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A B S T R A C T   

Owing to the continuous consumption of fossil fuel and increasing environmental problems, there is an urgent 
need to develop technologies for the efficient use of clean energy. In this study, a mono-tangent backward- 
rotating impeller based on tidal current energy utilization is proposed, and its hydrodynamic performance was 
studied using the computational fluid dynamics method by establishing a hydrodynamic model of the backward- 
rotating impeller. The influences of the number of blades, impeller aspect ratio (λ), and different flow speeds on 
the coefficient of power (cp) of the mono-tangent impeller were investigated. The results show that the value of cp 
of the mono-tangent impeller with four blades is higher than that of the impellers with two, three, five, and six 
blades. λ has a significant impact on the backward-rotating impeller, with cp of the impeller reaching an optimal 
value when λ = 0.5 and the flow speed is 1.25–1.5 m/s (with a tip speed ratio of 0.6–0.75).   

1. Introduction 

The depletion of global fossil fuel reserves, coupled with increasing 
environmental problems, has brought into focus the use of renewable 
clean energy sources such as wind, solar, and ocean energy (Abdelsalam 
et al., 2021; Yuan et al., 2020). Tidal current energy is a kind of ocean 
energy that can be potentially exploited because it is widely distributed 
and predictable and does alter the natural environment (Zhao et al., 
2016; Amy et al., 2017). Tidal current energy turbines comprise the 
main carrier for utilizing tidal current energy, and raising the efficiency 
of tidal current energy turbine power generation is the primary research 
direction at present. There are many kinds of tidal current energy tur
bine power generation devices. These can mainly be divided into ver
tical axis tidal current energy turbines and horizontal axis tidal current 
energy turbines according to their structural forms (Li et al., 2016). 

The vertical axis turbine has advantages such as simple design and no 
need for reversing. At present, many scholars have conducted numerous 
studies on vertical axis turbines. Salleh and co-workers (Salleh et al., 
2021a,b) designed a three-bladed Savonius vertical axis turbine, simu
lated a low-flow-speed river environment in a wind tunnel, and tested 
the impact of deflectors and guide plates on the self-starting speed and 
power performance of two-bladed and three-bladed Savonius turbines 
under low-water-flow-speed conditions. Their results showed that the 
guide plates can improve the power performance and self-starting ability 

of Savonius turbines. Abdolkarim et al. (2020) and Vimal et al. (2017) 
studied the effect on energy capture efficiency of Savonius turbines with 
different aspect ratios. Their results showed that the efficiency of 
capturing energy increases with increasing aspect ratio of <1.8, and the 
opposite is true for aspect ratio of >1.8. Yao et al. (2019) and Abdul et al. 
(2013) studied the effects of overlap ratio and clearance rate on the 
energy capture efficiency of Savonius turbines. The Darrieus tidal cur
rent energy turbine is another type of vertical axis turbine. Intizar et al. 
(2020) studied the effect of a pipeline enhancement system on the 
overall performance of the Darrieus tidal current energy turbine by 
using computational fluid dynamics (CFD), and their results showed that 
the pipeline enhancement system can enhance the performance of the 
Darrieus tidal current turbine, but this will increase the material cost of 
the turbine. Sun and Huang (2020) put forward a vertical axis tidal 
current energy turbine with a superhydrophobic surface and investi
gated its performance numerically. Their results showed that the turbine 
with a superhydrophobic surface has a maximum energy efficiency 
improvement of 16.5% compared to one without a hydrophobic surface. 
A Savonius turbine is used in wind power generation and hydropower 
generation. The existing research mainly focuses on shape design and 
flow field environment simulation to improve the performance and ef
ficiency of the turbine. However, Savonius turbines rely on the torque 
generated by the resistance difference to rotate the turbine (Maldar 
et al., 2020). Based on single-phase fluid flow, when a Savonius turbine 
rotates in one phase, its backward-rotating blades move in the opposite 
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direction to the water flow direction, resulting in large resistance, which 
causes the efficiency of the Savonius turbine to be low. 

The blade profile structure of horizontal axis tidal current energy 
turbines is similar to that of horizontal axis wind turbines, so many 
scholars use blade element momentum (BEM) theory to design the blade 
profiles (Zhu et al., 2020). For example, El-Shahat et al. (2020) used the 
BEM model to design a horizontal axis turbine blade profile and 
compared it with the SERG-Tidal model, and they found that the BEM 
model is better. In addition, Chen et al. (2020), Ramin et al., (2020) and 
Wang et al. (2020) also used the BEM model to design the blade profile. 
In addition to using the BEM model for blade profile design, relevant 
algorithms are generally needed for optimization. For example, Madhan 
et al. (2019) used the Kriging model to optimize the cross section of the 
blade profile and conducted a numerical analysis using CFD. Luo et al. 
(2014) proposed a multipoint optimization method for the blade profile 
and used CFD to simulate the performance of the original and optimized 
blade profiles. The optimized blade profile had better hydrodynamic 
performance than the original blade profile under all three conditions. 

The horizontal axis turbine does work under the partial force of 
water, and the blades of horizontal axis turbine are shown in Fig. 1. If the 
force applied to the turbine by the water flow is assumed to be F, the 
rotation axis of the turbine is parallel to the direction of the water flow, 
and the rotation direction of the turbine is perpendicular to the direction 
of the water flow, then each blade has a torsion angle, so it can receive 
the work done by the water flow. However, the force F cannot fully act 
on the turbine, and the turbine can only receive the work done by part of 
the force (i.e., F2); as a result, not all water flow can do work on the 
turbine. Additionally, current hydro turbines spin underwater. As the 
turbine rotates, there is more resistance to the flow of water than it is in 
the air. 

We (Ling et al., 2019a,b; Zhang, 2019) put forward a 
semi-submersible marine current energy power generation method. This 
method entails putting half of the impeller in the water and half in the 

air. As shown on the right in Fig. 1, the lower part of the impeller is 
immersed in water, facing the direction of water flow, and can receive 
all the work done by the positive force of water flow, and the impeller 
rotates backward (hence is also called backward-rotating impeller), 
making it a vertical axis impeller. During the backward rotation of the 
impeller, the resistance on the upper half impeller in the air is far less 
than that on the half in the water, and the loss of the work done by water 
flow is less, which is conducive to improving the efficiency of marine 
current energy power generation. Because the rotation axis of the 
backward-rotating impeller is perpendicular to the direction of water 
flow, it is a vertical axis turbine. Because there is greater resistance when 
the impeller enters and exits the water surface, we (Ling et al., 2019a) 
proposed the concept of arc tangency of the impeller blades. When the 
arc of the impeller blades is tangent to the water surface, it can ensure 
that the impeller is perpendicular to the water surface, and the resis
tance is least when entering and exiting the water surface. 

On the basis of the previous stage, this paper proposes a mono- 
tangent backward-rotating impeller. For this type of blade arc 
tangency, only one segment of arc is tangent, so it also known as mono- 
tangent. Statistics show that the average flow speed of tidal current is 
~1–2 m/s in the marine environment (Vogel et al., 2019; Patxi and 
Yusaku, 2019). Therefore, we use CFD to study the performance of a 
mono-tangent backward-rotating impeller at this flow speed, and we 
also analyze the influences of the number of blades and the aspect ratio 
on the performance of backward-rotating impellers. We used the com
mercial software ANSYS FLUENT (v20.0) for numerical simulation 
studies. 

2. Mono-tangent backward-rotating impeller model and 
calculation method 

2.1. Analysis of energy characteristics of mono-tangent backward- 
rotating impeller 

The energy obtained by the impeller is shown in Fig. 2, we refer to 
the mathematical model proposed by Chauvin (Ion et al., 2013).The 
torque T0 of the turbine can be calculated by the following formula: 

T0 = TM + TD (1) 

The torque of the part driven by the turbine is TM, which is related to 
the backward rotating blades. The torque of the drag section of the 
turbine is TD, which is related to the return blades. 

It is assumed that the differential pressure across the backward 
rotating blades is ΔPM and the differential pressure across the returning 
blades is ΔPD. The total torque can be expressed as: 

T0 =
1
2
R2H

∫ π
2

0
(ΔPM − ΔPD)sin 2 θdθ (2) 

Symbols 

a Extension distance (m) 
cp coefficient of power 
d Impeller hub diameter (m) 
F Water impact (N) 
g Acceleration of gravity (m/s2) 
P Pressure (Pa) 
T0 Torque on impeller (N m) 
U Inflow speed (m/s) 
WVF Volume fraction of water (%) 
δ Blade thickness (m) 
β Volume fraction of fluid 
σT0 Uncertainty component of torque T0 

σ synthetic uncertainty 
A Effective swept area of the impeller (m2) 
Ct coefficient of torque 
D Impeller hub diameter (m) 
H Impeller height (m) 
R Impeller radius (m) 
TSR Tip speed ratio 
v Velocity vector (m/s) 
ρ Density (kg/m3) 
λ Aspect ratio 
ω Impeller rotating speed (rad/s) 
σω Uncertainty component of rotational speed ω 
σU Uncertainty component of water velocity U  

Fig. 1. Comparison between a turbine (left) and a backward-rotating 
impeller (right). 
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The average power P0 can then be obtained by integrating the torque 
from 0 to π. 

P0 =ω⋅T0=
ω
π

∫ π

0
T0dΦ (3) 

To study the performance of the impeller, power normalization co
efficient processing was conducted for the power of the impeller as 
follows: 

cp =
ωT0

1
2 ρU3A

(4)  

Where cp is the coefficient of power,a dimensionless parameter; ω is the 
impeller rotating speed(in rad

s );T0 is the torque applied to the impeller (in 
N ⋅ m); ρ is density (in kg/m3); U is the inflow speed of water (in m/s); 
and A = RH is the swept area of the impeller (in m2), where H is the 
height of the impeller (in meters) and R is the radius of the impeller (in 
meters). 

As can be seen from Eq. (4), the coefficient of power actually in
dicates the ratio of impeller output power to water flow power. The 
larger the ratio, the higher the actual output power of the impeller, and 
thus the higher the water flow energy obtained by the turbine. 

The coefficient of torque is defined as follows: 

Ct =
4T0

ρU2R2H
(5) 

The tip speed ratio (TSR) is given by 

TSR=
ωR
U

(6) 

As can be seen from Eq. (5), the coefficient of torque actually rep
resents the ratio of the torque received by the impeller to the torque 
generated by the water flow. The larger the ratio, the higher the actual 
output torque of the impeller, and thus the higher the water flow energy 
obtained by the turbine. As can be seen from Eq. (6), TSR represents the 
ratio of the linear speed of the impeller to the inflow speed of the water 
flow. The larger the ratio, the higher the actual impeller rotation speed, 
and thus the higher the water flow energy obtained by the turbine. 

The aspect ratio is 

λ=
H
D

(7)  

where D is the diameter of the backward-rotating impeller. 

2.2. Physical model and mathematical model 

A three-dimensional physical model was established according to the 
working principle of the backward-rotating impeller. As shown in Fig. 3, 

the impeller consists of a hub and blade. The hub radius is d, the arc 
section of the blade is tangent to the extension section, the length of the 
extension section is a, the arc angle of the arc section is α, the thickness 
of the blade is δ, and the height of the impeller is H. The impeller model 
information for the different impeller heights H studied here is given in 
Table 1. The water flow enters the fluid domain from the inlet boundary 
to impact the impeller, and the impeller rotates under force. 

As shown in Fig. 3(b), in the upper part of the computational domain, 
the impeller is placed at the interface of the air and water flow. If both 
water and air are assumed to be homogeneous fluids, the momentum 
obtained by the turbine through air flow is much smaller than that ob
tained through water flow; consequently, the influence of air inflow 
velocity will not be considered. In the calculation, the initial air flow 
field was in a static state, and it was assumed that the magnitude and 
direction of water flow speed were both constant. Because there were no 
internal and external heat sources in the fluid, and the impact of impeller 
energy loss on water flow temperature was not considered in the 
calculation process, the fluid temperature difference was ignored in the 
calculation, and the fluid temperature was considered to be constant. In 
other words, the fluid energy equation was not solved during the 
simulation. The numerical model equations are given in the following. 

The continuity equation is 

∂ρ
∂t

+∇ ⋅ (ρv)= 0 (8) 

The SST k-omega turbulence model proposed by Menter was used as 
the turbulence simulation model (Menter, 1994) because, in many CFD 
studies on turbines, this model has been proven to have better flow 
separation prediction and more accurate performance evaluation (Wang 
et al., 2012; Ahmed, 2016; Sufian et al., 2017) For the fluid domain, the 
multiphase volume of fluid (VOF) model was used to track the volume 
fraction of fluid in the whole fluid domain to simulate the air–water flow 
state. 

Fig. 2. analysis of energy characteristics of mono-tangent backward- 
rotating impeller. 

Fig. 3. Physical model.  
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The momentum equation based on the multiphase flow VOF model is 

∂
∂t
(ρv)+∇ ⋅ (ρvv)= − ∇p+∇ ⋅

[
μ
(
∇v+(∇v)T)]

+ ρg (9)  

where p is the static pressure, ∇ is the divergence, and v is the velocity 
vector. 

According to the fluid volume fraction equation, the VOF method 
was used to track the two-phase interface: 

∂β
∂t

+∇ ⋅ (βv)= 0 (10)  

where β is the volume fraction of fluid. When β = 0, the grid cell has only 
a gas phase. When β = 1, the grid cell has only a liquid phase. When 0 <
β < 1, the grid cell includes both gas and liquid phases. The physical 
parameters of the grid cell were calculated through weighted averaging 
of the volume fraction of fluid: 

ρ= βlρl + (1 − βl)ρg (11)  

and 

μ= βlμl + (1 − βl)μg (12)  

where the subscripts l and g represent liquid phase and gas phase, 

Table 1 
Impeller model information.  

Working 
condition 

Impeller diameter D 
(m) 

Hub diameter 
d (m) 

Extension section a 
(m) 

Arc angle of tangent arc section, α 
(◦) 

Blade thickness δ 
(m) 

Impeller height H 
(m) 

1 0.24 0.024 0.02 97 0.002 0.072 
2 0.24 0.024 0.02 97 0.002 0.120 
3 0.24 0.024 0.02 97 0.002 0.198  

Fig. 4. Rotation domain grids and grid independence assessment.  
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respectively. 
To solve the above model equations, the boundary conditions were 

set as follows: Except for the water inlet and the water outlet, the others 
were set as the wall surface. 

When solving the above mathematical model equations, the SIPLE 
algorithm was used to solve for the pressure–velocity coupling, the 
diffusion term was discretized by using the second-order upwind 
scheme, the pressure gradient term was discretized by using the PRESTO 
algorithm, and the unsteady-state term was discretized by using first- 
order implicit discretization. The six-degree-of-freedom method was 
used to solve for the motion of the impeller, which was based on the 
principle of calculating the pressure and shear stress on the impeller 
surface by numerical integration to solve for the moment applied to the 
impeller. 

2.3. Grid independence verification 

The model was divided into unstructured mesh, the rotational 
domain was densified, and a contact surface was set between the fluid 
domain and the rotational domain. Boundary layers were set for the 
impeller wall surface, and the thickness of the first boundary layer was 
0.03 mm. For the SST turbulence model, in our study, Y Plus is less than 
1. Although there are some reports that less than 15 is acceptable 
(Ramana and Kishore, 2013; Mohammad et al., 2012). 

To ensure that the calculation results were independent of the 
number of grids, seven groups (The grid numbers of groups 1–7 are 
104847, 294226, 501777, 830253, 129770, 1472631, 1899993 
respectively.)of grids with different numbers of grids were defined and 
these seven groups were assessed. The results are shown in Fig. 4. 
Finally, 129770 grids were chosen for the calculation. 

2.4. Experimental scheme design 

To verify the performance of the mono-tangent backward-rotating 
impeller, an experimental platform was designed and built. The exper
imental platform device is shown in Fig. 5. The experimental platform 
was connected by two tanks (one at a high position and the other at a 
low position) and an intermediate water channel. The high-position 
water tank acted as a water supply pool, with its potential energy 
being converted into kinetic energy to simulate tidal current impact on 
an impeller. The water flowed from the water supply pool to the low- 
position water tank, which served as a water storage pool, through the 
water turbine, and the water in the low-position water tank was pumped 
back to the high-position water tank for recycling. The two water tanks 
were connected by an open channel as the experimental waterway. 

An LS300-A self-recording flow meter was used to measure the water 
flow speed during the experiment. The measurement range of this meter 
is 0–4 m/s, and the measuring error is <1.5%. The meter has its own 
portable SD card that can automatically store the data. An experimental 
noncontact rotating shaft torque measuring instrument was selected to 
measure the impeller rotation speed and torque. The torque sensor used 
(HLT-138) had a measuring range of 0–5 N⋅m and a measuring accuracy 
of ±0.5%. 

3. Results and analysis 

3.1. Experimental verification of the simulation method 

An experimental method was used to verify the correctness of the 
numerical method. First, the backward-rotating impeller with λ = 0.5 
was selected for the experiment, and the experimental flow speed was 
controlled to within 1.0–2.0 m/s. Starting from 1 m/s, the impeller 
rotating speed and torque were measured every 0.1 m/s. After the flow 
speed reached 2.0 m/s, it was reduced to 1.0 m/s in turn, and the 
impeller rotation speed and torque were measured at every 0.1 m/s 
interval. This procedure was repeated three times, and the average 

values of rotation speed and torque at the same flow speed were taken to 
calculate the TSR and the coefficient of power (cp). The comparison 
between experimental results and simulation results is shown in Fig. 6. 
The maximum relative error is 9.4%, and the average relative error is 
7.4%. 

The uncertainty of the experiment is calculated according to the 

Fig. 5. Diagram of the experimental apparatus. a: high position water tank; b: 
circulation pipeline; c: bypass pipeline; d: submerged pump; e: butterfly valve; 
f: flow meter; g: backward-rotating impeller; h: torque tachometer; i: generator; 
j: low-position water tank. 

Fig. 6. Coefficient of power of a backward-rotating impeller as a function of 
TSR when λ = 0.5. 
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following formula(Fei, 2015). 
Uncertainty component of rotational speed ω: 

σω =

⃒
⃒
⃒
⃒
∂cp

∂ω

⃒
⃒
⃒
⃒αω +

⃒
⃒
⃒
⃒
∂cp

∂ω

⃒
⃒
⃒
⃒αts (13)  

3.1.1. Uncertainty component of torque T0 

σT0 =

⃒
⃒
⃒
⃒
∂cp

∂T0

⃒
⃒
⃒
⃒αT0 +

⃒
⃒
⃒
⃒
∂cp

∂T0

⃒
⃒
⃒
⃒αts (14) 

Uncertainty component of water velocity U 

σU =

⃒
⃒
⃒
⃒
∂cp

∂U

⃒
⃒
⃒
⃒αω +

⃒
⃒
⃒
⃒
∂cp

∂U

⃒
⃒
⃒
⃒αfm (15) 

Combination of Uncertainties 

σ =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

σ2
ω + σ2

T0
+ σ2

U

√

(16) 

Among them, αω is the standard deviation of the average value of the 
rotational speed, αT0 is the standard deviation of the average value of the 
torque, αU is the standard deviation of the average value of the water 
flow velocity, αts is the standard uncertainty caused by the indication 
error of the rotational speed and torque measuring instruments, αfm is 
the standard uncertainty caused by the indication error of the flow rate 
measuring instrument. 

The calculation results of the synthetic uncertainty are shown in 
Fig. 6. 

We summarize the reasons for the deviation of three experiments and 
simulations. First, due to the short distance between the two tanks, the 
water flow supplied by the submersible pump is still unstable in the 
high-position water tank. Unstable water flow impinging on the impeller 
is one of the reasons for the deviation of the experiment and simulation. 
Also, the width of the flow channel of the test rig is smaller, which is one 
reason for the experiments and simulations. Finally, regarding the sup
porting structure, in our experiments, the ceramic bearing was the 
supporting structure. In numerical simulations, adding support struc
tures will increase the complexity of the numerical simulation. There
fore, we did not add support structure models. Of course, this creates a 
bias between experiment and simulation. According to the results of our 
tests, the data show a consistent trend, so we consider the numerical 
simulation method acceptable. 

3.2. Influence of the number of blades on the impeller 

The inlet boundary condition was set to the velocity inlet, and the 
velocity was set to 1.5 m/s. The simulations were performed for im
pellers with an aspect ratio of λ = 0.3 and two to six blades, respectively. 
The impeller coefficient of power obtained is shown in Fig. 7. The 
impeller coefficient of power with four blades is the highest, followed by 
the impeller with three blades. Fig. 8 shows the distribution of liquid 
(water) phase volume fraction (WVF) and pressure distribution of im
pellers with different numbers of blades. As shown in Fig. 8(a), when the 
impeller is impacted horizontally by the water flow, the arc shape of the 
impeller blocks part of the water flow when entering the water, creating 
resistance. At a certain moment, this resistance forms a force balance 
with the impact force of the water flow on another arc of the impeller, 
resulting in no rotation or low-speed rotation; consequently, the output 
power of the two-bladed impeller is relatively low. As shown in Fig. 8, 
compared with two blades, when the number of turbine blades in
creases, the coefficient of power (cp) correspondingly increases. How
ever, under the working conditions with five and six blades, the 
phenomenon in which the water flow is blocked by the arc section of 
blades arises many times because of the increase in number of blades, 
causing the increase in the resistance to the turbine (Fig. 8(d) and (e)), 
thereby decreasing the output powers of the impellers with five and six 
blades. In addition, with the increase in the number of blades, the dead 

weight of the impeller increases, also leading to a decrease in the output 
power of the impeller. 

Fig. 9(a)–9(e) shows diagrams of the distribution of the coefficient of 
torque of impellers with two to six blades with time, respectively. The 
coefficient of torque exhibit periodicity. The reason for this is as follows: 
The impeller rotates after being impacted by the water flow; the blades 
are resisted when entering the water surface, so the torque gradually 
decreases; the blades in the water undergo the positive impact force of 
the water flow, so the torque gradually increases; with the rotation of the 
impeller, the coefficient of torque changes periodically. The length of 
the period is related to the number of blades. The more blades there are, 
the shorter the period of a blade in contact with the water, and thus the 
shorter the change period of the coefficient of torque. If there are too 
many blades, the number of times they block the water flow will in
crease; therefore, the torque on the impeller is much more offset by the 
resistance on it when it enters the water, and its output power is 
reduced. Because four blades are symmetrically arranged up and down 
and left and right, the force on the impeller is relatively uniform, and the 
simulation result is also the best. Therefore, in all of the subsequent 
performance analyses, the four-bladed impeller was used as an analysis 
object for analysis of the performance impact parameters of the 
backward-rotating impeller. 

3.3. Influence of impeller aspect ratio and water flow speed on impeller 
output power 

In this section, the working conditions are set, and the influences of 
impeller aspect ratio (λ) and water flow speed on impeller output power 
are discussed and analyzed. Four-bladed impellers with λ of 0.3, 0.5, and 
0.8 were selected for numerical simulation studies, and the water flow 
speeds were set to 1, 1.25, 1.5, 1.75, and 2.0 m/s, respectively. The 
results are shown in Fig. 10, from which it can be seen that, when λ =
0.3, the value of cp of the impeller increases with the increase in the 
water flow speed and finally tends to be stable. When λ = 0.5 and the 
water flow speed is above 1.25 m/s, the value of cp decreases with the 
increase in speed. When λ = 0.8, the decreasing trend of cp with the 
increase in water flow speed is more significant. According to Eq. (5), 
the output power of the impeller is directly proportional to the torque 
and the rotation speed. If the resistance on the impeller increases, the 
torque and coefficient of power of the impeller will decrease. When λ 
increases, the energy of the water flow that can be used will increase, but 
the resistance on the impeller when entering the water will also increase. 
Fig. 11(a) and 11(c) show diagrams of the distribution of the impeller 

Fig. 7. Coefficient of power (cp) of impellers with different numbers of blades 
when λ = 0.3. 
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Fig. 8. Distribution of WVF and distribution of pressure (P) on impellers with different numbers of blades with and aspect ratio of λ = 0.3.  
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WVF and the distribution of the pressure (P) on the impeller when λ is 
0.3, 0.5, and 0.8, respectively. It can be seen from these figures, coupled 
with Fig. 10, that, when λ = 0.8, the height of the impeller is the largest, 
and when the water flow speed increases, the resistance on the blades 
increases when they enter the water. Therefore, when the water flow 
speed is 1 m/s, cp is the largest. Conversely, when the water flow speed is 
2 m/s, cp is instead the lowest. When λ = 0.5, the height of the impeller is 

appropriate, and the resistance on the impeller is reduced. Therefore, cp 
increases with the increase in water flow speed when the water flow 
speed is < 1.25 m/s, is the largest when the water flow speed is 1.25 m/s, 
and decreases with the increase in water flow speed when the water flow 
speed is > 1.25 m/s. When λ = 0.3, the height of the impeller is the 
smallest and the resistance on the impeller is the lowest, so cp increases 
with the increase in water flow speed, and it is the largest when the 
water flow speed is 2 m/s. The peak value of cp moves forward with the 
increase in λ when the water flow speed is 1–2 m/s. When λ is 0.5, the 
impeller gets the best cp at a water flow speed of 1.25 m/s. 

Fig. 12 shows the relationship between TSR and coefficient of power. 
When λ = 0.3, the output power of the impeller increases with the in
crease in TSR and water flow speed. When TSR reaches 0.8–0.9, cp tends 
to be stable. When λ = 0.5, cp first increases and then decreases with the 
increase in water flow speed and TSR. When the TSR is between 0.55 and 
0.7, cp is the best. When λ = 0.8, cp increases with the increase in TSR. 
From Figs. 10–12, it can be seen that the resistance on the impeller with 
small λ is small because of its short height; therefore, with the increase in 
water flow speed, TSR increases and cp also increases. For the impeller 
with moderate λ, its height is also moderate, and the resistance on it 
increases slightly at low water flow speed and greatly at high water flow 
speed, so cp increases first and then decreases. The impeller with the 
largest λ receives great resistance at high water flow speed because of its 
greater height. TSR decreases with the increase in water flow speed, and 
cp also decreases with the increase in water flow speed. 

4. Conclusions 

A mono-tangent backward-rotating impeller is proposed, and a rear- 
rotating impeller model is established. The hydrodynamic performance 
of the mono-tangent backward-rotating impeller is studied using CFD 

Fig. 9. Distribution of coefficient of torque for impellers with two to six blades with time.  

Fig. 10. Variation of the coefficient of power as a function of water flow speed 
for an impeller with four blades at different aspect ratios. 
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methods, and the following conclusions are reached from the analysis 
and discussion:  

(1) The simulation was experimentally verified, with a maximum 
relative error of 9.4% and an average relative error of 7.4%. The 
experimental and simulation results are in good agreement, 
which verifies the accuracy of the simulation. 

(2) Impellers with two to six blades impacted by the water flow were 
simulated, and the results show that the four-bladed one has a higher 
value of cp. The coefficient of torque of the impeller changes periodi
cally, which is related to the number of impeller blades. The balance 
between the resistance and pushing force on the impeller with two 

blades when entering the water will lead to a decrease in output power. 
For impellers with five and six blades, because of the short period and 
the large number of blades, the resistance on the impeller increases 
when the impeller enters the water, which leads to a decrease in output 
torque and output power of the impeller.  

(3) The cp values of four-bladed impellers with different λ values at 
different inflow speeds were compared, and the results show that 
the cp values of impellers with different λ values exhibit different 
trends when they are impacted by different water flow speeds. 
When λ = 0.3, the increase in water flow speed will increase the 
value of cp of the impeller, but cp will eventually become stable. 
When λ = 0.5 and 0.8, the increase in water flow speed will 

Fig. 11. Distribution of WVF and distribution of pressure (P) on an impeller with four blades with different aspect ratios at a water flow speed of 1.5 m/s.  
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decrease cp, and the larger the value of λ is, the faster the decrease 
in cp will be. Impellers with smaller λ have higher performance at 
high water flow speeds, and impellers with larger λ have higher 
performance at low water flow speeds.  

(4) Impellers with different λ values also exhibit different trends with 
the change in TSR. When λ = 0.3 and 0.8, cp increases with the 
increase in impeller TSR. Although cp is stable at 0.2, when λ =
0.8, cp of the impeller reaches a maximum at low water flow 
speed, and, when λ = 0.3, cp reaches a maximum at high water 
flow speed. When λ = 0.5, cp first increases and then decreases 
with the increase in TSR, and it is the best in the TSR range of 
0.55–0.7, which is higher than that of the impellers with λ = 0.3 
and 0.8. 
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