade head to the tail, the PD on the blade
surface gradually decreases. When the flow rate decreases, regardless of positive
or negative operation, the SRC reflux flow rate increases, the PD between the inlet
and outlet of the impeller increases, the FU of the impeller inlet increases gradually,
and the VAA decreases first and then increases. During the positive direction of the
unit, the clearance reflux flow rate, the FU and the VAA of the impeller inlet are
significantly larger than those in the negative operation.

(2) When the BFFP is operating at a low flow rate, the clearance reflux disturbs the main
water flow in the impeller inlet near the shroud area, and two vortices appear on both
sides of the clearance outlet. During the design-flow and high-flow operation, the
flow at the impeller inlet near the shroud edge is deflected to a certain extent due to
the small flow rate of the clearance reflux. At low-flow condition, the overall range of
inlet vortex is larger than in negative operation due to the larger clearance reflux flow
in positive operation of the pump.

(3) Regardless of positive or negative direction, as the flow rate decreases, the EPR inside
the BFFP device gradually increases, and the high EPR range gradually extends to
the impeller inlet direction. The EPR inside the device is mainly concentrated on
the blade surface, the shroud, the hub and the wall of each over-flow component
after passing the impeller. At the 0.67 Qd and Qd operating condition, the total EPR
of the bi-directional unit is greater in positive operation than in negative operation.
However, the total EPR of the pump unit in negative operation at 1.21 Qd is greater
than that of the positive operation condition.

(4) The main frequency of PP at the impeller inlet is greater than that at the impeller outlet
when the unit operates in both directions, and when the flow rate decreases, the PPI of
the impeller inlet increases. At a 0.67 Qd operating condition, the difference between
the main frequency of PP at the impeller inlet and outlet is much larger than other
two flow conditions. When at the 0.67 Qd and Qd operating condition, the amplitude
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of PP in the positive operation is smaller than that in the negative operation. When
at the 1.21 Qd operating condition, the amplitude of PP in the positive operation is
larger than that in the negative operation. When the flow rate decreases, the PPI at
the impeller outlet increases in the positive operation, while it first increases and then
decreases in the negative operation.

(5) The calculated and experimental data of the BFFP show very little deviation in trend
and amplitude. It shows that it is credible to use numerical simulation to study the
performance of the BFFP.

Author Contributions: H.J.: Data curation, methodology, software, writing. S.C.: Theoretical guid-
ance, financial support. M.W.: Review, editing. H.L.: Experimental guidance. All authors have read
and agreed to the published version of the manuscript.

Funding: This work was supported by the National Natural Science Foundation of China (51076136);
National Science and Technology Planning Project (2006BAB04A03); Natural Science Foundation
of Jiangsu Province (BK2008217); Water Conservancy Science and Technology Project of Jiangsu
Province (2009053); and the Priority Academic Program Development of Jiangsu Higher Education
Institutions (PAPD).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Upon request, all data included in this study can be obtained by
contacting the corresponding author.

Conflicts of Interest: The authors declare that they have no known competing financial interests or
personal relationships that could have appeared to influence the work reported in this paper.

Abbreviations/Nomenclature

Abbreviations
BFFP Bi-directional full-flow pump
FFP Full-flow pump
IGV Inlet guide vane
GV Guide vane
SRC Stator-rotor clearance
EP Entropy production
EPR Entropy production rate
BPF Blade passing frequency
PS Pressure side
SS Suction side
PD Pressure difference
PP Pressure pulsation
PPI Pressure pulsation intensity
FU Flow uniformity
VAA Velocity-weighted average angle
Nomenclature
dr Hub ratio
dt Single time step
t Total time
D Impeller diameter, mm
D1 Hub diameter, mm
n Impeller revolution, r/min
d The dimension of SRC, mm
∆P Pressure difference, Pa
η Efficiency, %
Q Flow, kg/s
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Qd Design flow, L/s
Qc Flow coefficient, L/s
H Head, m
Hd Design head, m
Hc Head coefficient
Cp Pressure pulsation coefficient
Cp* Pressure pulsation intensity
P Average pressure, Pa
Pi Instantaneous pressure, Pa
ρ Liquid density, kg/m3

u Circumferential velocity, rad/s
Nt Number of steps in one revolution of the impeller
Ps Pressure distribution on the blade surface, kPa
PL Energy loss
ui, uj Time-averaged velocity component
αk, αε The coefficients of k and ε

U′ Velocity component
µt Turbulent viscosity
xi, xj Coordinate component
B Sum of additional forces
µe f f Effective turbulent flow viscosity coefficient
P′ Static pressure, Pa
Vu Flow uniformity, %
Vai Axial velocity of the i-th grid node, m/s
θ Velocity weighted average angle, ◦

Va Average axial velocity, m/s
∆H Average static pressure, Pa
Vti Lateral velocity of the i-th grid node, m/s
m Number of grids of the impeller inlet section
T Temperature, ◦C
v is the velocity of the first layer mesh node of the wall, m/s
τ is the wall shear force, Pa.
SE local entropy production rate, W/m3/K
SDE viscous dissipative entropy production rate, W/m3/K
STE turbulent dissipative entropy production rate, W/m3/K
SWE Wall entropy generation production rate, W/m3/K
∆Spro,DE viscous dissipative entropy production, W/K
∆Spro,TE Turbulent dissipative entropy production, W/K
∆Spro,WE Wall entropy production, W/K
∆Spro Total entropy production, W/K
A Area, m2

V Volume, m3(
Eη
)

S The systematic uncertainty of the test bench(
Eη
)

r The random uncertainty of the test bench
Eη The combined uncertainty of the test bench
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