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Abstract: In order to reduce the additional resistance of high-speed amphibious vehicles, Flanks are
designed on the concave grooves. As a new drag reduction attachment, the principle of Flanks is
analyzed and discussed in detail. In this paper, the HSAV model and Flanks coupling resistance tests
are performed based on the Reynolds-averaged Navier–Stokes method and SST k−ω model. The
accuracy of the numerical approach is verified by a series of towing tests. Results show that with a
fixed installation angle and invariable characteristic parameters, Flanks can significantly reduce the
total resistance at high speed, with a maximum drag reduction of 16%. In the meantime, Flanks also
affect the attitude and flow field of the vehicle, consequently affecting the resistance composition
and the sailing condition. A vehicle model self-propulsion test is designed and carried out, and it
qualitatively verifies the drag reduction effect of the Flanks at high speed.

Keywords: amphibious vehicle; resistance performance; CFD; towing test; hydrodynamic characteristics

1. Introduction

Cruising speed, which plays a crucial role in battlefield survivability of high-speed
amphibious vehicles (HSAVs), is one of the most important indicators. HSAVs are equipped
with wheels, tracks, or other mechanisms to maintain their walking ability on land [1].
The hull geometry of amphibious vehicles differs significantly from ships, such as smaller
aspect ratios, more rapid changes in section shape, blunter bows, etc. [2,3]. Therefore, the
water resistance of a HSAV is larger than that of the ship, resulting in slower speed [1–3].

Water resistance of a HSAV includes friction resistance, viscous pressure resistance,
and wave-making resistance. Duan et al. showed that the friction resistance is relatively
small; the viscous pressure and wave-making resistance occupy the main parts [2]. Friction
resistance accounts for only 8–10% of the total resistance, while 40–80% of the viscous
pressure resistance. Wave-making resistance is closely associated with speed, and it
accounts for 15–20% of the total force when sailing from 9 to 11 km/h. Additionally,
the higher the speed is, the greater the proportion is. Ehrlich et al. fitted the relations
between drag characteristics and speed and discussed the impact of three drag components,
respectively [4]. Results pointed out that the friction and viscous pressure resistance
are proportional to the 1.8th power of velocity, while wave-making resistance to the
4th approximately. Some scholars continued this analysis method [5,6]. All research
above indicates that reducing viscous pressure resistance and wave-making resistance can
effectively improve the drag characteristics of HSAVs.

Essentially, the viscous pressure resistance and wave-making resistance of a HSAV
are changed dramatically due to its particular configuration. Relevant studies illustrated
that the walking mechanism destroys the hull’s coherence, leading to increased viscous
pressure resistance [2,3,7–10]. In addition, features such as small aspect ratio L/B, small
draft ratio B/T, and blunt bows strengthen the viscous pressure resistance and increase
the bow wave. Therefore, redesigning the surface and adding attachments are effective
methods of drag reduction.
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According to the open literature, little research has been designed to study the drag
reduction of HSAVs. Lee et al. installed a hydrofoil in the craft’s bow [7], which can
successfully improve bow trim at high Froude number (Fr). Latorre and Arana agreed with
this conclusion [3]. They compared HSAV resistance with and without a bow hydrofoil
at different Fr, showing that the bow hydrofoil can cut down the total resistance by more
than 10% when Fr exceeds 0.25. Moreover, the drag reduction percentage can reach 17%
when Fr equals 0.3. Helvacioglu et al. studied the cruising ability of HSAVs [11]. Ain et al.
analyzed the influence of an air cushion on the resistance of a Multi Amphibious Vehicle [9].
Results confirm that the air cushion effect is helpful to depress drag, but it weakens with
the increase of speed and wave height. Moreover, the air injection devices will increase
weight and draft, negatively affecting the vehicle’s resistance to wind and waves. Sun et al.
studied the effect of stern flaps on a caterpillar track amphibious vehicle (CTAV), which will
perform better by improving trim, lessening draft, and increasing virtual length [12]. When
Fr is between 0.63 and 1.05, the drag reduction impact can reach 34.31%. Additionally, the
optimal angle of Stern Flaps varies with different speeds.

Even though there are so many measures to reduce the resistance, few can be applied to
HSAVs. With speed increase, the cruising state gradually changes from floating to planning,
which means the hydrodynamic lift will exceed the buoyancy [8]. In the meantime, the
waterline moves down, and the bow will be carried out of water. Therefore, the wave
will focus on the front concave groove, significantly affecting the viscous pressure and
wave-making resistance. In conclusion, drag reduction methods on the front concave
groove will be effective.

Resistance extrapolation methods widely used include data-based estimation, semi-
empirical, resistance chart, towing test, and numerical approach [13]. The data-based
estimation method is efficient and straightforward, but the accuracy is poor and the data
on amphibious vehicles are scarce. The semi-empirical method combines a theoretical
formula with experimental correction to reflect the objective law. However, the structure of
HSAVs is quite different from conventional crafts, and also the resistance characteristics [8].
The resistance chart method requires high shape consistency, so it is unable to be applied
to HSAVs. The towing test method and numerical approach all have high accuracy and
realizability [14,15], and their combination can effectively evaluate the HSAV’s resistance.

In this study, the influence of Flanks on a HSAV’s resistance is illustrated. To restrain
the sharp increase of pressure resistance and wave-making resistance at high speed, a
new attachment is designed and installed at the front concave groove. According to the
classification of resistance, the drag reduction theory is expounded. Numerical method
and Towing test are applied to analyze the force condition without and with Flanks. The
effect of Flanks on resistance is verified by analyzing a HSAV’s sailing attitude. Last, a
self-propulsion model experiment is designed to verify the effect of Flanks under natural
conditions qualitatively.

2. Resistance Analysis

The hull geometry of a HSAV has a significant influence on the resistance [1–3].
Consequently, the Flanks concept is proposed as a significant innovation. The uppercase
“Flanks” mentioned in this paper refers to the drainage plate located at the concave groove.
The shape and installation location can be seen in Figures 1 and 2. Flanks can avoid vortices
at the concave groove by steering the water flow. It also alleviates the stress concentration
and lowers the water surface in grooves. Based on unaltered laminar flow, this construction
can minimize energy loss and maintain fluid velocity.
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with the original hull ( 3f ). Furthermore, only 1f  will exist when Flanks expose the free 
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Flanks, as shown in Figure 2. The buoyancy force floatF  will decrease with the addition 
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runs out at point D, resulting in a pressure drop in the rear. The pressure difference be-
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2.1. Friction Resistance

Friction resistance is calculated according to Froude Postulates. It is believed that
HSAV friction resistance is equal to that of a flat plate with the same speed, length, and
wetted surface. Friction resistance can be described by the non-dimensional number C f :

R f = C f ·
(

1
2

ρv2S
)

(1)

where ρ is the density of water, v is the cruising speed of the vehicle, S is the wetted surface.
C f can be obtained as C f = 0.075/(lgRe− 2)2, and it is exclusively related to the

Reynolds number. When the overall configuration of the vehicle is unchanged, C f remains
constant at the same speed. Therefore, R f is proportional to the wetted surface S.

There are two ways to change the friction force. One is shown in Figure 1 when
Flanks are underwater (Figure 1a), friction increases by adding f1 and f2 compared with
the original hull ( f3). Furthermore, only f1 will exist when Flanks expose the free surface
(Figure 1b). The second is to change the wet surface by adding lift force FlD on Flanks,
as shown in Figure 2. The buoyancy force Ff loat will decrease with the addition of FlD,
resulting in the reduction of wetted surfaces.

2.2. Viscous Pressure Resistance

Viscous pressure resistance is caused by the pressure difference. Figure 3 shows the
cause of viscous pressure resistance. When water particles move from the front stagnation
point A to the rear, their velocity increases first and then decreases. Their kinetic energy
runs out at point D, resulting in a pressure drop in the rear. The pressure difference between
the front and the rear of the vehicle leads to viscous pressure resistance [13].
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Figure 3. Diagram of HSAV streamline.

Obviously, to lower the viscous pressure resistance of HSAVs, measures should be
taken to reduce the kinetic energy loss. Flanks can reduce the kinetic energy loss when
water impacts the vehicle surface. As shown in Figure 4, when the water stream enters the
inclined plane at an angle, part of the kinetic energy is dissipated by vortices on the upper
side of the impact point. After the installation of Flanks, the inflow angle is improved, as
well as the energy loss.
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2.3. Wave Making Resistance

When sailing at high speed, the percentage of wave-making resistance increases
significantly. With the increase of bow trim, the front concave groove becomes the new
‘bow’ and dramatically influences wave-making resistance.

The wave is formatted by uneven distribution of pressure, which leads to height
fluctuation of water around the hull, resulting in wave-making resistance. According
to the assumption of the plane traveling wave, the wave-making resistance Rw can be
described as:

Rw =
1
4

ρgA2b (2)

where A is wave amplitude. Assuming that the water moves from infinite distance point a
to point b, the wave amplitude Ab in point B is:

Ab ∝ Zb =
va

2 − vb
2

2g
(3)

From the Equations (2) and (3), with the increase of vb, the wave-making resistance
Rw will decline. Therefore, alleviating the velocity loss of water at grooves is an effective
measure to reduce wave-making resistance.

2.4. Double Body Test

The double body test is applied to solve the resistance components. HSAVs travel at
the interface between air and water, where the wave is created. When viscous pressure
resistance is calculated only, the influence of wave should be left out. The water surface
can be regarded as a symmetry plane, and the part below is mirrored [16].

Based on the three-dimensional extrapolation proposed by Hughes [17], friction
and viscous pressure resistance are related to the viscosity Reynolds number. They are
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collectively called the viscous resistance Cv (Cv = (1 + k)C f ), k is the shape coefficient.
Therefore, total drag coefficient in the free liquid model can be described as:

Ct = (1 + k)C f + Cw (4)

In the double body model, wave-making resistance coefficient Cw′ = 0, the total
resistance coefficient Ct′ is:

Ct′ = (1 + k′)C f ′ (5)

where C f and C f ′ are the friction coefficients of the free liquid model and double-body. The
shape factors of HSAVs can be considered to be equal, that is:

(1 + k) = (1 + k′) (6)

Then, the wave-making resistance is the difference of total resistance between the free
liquid model and double body test [18,19].

Cw = Ct − Ct′ (7)

By calculating Equations (4)–(7), the friction resistance, viscous pressure resistance,
and wave-making resistance of HSAVs at different velocities can be obtained accurately.

3. Numerical Simulation

Computational fluid dynamics (CFD) is an essential method for analyzing hydrody-
namics, flow field characteristics, and scale effects of crafts [20]. In this study, the results
of numerical simulation and towing test were compared to verify the accuracy of CFD.
The resistance, trim, and sinkage were used to evaluate the effect of Flanks. By using the
double-body method, the resistance component of the HSAV was obtained. All of them
were based on STAR-CCM+ software provided by CD-Adapco, New York, USA.

3.1. Geometric Model

The 1:1 model of the HSAV was used for simulation, which was 5.702 m in length
and 2.151 m wide. The model was a triangular tracked vehicle with tail flaps and a sleek
design in the bow. When sailing on the water, the HSAV was propelled by a jet pump.
The vehicle model was simplified to facilitate the numerical calculation and towing test,
the track wheel was closed, and the sensor on the upper surface was removed. The hull
geometry is shown in Figure 5, and main parameters are shown in Table 1.
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Table 1. Main geometric parameters of the vehicle model.

Items Symbol Value

Scale ratio λ 1
Model length LPP (m) 5.702

Modeled breadth B (m) 2.151
Modeled height H (m) 1.203

Draught D (m) 0.378
Wetted surface S (m2) 15.717

Volume ∇ (m3) 3.169
Length of Flanks l (mm) 300
Breadth of Flanks b (mm) 305

Install angle θ (deg) 30

3.2. Governing Equations and Turbulence Model

The numerical solution of the flow field was obtained by the CFD method based on
the fluid’s generalized continuity equation and momentum equation. The equations were
solved based on the three-dimensional incompressible implicit unsteady model, Reynolds
average Navier–Stokes equation [21,22], and turbulence model [23].

The selection of turbulence model is the premise of an accurate solution. Wan et al.
compared various turbulence models’ accuracies in solving amphibious vehicles’ flow
fields [24]. Results are shown in Table 2.

Table 2. Comparison of different turbulence models.

Turbulence
Model S-A [25] Standard Model

k−ε [26,27] RNG k−ε [28] Realizable k−ε
[29]

Standard Model
k−ω [24] SST k−ω [30]

Solution error 1.58% 15.2% 8.51% 1.19% 20.6% 0.791%

Therefore, the shear-stress transport (SST) k− ω turbulence model was selected to
simulate the strong adverse pressure gradient flow field.

Equation k:

ρ
∂

∂xi
(kui) =

∂

∂xi

(
Γk

∂k
∂xi

)
+ Gk − ρβ∗kω (8)

Equation ω:

ρ
∂

∂xi
(εui) =

∂

∂xi

(
Γω

∂ε

∂xi

)
+ α

ω

k
Gk − ρβiω

2 + 2(1− F)ρσω2
1
ω

∂k
∂xi

∂ω

∂xi
(9)

where β∗ = 0.09, α = 0.52, βi = 0.072, σω = 2.0, σω2 = 1.168. The mathematical formula of
other turbulence models mentioned can be found in [25,28–31].

The VOF model was applied to deal with the free surface between air and water [32,33].
Moreover, the dynamic fluid–body interaction (DFBI) model was used to control the
vehicle’s attitude.

3.3. Mesh and Domain

The model calculation domain is shown in Figure 6. According to the guidance of
ITTC [34], the orthogonal calculation domain of 5Lpp× 3Lpp× 2Lpp was established, where
Lpp is the length between the head and tail of the vehicle model [12].
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the area was refined to ensure calculation accuracy. The wall function method was used 

Figure 6. Computational domain.

The boundary condition of the inlet was set as velocity-inlet, and the inflow speed
was the cruising velocity in the simulation. The pressure-outlet was applied to the outlet of
the domain. In order to simplify the calculation, only half of the model was calculated. The
symmetry condition was applied to the symmetry plane and side plane of the domain. The
top and bottom were also set as velocity-inlet. The hull was defined as a non-slip surface;
the air and water phases were set and defined by the VOF model [20].

The meshing quality will influence the convergence index and correction factor, further
affecting the quantitative estimation of the time step uncertainty [35]. The overset grid
method was used to divide the mesh [36], as shown in Figure 7a. Figure 7b shows the
Kelvin wave refinement area used to capture the traveling waves. The refinement approach
for Flanks is shown in Figure 7c. Figure 7d shows the mesh near the vehicle, and the area
was refined to ensure calculation accuracy. The wall function method was used to deal
with the flow near the wall, and the dimensionless number y+ was controlled between 30
and 300 to meet the requirement [37].
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A variety of refinement parameters are used to study the convergence and indepen-
dence of grid parameters [35,38]. Three grid parameters were selected according to ITTC
recommendation [38], which are Grid-1 with coarse grids, Grid-2 with intermediate grids,
and Grid-3 with fine grids. By reference to the result of EFD (scale ratio λ = 2.5), these
three types of grids were calculated and compared in Fr = 0.89. The results of the grid
independence test are shown in Table 3 (on the model scale).

It can be seen that the convergence ratio (described in [39]) of the resistance is below 1,
thereby demonstrating the monotonic convergence of the grids. The errors are all less than
5%. With the careful consideration of scale ratio, simulation time cost, and result accuracy,
Grid-2 (Middle grids) was selected for simulation.

Table 3. Resistance calculation results under different mesh conditions.

Type Grid Size CPU Time Rt (N) (Model Scale) Error (%)

EFD - - 527.56928 -
Grid-1 664,870 44.6 s 550.61593 4.368%
Grid-2 1,892,774 111.21 s 533.02555 1.034%
Grid-3 5,335,595 283.5 s 525.98311 −0.301%

4. Results and Discussions
4.1. Verification of CFD

The author’s team conducted the towing tests in a high-speed hydrodynamic labora-
tory in Jingmen, Hubei Province. The laboratory pool was 510 m long, 6.5 m wide, and
6.8 m deep. The experimental depth of water was 5 m, and the water temperature was
20 ◦C. The control precision of speed in the towing experiment was better than 0.2%.

The picture of towing test is shown in Figure 8. The model was designed according
to the scale of 1:2.5 of the original vehicle, made of solid wood and shaped by a five-axis
machine tool. The cavity of the lifting mechanism was filled to facilitate the processing.
The CFD model used for verification was also filled relatively. The surface of the model
was waterproof and spray-painted, which meets the standard of ITTC. A towing device
was installed at the gravity center of the model, with a trailer system to provide power and
stable speed. The resistance sensor was connected to the drag point by wire rope. The trim
and heave were free and could be measured by the inclination sensor and position sensor.
The parameters of these instruments are shown in Table 4.

The parameters of model ship are shown in Table 5. The reference frame was located
at the intersection of the middle section of two front wheels and the middle axis at the
bottom, and the x-axis points to the rear.
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Table 4. Parameters of towing test instruments.

Instrument Type Measuring Range Precision

Data acquisition system PXI-EQ1230 ±10 VDC 16 bit 0.3%
Resistance sensor U3B1-100K-B ±200 kg 0.01 kg
Inclination sensor ACCUSTAR ±60◦ 0.01◦

Position sensor CLMD2-AJB8P011000 1.0 m 0.01 mm

Table 5. Parameters of the model ship.

Items Value Items Value

Weight 192 kg Scale ratio 1:2.5
Longitudinal coordinates of the gravity center 540 mm Initial bow draft 93 mm

Vertical coordinates of the gravity center 200 mm Initial stern draft 140 mm

In calm water, tests were completed at five speeds from 1 to 5 m/s. During the
experiments, the speed and resistance of the vehicle were recorded. The data collected by
the experiment method (hereafter called EFD) were compared with the results of CFD to
verify the accuracy of the numerical model.

The results of CFD and EFD are compared in Figure 9, which shows good consistency.
Resistances of CFD were converted to the scale of the towing test. As shown in Figure 9a,
the overall resistance error between CFD and EFD is only 3.18%. Considering the scale effect
and the error caused by the simulation model, an error below 5% is generally considered
acceptable [39–41]. Results of trim show good consistency, the average error is 5.95%, and
the maximum value error of 7.67% occurs at Fr = 0.89. The trim error is more significant
than resistance at high speed due to the large impact moment on the model caused by
high-speed flow and large trim angle. By reference to [39], the reliability and accuracy of
the simulation model were effectively verified.
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Figure 10 shows the free liquid surface waveforms of the towing test and CFD simu-
lation in Fr = 0.67. It shows that the phenomena are highly consistent in front wave (1),
rear “cocktail” (2), and rear “Kelvin wave” (3), as well as the draught (heave) and trim.
Therefore, the numerical calculation method has high accuracy and credibility, which can
support the following analysis.
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4.2. Influence on Total Resistance

The total resistance and drag reduction rate ηt of the HSAV without and with Flanks
were compared. Flanks are always fixed at an angle of 30◦ with the bottom surface.
Expressions of drag reduction rate ηt and Froude number Fr are as follows:

ηt = (Rt0 − Rt1)/Rt0 (10)

Fr = v/
√

gL (11)

where Rt is the total resistance, the subscripts 0 and 1 are adopted to represent the original
vehicle and vehicle with Flanks. v is the cruising speed of the HSAV. L means the length of
the waterline. Flanks are expected to play a strong drag reduction effect at medium and
high speed, as shown by Figure 11.

(1) When Fr > 0.86, Flanks begin to play a drag reduction effect. The maximum drag
reduction effect occurs in Fr = 1.23, which is expected to achieve 16.0%.

(2) When Fr < 0.86, there is no drag reduction effect due to low velocity. Combined with
the analysis in Section 2, Flanks at low speed will cause an increase in resistance. The
influence of trim and sinkage on resistance will be studied next.

Therefore, Flanks should be folded at low speed and unfolded when the speed reaches
a higher stage. Additionally, angles of Flanks in different cruising attitudes ought to be
analyzed in detail. In this paper, comparison and optimization of multi-parameters are not
involved. The Flanks with only one angle and length were analyzed to clarify their drag
reduction principle and effectiveness in more detail.
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The dynamic resistance ratio rD/t is used to describe the resistance ratio of Flanks.
Based on rD/t, the potential of drag reduction at different speeds could be seen. Expression
of rD/t is shown as follows:

rD/t = RD/Rt (12)

where RD is the resistance of Flanks, which can be measured directly by extracting the
surface as a separate boundary in CFD software(STAR-CCM+ software provided by CD-
Adapco, New York, USA).

In Figure 12, with the improvement of speed, the total resistance of the whole vehicle
increases at first and then decreases, and it reaches the peak at Fr = 0.86. The resistance
peak is the threshold for the transition of the HSAV from floatation state dominated by
buoyancy to planing state dominated by hydrodynamic lift. It requires the coordination of
various measures such as drag reduction and power increase to cross the peak. Meanwhile,
the resistance on Flanks shows a steady upward trend with the change of speed.
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The dynamic resistance ratio rD/t has large values at low speed (Fr < 0.3) and high
speed (Fr > 1.0). It reveals the great potential for drag reduction in these two stages. In the
low-speed stage, the total resistance is too small to get a significant drag reduction effect.
Therefore, the drag reduction measures should be focused on the high-speed stage when
Flanks can play a critical role.

4.3. Influence on Sailing Attitude

Previously, the contribution of the Flanks lift to the reduction of HSAV displacement
has been analyzed. Furthermore, it should be noted that the lift on Flanks will also produce
a trim torque, which will change the HSAV cruising attitude and affect its resistance.

Figure 13 shows the lift on Flanks and its ratio (rl/G) to the HSAV gravity under
different Froude numbers.

rl/G = FlD/G (13)

where FlD shows the lift force on Flanks, and G is the vehicle’s gravity.
The contribution of Flanks to the reduction of draught is reflected by rl/G. The friction

resistance will be effectively reduced with the draught decrease, which can also restrain
the wave to a certain extent. As shown in Figure 13, with the increase of cruising speed, the
effect of Flanks improves gradually. In the transition stage, the value of rl/G is maintained
at about 3%, and the vehicle body is raised effectively to enter the planing condition
smoothly. When the HSAV reaches the planing condition, the value of rl/G rises rapidly,
reaching 5.44% in Fr = 1.42.
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Heave and trim will also affect HSAV sailing resistance to a great extent. Increasing
heave can lessen the wet area, thus lowering its resistance. Increasing the trim will enlarge
the inflow angle and produce more severe waves. Figure 14 shows the effects of Flanks
on heave and trim in a series of Fr. In Figure 14a, the lift will gradually replace part of
buoyancy with the speed increase, hence the displacement decrease. At medium and high
speeds, Flanks can significantly improve the heave, and the best effect appears at Fr = 1.0.
Figure 14b shows the effect of the Flanks on reducing the maximum trim angle, which also
occurred at Fr = 1.0. Thus, Flanks can obtain the best heave and trim effect when Fr = 1.0
with a 30◦ installation angle.

Figure 15 shows the cruising attitude and waveform when Froude numbers are 0.72,
0.86, and 1.0. The diagram helps to clarify better the attitude change of HSAV and Flanks’
effects in the transition stage. When Fr = 0.72, Flanks significantly raise the vehicle gravity
center, and the bow is raised out of the water. With the increase of speed, the influence of
bow wave declines, and the wave caused by grooves become more critical. The installation
of Flanks makes this conversion process faster.

When Fr = 0.86, the bow has left the water and trim reached maximum, one of the
reasons for the resistance peak. In this stage, Flanks play a specific role in alleviating the
water intake into the groove but minor on the attitude. When Fr = 1.0, the cruising attitude
begins to stabilize, and the vehicle gradually enters the planing condition. The wave
around the Flanks gets sharp, but the trim and the viscous pressure resistance are reduced.

J. Mar. Sci. Eng. 2021, 9, x FOR PEER REVIEW 13 of 20 
 

 

effects in the transition stage. When 0.72Fr = , Flanks significantly raise the vehicle grav-
ity center, and the bow is raised out of the water. With the increase of speed, the influence 
of bow wave declines, and the wave caused by grooves become more critical. The instal-
lation of Flanks makes this conversion process faster. 

When 0.86Fr = , the bow has left the water and trim reached maximum, one of the 
reasons for the resistance peak. In this stage, Flanks play a specific role in alleviating the 
water intake into the groove but minor on the attitude. When 1.0Fr = , the cruising atti-
tude begins to stabilize, and the vehicle gradually enters the planing condition. The wave 
around the Flanks gets sharp, but the trim and the viscous pressure resistance are reduced. 

  
(a) (b) 

Figure 14. Comparison of Heave and Trim of the two schemes. (a) Heave, (b) Trim. 

a b

c d

e f
 

Figure 15. Sailing stage of HSAV at different Froude numbers ((a) 0.72Fr = , Original; (b) 0.72Fr = , Flanks; (c) 
0.86Fr = , Original; (d) 0.86Fr = , Flanks; (e) 1.0Fr = , Original; (f) 1.0Fr = , Flanks). 

4.4. Influence on Resistance Composition 
According to the double body test description in Section 2, the composition of re-

sistance was solved by CFD. From formulas (5) and (6), the calculation formula of ( )1 k+

Figure 14. Comparison of Heave and Trim of the two schemes. (a) Heave, (b) Trim.



J. Mar. Sci. Eng. 2021, 9, 1260 13 of 19

J. Mar. Sci. Eng. 2021, 9, x FOR PEER REVIEW 13 of 20 
 

 

effects in the transition stage. When 0.72Fr = , Flanks significantly raise the vehicle grav-
ity center, and the bow is raised out of the water. With the increase of speed, the influence 
of bow wave declines, and the wave caused by grooves become more critical. The instal-
lation of Flanks makes this conversion process faster. 

When 0.86Fr = , the bow has left the water and trim reached maximum, one of the 
reasons for the resistance peak. In this stage, Flanks play a specific role in alleviating the 
water intake into the groove but minor on the attitude. When 1.0Fr = , the cruising atti-
tude begins to stabilize, and the vehicle gradually enters the planing condition. The wave 
around the Flanks gets sharp, but the trim and the viscous pressure resistance are reduced. 

  
(a) (b) 

Figure 14. Comparison of Heave and Trim of the two schemes. (a) Heave, (b) Trim. 

a b

c d

e f
 

Figure 15. Sailing stage of HSAV at different Froude numbers ((a) 0.72Fr = , Original; (b) 0.72Fr = , Flanks; (c) 
0.86Fr = , Original; (d) 0.86Fr = , Flanks; (e) 1.0Fr = , Original; (f) 1.0Fr = , Flanks). 

4.4. Influence on Resistance Composition 
According to the double body test description in Section 2, the composition of re-

sistance was solved by CFD. From formulas (5) and (6), the calculation formula of ( )1 k+

Figure 15. Sailing stage of HSAV at different Froude numbers ((a) Fr = 0.72, Original; (b) Fr = 0.72, Flanks; (c) Fr = 0.86,
Original; (d) Fr = 0.86, Flanks; (e) Fr = 1.0, Original; (f) Fr = 1.0, Flanks).

4.4. Influence on Resistance Composition

According to the double body test description in Section 2, the composition of resis-
tance was solved by CFD. From Formulas (5) and (6), the calculation formula of (1 + k)
can be obtained as 1 + k = Ct′/C f ′, where Ct′ and C f ′ can be calculated by CFD. Table 6
shows values of (1 + k) under different Froude numbers, where G0 represents the original
vehicle and G1 represents the vehicle with Flanks.

Table 6. (1 + k) of HSAV with or without Flanks at different Froude numbers.

Fr 0.14 0.29 0.43 0.57 0.72 0.86 1.01 1.15 1.29 1.44

(1 + k), G0 14.33 12.70 16.83 22.59 22.34 25.72 23.35 20.43 16.56 16.19
(1 + k), G1 14.42 15.35 17.48 22.23 23.75 25.67 23.92 20.51 16.68 15.87

The three-dimensional method was used to deal with the results. The total and
friction resistance can be calculated directly by CFD software, the viscous pressure and
wave-making resistance can be calculated according to the Equation (5).

The resistance composition of a HSAV without and with Flanks is shown in Figure 16.
It can be seen from the figure that the proportion of friction resistance is small, which is
only 3–5% (Figure 16b). With the increase of speed, the friction resistance increases at
first and then decreases (Figure 16a). This trend is caused by the decrease in heave and
wet areas. Due to the small proportion of friction resistance, the effect of Flanks is not
significant, but it can still be seen that the best effect occurs in Fr = 1.0.

The viscous pressure resistance increases sharply at low speed until it reaches the
maximum at about Fr = 0.86, then decreases. Flanks accelerate this trend, advancing the
peak of viscous pressure resistance and making the decline curve steeper. At Fr = 1.0,
Flanks significantly reduced the proportion of viscous pressure from 4700 to 3200 N by
about 32%. In the meantime, Flanks can obtain the best heave and trim effect when Fr = 1.0,
as shown in Figure 14. The viscous pressure resistance accounts for the largest component
of resistance when Fr < 1.2, but the wave-making resistance gradually surpasses it since
the HSAV enters the planing condition.



J. Mar. Sci. Eng. 2021, 9, 1260 14 of 19

J. Mar. Sci. Eng. 2021, 9, x FOR PEER REVIEW 14 of 20 
 

 

can be obtained as 1 ' 't fk C C+ = , where 'tC  and 'fC  can be calculated by CFD. Ta-

ble 6 shows values of ( )1 k+  under different Froude numbers, where G0 represents the 
original vehicle and G1 represents the vehicle with Flanks. 

Table 6. (1 + k) of HSAV with or without Flanks at different Froude numbers. 

Fr  0.14 0.29 0.43 0.57 0.72 0.86 1.01 1.15 1.29 1.44 

( )1 0,k G+  14.33 12.70 16.83 22.59 22.34 25.72 23.35 20.43 16.56 16.19 

( )1 1,k G+  14.42 15.35 17.48 22.23 23.75 25.67 23.92 20.51 16.68 15.87 

The three-dimensional method was used to deal with the results. The total and fric-
tion resistance can be calculated directly by CFD software, the viscous pressure and wave-
making resistance can be calculated according to the Equation (5). 

The resistance composition of a HSAV without and with Flanks is shown in Figure 
16. It can be seen from the figure that the proportion of friction resistance is small, which 
is only 3–5% (Figure 16b). With the increase of speed, the friction resistance increases at 
first and then decreases (Figure 16a). This trend is caused by the decrease in heave and 
wet areas. Due to the small proportion of friction resistance, the effect of Flanks is not 
significant, but it can still be seen that the best effect occurs in 1.0Fr = . 

  

(a) (b) 

Figure 16. Resistance with and without Flanks at different Froude numbers (solid line and subscript 0—Origin; dotted line 
and subscript 1—Flanks). (a) Resistance composition, (b) proportion of composition. 

The viscous pressure resistance increases sharply at low speed until it reaches the 
maximum at about 0.86Fr = , then decreases. Flanks accelerate this trend, advancing the 
peak of viscous pressure resistance and making the decline curve steeper. At 1.0Fr = , 
Flanks significantly reduced the proportion of viscous pressure from 4700 to 3200 N by 
about 32%. In the meantime, Flanks can obtain the best heave and trim effect when 

1.0Fr = , as shown in Figure 14. The viscous pressure resistance accounts for the largest 
component of resistance when 1.2Fr < , but the wave-making resistance gradually sur-
passes it since the HSAV enters the planing condition. 

The wave-making resistance of the original vehicle model raises with the increase of 
speed, reaching the peak value at about 1.3Fr = . In the meantime, the wave-making re-
sistance becomes the largest source of water resistance. Flanks advance the peak of the wave-
making resistance at 1.0Fr =  and effectively lower the number in the planing condition. 
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and subscript 1—Flanks). (a) Resistance composition, (b) proportion of composition.

The wave-making resistance of the original vehicle model raises with the increase of
speed, reaching the peak value at about Fr = 1.3. In the meantime, the wave-making
resistance becomes the largest source of water resistance. Flanks advance the peak of the
wave-making resistance at Fr = 1.0 and effectively lower the number in the planing condition.

The side wave of the HSAV can explain the reduction of wave-making resistance.
The influence of Flanks on the side wave in the planing condition is shown in Figure 17.
The airfoil areas on both sides of the vehicle are mainly caused by waves at concave
grooves. Compared with Figure 17a, the diffusion range and wave height in Figure 17b
are lower. It proves that Flanks can effectively weaken the wave at grooves and reduce
related resistance.
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5. Model Test

As the principal measure of resistance prediction and performance analysis, the test
method is still widely used in researching and designing an amphibious vehicle [42–44].
Towing test has high precision and reliable experiment results. Nevertheless, it is necessary
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to make the ship model and carry out experiments in a professional pool, with time-
consuming and high cost, hence is not suitable for frequent tests and modifications. After
careful consideration of the cost, time, and precision, a vehicle model self-navigation
experiment was adopted. In previous parts, the effect of the Flanks was analyzed by CFD,
and the accuracy was verified by the towing test. Therefore, there was no need to verify
the previous data again. In this part, a new method was explored to analyze the impact of
configuration changes qualitatively.

5.1. Test Platform

3D printing technology was adopted to make the integrated HSAV model, designed
with a ratio of 1:10 to the actual vehicle. A jet pump was adopted to drive forward. The
power system consists of batteries, motors, jet pumps, and steering gear. As shown in
Figure 18, the power system was arranged separated. The integrated power system can
make a free fore and aft movement relatively through the slideway on the inner wall of
the vehicle. In this way, the freedom along the longitudinal direction is released. The
thrust acted on the vehicle can be measured by force sensors between the vehicle and the
power system. When the HSAV travels at a constant speed, the thrust can be regarded as
equal to the resistance of the vehicle, on the premise that the friction generated by the slide
is negligible.

The test model was equipped with a flight controller and GPS. GPS was used to
measure the vehicle’s speed, and the flight controller collects GPS signals. The data
transmission station was connected with the remote ground station, and the data collection
and analysis can be carried on the ground station. Data collected by the force sensor was
converted by the digital transmitter and stored in the offline data storage module. The data
storage module was adjusted to the same time signal of the flight controller, so the velocity
and force of the test model can be matched. Parameters of these instruments are shown in
Table 7.

Figure 19 shows the picture of the experiment structure. The shell was hollow, and
the mass was less than 1.5 kg. The weight of the power system and the battery was nearly
1.2 kg, and other instruments were less than 0.5 kg. The location of the battery can be
moved to adjust the center of gravity. The critical purpose of weight control is to ensure
that Flanks are located near the water surface so that the actual performance of the Flanks
can be verified.
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Table 7. Parameters of model test instruments.

Instrument Parameter Instrument Parameter

Flight controller Pixhawk V1.4.1 Jet propeller 40 mm calibers (plastic)
GPS M8N Battery 25C 4000 mAh

Force sensor JLBS-MD Motor 3674 brushless motor
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5.2. Test Design

The self-propulsion test of the HSAV was carried out in a pond without running water
(the dotted line area in Figure 20). Since the pond had independent water flow with no
upstream and downstream, the water surface was calm in windless weather and met the
requirement of a static water test.

The experiment was carried out on a sunny, windless day with calm water. The
scheduled track was from point A to B (Figure 20), and the motor of the jet pump was
guaranteed to be in the same power gear in each test. Without and with Flanks, multiple
tests at different speeds were carried out. The velocity and resistance were extracted from
the experiment data after the speed was stabilized.
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5.3. Data Verification

A series of data points were measured in the experiment, and the total resistance
coefficient was plotted, as shown in Figure 21. Due to the uncontrollable errors in model
machining and test (such as machining accuracy, natural waves, etc.), the volume Froude
number with better tolerance for shape and waterline was selected [13].
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Figure 21 shows that Flanks have a noticeable drag reduction effect at medium and
high speeds. With a slight trim and high waterline at low speed, Flanks will increase the
total resistance to a certain extent. Consequently, the drag reduction effect of Flanks is
essentially related to the waterline and trim angle. Moreover, when the HSAV sails with
different trim angles, the optimal angle of Flanks should also be changed accordingly.
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6. Conclusions

In this paper, a drag reduction device of a HSAV was presented, which was mainly de-
signed to solve the problem of sizeable additional resistance at concave grooves. Moreover,
Flanks have easy installation and operation.

The drag reduction effects and the principle of Flanks were discussed in detail through
theoretical analysis and numerical calculations. The CFD method combined with a self-
propelled test was used to verify the drag reduction effect of Flanks. Results show that
the Flanks have an excellent drag reduction effect at medium and high speed, which can
weaken the viscous pressure resistance and wave-making resistance. The conclusions can
be summarized as follows:

(a) Flanks mainly affect the friction resistance by reducing the wet area and changing
the direction of the tangential force on concave grooves. Additionally, the former
one is more significant. However, considering that its proportion is less than 5%,
the influence of friction resistance is not decisive. In addition, the viscous pressure
resistance and wave-making resistance occupy a large proportion, which is related
to the concave groove cavity and vehicle’s attitude. Flanks can effectively influence
the wave-making resistance and viscous pressure resistance at the concave groove by
improving the inflow angle and reducing the wave height. Moreover, the resistance
can be indirectly affected by Flanks in changing the attitude of the vehicle body.

(b) Flanks have a good effect on increasing HSAV sinkage, especially at medium and
high speeds. After the installation of Flanks, the trim angle in the transition stage is
changed, which has an active influence on the resistance peak.

(c) Flanks begin to exert an overall drag reduction effect when Fr > 1.0. With a fixed
installation angle of 30◦, the drag reduction effect will reach a maximum of 16% at
Fr = 1.23. Therefore, Flanks ought to be folded at low speed and unfolded at high
speed. Furthermore, the Flanks angle should be dynamically adjusted according to
the velocity and attitude of the HSAV to achieve the best drag reduction effect.

(d) The double-body test was used to analyze the resistance composition of the HSAV.
Results show that Flanks accelerate the decrease of viscous pressure resistance and
effectively reduce the wave-making resistance in the planing condition.
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(e) A self-propulsion test was used to verify the drag reduction effect of Flanks. Different
from the CFD method, this test was only used to analyze the influence qualitatively.
Results show that Flanks have a certain drag reduction ability at high speed.

In this paper, the drag reduction effect of Flanks was studied, and the principle was
analyzed. In the subsequent study, the parameters of the Flank will be further adjusted
and studied to improve its effectiveness.
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