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Abstract
To improve the hydromechanical performance, sturgeon was chosen as the research object in this study,
and a body surface structural model was built using 3D reverse engineering technology. An
inhomogeneous B-spline curve fitting technique based on local refining was proposed. Meanwhile, three
different bionic hydrofoils were designed and compared with three bionic hydrofoils gained from the
least square method and NACA0015. Research results demonstrated that the new curve fitting
technology can fit a high-accuracy hydrofoil (error < 7×10−4) by using only 15 control points, and the
gained bionic hydrofoil has a good lift-drag ratio. With the bionic hydrofoils gained from the new curve
fitting technology, the separation point of the laminar boundary layer moves toward the trailing edge of
the hydrofoils, and the structure of the reflux eddy is refined. When two bionic hydrofoils were applied
to the pump impeller structure, compared with NACA0015, the propulsive water-jet pump designed
using the bionic hydrofoil gained from the new cutting fitting technology is in the scope of 0.8 qth–1.2qth,
the head and efficiency are increased by about 7.05 % and 2.22 %, respectively.
(Received in March 2022, accepted in May 2022. This paper was with the authors 3 weeks for 1 revision.)
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1. INTRODUCTION
Basic studies on the hydrodynamic properties of streaming around a hydrofoil have been the
research hotspot in the academic circle [1, 2]. The geometric structure of a hydrofoil has
important influences on the separation control of the streaming boundary layer, thus influencing
the lift and drag properties of the hydrofoil. The blade section of hydraulic machinery is mainly
composed of hydrofoil shape profiles, and the shape of the hydrofoil influences the hydraulic
performance of the pump, turbine, and autonomic system (including autonomous underwater
vehicle and underwater glider). Therefore, improving the distribution of streaming boundary
layers of the hydrofoil and controlling the flow separation is of important significance to
improve the lift and drag properties of the hydrofoil [3]. Traditional hydraulic machinery
designed hydrofoils is mainly aviation airfoils based on aerodynamics, such as NACA and RAF
airfoils. Nevertheless, the distribution of streaming boundary layers will be altered due to
influences caused by the density and viscosity of the flowing medium, thus influencing the flow
of the streaming fluid. Research and development of new hydrofoils and improvement of the
hydraulic performance of hydraulic machinery have important significance to basic study on
streaming around hydrofoils and studies on its adaptation to hydraulic machinery.
Fish accomplishes a series of basic behaviours by swimming, including foraging, avoiding
risks, courtship behaviour, and migration [4]. Movement is a behavioural activity that consumes
energy. When moving in water, fish can accelerate swimming quickly during foraging and
make high-efficiency swimming during migration, in which the kinetic energy is transferred
from body movement to fluid media to offset viscosity-related momentum and energy loss and
acquire essential survival conditions at the minimum energy cost. Why can fish achieve the
maximum benefits at the minimum energy cost? How do they overcome resistance? Reflections
on these behaviours inspire practical engineering applications. Sturgeon, an aquatic vertebrate
that can be dated back to the Cretaceous Period, has adapted to underwater life [5]. The body
structure and appearance of sturgeon are different from those of other aquatic vertebrates. It can
https://doi.org/10.2507/IJSIMM21-2-605
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jump out of the water to make courtship behaviours, capture preys in the air, or excrete parasites
in high-altitude areas [6]. Such an ability of sturgeon demonstrates that the streamlined
appearance, surface texture, and geometric shape of sturgeon can decrease resistance to some
extent and minimize energy consumption by sending the body far away. The body surface has
good hydraulic performance [7]. Sturgeon provides an element for the design of new bionic
hydrofoils on the basis of hydrodynamics.

2. STATE OF THE ART
The hydrodynamics of a hydrofoil is influenced significantly by its shape, and even small
changes may induce great influences [8]. Therefore, to decrease design error as much as
possible and guarantee the comprehensive performance of new hydrofoils during design, an
appropriate parameterization method should be applied to generate the desired geometric
structure of hydrofoils. So far, common hydrofoil parameterization methods include the Hicks–
Henne contour function method [9], PARSEC parameterization method [10], CST airfoil
parameterization method [11], and spline parameterization method [12]. From a deep study, the
parameterization design of an inhomogeneous B-spline curve has a better local control ability
and fewer design variables compared with other methods. In B-spline curve fitting, the model
curve can be gained through approximation of control points [13] and nodes [14]. Tai et al. [15]
disturbed the control point of the curve by constrained optimization and discussed the problem
in approximate combinations of two adjacent B-spline curves into one B-spline curve. Hu and
Zhang [16] proposed a method to calculate the tangent vector of the corresponding data point
in accordance with the geometric features reflected by the data point. Based on the constraint
condition of the tangent vector (or preset) and control point, adaptive B-spline curve
interpolation was carried out without preset nodes and control points by using the NSGA-II
algorithm. Cheng et al. [17] proposed a new secondary B-spline curve and indicated that the
traditional even B-spline curve/curve surface interpolation method may produce nonideal
results. The problem lies in the selection of interpolation parameters rather than in the even Bspline curve and curve surface. The data points will influence the shape of the B-spline curve.
Shen and Lin [18] proposed an adaptive cubic inhomogeneous B-spline curve interpolation
algorithm. This algorithm adjusted the positions and quantity of points by using the large curve
slope of the B-spline curve and further optimized the data points through the error between the
B-spline curve and image edges. As a result, an algorithm should be developed in the
engineering application field to decrease workloads and increase computational efficiency and
applicability range while meeting the fidelity of the desired shape.
Inspired by specific biological functions, research scholars have applied these specific
functions to engineering practices based on the bionic principle and achieved abundant research
results. In accordance with the reflections on the swimming behaviours of long-body animals,
Taylor [19] simulated their behaviours by using a cylinder and summarized relevant
experimental data. He concluded that the body and swimming mode of fish have significant
roles in advance. Nevertheless, the experimental results are not universal, and they are not
applicable to conditions of high Reynolds number due to the excessive simplification on the
swimming mode and shape of fish. Lighthill and Blake [20] proposed the slender body theory
for fish swimming in the water and applied it to analyse the hydrodynamics of the movement
mode of slender fish, which move by bending bodies. Fish et al. [21] acquired the geometric
shape of the tail fin from samples of cetacean animals and gained the cross-section of samples
by computer tomography based on X-ray. Later, he analysed the section, and the gained lift
coefficient was 12 %–19 % higher than that of hydrofoils for engineering purposes. Based on
the bionic concept, studies on various underwater propellers have been reported continuously,
such as the robotic fish [22], and a dolphin-stroke bionic amphibious robot [23]. Aquatic
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animals have very high manoeuvrability during swimming behaviours, and their body structure
has an excellent performance in drag reduction and hydrodynamics.
To sum up, research scholars have conducted considerable studies on the construction of
hydrofoil parameterization methods, optimal classical hydrofoils, acquisition of lift and drag
properties, as well as the internal flowing characteristics of classical hydrofoils based on
modern computational fluid-dynamic technology. Some research results have been achieved
[24]. Nevertheless, exploration on the application of new bionic hydrofoils designed based on
aquatic organisms (fish) to hydraulic machinery and improvement of the hydrodynamic
mechanism of hydraulic machinery are rarely reported. In this study, sturgeon was used as the
research object, and the body surface features were acquired in accordance with the geometric
bionic principle. On this basis, a new hydrofoil parameterization method of three-time
inhomogeneous B-spline based on local refinement was proposed. Meanwhile, a bionic
hydrofoil geometric model with few control points, which can meet accuracy requirements, was
constructed. Moreover, numerical simulation of different bionic hydrofoils based on large eddy
simulation was carried out to acquire the lift and drag properties. The bionic hydrofoil was
applied to axial-flow hydraulic machinery (a propulsive water-jet pump), and its advantages
and disadvantages were compared. Relevant research results could provide hydrofoil references
for the optimal design of hydraulic machinery blades.
The remainder of this study is organized as follows. Section 3 introduces the construction
of the bionic hydrofoil model, the numerical computation method, and the grid independence
test. Data fitting is implemented using a bionic hydrofoil and a NACA0015 airfoil, and the
optimal fitting mode is chosen. Section 4 introduces the lift and drag coefficients and velocity
fluctuation of the bionic hydrofoil and NACA0015 airfoil, as well as the verification of the
practical application effect. Lastly, conclusions are presented in Section 5.

3. METHODOLOGY
3.1 Construction of the geometric model
Sturgeon is characterized by high response sensitivity and good surface streamline. It is a good
bionic object to design bionic hydrofoils in this study. To avoid the influences of the individual
differences of sturgeon on the general body surface characteristics, three types of sturgeon with
different body sizes are selected as the research objects. A reverse modelling is implemented
using a high-precision non-contact 3D scanner (accuracy = 0.02 mm), and the body surface
characteristics are acquired (Figs. 1 a and b). The acquired point cloud data are input into the
Geomagic Design X 3D reverse engineering software, and 3D geometric models of different
sturgeons are constructed. The body surface characteristics of the same fish species meet
geometric similarity; that is, the corresponding length–width ratio is the same. Finally, the
average 3D geometric model of the sturgeon is gained through similarity conversion.
Given that the sturgeon is a 3D model, parameterization design of bionic hydrofoils has to
be performed from different spatial scales to study the hydrodynamic properties of bionic
hydrofoils based on the body surface characteristics of sturgeon comprehensively (Fig. 1 c). In
this study, I (2/3h), II (1/3h), and III the horizontal plane where (0) locates are chosen as the
reference planes (where h is the maximum thickness of the chord distance suction surface) to
intersect with the 3D geometric models of sturgeons. In this way, three different original
hydrofoil curves can be acquired. A coordinate system in Fig. 1 d is established using the fixed
points of hydrofoils as the origin. The original hydrofoil curve is divided into several parts
along the x-axis and marked by xi (where i = 0, 1, 2, ∙∙∙, n). The corresponding y-axis is expressed
by fu(xi). In this way, the original coordinate point (xi, fu(xi)) on the original hydrofoil curve can
be acquired, which can provide a data basis for the follow-up design of hydrofoils.
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Figure 1: Acquisition of the profile curve of sturgeon body: a) three different sturgeons; b) physical
scanning diagram; c) original hydrofoil curve; d) top view of sturgeon.

3.2 Hydrofoil parameterization design based on local refinement
The original coordinate points are gained from two common hydrofoil parameterization
methods chosen for fitting, which are the curve fitting method based on the least square method
and the segmented inhomogeneous B-spline curve fitting method. The advantages and
disadvantages of these two methods are compared. Details are introduced in the following text.
Polynomial fitting:
The fitting equation is:

fu ( xi ) = cm xm + cm−1xm−1 +

+ c1x + c0 x0

(1)
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where m is the highest number of terms of the polynomial, and it is determined as m = 5 in this
study. The number of data points is n+1. The measured original coordinate point qi is (xi, fu(xi))
substituted into Eq. (2), so that the bionic hydrofoil design of the hydrofoil parameterization
method can be realized. Three bionic hydrofoils were designed corresponding to the above three
original hydrofoil curves, which were named P1, P2, and P3. Specifically, P1, P2, and P3
corresponded to the bionic hydrofoil cutting from profiles I, II, and III, respectively.
Segmented inhomogeneous B-spline fitting:
The equation of the piecewise inhomogeneous B-spline curve is:
n+2

B ( u ) =  Bi Ni ,k ( u )

(3)

i =0

where Bi (i = 0, 1, 2, ∙∙∙, n + 2) are the control vertex and i represents the serial number.
Ni,k (i = 0, 1, 2, ∙∙∙, n + 2) are the primary function of k standard B-splines, where k = 3. The
primary function value is proposed using the Cox-de Boor formula.
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1 u  ui , ui +1 
N i ,0 ( u ) = 
0 u  ui , ui +1 
u − ui
u
−u
Ni , k ( u ) =
Ni ,k −1 ( u ) + i +k +1
Ni +1,k −1 ( u )
ui +k − ui
ui +k +1 − ui +1

(4)
(5)

specifying zero for the quotient of 0/0 in Eqs. (4) and (5), and ui refers to nodes. The definition
domain of the curve is u ∈[uk, un+3].
Calculation of nodes: Node vectors are acquired using the centripetal parameterization
method (or called the root-squaring method). Data points at head and tail (q0 and qn) are used
as the head and tail of the inhomogeneous B-spline interpolation curve. The internal data points
(q1, q2, ∙∙∙, qn-1) are used as the segmented connecting points of the inhomogeneous B-spline
interpolation curve, and the curve is divided into n sections. The control vertexes of the
calculated B-spline interpolation curve are Bi (i = 0, 1, ∙∙∙, n + 2), and the number of control
vertexes is n + 3. The node vectors are U = [u0, u1, u2, ∙∙∙, un+6]. Hence, it is also called the
segmented inhomogeneous B-spline curve fitting method. The specific node values are shown
in Eqs. (6) and (7).
ui = ui −1 + Pi −3 ( i = 4,5, , n + 2)
(6)

Pi −3 = ( xi −3 − xi −4 ) + ( fu ( xi −3 ) − fu ( xi −4 ) ) , i = 4,5, , n + 2
2

2

(7)

The lead and tail of the curve are kept tangent with the leading edge (L.E.) and trailing edge
(T.E.) of the control polygon. Thus, the multiplicity of lead and tail nodes is set to k + 1 = 4; that
is, u0 = ∙∙∙ = u3 = 0 and un+3 = ∙∙∙ = un+6 = 1. The original coordinate points q1, q2, q3, ∙∙∙, qn-1 are
used as the segmented connecting points of the cubic B-spline interpolation curve, and the
number of control points for calculation was n + 1. To calculate all control vertexes, two
additional equations must be added under the original conditions. In accordance with the
calculated node vector and definition domain U = [u0, u1, u2, ∙∙∙, un+6], u ∈[uk, un+1], the heavy
node terms of the node vector are omitted, and the specific node values of the node vector
[u4, un] are substituted into the above B-spline interpolation equation. Therefore,
i+2

B ( ui +3 ) =  B j N j ,3 ( ui +3 ) = qi , i = 1, 2,

, n −1

(8)

j =i

The number of Eq. (8) is n – 1 and another four equations must be supplemented:
 B0 − B1 = 0

 B1 = q0

 Bn +1 = qn
− B + B = 0
n+2
 n +1

(9)

Combining with the solutions of Eqs. (8) and (9), the control vertex (Bi) is gained. Based
on the Cox-de Boor recursion formula, the control point is substituted into Eq. (3), thus realizing
bionic hydrofoil design based on the hydrofoil parameterization method. Three bionic
hydrofoils are designed corresponding to the above three original hydrofoil curves, which are
marked as B1, B2, and B3. Specifically, B1, B2, and B3 corresponded to the bionic hydrofoil
cutting from profiles I, II, and III, respectively.
Segmental local refinement method:
Combining with Sections 3.2 (Polynomial fitting) and 3.2 (Segmented inhomogeneous
B-spline fitting), the number of control points is the basis for the hydrofoil parameterization
method. It is also the key to assuring the accuracy of the results of the constructed bionic
hydrofoils. If enough original coordinate points (qi) are acquired on the original hydrofoil curve
in Section 2.1, the hydrofoil may approximate to the original hydrofoil curve infinitely.
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Nevertheless, this will increase the workloads of researchers significantly, and its applications
will be restricted. On this basis, a segmented local refinement method is proposed, which can
decrease the number of control points to the maximum extent while assuring that the maximum
fitting error is smaller than 7×10−4 in the allowable range [25]. The following text introduces
this method based on NACA0015 and bionic hydrofoils B3.

Figure 2: Curve fitting effects when the common ratio is 4: ai) before refinement of NACA0015;
aii) before refinement of B3; bi) local refinement of NACA0015; bii) local refinement of B3.

The L.E. point (xi = 0), the T.E. point (xi = 1), and the maximum thickness points (xi = 0.297
and xi = 0.26) of hydrofoils were chosen as the boundary points to divide the hydrofoils into
four sections, d0, d1, d2, and d3. Based on the boundary points, local refinements are performed
at the L.E. and T.E. of bionic hydrofoils. The number of control points increased as the L.E.
and T.E. are approached (Fig. 2). The difference between x-coordinates of two adjacent data
points presented exponential functions, see Eq. (11). The refining process is carried out using
an iterative computational method. If it finds that the maximum fitting error of a segment is
higher than 7×10−4 during the hydrofoil parameterization process, it has to add a data point to
this segment (coordinates of this data point are calculated by Eqs. (10) and (11)), thus increasing
the control point (this control point was calculated using Eqs. (8) and (9)). Next, iterations are
repeated until the maximum fitting error was smaller than 7×10−4.
si = xi +1 − xi c
(10)
where si must be larger than and equal to 0.01. If si < 0.01, it is calculated in accordance with
si = 0.01. xi + 1 and xi are the x-coordinates of two continuous control points. The common ratio
(a) is defined as:
a = si +1 si i = 0,1, 2, , n − 1 , a  (0,5]
(11)
The curve fitting effects when a = 4 of two hydrofoils (NACA0015 hydrofoil and B3
hydrofoils) before and after refinement are shown in Fig. 2. Figs. 2 ai and 2 aii depict that control
points are distributed uniformly (before refinement). Under this circumstance, the maximum
errors of the NACA0015 hydrofoil and B3 bionic hydrofoils after curve fitting are 0.01274 and
0.01369, respectively. Nevertheless, given the premise of the equal number of control points,
the maximum errors of the two hydrofoils after curve fitting decreased significantly to 0.00066
and 0.00053 after local refinement technology. Moreover, they are both smaller than 7×10−4,
meeting the design requirements. To further explore the superiority of the local refinement
technology, different values of a (1, 2, 3, 4, and 5) are set in this study. The relation between a
and the number of control points is determined (Table I).
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Table I presents that with the increase in a, the number of control points of the NACA0015
hydrofoil presented a V-shaped variation trend. The smallest number of control points is
achieved when a = 4. Only 15 control points were needed to assure that the fitting error of curves
is smaller than 7×10−4. This scheme exerts the best fitting effect. Similar relations between a
and the number of control points are observed in B3 bionic hydrofoils. The number of control
points also decreased to 15 when a = 4. Likewise, it can meet the requirement that the error is
smaller than the maximum allowable fitting error. Generally, if the fitting accuracy can be
satisfied, B3 bionic hydrofoils are more beneficial for promotion and applications when the
number of control points is smaller. When using classical NACA series hydrofoils, the number
of control points is usually about 30 to assure the fitting accuracy [26]. The number of control
points of the proposed segmented local refinement method could be decreased to 15 under the
same fitting accuracy, indicating the significant superiority of the proposed method.
Table I: Comparison of schemes with different common ratios.
Hydrofoil

NACA0015

B3

a

Number of nodes

Number of control points

1
2
3
4
5
1
2
3
4
5

29
25
27
21
29
37
31
23
21
27

23
19
21
15
23
31
25
17
15
21

3.3 Physical and simulation setup
The computational domain (Fig. 3 a) is set by taking bionic hydrofoil B3 as example. The chord
length (C) and angle of attack of the hydrofoil are 0.07 m and 6°, respectively. The dimension
of the computational domain is 8C (length) × 3C (width). The inlet plane is at upstream 2.5C
away from the hydrofoil centre, while the outlet plane is at downstream 5.5C away from the
hydrofoil centre. The span width of the computational domain is 0.5C.
In this study, structured meshing is performed on the abovementioned computational
domain by using the ICEM 19.2 software package. Grids in the computational domain are 3D
grids (Fig. 3 b1). The 2D lateral view of the grids is shown in Fig. 3 b2. To capture details of
unsteady flow, the peripheral regions of the hydrofoil are refined. The grid size near the surface
of the hydrofoil along the flowing direction shall be smaller than or equal to 0.19 mm.
Meanwhile, the grid size along the normal direction of the sidewall is smaller than or equal to
0.19 mm, and the grid size along the span direction is smaller than or equal to 0.2 mm. y+<1.
To verify the influences of grid quantity on the calculation results, grid independence is
validated through a case study based on the B3 bionic hydrofoil. In this process, changes in lift
coefficient (Cl) and drag coefficient (Cd) are compared (Table II). The lift and drag coefficients
are defined as follows [27]: Cl = Fl / 0.5 ρ U∞2 A and Cd = Fd / 0.5 ρ U∞2 A, Fl and Fd are the lift
force and the drag force of the hydrofoil, respectively. A denotes the area projection of the
hydrofoil. For the convenience of calculation, the area A is determined as the product of the
chord length of the hydrofoil and the span. the flowing medium is 300 K water. The Reynolds
number is Re = ρm U∞ C / μm = 5 × 105, and the static pressure at the outlet is set by the number
of cavitation: σ = (p∞ – pv) / (0.5 ρl U∞2) = 0.65, where pv is the 25° saturated steam pressure, and
the inlet velocity is U∞ = 7.2 m/s.
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a)

b)

Figure 3: Computational domain and meshing: a) 3D view of the computational region and boundary
conditions, b) hydrofoil grid model, (b1) 3D grids, (b2) 2D grids.

In the verification of grid independence, five different grid sizes are chosen in the numerical
calculation. The results are shown in Table II. When the grid quantity increased from Grid-1 to
Grid-3, the Cl increased significantly, while the Cd decreased quickly. This result reflected that
grid quantity could influence the test results greatly. When the grid quantity increased from
Grid-3 to Grid-4, the Cl and Cd increased by 0.432 % and 0.926 %, respectively, smaller than
1 %. When the grid quantity increased from Grid-4 to Grid-5, the Cl and Cd are stable locally,
and the growth hardly presented any changes. That is, after grid refinement, the Cl and Cd may
fluctuate. Given enough grids, the Cl and Cd approached a constant. To decrease the
requirements on the performance of computers, Grid-4 is chosen as the final meshing scheme.
In other words, the grid quantity is about 4.1 million.
Table II: Verification of grid independence.
Grid
Grid-1
Grid-2
Grid-3
Grid-4
Grid-5

Number of cell
1274064
1701103
2444064
4062528
5985480

Cl
0.441
0.454
0.465
0.465
0.466

Cd
--2.948 %
2.423 %
0
0.215 %

0.111
0.109
0.108
0.107
0.108

--1.802 %
0.917 %
0.926 %
0.935 %

4. SIMULATION ANALYSIS AND DISCUSSION
4.1 Lift-drag characteristics analysis
To verify the accuracy of the current numerical simulation method, numerical simulations of
two groups of bionic hydrofoils (B1, B2, B3; P1, P2, P3) and the classical symmetric hydrofoil
NACA0015 are carried out under the same boundary conditions. The mean values of the
transient Cl and transient Cd of hydrofoils are calculated and compared. The results are listed in
Table III. The results of the hydrofoil NACA0015, which is gained using the current research
method, are compared with the experimental results in [27]. The average Cl and Cd of
NACA0015 agreed with Ye’s result, showing errors of 3.33 % and 1.83 %, respectively. The
error of lift–drag ratio is 1.51 %. All of these errors are within the allowable reasonable range
(<5 %). In a word, the current research method could disclose the lift and drag properties of
bionic hydrofoils accurately, and it also can predict flowing laws in the flow field accurately.
Different data fitting schemes will produce various errors (the fitting error of hydrofoil P3
is 0.0067, the fitting error of hydrofoil B3 is 0.00053), hence different hydrofoil structures will
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be obtained. This difference will eventually impact the lift-drag characteristics of the hydrofoil.
Table Ⅲ shows that bionic hydrofoils B3 and P3 are the optimal hydrofoils under B-spline and
least square design schemes, respectively. Thus, the two hydrofoils are taken as examples.
Table III: Average lift-drag coefficient and lift-drag ratio for each hydrofoil.
Hydrofoil

B1

P1

B2

P2

B3

P3

Cl
Cd
Cl /Cd

0.439
0.116
3.783

0.402
0.113
3.558

0.434
0.113
3.841

0.433
0.116
3.741

0.460
0.101
4.554

0.445
0.109
4.083

LES

NACA0015
Ye’s result [27]

0.465
0.107
4.346

0.481
0.109
4.413

4.2 Average velocity fluctuation
The streamline diagrams of NACA0015, B3, and P3 are shown in Fig. 4, which present the
same laws and some differences. Such differences are caused by errors of design schemes.
NACA0015, B3, and P3 have a common that velocity loss occurred near the surface of
hydrofoils and the maximum fluid velocity is at the L.E. As the fluid particle moved gradually
to the T.E. of the hydrofoil, the velocity declined gradually, accompanied by reflux. Finally, an
eddy is formed on the suction surface of the hydrofoil. However, NACA0015, B3, and P3 also
have some differences. The reflux velocity loss area of P3 is the largest, while the reflux
velocity loss area of B3 is relatively smaller, and it is divided into two smaller ones. Moreover,
the position of the reflux velocity loss zone moves significantly toward the T.E. compared with
that in P3. Hence, the hydrofoil structural changes caused by the curve fitting error (the front
curve of the hydrofoil shrank inward) might change the positions of the stream field around the
hydrofoil and flow separation point.
The velocity distributions of B3, P3, and NACA0015 (on the upper surface of the hydrofoils,
x/c = 0.2, 0.6, 0.8, 1.2) along the normal line of the sidewall are shown in Fig. 5. Comparison
of the influences of geometric structures on velocity fields around hydrofoils indicated that the
velocity field variations of bionic hydrofoils are similar to those of NACA0015. However, when
fluid moves toward the T.E., the negative velocity growth of NACA0015 is close to the L.E.,
accompanied by the expansion of the sphere of influence of flows on the boundary layer and
velocity variation range. This phenomenon could be explained in Fig. 4. From the comparison
of the influences of curve fitting errors on the velocity fields of bionic hydrofoils, the velocity
distributions on the near-wall surfaces of B3 and P3 differed significantly. Specifically, the
velocity variation of B3 along the y-direction is relatively uniform, and it reaches the
mainstream velocity earlier. Moreover, the location of negative velocity on the near-wall
surface is closer to the T.E. In other words, curve fitting error would change the position of the
separation point between the streamline layer and the boundary layer. The L.E. curve of the
hydrofoil shrank inward to make the separation point closer to the L.E., thus expanding the
reverse pressure range and increasing the resistance. Therefore, curve fitting errors must be
considered during the design of hydrofoils.
a)

b)

c)

d)

Figure 5: Distribution of average velocity (u) surrounding the hydrofoils along the y direction:
a) x/c = 0.2, b) x/c = 0.6, c) x/c = 0.8, d) x/c = 1.2.
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4.3 Application of bionic hydrofoil
To analyse the influences of curve fitting errors systematically, B3 and P3 are applied to thicken
the blades of a propulsive water-jet pump [28]. It is compared with the original scheme
(NACA0015 is used as the hydrofoil of the blade section). The other parameters are the same;
however, the hydrofoil of impeller blades is changed, and the hydrodynamic curves in Fig. 6
are gained through numerical simulations, including the flow-head curve (H–q/qth) and flowefficiency curve (η–q/qth). The running parameters of the propulsive water-jet pump are:
qth = 456 m³/s, H = 4.0 m, and rotating speed nw = 1600 r/min. The geometric parameters of the
impeller are as follows: outer diameter of impeller: D = 200 mm; hub diameter: dh = 80 mm.

Figure 6: Hydrodynamic curves of the propulsive water-jet pump with different hydrofoil thickening
blades; a) H–q/qth; b) η–q/qth.

Fig. 6 depicts that the head of the pump designed in accordance with B3 is the highest in
the range of 0.8 qth–1.2 qth, whereas the head of the pump designed in accordance with P3 is the
lowest. The corresponding efficiency curves show similar laws. This finding agrees with the
abovementioned scheme (B3) with a greater lift-drag ratio completely. In other words, the
higher the lift-drag ratio of the hydrofoil is, the better the performance of the pump would be.
In view of the details, the designed operating points are compared. In Fig. 6 a, the head of the
pump under the NACA0015 scheme (HNACA0015 = 3.12 m) is 7.05 % lower than that of the pump
under the B3 scheme, but it is higher than that of the pump under the P3 scheme (HP3 = 3.01 m).
Fig. 6 b shows that the pump designed in accordance with B3 has the highest efficiency
(ηB3 = 79.13 %), which is 2.22 % higher than that in the NACA0015 scheme (ηNACA0015 =
77.41 %) and 4.0 % higher than that in the P3 scheme (ηP3 = 76.09 %). Hence, bionic hydrofoils
that use cubic inhomogeneous B-spline fitting can offer excellent hydrodynamic performance
in terms of H-q/qth or η-q/qth when they are used for blade thickening of hydraulic machinery
(propulsive water-jet pump).

5. CONCLUSION AND FUTURE WORK
In this study, basic data of sturgeon are acquired through 3D reverse engineering technology.
Subsequently, the cubic inhomogeneous B-spline curve fitting technology based on local
refinement is applied for the parameterization design of hydrofoils. The acquired bionic
hydrofoils are applied to the blade design for a propulsive water-jet pump. The performance of
the hydrofoils gained through the least square method and the propulsive water-jet pump is
compared. The major conclusions are drawn as follows:
(1) Compared with a bionic hydrofoil obtained from the least square method, bionic
hydrofoils gained from the cubic inhomogeneous B-spline curve fitting method based on local
refinement can decrease the number of control points significantly while realizing satisfying
accuracy. They only need 15 control points to assure curve fitting accuracy. This condition
increases the possibility of extensive applications significantly.
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(2) Geometric structural changes of hydrofoils may alter lift and drag properties, as well as
flows in the near-wall boundary layer. Among all schemes, B3 can acquire better life and drag
properties and a more stable flow in the boundary layer. From the comparison between B3 and
P3, curve fitting errors may make the front curves of hydrofoils shrink inward, thus making the
separation point move backward. Hence, a larger unstable reflux velocity loss region is formed
after the separation.
(3) According to studies on the applications of bionic hydrofoils, a hydrofoil has a good
lift-drag ratio, and the relevant propulsive water-jet pump also has good hydrodynamic
performance. From the perspective of flow–head, and flow–efficiency curves, the pump
designed in accordance with B3 shows higher head and efficiency in the range of 0.8 qth–1.2 qth.
In this study, the hydrodynamic performance of the sturgeon hydrofoil is better than that of
NACA0015. Research conclusions can provide important references for the optimization of the
head and efficiency of fluid mechanical driving equipment. Nevertheless, this study only
focuses on the performance of sturgeon hydrofoils under the same angle of attack. In the future,
comparative analyses on the performance of hydrofoils under multiple angles of attack will be
carried out by integrating particle image velocity measurement technology. They are conducive
to the systematic analysis of the advantages of bionic hydrofoils.
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