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A B S T R A C T   

The cross-section geometry of a submerged floating tunnel (SFT) has a large effect on hydrody-
namic characteristics, structural behavior and service level, making the tunnel cross section the 
primary factor in optimizing efficiency. Minimizing the mean drag and the dynamic variability in 
the lift of the SFT cross section under bi-directional (i.e., tidal) flow has a dramatic impact on the 
reduction of structural displacements and mooring loads. Based on a parametric B�ezier curve 
dynamically comprising the leading-edge radius, tunnel height and width to define the SFT ge-
ometry, a sensitivity analysis of the B�ezier curve parameters for a fixed aspect ratio with proto-
type dimensions under uniform flow conditions was conducted by applying Computational Fluid 
Dynamics (CFD), and the pressure distribution around the SFT cross-section surface was analyzed. 
A theoretical method comprising the K�arm�an vortex street parameters was employed to verify the 
CFD simulation results. In order to determine the SFT cross section with optimal hydrodynamic 
properties, the mean drag and Root Mean Square (RMS) lift coefficients were selected as opti-
mization objectives, and four B�ezier curve parameters were the input variables, in a neural 
network and genetic algorithm optimization process (a hybrid BP-GA structure), which is less 
likely to become trapped in local minima. The results show the optimal tunnel cross section has a 
mean drag and a RMS lift coefficient reduced by 0.9% and 6.3%, respectively, compared to the 
original CFD dataset.   

1. Introduction 

The submerged floating tunnel (SFT), also called “Archimedes Bridge”, is a new type of sea crossing that takes advantage of 
buoyancy to support its weight, and a mooring system to balance the residual buoyancy and limit the displacement of the SFT tube [1, 
2]. Since the concept was brought forward, research is still limited to theoretical and small-scale experimental verification, and no 
prototype has yet been built [3]. 

The cross-section geometry of the SFT has a large effect on hydrodynamic characteristics, space utilization, structural behavior, 
service level and construction cost, making the geometry a primary factor in optimizing efficiency and thus a priority to be optimized at 
the feasibility analysis stage of design. Moreover, due to the possibility of bidirectional ambient flow incident on both leading and 
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trailing edges, potential flow theory and the Kutta condition [4] applied in traditional airfoil optimization design cannot be used due to 
flow separation from the bluff body, which makes the flow field complex. 

Li et al. [5] conducted an experiment to compare the pressure characteristics of SFT’s with circular, elliptical and polygonal 
sections under wave impacts, and concluded that the circular section experiences the largest wave forces. Li and Jiang [3] conducted 
numerical simulations to compare the pressure distributions of two cross sections by combining fluid mechanical calculation and 
structural analysis, concluding that an elliptical section experiences smaller displacements and stress than a rectangular section. Gang 
et al. [6] compared rectangular, circular, and elliptical floating tunnel cross-section forms, and determined the response to an ex-
plosion shock wave by using the finite element software LS-DYNA [7]. Since research about SFT cross sections is scarce, geometrical 
optimization and applications from other engineering fields such as aerospace and mechanical engineering are helpful. Hajabdollahi 
et al. [8] used a Non-dominated Sorting Genetic Algorithm-II (NSGA-II) to maximize heat transfer rate and fin efficiency for a fin 
geometry optimization. Basumatary et al. [9] modified and optimized a conventional two-bladed Savonius water turbine section by 
considering design parameters including gap width and overlap ratio, using CFD solvers to develop a new, combined lift-drag based 
blade design method. Wang et al. [10] presented a new cross section based on a meridian surface optimization strategy with the 
integration of Medial Axis Transform (MAT) design theory, CFD analysis, Central Composite Design (CCD), Response Surface Method 
(RSM) and NSGA-II. Lee et al. [11] employed the equivalent static load method for non-linear static response structural optimization 
(ESLSO) to determine workpiece shape in the forging process. Garg et al. [12] used a high-fidelity hydrostructural solver combined 
with a gradient-based optimizer to conduct numerical predictions compared with experimental measurements for a baseline NACA 
0009 hydrofoil and an optimized hydrofoil. 

Based on SFT cross-section analysis to date, the elliptical cross section has good hydrodynamic characteristics due to its streamlined 
shape compared with a square bluff shape [3]. Though many simple sections including circle, ellipse, polygon, and square have been 
assessed as SFT cross sections, there is still a need to conduct a detailed parametric study to determine an optimal shape. This paper is 
structured as follows. In section 2, a SFT cross-section profile with various geometries was determined by a parametric B�ezier curve 
[13,14]. Section 3 validated the CFD model against a laboratory experiment and theory. The main hydrodynamic characteristics 
including drag (Cd) and lift coefficients (Cl) were obtained by the ANSYS Fluent version 19.1 CFD solver [15] applied in a 
high-performance computing (HPC) cluster to run parallel computation tasks. The dependence of average Cd and Cl magnitude on the 
B�ezier curve parameters was presented in section 4. Section 5 applied a neural network (NN) optimized by genetic algorithm (GA) to 
relate tunnel cross-section parameters with optimal hydrodynamic properties, and further verified this by numerical simulations. 

2. Parametric design of tunnel cross-section 

2.1. Parametric B�ezier curve 

The B�ezier-PARSEC (BP) curve method is one of the most common parametric design methods for airfoils, because it tends to 
minimize the drag force of the geometry. The BP curve is developed to extend and improve the typical Bezier parameterization, which 
has been applied frequently in airfoil design [16,17]. The BP curve combines the advantages of both B�ezier variables and PARSEC 
parameters, to reduce the nonlinear interaction among parameters, making the parameters directly link to the objective function, and 
avoiding the second-order discontinuity problem. B�ezier curves have a limited number of degrees of freedom determined by their 
control points and improve the convergence rate for aerodynamic optimization using Differential Evolution [18]. Moreover, it is 
desirable to determine parameters such as the leading-edge radius and tunnel height, which affect lift and drag, by using the PARSEC 
parameters [19]. As the BP curve method sees widespread use in airfoil design, it is the first method we use to define the SFT 
cross-section geometry. 

In this study, however, due to the possibility of bi-directional (i.e., tidal) flow, the leading and trailing halves of the SFT cross 
section were designed to be symmetric. To describe the tunnel geometry, four control points in each quadrant were considered as 
variables. These parametric B�ezier curve and control points are shown in Fig. 1(a). 

Third-degree parametric B�ezier curves were used for the definition of the SFT cross-section profile. These are given by 

Fig. 1. Third-degree B�ezier curve.  
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xðuÞ ¼ x0ð1 � uÞ3 þ 3x1uð1 � uÞ2 þ 3x2u2ð1 � uÞ þ x3u3

yðuÞ ¼ y0ð1 � uÞ3 þ 3y1uð1 � uÞ2 þ 3y2u2ð1 � uÞ þ y3u3 (1)  

where u is a variable with a range of 0–1. 
The four control points that determine the shape of one quadrant of the SFT cross section are given by 

x0 ¼ 0
x1 ¼ 0
x2 ¼ 3b2�2r
x3 ¼ xt

y0 ¼ 0
y1 ¼ b
y2 ¼ yt
y3 ¼ yt

(2)  

where b is subject to the following restriction 

0 < b < min
�

yt;
ffiffiffiffiffiffiffiffiffiffiffiffiffi
2rxt=3

p �

Since Bezier parameters are standard in airfoil design, a detailed derivation of these parameters and constraint conditions can be 
found in Rogalsky [19]. 

2.2. Dimension limitation 

Referring to the current feasibility study and possible considerations of the traffic volume for the SFT cross section [20–22], two 3.5 
m wide lanes and a curb or sidewalk of width R on either side should be considered to meet the requirement for a typical two-lane 
tunnel (Fig. 2). Based on the guidelines of AASHTO [23], the total clearance between walls should be a minimum of 9 m, and the 
vertical clearance H should be a minimum of 4.3 m or 4.9 m. According to JTG/T D70 [24], the minimum width clearance W should be 
7.5–11 m with different vehicle design speeds requirements, and the minimum vertical clearance H should be 4.5 m or 5 m depending 
on the highway classification. 

SFT cross section dimensions H ¼ 5 m and W ¼ 10 m, with an aspect ratio H/W ¼ 0.5, were chosen for analysis in this study. Since 
here we focus mainly on the cross-section shape, it should be noted that in the actual tunnel cross section design, requirements for 
minimum lateral and vertical clearance must also be met. Each quadrant of parametric B�ezier curves was defined by 4 control points. 
To freeze the aspect ratio of the tunnel cross section, the locations of the leading edge and trailing edge, and the height of the tunnel, 
were kept fixed. Therefore, the parameter constraints of the four control points (Fig. 1(a)) are given by 

0 < r � 2:5
xt ¼ 5
0 � yt � 5 

The junction between the upper and lower curves at the leading edge should have the same leading-edge radius to avoid divergence 
of calculation. Due to the fixed length and height of the cross section (aspect ratio ¼ 0.5), ylow can be determined by H-yup (Fig. 1(b)). As 
the tunnel profile is comprised of the upper and lower halves and the symmetrical shape of leading and trailing halves, the remaining 
variables are: yup, r, bup and blow. 

3. Modeling validation 

3.1. Grid Independent Limit test 

Two-dimensional (2D) SFT cross sections with various geometrical parameters were designed with computer-aided design (CAD) 
tools and the ANSYS Design Modeler. The mesh of the CFD computation domain was generated by ANSYS Mesh. A Grid Independent 
Limit (GIL) test was carried out to ensure the mesh convergence and validation of computational results by refining element size until 

Fig. 2. Typical two-lane tunnel cross section, i ¼ slope.  
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an optimum mesh quality and stable results were achieved. To evaluate the quality of the mesh, a GIL was conducted by continuously 
changing the domain maximum element size and the SFT surface element size, and comparing the wall Yþ, statistical values of Cd and 
Cl around the SFT cross-section surface. A triangular mesh was used as is widely applicable for curved and complex geometries. 

Table 1 shows the GIL test result for the SFT cross-section profile with parameters bup ¼ blow ¼ 1 m, r ¼ 4 m, yup ¼ 2.5 m under a 
uniform cross-flow velocity of 0.1 m/s. It shows that the wall Yþ of all the cases are below 300, which is within the acceptable range 
[25], and it signifies the standard wall function condition and the quality of the minimum mesh size are sufficient. The maximum 
element size (1 m or 0.5 m) seems to have almost no influence on Cd or Cl, proving that numerical stability and mesh size convergence 
are achieved (Fig. 3). Hence the maximum element size 1 m and the minimum element size 0.01 m are chosen for all analyzed cases, 
with a minimum orthogonality of 0.41 after mesh improvement. 

As the unsteady Reynolds-averaged Navier-Stokes (URANS) calculation has a good accuracy compared with steady RANS [26], 
URANS was applied in this study. The Pressure-Implicit with Splitting of Operators (PISO) algorithm was applied for pressure-velocity 
coupling as it maintains a stable calculation with a larger time step with neighbor correction, and it is highly recommended in transient 
simulations compared with SIMPLE and SIMPLEC [27–29]. The boundary condition at the sides and cylinder wall was a rough wall 
layer approximation. The “velocity-inlet” and the “outlet” boundary conditions were employed at the inlet and exit boundaries, 
respectively. The inlet boundary had a turbulence intensity of 2.8% with a turbulent length scale of 10 m. The wall roughness of the 
tunnel surface was 3 mm [30], based on actual concrete. The inlet and upper/lower boundaries were set 5W away from the cylinder 
axis, and the outlet was set 15W away from the cylinder. The maximum CFL number was 0.5, and the non-dimensional time step δtU/W 
was kept at 4 � 10� 4. The simulation domain is shown in Fig. 4. 

3.2. Turbulence modeling 

The k-ε turbulence model generally produces accurate results in high Reynolds number conditions [31,32]. The RNG k-ε model 
gives more accurate simulations for dramatically irregular geometry with flow separation via an additional term in its ε equation. Also, 
an analytical formula for the turbulent Prandtl number is provided, in contrast to the constant value used in the standard k-ε model. 
These features make the RNG k-ε model more accurate and reliable than the standard k-ε model for a wider range of flows. The RNG k-ε 
model transport equation can be expressed as Eq. (3). 

∂
∂t
ðρkÞ þ

∂
∂xi
ðρkuiÞ ¼

∂
∂xj

�

αkμeff
∂k
∂xj

�

þ Gk þ Gb � ρε � YM þ Sk

∂
∂t
ðρεÞ þ ∂

∂xi
ðρεuiÞ ¼

∂
∂xj

�

αεμeff
∂ε
∂xj

�

þ C1ε
ε
k
ðGk þ C3εGbÞ � C2ερ ε2

k
þ Gb � Rε þ Sε

(3) 

The additional term in the ε equation is given by Eq. (4) 

Rε¼
Cμρη3ð1 � η=η0Þ

1þ βη3

ε2

k
(4)  

where η � Sk=ε, η0 ¼ 4.38, β ¼ 0.012. 
The turbulent viscosity is computed by combining k and ε as follows in Eq. (5) 

μt ¼ ρCμ
k2

ε (5)  

where C1ε ¼ 1.42, C2ε ¼ 1.68, and Cμ ¼ 0.085 are all dimensionless user-adjustable parameters derived using the RNG theory. Hence, a 
numerical model integrating the two-dimensional, incompressible flow, unsteady RNG k -ε turbulence model with the standard wall 
function was adopted. 

3.3. Numerical verification 

As one of the canonical and classical problems in fluid mechanics, the cylinder-flow case is of great interest and importance for a 
wide range of offshore engineering applications, including marine pipelines, offshore platform support legs, and thus also the SFT. 
Considering the prototype scale of the SFT cross section and current conditions in deep sea, the Reynolds number can be higher than 1 
� 106, which encompasses both supercritical (4–5 � 105 and 2.5–4 � 106) and transcritical (>2.5–4 � 106) flow r�egimes [33]. To date, 
both experimental tests and numerical simulations of circular cylinders at very high Reynolds number flows (Re > 107) are lacking due 

Table 1 
Mesh size for the GIL test.  

Smax (m) Smin (m) NCells Yþ Cd,m Cl,rms 

2 0.03 27,572 120–180 0.116 0.102 
2 0.01 54,416 40–70 0.140 0.153 
1 0.01 137,990 40–70 0.142 0.156 
0.5 0.01 376,768 40–70 0.143 0.157  
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to the complexity of the flow characteristics and limitations of laboratory equipment. Herein Re ¼ 1 � 106 was chosen for validation 
and simulation in the optimal cross section analysis, because sufficient experimental data is available. 

To evaluate the model’s validity under very high Reynolds numbers, simulated average drag and pressure coefficients were 
compared with published experimental results by James et al. [33]. A cylinder within a rectangular domain was used under the same 
Reynolds number and relative surface roughness (the ratio of surface roughness to model diameter). The Reynolds number (expressed 
as Eq. (6)), based on the upstream flow speed U ¼ 0.1 m/s and a cylinder diameter of 10 m, has a magnitude of 1 � 106. 

Re¼
ρUd

μ (6) 

Fig. 3. GIL test results.  

Fig. 4. Schematic diagram of the computational domain.  

Fig. 5. Verification of numerical results against the laboratory experiments of James et al. (1980).  
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where d is the characteristic length, which is diameter of the cylinder or chord length applied in airfoil design. Hereinafter the 
clearance width W was used for the SFT cross-section analysis. 

The mean pressure coefficient Cp (expressed as Eq. (7)) distribution around the cylinder compared with the experimental data 
measured in the counterclockwise direction is shown in Fig. 5 (a). 

Cp ¼
p � pref

1
2 ρU2 (7)  

where p is the pressure on the cylinder, and pref is the reference pressure. 
It is noted that the mean Cp curves of both the physical model test and numerical result show the separation point occurring 

approximately 120� aft of the forward stagnation point, which is a typical characteristic of the supercritical flow r�egime, indicating the 
presence of separation in the wake region. A narrower wake can exist caused by boundary layer transition, reattachment and backward 
turbulent separation; this is associated with lower drag and is commonly known as the drag crisis. 

Fig. 5 (b) shows the results for validation concerning the drag coefficient. In order to verify the drag coefficient distribution clearly 
in the drag crisis region, Re ¼ 6 � 105, 2 � 106, 4 � 106, 6 � 106, 1 � 107 were also added for the validation. The experimental data and 
numerical results follow the same trend with reasonable agreement. 

In order to validate simulated lift, CFD results were compared with a theoretical method derived by Sallet [34], which comprises 
expressions for the fluctuating lift coefficient of any bluff cylindrical body as a function of K�arm�an vortex street parameters [34]: St, l 
and h by employing potential flow theory. The equations for Cd and Cl are shown as Eqs. (8) and (9), assuming von K�arm�an’s stability 
criterion of vortex spacing ratio hl ¼ 0:280549. 

S2
t

�
l

W

�3

þ 0:529
�

l
W

�2

� 1:529
l

W
þ 1:593Cd ¼ 0 (8)  

Cl ¼
ffiffiffi
2
p l

W

�

1 �
Stl
W

��

3
Stl
W
� 2
�

(9) 

The inversely proportional relationship between Cd and St is clear from Eq. (8). Based on the theory, for given numerical results of 
Cd and St, l can be calculated in terms of W by means of Eq. (8), and then Cl can be determined by employing Eq. (9). Therefore, 
numerical simulation results for l and Cl can be validated by this theoretical method within the supercritical Reynolds number range. 

The SFT cross section used for this validation test was determined by the parametric B�ezier curve with bup ¼ blow ¼ 0.5 m, yup ¼ 2.5 
m, and r ¼ 0.1 m, 0.5 m, 1.0 m, 1.5 m, 2.5 m, 4.5 m. The comparison of numerical and theoretical results are shown in Table 2, which 
shows a close agreement in Cl for bluff bodies (larger r). Flow visualization supported by CFD makes observation of von K�arm�an 
vortices feasible, and important phenomena like the vortex street parameters and the occurrence of stagnation can be clearly eval-
uated. The fluctuation of Cl hence can be correctly predicted by applying the vortex street model. 

Both l and Cl follow the same trend as Cd and St change, and numerical and theoretical Cl values are fairly close when r > 0.5 m. The 
maximum relative Cl difference of 40.8% and the deviation of l can be explained by the limitations of the theoretical method, which is 
based on idealizing the vortex wake as two parallel rows of vortices, and neglecting the tunnel surface roughness and viscous 
contribution to the drag force. Despite its basic limitations, the theoretical method can at least reveal the effect of the SFT cross section 
profile on vortex street parameters and allow verification of the CFD lift coefficient in a Reynolds number range where experimental 
data are not available. 

4. Model analysis and discussion 

4.1. Performance metrics 

For hydrodynamic characteristics of a SFT cross section design, the essential parameters are drag and lift coefficients. Due to the 
uncertainty of current velocity and direction, the lift or drag force of the tunnel cross section exerted by a current can vary sub-
stantially, possibly causing excessive loading or fatigue damage to the mooring system, and also difficulty of operation due to the need 
for regulating ballast water to balance the variable lift force. Hence, the optimization objectives are to decrease the fluctuation 

Table 2 
Comparison between numerical and theoretical lift coefficients.  

R (m) Cd St l (m) Cl 

Theoretical result Numerical result Theoretical result Numerical result Relative difference 

0.1 0.234 0.213 22.73 12.55 0.191 0.322 40.8% 
0.5 0.156 0.216 22.64 12.00 0.131 0.149 11.8% 
1.0 0.151 0.221 22.11 11.98 0.130 0.139 6.1% 
1.5 0.151 0.222 22.01 11.97 0.130 0.137 5.1% 
2.5 0.150 0.223 21.91 11.63 0.131 0.129 1.6% 
4.5 0.154 0.220 22.20 11.94 0.131 0.131 0.0%  
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amplitude of lift and drag forces. Both the drag and lift forces can be expressed with non-dimensional force coefficients, Cd and Cl, given 
in Eq. (10). 

Cl;d ¼
Fl;d

1
2 ρU2W

(10)  

where Fl,d is the lift or drag force per unit meter. 
Since the fluctuation amplitude of Cd is small compared with Cl, and the fluctuation amplitude variation of Cl acts as a fatigue load 

on the mooring system, the variability of Cl is represented by its RMS Cl,rms, which represents how much the lift coefficient is oscillating 
[35]. The RMS is given by Eq. (11) 

xrms¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn
i¼1x2

i

n

r

(11)  

where xi is a variable comprising a time series of data. For Cd and St, the mean value is much larger than the fluctuation, so the mean 
(not the RMS) was calculated. To obtain reliable statistics and allow model spin-up time, an unsteady simulation of 4000 non- 
dimensional time steps was performed and the last 600 time steps were used. St was calculated from adjacent peaks of the lift coef-
ficient time series. The objective of the SFT cross-section shape optimization is to minimize Cl,rms and Cd,m. 

4.2. Effects of y 

Fig. 6 shows Cl,rms, St,m and Cd,m for the cases blow ¼ bup ¼ 1 m, r ¼ 2.5 m and yup ¼ 3.5 m, 3 m, 2.5 m, 2 m, 1.5 m. The velocity 
magnitude contours of the three cases are shown in Fig. 7. As the total height of the SFT cross section is 5 m, decreasing yup means 
increasing ylow; thus yup ¼ 2.5 m produces symmetry in the upper and lower halves of the cross section. When yup ¼ 2.5 m, half of the 
total tunnel height, Cl,rms and Cd,m take their minimum values, and St,m takes its maximum value. When yup >2.5 m, both Cl,rms and Cd,m 
increase. The mechanism underlying this increase of Cd and Cl due to increased yup can be interpreted as follows: as the flow passes 
around the leading edge of the tunnel profile, the flow streamline is distorted by the bluff shape, which causes an increase in the 
velocity gradient. The velocity gradient is related to the profile curvature. The curvature of the upper half increases with increasing yup, 
and thus generates a more cambered upper half and flatter lower half, hence increasing the velocity magnitude (Fig. 7) and decreasing 
the pressure around the cross section upper half based on Bernoulli’s principle. The lower half shows the opposite tendency, causing an 
increasing in the overall Cl of the cross section. The large curvature of the upper half also causes the boundary layer separation point to 
move upstream, so the width of the wake region increases, which leads to an increase of Cd and Cl, and a decrease of St. This behavior 
agrees with experimental results which compare aerodynamic properties of a flat thin plate with a cambered plate in a water tunnel 
[36]. 

4.3. Effect of r 

Fig. 8 shows Cl,rms, St,m and Cd,m, and Fig. 9 shows the pressure coefficient along both upper and lower halves of the SFT cross section 
when lift reaches its peak value for bup ¼ blow ¼ 0.5 m, yup ¼ 2.5 m, and r ¼ 0.1 m, 0.5 m, 1.0 m, 1.5 m, 2.5 m, 4.5 m. 

It can be seen that with increasing r, Cd,m and Cl,rms decrease remarkably and then increase slightly, with a minimum value around r 
¼ 2.5 m, while St,m shows an inverse relationship. For r ¼ 0.1 m with a fixed aspect ratio, the sharp leading edge and apex shape are 
obtained due to the extremely small radius, which causes a complete flow separation from the apex and nadir points (Fig. 10(a)). At 
small r, the width of the wake region is large. As a result, lower pressure and a wider wake recirculation region occur near the trailing 

Fig. 6. Variation of dimensionless lift, drag, and Strouhal number with yup.  
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edge, implying the increase of Cl and Cd. With increasing r, the pressure difference between the upper and lower halves becomes 
smaller, which can explain the reduction in Cl,rms until reaching its lower limit around r ¼ 2.5 m (Fig. 9(a)). Lift can be generated by 
pressure difference between the upper and lower halves, and also the flow separation of the vortex shedding effect due to viscosity. For 
a symmetrical shape, the RMS lift is determined mainly by vortex shedding. The pressure difference between the upper and lower 
surfaces of the tunnel results in a minimum RMS lift around r ¼ 2.5 m. Hence, a slowly tapering tail with streamlined shape should be 
considered in the actual design. Furthermore, from Fig. 9(a), the boundary layer and pressure gradient can be basically categorized 

Fig. 7. Velocity magnitude contours for various yup.  

Fig. 8. Variation of dimensionless lift, drag, and Strouhal number with r.  

P. Zou et al.                                                                                                                                                                                                             



Marine Structures 74 (2020) 102807

9

into 3 regions: a favorable pressure gradient (FPG), a zero-pressure gradient (ZPG) and an adverse pressure gradient (APG), separated 
by two inflexion points near the leading and trailing edges due to the free stream flows along the side, separates from the leeward part, 
and induces comparatively large curvature near the windward and leeward inflexion locations. 

For r � 0.5 m, it is obvious from Fig. 9(b) that Cp shows a positive correlation with r near the leading edge, with an inverse dis-
tribution near the bottom, and the pressures at the leading edge and bottom part of the lower half vary only slightly; thus Cd shows little 
variation (Fig. 8). For r � 2.5 m, the flow velocity increases as it passes around the leading edge of the tunnel cross section. The flow 
accelerates remarkably due to the large leading-edge stagnation region and the sharp change of flow direction, which causes a large 
pressure. Additionally, a bluffer tail with a flatter lower half shape develops causes a wider wake region near the trailing edge; both of 
these mechanisms cause the drag and RMS lift forces to increase. 

4.4. Effect of b 

4.4.1. Different b for the upper and lower halves 
Fig. 11 shows Cl,rms, St,m and Cd,m for the cases bup ¼ 1.2 m, r ¼ 4.5 m, yup ¼ 2.5 m and blow ¼ 0.1 m, 0.6 m, 1.2 m, 1.8 m, 2.4 m. Fig. 12 

shows Cp of the upper and lower halves of the cross section as measured in the counterclockwise direction, when the shear stress 
vanishes and flow separation occurs on the lower half, and lift reaches its peak value. 

It can be noted from Fig. 12(a), the absolute value of the negative pressure valley at the frontal part is larger than that at the leeward 
part. The FPG decreases (more negative) with increasing blow. For blow ¼ 0.1 m, the first local minimum is approximately located at x ¼
2 m, and moves upstream with increasing blow due to a blunter upstream corner on the lower half (Fig. 13). Similarly, the second local 
minimum is approximately at x ¼ 7 m, and moves downstream with increasing blow. A plateau exists between these points. It is noted 
that the average pressure increases with increasing blow due to the flatter profile of the lower half. The thickness of the boundary layer 
increases quickly and flow separation occurs in the APG region. At the end of the APG region, another plateau represents the leeward 
wake recirculation region, and the inflection point indicates flow separation. The lift force induced on a bluff body is mainly due to the 
pressure difference between its upper and lower halves, and the effect of vortex shedding. It can be deduced from Fig. 12 (a), 
comparing the pressure difference between upper and lower halves, that the minimal difference occurs when b values on both halves 
are the same. It can be concluded that a shape with the same b value shows the minimum pressure difference between the upper and 
lower halves. That is, it has the minimum Cl. 

As for the drag force, it can be observed from Fig. 12 (b) that with different blow, pressure coefficients of the leeward profile at the 
lower half keep approximately constant, but a difference becomes apparent on the windward half. In terms of the pressure distribution 
near the leading edge, Cp increases with increasing blow, although the opposite occurs near the bottom. Consequently, the total pressure 
along the leading edge increases with blow. Since the pressure distribution difference on the lower half of the leading edge between blow 
¼ 0.1 m and blow ¼ 0.6 m is small, variation in Cd is not obvious. For blow >1.2 m, Cd increases rapidly because Cp near the leading edge 
increases rapidly with increasing blow. 

The mechanism of the above phenomenon can be further interpreted as follows. The periodic vortex shedding in the wake region of 
the bluff body under oncoming uniform cross flow is known as the von K�arm�an vortex street [37,38]. Hydrodynamic and vortex street 
parameters show dependence on the cross section shape. The curvature of the upper and lower halves of the SFT cross section affects 
the interaction of the two separated boundary layers, and, hence the vortex street generation process. For a symmetric shape, the 
vortex street propagates with a same magnitude of velocity and vorticity on the upper and lower halves, and the two separated shear 
layers coincide, approach, curve inwards and interact with each other more quickly, forming the von K�arm�an vortex street with a 

Fig. 9. Pressure distribution along cross section for various r. FPG: favorable pressure gradient; ZPG: zero-pressure gradient; APG: adverse pres-
sure gradient. 
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shorter vortex formation length at the trailing edge and resulting in a more rapid vortex shedding rate, and therefore, a larger St, 
smaller longitudinal vortex spacing l and Cl compared to the asymmetric cross sections. 

4.4.2. Same b for the upper and lower halves 
As a symmetrical tunnel profile is more favorable for minimizing lift but does not affect drag (section 4.4.1), the drag and lift 

coefficients for various b on both the upper and lower halves are discussed. Fig. 14 shows Cl,rms, St,m and Cd,m for bup ¼ blow ¼ 0.1 m, 0.5 
m, 1.2 m, 1.8 m, 2.4 m, r ¼ 4.5 m, and yup ¼ 2.5 m. Fig. 16 shows the velocity magnitude contours. In order to describe the Cl,rms 
tendency clearly, here Cp curves for only three tunnel profiles are shown. Fig. 15(a) shows that the pressure difference between upper 
and lower halves increases with increasing b, thus Cl,rms increases. It is clear that the pressure difference between the windward surface 
and leeward region reflects the magnitude of drag. From Fig. 15 (b), pressure coefficients on the leeward lower part are similarly 

Fig. 10. Velocity magnitude contours for various r.  
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consistent, but Cp increases gradually with increasing b near the front of the leading edge. This occurs despite the fact that in a localized 
region near the bottom of the leading edge Cp becomes more negative with increasing b. That is, Cd increases as b increases. 

It should be noted that increasing b or r of the parametric B�ezier curve doesn’t always act to make the body bluffer for a fixed aspect 
ratio. The combined effect of b and r affect drag and lift, making optimal profile selection complicated. Nevertheless, from section 
4.4.1, Cd and Cl,rms are not always independent. The optimal cross section design should be considered in the arrangement, inclined 
angle, and stiffness of the mooring system and the buoyancy control of the SFT. 

5. Optimization algorithms 

5.1. Multi-objective optimization 

A multi-objective problem compromises a vector of decision variables satisfying a number of inequality or equality constraints to 
give optimal solutions to all objectives simultaneously [39]. In this study, since it is unrealistic to solve all the possible SFT 
cross-section shapes with a combination of different variables using the complicated and time-consuming CFD code, and with the 
problems of the interdependent distributions of Cl,rms and Cd,m, we consider Cl,rms and Cd,m as two minimization objectives and a 
function of four B�ezier curve parameters varying independently, using an artificial intelligence (AI) optimization algorithm. Con-
cerning the BP parameter constraint conditions in section 2.1, the problem can be described as follows: 

Optimization parameters: yup, r, bup, blow 

Fig. 11. Variation of dimensionless lift, drag, and Strouhal number with blow.  

Fig. 12. Pressure distribution along cross section for various blow.  
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Optimization objectives: 
�
 min:Cl;rmsðyup; r; bup; blowÞ

min:Cd;mðyup; r; bup; blowÞ

Constraint conditions: 

8
>><

>>:

0 � yup � 5
0 < r � 2:5
0 < bup < min:ðyup;

ffiffiffiffiffiffiffiffiffiffiffiffiffi
10r=3

p
Þ

0 < blow < min:ð5 � yup;
ffiffiffiffiffiffiffiffiffiffiffiffiffi
10r=3

p
Þ

5.2. Hybrid neural networks and genetic algorithm 

A NN [40,41] with multiple layers was applied to predict the hydrodynamic properties under various possible BP curve parameters. 

Fig. 13. Velocity magnitude contours for various blow.  
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NN’s have superior capacity in forecasting the relationships between input and output variables for data-driven prediction. The 
backpropagation (BP) learning algorithm is the most popular NN training method and is well suited for unseen features such as 
learning from previous experience samples [42]. Hence, it is unnecessary to simulate all the possible tunnel cross-section shapes a 
priori, with the ability of NN’s to recognize arbitrary profile features. 

In this study, a GA [43] was used to optimize the initial weights and thresholds of the BP algorithm, which is a weight optimization 
architecture commonly called “GA-BP”. With the ability to produce robust and effective results for noisy and discontinuous data, GA 
can search the entire solution space to find the global optimum via selection, crossover and mutation processes, to avert convergence 
problems from getting stuck in local minima [44]. 

In this study, a three-layer BP NN structure was applied as a prediction and optimization model. Four neurons were contained in the 
input layer, denoting yup, r, bup, and blow to determine the tunnel cross-section shape. All these parameters of every case were randomly 
generated within the constraints and normalized into the range of (� 1,1). The hidden layer consisted of 10 neurons with the “tansig” 
transfer function [45]. Two neurons with linear transfer functions were applied as the output layer, denoting Cl,rms and Cd,m. Therefore, 
a “4-10-2” BP-GA structure was employed in this study. The detailed parameters of the hybrid BP-GA structure are shown in Table 3. 

The BP algorithm optimizes weights and thresholds to minimize prediction error to the training data set, while the GA prevents the 
BP solution from getting stuck in local minima of the error. To verify the effectiveness of the BP-GA optimization process, further 
analysis and discussion are conducted in section 5.3. 

Fig. 14. Variation of dimensionless lift, drag, and Strouhal number with b.  

Fig. 15. Pressure distribution along cross section for various b.  
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Fig. 16. Velocity magnitude contours for various b.  

Table 3 
Input parameters used in the hybrid BP-GA model.  

Input parameters The BP-GA Model 

Training times 500 
Total squared error 0.0001 
Learning rate 0.01 
Population size 50 
Max. generations 100 
Crossover probability 0.9 
Uniform mutation probability 0.01  
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5.3. Results analysis and verification 

Fig. 17 illustrates the optimal cross-section selection process by using hybrid BP-GA including three main steps: establish the initial 
population model including training and testing data sets; determine the BP training set by applying the GA optimization; and conduct 
the BP prediction process and verify with CFD analysis. 

Step 1. Two procedures are included in this step: first, randomly generate n ¼ 60 groups of B�ezier curve parameters within the 
constraints and obtain Cl,rms and Cd,m as objective functions by conducting reliable CFD simulations. Note that the randomly generated 
parameters should be uniformly and reasonably distributed within the constraints to increase the accuracy and reliability of further 
optimization; second, randomly select m ¼ 50 groups of samples as a training set and the remaining 10 samples as a testing set to 
execute the BP training process. 

Step 2. The GA implemented by a roulette-wheel algorithm is applied to the thresholds and weights optimization of the BP NN 
structure. The target of this optimization is to maximize the fitness value to achieve ideal prediction results. The mathematical 
relationship between the input parameters comprised of 4 B�ezier curve variables and output objectives including Cl,rms, and Cd,m is 
established after the training process of the hybrid BP-GA. After comparing the prediction results with the testing set, the Average Root 
Mean Square Error (ARMSE) which is a measure of scatter or lack of precision, and Square Pearson Coefficient R2 of each case are 
calculated as two discriminant criteria. Here, the ARMSE and R2 are expressed by Eqs. (12) and (13) 

ARMSE¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1
10
X10

i¼1

�
yp � yc

�2
i

v
u
u
t (12)  

R2¼

P10

i¼1

h�
yp ;i � yp;m

�
�
�
yc;i � yc;m

�i2

P10

i¼1

h�
yp ;i � yp;m

�2i
�
P10

i¼1

h�
yc ;i � yc;m

�2i
(13)  

where yp and yc represent for the predicted and calculated values of Cl,rms or Cd,m, respectively. The subscript m represents the mean 
value. 

To ensure the representativeness of the training set, the ARMSE is restricted to a maximum training error ε, here taken as 0.01, and 
an R2 > 0.8, which signifies a satisfactory performance [46]. A statistical comparison of the mean drag and RMS lift coefficients 
between the BP-GA training results (the predicted values) and the testing set (the CFD results) is performed in Fig. 18. It clearly shows 
the max. ARMSE ¼ 0.009 with R2 ¼ 0.861 for Cd,m, and 0.010 with R2 ¼ 0.822 for Cl,rms, suggesting a qualitatively good performance of 
the hybrid BP-GA training process. 

Step 3. After determining the training set to use in the optimal cross-section prediction, Cl,rms and Cd,m of randomly cases comprised 
of B�ezier curve parameters within constrains are predicted with the utilization of the trained hybrid BP-GA NN. The prediction process 
is terminated by searching for Cl,rms and Cd,m values smaller than the minimum sample results in the training and testing sets. The 
output optimal SFT cross-section Bezier parameters are then validated with CFD. 

Fig. 19 shows minimum values of Cl,rms, and Cd,m among the 60 original samples, the predicted values for the optimized cross 
section as output the by BP-GA, and the actual values output by CFD of the optimal cross section. The B�ezier curve parameters of the 
optimal SFT cross section are: bup ¼ blow ¼ 1 m; r ¼ 3 m; yup ¼ ylow ¼ 2.5 m. The forecast has an error of 1.7% compared with the CFD 
validation result, which illustrates the feasibility and reliability of the hybrid BP-GA prediction. The optimized SFT cross section Cd,m is 
0.9% lower, and Cl,rms is 6.3% lower, than the mean drag and the RMS lift coefficients of the original 60 random samples. In this case, 
the minimum mean drag value of the sample is small, so the reduction of the optimal value is not obvious. However, it also shows that 
the sample is representative which the approximate optimal solution has already been covered. Overall, an optimized profile with 
better hydrodynamic performance than the original 60 samples is achieved by the hybrid BP-GA optimization. 

6. Conclusions 

To overcome a lack of research on hydrodynamic performance of SFT cross sections, a parametric B�ezier curve is applied to SFT 
cross section geometry design, and a sensitivity analysis to the B�ezier curve parameters is carried out. The RMS lift and mean drag 
coefficients are considered as objective functions and are optimized by a hybrid BP-GA structure. The main conclusions are briefly 
summarized as follows:  

� The B�ezier curve parameters analysis shows yup with a value of half of the total tunnel height achieves the minimum RMS Cl and 
mean Cd. To reduce the RMS lift force, a symmetrical shape with same b on both upper and lower surfaces should be used. The 
pressure difference between the leading edge and trailing edge reflects the magnitude of drag. For a SFT cross section with a fixed 
and relatively thick aspect ratio, a better hydrodynamic performance can’t be achieved by continuously minimizing the leading 
edge radius, because a sharp leading edge and apex shape causes flow detachment. 
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� The numerical CFD simulation are verified with a theoretical method to determine the drag and lift by employing the K�arm�an 
vortex street parameters, despite limitations due to basic assumptions.  
� A neural network with a backpropagation learning algorithm benefits from combination with a GA. This reduces the need for time- 

consuming CFD analyses, and increases the accuracy, reliability and goodness of prediction of the SFT cross section design. 
Therefore, hybrid BP-GA is an effective tool to optimize the complex interdependency of B�ezier curve parameters. 

In spite of these achievements of the B�ezier curve parameter analysis and applicability of the hybrid BP-GA method, some re-
strictions and future work still should be noted in this study: 

Fig. 17. Flow chart of the hybrid BP-GA optimization process.  

Fig. 18. Comparison of the BP-GA training results with 10 testing samples.  
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� A fixed aspect ratio for the SFT cross section is used. It is worth noting that the drag and lift of each B�ezier curve parameter 
combination will be different for different aspect ratios. However, the basic methodology of CFD simulation combined with the 
hybrid BP-GA optimization process is still applicable.  
� The future work should consist of a larger training set to optimize the algorithm variables and increase forecasting robustness and 

accuracy. 
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APPENDIX NOTATION 

blow ¼: b at lower half of the tunnel profile 
bup ¼: b at upper half of the tunnel profile 
Cd ¼: Drag coefficient 
Cd,m ¼: Mean drag coefficient 
Cl ¼: Lift coefficient 
Cl,max ¼: Max. lift coefficient 
Cl,rms ¼: RMS lift coefficient variability 
Cp ¼: Pressure coefficient 
Fl,d ¼: Lift or drag force per meter 
Gb ¼: Generation of k due to buoyancy 
Gk ¼: Generation of k due to the mean velocity gradients 
H ¼: Vertical clearance of tunnel cross section 
h ¼: Lateral consecutive vortex spacing 
i ¼: Slope 
k ¼: Turbulence kinetic energy 
l ¼: Longitudinal consecutive vortex spacing 
p ¼: Pressure 
pref ¼: Reference pressure 
R ¼: Curb or sidewalk 
r ¼: Leading edge radius 
Re ¼: Reynolds number 
Sk,Sε ¼: User-defined source terms 
Smax ¼: Grid size at outer boundaries 
Smin ¼: Gird size of the tunnel profile 
St ¼: Strouhal number 
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t ¼: Time 
U ¼: Uniform flow velocity 
W ¼: Width clearance of tunnel cross section 
Yþ ¼: Dimensionless wall distance 
ylow ¼: y at lower half of the tunnel profile 
YM ¼: Contribution of the fluctuating dilatation in compressible turbulence to the overall dissipation rate 
yup ¼: y at upper half of the tunnel profile 
αk ¼: Inverse effective Prandtl numbers for k 
αε ¼: Inverse effective Prandtl numbers for ε 
ε ¼: Turbulence dissipation rate 
μ ¼: Fluid dynamic viscosity 
μeff ¼: Effective viscosity 
ρ ¼: Fluid density 
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