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a b s t r a c t
Based on NACA63816, NACA63815 and NACA63813 airfoils, an airfoil for large hydraulic turbines 
is designed. The design optimization software iSight was used to establish an airfoil optimization 
model building on multi-island genetic algorithm, and the computational fluid dynamics numeri-
cal simulation approach was applied to analyze the flow field. The lift-to-drag ratio, drag coefficient 
and maximum thickness Tm at an airfoil angle of attack of 5° are selected as the optimization target 
parameters to derive the hydrodynamic coefficients of the airfoil. The optimized airfoil lift coeffi-
cients increased by 20%/15%/14% and the lift-to-drag ratios rised by 28%/16%/14%.
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1. Introduction

Hydraulic turbine power generation technology has 
been widely used due to its advantages of cleanliness and 
non-pollution. Completely imported foreign technology for 
trendy turbines is extremely costly [1]. It is worth noting that 
the oceans have significant renewable energy potential as 
a source of energy [2]. Inflexibility and financial threats to 
system functionality stemming from uncertain parameters 
in heat loads, electrical and cooling loads, electricity prices 
and renewable energy generation [3]. Diffuser Enhanced 
Tidal Turbines have been determined and considered to be 
highly efficient in converting tidal energy and the blades 
play a key role in converting tidal energy [4]. At present, to 
increase the overall energy-acquiring power of the horizon-
tal axis tidal energy turbine, the blades are required to be 
made longer and longer, which imposes higher requirements 
on the hydrodynamic performance and structural strength 
of the blades. The hydraulic turbine blade consists of each 
wing section, and the performance of the wing section is also 
directly related to the performance of the hydraulic turbine. 

Therefore, priority is given to optimizing the wing section 
to improve the hydrodynamic performance of the airfoil.

Airfoil design is a key element of hydraulic turbine 
design, and only by choosing a suitable airfoil can the effi-
ciency of a hydraulic turbine be maximized [5]. The com-
monly used airfoil design methods in the early days can be 
categorized into two types: the forward design approach 
and the backward design approach. The forward design 
approach often uses mathematical equations to determine the 
shape of the airfoil first, followed by experimental measure-
ments. However, there is a large uncertainty as to whether 
the flow characteristics and hydrodynamic performance of 
a new airfoil designed using this method are as expected. 
The inverse design method is usually based on the surface 
pressure coefficients or velocity distributions of a given air-
foil, and numerical simulations using computational fluid 
dynamics are utilized for continuously adjust airfoil geom-
etry to approximate the desired hydrodynamic features. 
With rapid development of computers and numerical opti-
mization methods, an optimization method that integrates 
computational fluid dynamics with optimization algorithms 
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has begun to receive widespread attention and has gradu-
ally become a major trend in airfoil optimization [6].

In the blade design of a hydraulic turbine, the distribu-
tion of airfoil shape, airfoil spread, chord length distributed 
along the spreading direction, thickness and torsion angle 
as critical influencing factors [7]. To increase the efficiency 
of hydraulic turbines, scholars have conducted relevant 
studies. Wu et al. [8] adopted the Schmitz theory to design 
blades and fully considered the impact of wing tip loss and 
airfoil loss on the efficiency of the hydraulic turbine. Abolfazl 
et al. [9] used a continuous genetic algorithm and binary 
genetic algorithm, respectively, and optimized the blades 
with the chord length and the distribution of torsion as the 
design variables. Continuous genetic algorithm is superior 
than the binary genetic algorithm in terms of accuracy and 
computation time. Zhang et al. [10] compared the angles of 
attack and lift-to-drag ratios of multiple airfoils by optimiz-
ing a multi-island genetic algorithm, which in turn led to 
the conclusion of which airfoil was more effective in gaining 
energy. Lee and Shin [11] optimized the cross-section design 
of the initial blade at several locations based on genetic algo-
rithm, and the optimized blade became lighter, which also 
reduces the applied loads of the wind turbine. Grasso [12] 
used a scheme to find the optimum by combining the genetic 
algorithm and gradient class algorithm and finally obtained 
airfoils with the high aerodynamic performance of the air-
foil. He and Agarwal [13] optimized the S809 airfoil using 
MOGA with the optimization goals of increasing lift and lift-
to-drag ratio, and the outcome indicates that the optimized 
wing shows dramatic improvement in both lift coefficient 
and lift-to-drag ratio compared to the original S809 airfoil. 
Chern et al. combined genetic algorithms with the direct 
force immersed boundary approach for the optimization of 
the blade, and the efficiency of the optimized wind turbine 
blade designed in such an approach increased by 5.61% com-
pared with that of the original blade by 5.61%. Yeo et al. [15] 
combined a genetic algorithm and Blade Momentum Theory 
(BEM) to optimize the blade for the objective of local torsion 
angle and chord length. The performance of the optimized 
BEM model was compared with the experiments, thus verify-
ing the accuracy of the optimized BEM model. Landa Couto 
et al. [16] used the blade mass, largest tip displacement, the 
vibration intrinsic frequency, and the crucial load coefficient 
as the target function to optimize the blade structure. The 
structure of the wind turbine blade was optimized and all 
the optimized blade structures were significantly improved. 
Pholdee et al. [17] used the torsion angle on the blade radius 
and the position of the rotational axis on the blade chord 
length as the design variables, and power factor maximi-
zation was taken as the optimization objective. The best 
blade achieved in this study shows improved behavior over 
the initial blade under low wind velocity conditions with a  
wind speed of 10 m/s.

In this article, the tidal current energy horizontal axis 
hydraulic turbine blade airfoil is treated as an object of study, 
and the Class Shape Function Transformation (CST) param-
eterization method is used to parameterize the airfoil, which 
takes the lift coefficient and lift-to-drag ratio under several 
working situations as the optimization objectives. To find the 
global optimal solution, a multi-island genetic approach is 
to solving the model, and the hydrodynamic performance 

and pressure coefficients are obtained through the XFOIL 
software, with the final goal of obtaining a compliant air-
foil. The various modules of the optimization are integrated 
into the iSight platform to run automatically. Finally, the 
airfoils under different design conditions are analyzed to 
obtain the characteristics of various types of airfoils, which 
provides a basis for carrying out hydraulic turbine design.

2. Airfoil parameterization

2.1. Parametric modeling of airfoil

The airfoils at different locations of the horizontal axis 
turbine blade spread have different design requirements 
[18]. The airfoil at the tip does not need to bear large loads, 
so the thickness of the airfoil here is usually designed to be 
small. The tip is the key area to capture energy, so the lift 
resistance in this area is relatively high; the middle part of 
the blade is the transition zone, and the airfoil cross-sec-
tion is designed with a smooth transition. The root of the 
blade requires greater structural strength, so the thickness 
of the design is larger at this location.

From the consideration of hydrodynamic and struc-
tural characteristics, the hydraulic turbine blade needs dif-
ferent airfoils for stacking modeling along its spreading 
direction. Generally, each part is considered as follows:

(1) Blade tip (75%–100% of blade spread): The blade tip 
is the key area of the hydraulic turbine to gain energy. 
Here the thickness of the airfoil design is small. In order 
to obtain better hydrodynamic performance, as well as 
a larger lift-to-drag ratio and better stall characteristics, 
its maximum relative thickness is generally not more 
than 20%.

(2) In the design of the middle blade airfoil of the hydraulic 
turbine, it is necessary to consider the transition smooth-
ness with the trail and tip of the blade, and its geomet-
rical characteristics need to have better geometrical 
compatibility (at the position of 30%–75% of the blade 
spreading), and its maximal relative thickness is gen-
erally between 21%–28%.

(3) During the actual operation of the hydraulic turbine, 
the incoming flow will continuously impact the blade. 
Therefore, the root part of the blade requires high 
fatigue strength and good structural characteristics. The 
hydraulic turbine is thicker at the trail part of the blade 
(at 0%–30% of the blade spread), and the maximum 
relative thickness is generally above 28%. For large-
scale tidal current energy turbine blades, the maximum 
relative thickness can be designed to be more than 40%.

In conclusion, in order to have a better energy-yielding 
efficiency of the turbine, the selected airfoil needs to get a 
larger lift-to-drag ratio.

In this paper, the selected turbine airfoil is from the lit-
erature [19], and the surface of the turbine blade is made 
by the “Ten-Section Method”, a complete blade is divided 
into ten different cross-sections and then connected with 
curves in a smooth transition, and the parameters of its 
various cross sections are shown in Table 1. The hydraulic 
turbine model is shown in Fig. 1. To meet the NACA638-XX 
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series of airfoils in the water for better energy acquisition, 
it is necessary to carry out some optimization. Now the 
airfoils at 8, 9, and 10 are optimized to increase the max-
imum lift-to-drag ratio. The relative thicknesses of these 
airfoils are 16%, 15% and 13%, respectively. In Table 1, r is 
the paddle radius; c is the chord distance; t is the thickness 
and β is the torsion angle.

2.2. Parametric modeling of airfoil

The CST parameterization method was first proposed 
by Kou et al. [20] at the 11th AIAA/SSMO Multidisciplinary 
Analysis and Optimization Conference in 2006. The air-
foil geometry is described by introducing a Class Function 
and a Shape Function. The Class Function serves to specify 
the basic contour of the airfoil, for example, it specifies: a 
rounded tip and tail airfoil, an elliptical airfoil with a rounded 
tip and tail, and a wing with a pointed tip and tail. The 
shape function is to adjust the basic airfoil contour, adjusting 

the airfoil leading edge and airfoil trailing edge through 
some parameter points to achieve the design desired shape.

The mathematical expression of CST parametric 
method is:
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where ΔyTE is thickness of the trailing edge of the airfoil; 
C(x/b) is category function, and S(x/b) is shape function.

The mathematical representation of the category func-
tion is given by:
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where N1, N2 are control coefficients.
When N1 and N2 take different values, different geome-

tries can be defined. When N1 and N2 take different values, 
different geometries can be defined. By taking S(x/b) value of 
1, by taking ΔyTE value of 0, Eq. (1) can be simplified to:
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Taking different values for N1 and N2, respectively, differ-
ent wing profiles are obtained as shown in Fig. 2:

When N1 = 0.5, N2 = 1, it corresponds to the NACA series 
of round-head and pointed-tail airfoils; when N1 = 0.5, 
N2 = 0.5, it corresponds to the elliptical airfoils with round 
heads and round tails; and when N1 = 1, N2 = 1, it corresponds 
to the airfoils with pointed heads and pointed tails.

In this paper, the mathematical representation of 
the category function corresponding to N1 = 0.5, N2 = 1 is 
chosen as:
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The first term x b/  on the right-hand side of the 
above equation can be used to ensure that the profile near 

Table 1
Airfoils at each spreading direction of the turbine

Serial number NACA r (mm) c (r) c (mm) t/c (%) t (mm) β (°)

1 63858 60 0.0483 29 58 16.87 23
2 63825 120 0.1117 67 25 16.75 19
3 63823 180 0.1109 66.56 22.8 15.51 12.35
4 63822 240 0.1045 62.72 21.9 13.73 9.96
5 63820 300 0.0988 59.3 20.05 12.07 8.91
6 63819 360 0.0932 55.92 18.80 10.51 8
7 63817 420 0.0883 52.98 17.15 9.14 7.03
8 63816 480 0.0857 51.44 16.1 8.08 6.21
9 63815 540 0.0830 49.82 15.1 7.05 5.74
10 63813 600 0.0733 44 12.8 5.54 5.5

 
Fig. 1. Three-dimensional model of a tidal turbine.
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the front edge of the airfoil has a rounded shape, whereas 
the second term (1 – x/b) can be used to ensure that the pro-
file near the trailing edge of the airfoil has a pointed shape, 
which corresponds exactly to an airfoil with a rounded tip 
and pointed tail.

3. Optimizing problem parameters

The ultimate goal of this paper is to design an airfoil 
that can meet the operating properties of horizontal axis 
tidal current turbine blades under complex operating con-
ditions. Therefore, the geometrical characteristics and 
hydrodynamic performance of the airfoil need to refer to 
the multi-operating conditions of the horizontal axis tidal 
energy turbine. In order to meet the above conditions, the 
following elements are optimized: (1) constraint function fx 
and (2) optimization conditions.

3.1. Constraint function

The performance requirements of hydraulic turbine air-
foils are very complicated, and the focuses of different air-
foil designs on each performance parameter are different 
and sometimes even contradictory to each other, whereas 
multi-objective optimization can weigh and allocate each 
performance parameter to get the airfoil with the best over-
all behavior. When the floater goes in motion in hydrostatic 
water, the structural motion generates radiation. It is worth 
noting that these forces are a function of the motion of the 
structure. Where mass and drag coefficients are taken into 
account in the dynamic equations [21]. The optimization pro-
cess not only needs to consider the hydrodynamic behavior 
of the airfoil such as lift-to-drag ratio, but also needs to con-
sider the hydrodynamic stability of the airfoil in the stall 
region, and the stability parameters are defined as follows:

The largest relevant thickness of the original bionic air-
foil is specified as h0. Constraints can be imposed in order 
not to change in the shape of the optimized airfoil geometry:

12 5 16 50. % . %� � �
t
c
h  (5)

where t is the maximum thickness considered for the 
corresponding airfoil.

In general, the location of the maximum thickness of 
the optimized airfoil at 8, 9, and 10 is at 35% chord length 
from the forefront, and the constraint function can be set 
in order to optimize the airfoil without changing the airfoil 
geometry too much [22]:

32 37% %≤ ≤
h
c
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where ht is the distance from the forefront where the 
maximum thickness of the bionic airfoil is located.

For 2D airfoils, increasing the curvature at appropri-
ate locations can raise the lift-to-drag ratio, however, too 
much curvature will affect the overall blade intensity. 
Parallelism between the optimized airfoil and the initial 
airfoil should also be given consideration. It is therefore 
possible to limit the combination of the three factors:

3 5% %≤ ≤
w
c

 (7)

where w is the airfoil curvature.
The position of the bend is appropriately shifted towards 

the trailing edge to favor the maximum lift-to-drag ratio 
of the tidal energy turbine airfoil, and the constraints are 
imposed in a way that ensures geometrical similarity:

45 55% %≤ ≤
w
c
f  (8)

where wf is the distance from the placement at the maxi-
mum bending at the front edge of the wing.

Most of the noise generated during the operation of a 
tidal energy turbine originates from the eddy currents gen-
erated by the motor and the blades. The vortices generated 
by the blades in turn mostly originate from the tip vortices. 
Thus, the noise reduction treatment of hydraulic turbines 
can be realized by improving the thickness of the wing 
trailing edge at the blade tip. Previous studies have shown 
that the greater the thickness of the airfoil trailer edge, the 
greater the noise generated by the airfoil’s trailing edge. 
However, the thickness of the wing trailing edge is not con-
venient for processing when it is too small, so the compre-
hensive consideration of the thickness of the wing trailing 
edge can be designed as:

y yu l, , .1 1 0 01� �  (9)

where yu,1 is the y-coordinate of the upper airfoil surface, and 
yl,1 is the y-coordinate of the undersurface of an airfoil.

For airfoils of different thicknesses, the weights of each 
parameter in the airfoil design process are not fixed val-
ues and need to be adjusted according to different perfor-
mance requirements because of the different emphasis 
on airfoil performance at different locations. Finally, the 
multi-objective function can be expressed as:

f h h w w yi t� � � � �0 15 0 25 0 1 0 35 0 151. . . . . �  (10)

 
Fig. 2. Geometries grown with different values of N1, N2.
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where h is the maximum relative thickness of the ini-
tial bionic wing; h1 is the maximum thickness is located at 
a distance from the leading edge; wi is curvature; wt is the 
location of the maximum bend is the distance from the 
leading edge, and Δy is airfoil trailing edge.

3.2. Optimization conditions

The lift-to-drag ratio Cl/Cd, drag coefficient Cd and the 
maximum thickness Tm of the wing with an angle of attack 
of 5° are selected as the optimization target parameters, as 
shown in Table 2, where Cl/Cd > (Cl/Cd)0, Cd0 and Tm0 denotes 
the initial airfoil type corresponding to the reference airfoil 
type. In this paper, NACA63813, 63815 and 63816 airfoils of 
the same thickness as the target airfoils are selected as refer-
ence airfoils. The optimization condition in the design pro-
cess is that the lift-to-drag characteristic of the designed air-
foil is better than the reference airfoil of the same thickness.

4. Numerical methods and optimization algorithms

4.1. Numerical method

The lift-to-drag characteristics of the airfoil originate 
from two parts in the incoming flow: firstly, when the incom-
ing flow passes through the airfoil, the lower surface is in 
the positive pressure region and the upper surface is in 
the negative pressure region, which creates a pressure dif-
ference between the two, and secondly, the viscous effect 
generated on the surface of the airfoil. Influence of viscos-
ity on drag coefficient is larger than that on the lift coeffi-
cient, and the effect decreases with increase of the angle of 
attack. The Reynolds number is used as a measure of the 
relative size of the inertial force and the viscous force, and 
the influence of the viscous force is more remarkable when 
the Reynolds number is smaller. An appropriate increase 
in Reynolds number can reduce the drag coefficient.

Re = Vl
v

 (11)

where, V is the flow rate; l is the characteristic length, and 
v is the kinematic viscosity. The Reynolds number was set 
to Re = 1 × 106.

To ensure the optimization process and validation are 
accurate, the effects of the mesh itself on the outcome are 
excluded. The grid-independence is shown in Fig. 3, and 
the lift coefficient of the NACA63816 airfoil is used as the 
convergence criterion. The results show that as the number 
of meshes grows to 200,000, the lift coefficient for Cl is 1.31. 

As the number of meshes is growing, the lift coefficient stays 
constant. In this case, it can be assumed that the calcula-
tion outcome is irrelevant to the number of grids. A grid of 
200,000 is used in the subsequent studies of this paper.

XFOIL software is used to numerically predict the 
lift resistance and other characteristics of the airfoil and 
compared with Fluent software, which is widely used 
in the optimization of airfoil design owe to the benefits 
of its rapid solution and good stability. Fig. 4 shows the 
results of numerical simulation and XFOIL calculation 
for the NACA63816 airfoil with different angles of attack. 
The reasons for choosing to compare the results with those 
of XFOIL are: (1) XFOIL has high computational accuracy, 
and (2) it is easy to modify the parameters of XFOIL, due 
to the lack of experimental link for the working conditions 
of the numerical simulation in the thesis, the method used 

Table 2
Optimization parameters

Optimization 
conditions

Weights Parameters Optimum

Lift-to-drag ratio 0.2 Cl/Cd Cl/Cd > (Cl/Cd)0

Drag 0.2 Cd Cd ≤ Cd0

Maximum thickness 0.7 Tm [Tm – Tm0] ≤ 0.001

 
Fig. 3. Grid independence verification.

 
Fig. 4. Calculation accuracy test.
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in this study compares the results of numerical simulation 
with those of XFOIL under the same working conditions. 
XFOIL under the same working conditions to determine its 
accuracy by comparing the results obtained from numer-
ical simulation. From the figure, which shows that the 
angle of attack before reaching the stall angle of attack, 
the numerical simulation and XFOIL results are basically 
in agreement, and after the stall, the results show errors, 
but the changes are basically consistent.

5. Optimization and result analysis

5.1. Optimization of the design process

Using iSight software, the airfoil generated by the CST 
module of the airfoil parameterization module is imported 
into the XFOIL module to solve the airfoil, and the results 
are outputted, followed by the output of the target param-
eters by the Function module of the computational function 
module, and then optimized by the Multi-Island Genetic 
Algorithm (MIGA) in the Optimization module, as shown 
in Table 3 of the iSight software. By batch processing the 
output results, comparing the parameters before and after 
the wing optimization, and repeating the above operation 
until the optimal solution is obtained, the operation flow is 
shown in Fig. 5.

5.2. Optimization results

Fig. 6 shows the comparison of the shape of 
NACA63816/15/13 airfoils after optimization by iSight 
software, it can be found that the geometry of the three 

optimized airfoils is shifted upward as a whole compared 
with the initial airfoil. Figs. 7 and 8 show the comparison of 
the lift coefficient and lift-to-drag ratio of the airfoils before 
and after optimization. It can be observed that the previous 
lift coefficient and after optimization grows linearly in the 
range of the angle of attack from –5° to 5° and the growth 
rate is larger. the growth of the lift coefficient from 5° to 15° is 
slow and non-linear, and the lift coefficient starts to decrease 
after 15° when it gradually reaches the stall region. This is 
because, for NACA6xx series airfoils, the airfoil’s coefficient 
of lift increases with increasing angle of attack over a given 
range, but the lift coefficient is faster than the drag coeffi-
cient, and the lift-to-drag ratio increases gradually; when the 
angle of attack becomes 5°, the lift-to-drag ratio decreases 
rapidly because the drag coefficient increases rapidly at 
this time and the lift coefficient is growing slowly. From the 
comparison of the optimized airfoils, it can be found that 
the lift coefficients of NACA63816/15/13 have increased 
by 20%/15%/14% at 5°, and the drag ratios have increased 
by 28%/16%/14%, respectively.

Figs. 9 and 10 show the vortex streamline diagrams 
and pressure cloud diagrams of the airfoil before and after 

Table 3
Control parameters of multi-island genetic algorithm

Parameter name Parameter settings

Subspecies group size 7
Number of subspecies archipelagos 8
Evolutionary algebra 50
Probability of hybridization 0.96
Probability of mutation 0.02
Mobility 0.02
Migration interval 6

 

Original Airfoil

CST Airfoil 
parameterization

Objective function

Multi-island genetic 
algorithm

Fulfill a 
condition

Changing design 
variables

NoYes
Output Airfoil

CFD Verification

Optimized Airfoil

Fig. 5. Optimization process.

 
Fig. 6. Comparison of NACA63816/63815/63813 airfoil optimization.
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NACA63813 optimization. Comparing the velocity stream-
lines diagrams before and after optimization, it can be 
seen that as the range of negative pressure area of the air-
foil becomes larger after optimization, which results in an 

increase in the flow velocity over the upper surface and the 
area becomes larger, which also means that the efficiency 
of the turbine blade will be increased in the actual working 
process. Observing the pressure cloud after optimization, 

 
Fig. 7. Optimized lift ratio of NACA63816/63815/63813 airfoil.

 
Fig. 8. Optimized lift-to-drag ratio of NACA63816/63815/63813 airfoil.

 
(a)  

  
(b)

Fig. 9. NACA63813 airfoil vortex streamline. Angle of (a) attack 10° and (b) attack 15° (initial airfoil on the left, optimized airfoil on 
the right).
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which shows that when the curvature and thickness of the 
airfoil are increased and shifted backward with respect to 
the maximum curvature and thickness, the flow velocity of 
water on the upper surface of the airfoil will be larger, and 
then the suction force on the lower surface of the airfoil will 
increase, which will finally make the coefficient of lift and 
the coefficient of lift-to-drag ratio larger. From the pressure 
cloud diagrams before and after the airfoil optimization, as 
can be seen that the negative pressure area of the upper air-
foil surface is wider and more uniform. The initial airfoil’s 
negative pressure zone is focused in the forward zone of 
the airfoil, while the optimized airfoil’s negative pressure 
zone is focused in the middle zone of the forward part of 
the airfoil. The negative pressure zone is more evenly dis-
tributed, which means that the optimized wing has better 
structural stability.

6. Numerical simulation of turbine

The optimized hydraulic turbine is modeled and the flow 
domain is divided. The entire turbine flow field domain is 
divided into two regions. The rotating domain containing 

the turbine model and the stationary domain outside the 
turbine. In Fig. 11, the inlet of the flow field domain is 6D 
from the turbine, the upper, lower, left, and right walls are 6D 
from the turbine, and the outlet is 24D from the turbine. The 
inlet boundary of the calculation field is given as a velocity 
inlet with an inlet velocity of 1.0 m/s, the turbulence inten-
sity is set to 5%, and the hydrodynamic diameter is 12D. 
The direction of the inflow is perpendicular to the velocity 
inlet, and it is a uniform incoming flow. The downstream 
outlet is defined as the pressure outlet boundary condition, 
and the outlet pressure is the default value. The top, bottom, 
left, and right walls of the static domain are free-slip walls. 
The turbine rotation speed is set to 85 rpm, and the turbine 
walls are given as no-slip walls. The pressure-velocity cou-
pled solver uses the commonly used SIMPLEC algorithm, 
with the first-order inverse distinct hidden format for the 
time term, the second-order windward for the spatial discret-
ization of the pressure term, and the first-order windward 
format for the discretization of the momentum term, where 
the default settings are used for each value. The turbulence 
model is the SSTk–ω model, which has greater computa-
tional accuracy for smaller tip speed ratios. Where k stands 

  

 
 

 

(a)

(b)

(c)

Fig. 10. NACA63813 airfoil pressure cloud. Angle of (a) attack 5°, (b) attack 10°, and (c) attack 15° (initial airfoil on the left, optimized 
airfoil on the right).
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for the turbulent kinetic energy and ε stands for the dissipa-
tion rate of this energy. The solver is the transient solver with 
time steps taken to rotate the turbine by 1°:0.0019379845 s. 
The thrust torque of the turbine is also monitored.

The pressure cloud diagram of the hydraulic turbine is 
illustrated above in Fig. 12, and the pressure cloud diagram 
above and below the blade can be divided into pressure sur-
face and suction surface, with the pressure surface being 
the positive pressure area and the suction surface being the 
negative pressure zone. From the figure, it is clear that the 
pressure minimum position of the hydraulic turbine blade 
is at leading edge of the blade tip in the suction part, and 
the maximum pressure is situated at the front edge of the 
blade tip in the positive pressure zone. The pressure differ-
ence between the positive pressure zone and the negative 
pressure zone causes turbine blade to generate a lift force, 
which then forms a torque acting on the blade to make the 
turbine rotate and output power to the outside.

From Table 4, as can be observed that the grid number 
levels of the hydraulic turbine converge gradually at 3 and 
4 and are close to the actual thrust. Since the computational 
efficiency will be reduced when the number of grids is too 
large, the subsequent calculation of various indexes of the 
hydraulic turbine model before and after optimization is 
numerically calculated using grid 3. From Fig. 13, as can be 

observed that the Cp, and Cz of the hydraulic turbine after 
optimization are larger than those before optimization at 
different TSRs, where the difference in Cp value is the larg-
est at TSR = 5, and the efficiency improvement is 6.34%. 
The change trend of the Cz value is smaller after TSR = 7.

When the turbine speed is fixed, as can be observed from 
the TSR and power coefficient curves in Fig. 13 that when 
the TSR is small, the turbine power is smaller. This is due 
to the angle of attack of the blades becomes larger gradu-
ally from the increase of the incoming flow rate, so the flow 
field on the surface near the blades starts to have boundary 
layer separation, which further causes the airfoil to stall and 
form a vortex to fall into the wake field, which results in the 

 

Fig. 11. Turbine computational domain.

 
Fig. 12. Turbine surface pressure cloud.

 
Fig. 13. Comparison of Cp and Cz after turbine optimization.

Table 4
Number of turbine grids

Grid 
sequence

Grid before optimization 
(million)

Optimized grid 
(million)

Before optimization 
thrust (N)

After optimization 
thrust (N)

Actual thrust 
(N)

1 160 161 342.5 351.5

350
2 244 245 348.1 368.7
3 338 341 356.3 380.8
4 451 456 356.8 380.5



Z. Zhang et al. / Desalination and Water Treatment 314 (2023) 395–405404

fluctuation of the lift of the blades and superposition with 
the turbine rotation, thus leading to a smaller efficiency of 
the turbine in the field of the energy gained. When the TSR 
gradually becomes larger, the turbine energy acquisition 
efficiency gradually increases. As the TSR is too large, the 
smaller incoming velocity results in reduction of the wing 
angle of attack, the blade lift decreases, and the turbine 
efficiency gradually becomes smaller.

7. Conclusion

The NACA63816/15/13 airfoils were parameterized by 
the CST method to optimize the airfoils along the turbine 
blades at the position of 75%–100% of the spread, so as to 
increase the overall energy gain of the turbine. The major 
findings are that:

(1) Using multi-island genetic algorithm, the maximum lift-
to-drag ratio and lift coefficient at 5° are optimized as the 
objective function. The findings indicate that the over-
all lift coefficient and lift-to-drag ratio of the optimized 
airfoil are larger than those of the initial airfoil.

(2) The lift coefficients of the optimized NACA63816/15/13 
airfoils at 5° increased by 20%/15%/14% and the lift-to-
drag ratios rised by 28%/16%/14%, respectively. The 
optimized lower airfoil has an overall larger pressure 
coefficient and the lift coefficient of the upper airfoil 
becomes smaller, and the airfoil obtains a better aerody-
namic effect.

(3) The negative pressure zone of initial airfoil is focused 
on forward region, while negative pressure zone of 
optimized airfoil is focused on the forward-middle 
region, and distribution of the negative pressure zone 
is more homogeneous, which means that the optimized 
airfoil structure is more stable.
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