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Abstract. In order to reduce the resistance and increase speed for a high-speed wheeled amphibious vehicle,
a wheel-retracting mechanism was applied to a walking mechanism and the influence was researched. Firstly,
to obtain a reliable numerical method, a realizable shear stress transport (SST) k-ω turbulence model and com-
putational fluid dynamic (CFD) model built by an overset mesh technique was used and compared with the
corresponding model tests. Secondly, the effect of the wheels’ flip angle on resistance, heave and pitch was
investigated. Then, the wheel well was optimized by numerical simulation. Finally, the results showed that the
influence of the wheels on resistance was more significant, and the larger the wheels’ flip angle was, the more
significant the resistance reduction would be. An optimized wheel well was beneficial to resistance reduction.
Furthermore, the running attitude became steadier, thereby decreasing the heave and pitch.

1 Introduction

A high-speed wheeled amphibious vehicle (HWAV) is one
kind of amphibious vehicle. It is designed to carry out emer-
gency rescues on the coast and meet the requirements of daily
patrols and other tasks. The military and civilian markets fa-
vor the HWAV because of its high maneuverability on land,
high-speed performance on water, and fast conversion perfor-
mance on water and land. Among them, high-speed perfor-
mance on water is the main performance of the amphibious
vehicle, and it is also the performance index that scholars and
experts engaged in the research of amphibious vehicles have
focused on pursuing breakthroughs in recent years.

In researching the resistance performance of an HWAV, the
numerical method can obtain detailed information by flow-
field visualization and has obvious advantages in analyzing
flow phenomena and resistance components compared to ex-
periments. Wang (2020) investigated hydrodynamic perfor-
mance of a double-carriage amphibious vehicle by towing
tests and numerical simulation. And the numerically calcu-
lated result is essentially consistent with the total resistance
of the model towing tank test. The research results showed

that the hydrodynamic performance of the three-dimensional
vehicle could be numerically predicted based on the realiz-
able k-ε turbulence model and multibody overlapping grid
technology (Wang et al., 2020). The resistance and stabil-
ity of the wheeled amphibious vehicle were investigated by
experimental model tests and computational fluid dynamic
(CFD) analysis (More et al., 2014). High-accuracy hydro-
dynamic evaluation of the planned hull using CFD tech-
nology was studied (Sukas et al., 2017). The resistance of
a multipurpose amphibious vehicle was studied using CFD
techniques with Reynolds-averaged Navier–Stokes (RANS)
model, which gives the viscous flow field around the hull
(Nakisa et al., 2014). The CFD software STAR-CCM+ was
used for the resistance prediction of an armored personnel
carrier (APC) called BTR-80 (Islam et al., 2018). Numerical
simulation based on the RANS volume of fluid (VOF) solver
was conducted to investigate the hydrodynamic performance
of a planing craft and the effect of a fixed hydrofoil on its
wave resistance, and the reliability of the method was verified
(Bi et al., 2019). Vehicle resistance and sailing attitude after
wheel retraction were predicted by numerical simulation, and
the resistance reduction effect after wheel retraction was an-
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Figure 1. HWAV scaled-down printing model.

alyzed (Zheng et al., 2015). Feng et al. (2022) designed a de-
formable track wheel in order to study the resistance charac-
teristics of amphibious vehicles in the transition phase. And
the numerical calculation method based on the RANS solver
and the towing test method is used to analyze the hydrody-
namic performance of the amphibious vehicle (Feng et al.,
2022). To tackle threats arising from environmental change,
developing wheeled armored vehicles with amphibious func-
tions will inevitably become a trend in the future. The re-
sults of the simulation obtained through these two modes
have been discussed and compared to develop an efficient
tool for performing hydrodynamic performance analysis of
amphibious-wheeled armored vehicles (Jang et al., 2019).

There is no special theoretical solution strategy for water
resistance of amphibious vehicles, and the numerical method
of speedboats is generally used. However, compared with
speedboats, the hull structure of amphibious vehicles is com-
plex, and the turbulence around the vehicle is serious, so a
high-precision theoretical solution is very difficult to achieve.
The optimal design of hydrodynamic configurations based on
the towing test method of the scaled-down model is difficult,
and the complex geometric configuration of the amphibious
vehicle increases the scale effect of the real vehicle resistance
conversion, which leads to an increase in error. Therefore, it
is important to carry out accurate numerical simulation stud-
ies to obtain the key parameters affecting the hydrodynamic
performance of amphibious vehicles and to optimize the de-
sign of hydrodynamic configurations.

In order to shorten the design and analysis period, the CFD
technique has been widely used in flow-field analysis. In this
paper, an HWAV was designed and researched based on CFD
technology (Demirel et al., 2014). The results were compared
with the corresponding test results for verification. CFD had
been applied to analyze the influence of the wheels’ flip angle
on the resistance performance, and the resistance reduction
had been explained in terms of the change in the wake flow
field of the HWAV. In the end, the wheel well was optimized
based on our requirement for vehicle performance on land
and water.

Three-dimensional printing technology was adopted to
make the integrated HWAV model, designed with a ratio of
1 : 12 to the actual vehicle. As shown in Fig. 1, in order to ex-
plore the key factors to reduce resistance, in consideration of

Figure 2. Double A-arm portal suspension.

Figure 3. Wheel flip status.

cost, time and accuracy, a CFD software package was utilized
to conduct the simulation and then to provide a reference for
subsequent model tests.

2 Numerical model

In response to the current amphibious vehicle water perfor-
mance shortage, we innovatively designed the amphibious
vehicle body and proposed a retractable mechanism applied
to the walking mechanism. The HWAV studied in this paper
adopted a deep V-shaped hull and wheel-retracting mecha-
nism to reduce resistance, and the wheel-retracting mech-
anism adopts the shaped double A-arm portal suspension
structure, as shown in Figs. 2 and 3. When moving on land,
the oil and gas springs are equivalent to the use of conven-
tional shock absorber assemblies, and the suspension system
acts in the same way as the conventional suspension system
to support the vehicle driving stability and damping; when
sailing on water, the wheels are flipped as far as possible to
reduce the resistance.

Compared to the traditional double A-arm suspension
structure with a small buffering height of about ±100 mm,
the retracting mechanism shown in Figs. 2 and 3 can lift the
wheel to a large height of about 630 mm, by rearranging the
positions of the pins on the hull, optimizing the lengths of
the A-arms and especially by applying a door-bridge gear-
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Table 1. Characteristics and coefficients of the HWAV.

Main features Symbols Value

Total length Lpp (m) 6.5
Width B (m) 2.4
Molding depth h (m) 2.2
Draft T (m) 0.55
Deep type D (m) 1.05
Longitudinal center of gravity LCG (m) 2.55
Vertical center of gravity VCG (m) 0.85
Drainage volume ∇ (m3) 3.415

Figure 4. Geometric model.

box on the steering knuckle. Kinematics and dynamics anal-
ysis of the retracting mechanism showed that it is feasible for
retracting the wheel out of water, and the retracting mecha-
nism has enough strength to support the vehicle body while
using titanium alloy materials. By controlling the length of
the oil and gas spring, different flapping angles and heights
of the wheel can be achieved.

To facilitate the calculation, the hull model was simplified;
the geometric design with different angles of wheel flip θ is
shown in Fig. 4. The parameters of the simulation model are
summarized in Table 1.

3 Numerical simulation approach

Although the amphibious vehicle is a type of equipment used
both on the road and in the water, its hydrodynamic perfor-
mance in water is similar to that of a conventional surface
ship, and the numerical prediction of the relevant hydrody-
namic performance based on computational fluid dynamic
methods has been widely studied (Bi et al., 2019).

In this work, we focused on the HWAV. The flow field
is simulated with a CFD solver package. The CFD solver

Figure 5. The fixed coordinate system and moving coordinate sys-
tem.

has been successfully used to simulate the movement of the
HWAV on water, and the accuracy of the solver has been vali-
dated extensively for flows with various amphibious vehicles
and surface ships. It is worth noting that the present numer-
ical simulation focuses on the fluid dynamics of amphibious
vehicles sailing on water. It is not our intention to develop a
numerical scheme.

Since the study in this paper involves the interaction be-
tween amphibious vehicle dynamics and fluid dynamics, the
HWAV sail is in the horizontal plane, which is the same as
our group’s previous numerical simulations of amphibious
vehicles (Sun et al., 2020, 2022). The above two verification
cases are enough to show that our numerical method can ac-
curately solve the hydrodynamic performance of amphibious
vehicles.

Describing the motion of the HWAV can be borrowed from
the common ITTC (International Towing Tank Conference)
coordinate system for ships, and two kinds of coordinate
systems can be established, which are the fixed coordinate
system and the motion of coordinate system. As shown in
Fig. 5, the fixed coordinate system O–XYZ is one kind of
inertial coordinate system. The motion of coordinate system
G–xyz sets the origin G at the center of gravity of the hull.
The motion coordinate system moves along with the hull and
is mainly used to describe the rotational motion of the hull
around the center of mass. At t = 0, the origin of the spa-
tial coordinates O coincides with the origin of the moving
coordinate system G (ITTC, 2014).

3.1 Amphibious vehicle water motion equation

The motion of the HWAV satisfies the non-inertial rigid body
momentum and momentum conservation equations, while
the following assumptions are made for the model:
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Figure 6. The dimensions of the calculation domains.

Figure 7. Boundary conditions.

(a) The moving coordinate system was fixed at the center
of mass of the vehicle.

(b) The vehicle was regarded as a rigid body.

Combining this with the previous assumptions, we can ob-
tain the kinetic equations in the moving coordinate system as
follows:

mU̇ +m(�×U )=
∫
S

τ ·n ds+mg+ T (1)

J · �̇+�× (J ·�)=
∫
S

r × (τ ·n)ds+R× T , (2)

wherem is the hull mass tensor, U is the hull velocity vector,
� is the hull angular velocity vector, J is the hull inertia ten-
sor, τ is the hull surface stress (including pressure and shear)
tensor, n is the unit normal vector of the opposite element ds
under the conjoined coordinate system, g is the acceleration
of gravity, T is the thrust force,R is the vector diameter from
the point of thrust to the origin, r is the vector diameter from
the element ds to the origin under the conjoined coordinate
system and S is the closed surface of the body surface.

Figure 8. Mesh of the overall computational domain and the hull.

Figure 9. Overset mesh working principle.

Displacement and its derivative in a fixed coordinate sys-
tem can be converted by the following two equations:

 X

Y

Z

=



cosϕ cosθ
cosψ sinθ sinϕ− sinψ cosϕ
cosψ sinθ cosϕ+ sinψ sinϕ
sinψ cosθ
sinψ sinθ sinϕ+ cosψ cosϕ
sinψ sinθ cosϕ− cosψ sinϕ
−sinθ cosθ sinϕ
cosθ cosϕ


·

 x

y

z

 (3)

 ϕ̇

θ̇

ψ̇

=
 1 sinϕ tanθ cosϕ tanθ

0 cosϕ −sinϕ
0 sinϕ/cosθ cosϕ/cosθ

 ·
 α

β

γ

 . (4)

Equations (3) and (4) form the kinematic equations of the
HWAV, where α, β and γ are the angular velocities of rota-
tion in the x axis, y axis and z axis in the moving coordinate
system.
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Figure 10. Overset cell status.

Figure 11. The prism-layer grid of the hull surface.

3.2 Turbulence model

When the HWAV is in the planing regime, the flow field
around the hull will be turbulent. Therefore, the most widely
used Reynolds-averaged Navier–Stokes (RANS) method is
used to solve the computational problem of turbulence. For
viscous and incompressible flows, the continuity and mo-
mentum equations can be described (Li et al., 2021) as

∂(ρui)
∂xi

= 0 (5)

∂(ρui)
∂t
+
∂
(
ρuiuj

)
∂xi

=−
∂ρ

∂xi

+
∂

∂xi

(
ν
∂ui

∂xi
− ρui ′uj ′

)
+ Si, (6)

Figure 12. Wall Y+ distribution of the hull surface.

Figure 13. Different grid schemes.

where i and j = 1, 2 and 3; ρ is the density of the fluid; ν is
the kinematic viscosity coefficient; uiuj is the instantaneous
velocity component; ui ′uj ′ is the fluctuating velocity com-
ponent; ui ′uj ′ is the average velocity component; and Si is
the source term.

The problem of the HWAV is the high Reynolds number
flow. In the calculation for resistance, the turbulence model
generally uses the SST k−ω model (Sun et al., 2022). The
SST k−ω model retains the standard k−ω model near the
wall and applies the k− ε model away from the wall, which
is a hybrid model widely used in engineering and is particu-
larly suitable for simulating flows in the presence of inverse
pressure gradients. The k−ω model can compensate for the
shortcomings of the k−ε model, which does not take into ac-
count the effects of turbulent anisotropy and has an excellent
performance in the calculation of strongly separated flows. k
and ω equations can be described as

ρ
∂(kui)
∂xi

=
∂

∂xi

(
0k
∂k

∂xi

)
+Gk − ρε (7)

ρ
∂(εui)
∂xi

=
∂

∂xi

(
0ω

∂ε

∂xi

)
+α

ω

k
Gk − ρβiω

2

+ 2(1−F1)ρσω2
1
ω

∂k

∂xi

∂ω

∂xi
, (8)
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Table 2. The mesh parameters and calculation results.

Mesh Total
Mesh Mesh Basic number resistance Error
name density size per meter (million) coefficient (%)

G1 Fine 0.141 727 0.49631 –
G2 Medium 0.2 273 0.50124 0.99
G3 Coarse 0.283 104 0.53761 8.32

Figure 14. Total resistance coefficient values of CFD.

where 0k = µ+
µt
σk
0ω = µ+

µt
σω
Gk = −ρ · ui ′uj ′

∂uj
∂xi
µt =

ρcµk
2

ε
, F1 = tanh{

(
min

[
max

[ √
k

0.99ωy
500µ
ρy2ω

]
,

4ρσω2k

CDkωy2

])2
CDkω

=max
[

2ρσω2
ω

∂k∂ω
∂xj ∂xj

,10−20
]

represents cross-diffusion in the
k-ω model. The constants in the equation are derived from
theoretical derivations cµ = 0.09,σk = 1.176,σω = 2.0,α =
0.52,βi = 0.072,σk2 = 1.0andσω2 = 1.168.

3.3 Overset mesh setup

Although a common CFD software package is used in this
paper, the numerical calculation of mesh as a key factor af-
fects the CFD calculation results. For different calculation
models, the required best meshing strategy is different. In this
paper, through the evolutionary characteristics of the flow
field around the HWAV in the process of a model towed test,
the meshing strategy applicable to the HWAV numerical cal-
culation is carefully designed.

The size of the computational domain should be designed
to ensure its reasonableness. A computational domain that is
too small will affect the accuracy of the computational re-
sults, while one that is too large will lead to higher computa-
tional costs. According to the literature and guidelines given
by the ITTC (Maki et al., 2016), selected dimensions of the
calculation domains are as shown in Fig. 6.

Figure 15. Waveforms of different grids.

Figure 16. Diagram of traction device.

The boundary conditions were set as shown in Fig. 7. Con-
sidering that the simulation region is symmetric, only half of
the model was calculated to save computational costs. The
symmetry condition was applied to the symmetry plane and
the side plane of the domain. The top and bottom was set as
the velocity inlet, and all values were set equal to the hull
speed. The outlet was defined as the pressure outlet, and the
hull surface was set as the non-slip wall surface.

Mesh delineation is the key to the success of CFD simula-
tion, and it directly affects the convergence and accuracy of
the numerical results. The mesh quality will affect the con-
vergence index and correction factor, which in turn affects
the quantitative estimation of the time step uncertainty (Xing
and Stern, 2010). In order to improve the computational ac-
curacy, the flow fields around the hull and water surface were
refined, and a Kelvin wave system was established, as shown
in Fig. 8.

The mesh generator of the CFD software package was
used to generate the mesh of the computational domain, as
shown in Fig. 8a. To solve the motion of the HWAV, two re-
gions, the overset region and the background region, were
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Table 3. Parameters of towing test instruments.

Instrument Type Amount of routine Accuracy

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◦

Displacement sensor CLMD2-AJB8P011000 1.0 m 0.01 mm

Table 4. Detailed results of resistance calculations.

Speed Fr Resistance (kN)

km h−1 θ = 0◦ θ = 30◦ θ = 45◦ θ = 60◦ θ = 75◦ θ = 90◦

10 0.348 3.89 3.292 3.014 3.116 2.748 2.334
15 0.522 9.81 9.58 9.954 10.008 9.484 8.546
20 0.696 17.694 17.246 17.572 18.884 20.464 17.476
25 0.870 22.946 16.566 18.512 17.148 17.688 18.658
30 1.044 20.556 18.054 17.662 17.736 17.144 19.268
40 1.392 26.002 21.246 23.244 23.376 24.362 20.522
50 1.740 37.35 29.738 28.448 26.226 18.722 13.562
60 2.088 50 40.464 29.892 28.05 19.706 15.17

Figure 17. Waveform comparison of towing test and simulation.

used. As shown in Fig. 8b, the overset region moves together
with the hull body. The background region is usually the
computational domain adapted to the environment. Overlap
boundary conditions were applied to the overset region em-
bedded in the background region. The mesh generation was
performed in the CFD software package. The software pro-
vides an overset mesh model that can accurately model large
relative motions. In order to accurately calculate the flow
field around the HWAV, the mesh around the vehicle was en-
crypted, as shown in Fig. 8c. The mesh encryption zone of
the Kelvin wave system established based on the waveform

Figure 18. Total resistance values from experimental tests and
CFD.

caused by the HWAV observed in the towing test is shown in
Fig. 8d.

The working principle of the overset mesh system is
shown in Fig. 9. Data are transferred from the overset mesh
(red cells) to the background mesh (blue cells). The receptor
cells (dashed lines) are used to provide information for the
active cells (green and yellow).

This method has four types of cells: the discredited con-
trol equations are solved in the active cell, the donor and
acceptor cells provide and receive interpolation information
respectively, the relationship between them is determined by
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Figure 19. Sinkage and trim changes with Fr from experimental
tests and CFD.

Figure 20. Resistance variation with Froude number at different
wheels’ flip angles.

the interpolation method, and the data interpolation occurs
between grids, which can move with each other (Su et al.,
2021). They are most useful in the simulation of multiple or
moving objects and in parametric studies and optimization
analysis. As shown in Fig. 10, their roles in the computation
are as follows:

– active cells, where the discredited control equations are
solved in these cells;

– donor cells, which provide interpolation information to
the acceptor cells;

– acceptor cells, which receive information from the
donor cells;

– passive cells, where no equations are solved.

The two meshes in the overlapping area should be the same
size so that the data can be transferred linearly between them.
Therefore, an overlapping interface is created between them,
and the interpolation option is set to linear.

3.4 VOF method and wall Y+

The problem of water surface motion refers to the dynamic
simulation of the free surface, especially as when the motion
of the HWAV generates complex wave-making, the free sur-
face needs to be captured accurately. In this paper, the free
surface between water and air had been tracked by the VOF
model, which is commonly used in marine vehicles (Hirt and
Nichols, 1981).

The basic principle of the VOF method is to calculate the
volume ratio function P of the fluid in the grid cell. Here,
the function P determines the boundary surface of the two-
phase flow by realizing the volume change of the free surface
(Scardovelli and Zaleski, 1999). The function P is defined as
the ratio of the presence or absence of a specified fluid in the
cell space to its occupancy. In brief,

– P = 0: the fluid does not exist in the cell.

– 0< P < 1: an interface exists in the cell.

– P = 1: the cell is filled with the specified fluid.

The function P satisfies the following differential equation:

∂P

∂t
+ u

∂P

∂x
+ v

∂P

∂y
+w

∂P

∂z
= 0. (9)

In this study, dynamic fluid body interaction (DFBI) 6-
degrees-of-freedom (6 DOF) models were used but only 2
DOF were required for simulating the real motion of the
HWAV (Liang et al., 2019). Thus, except for the heave and
pitch, the other 4 DOF were locked. To use this method, it
is necessary to specify the relevant properties of the HWAV,
including weight, the center of gravity and rotational inertia.
In addition, to improve the accuracy and stability of the so-
lution, the release time was set to make the fluid flow more
uniformly, no translational or rotational motion occurs dur-
ing this time and the ramp time was set to reduce the impact
effect of the fluid on the hull at the beginning of the calcula-
tion (Song et al., 2020).

For turbulent numerical simulations, prism-layer grids are
required, especially in cases of a high Reynolds number
where the wall functions play an important role in the calcu-
lation accuracy. Figure 11 shows the prism-layer grids of the
hull surface. Prism-layer grids were used on the hull surface
to capture the boundary-layer flow and ensure that the grid’s
normal dimensions meet the requirements of the wall func-
tion application. The boundary-layer thickness can be calcu-
lated by the following equation:

δ(x)= 0.37×Re
−

1
5

x (10)

Rex =
ρV0Lpp

µ
, (11)

where δ(x) is the boundary-layer thickness, Rex is the
Reynolds number, ρ is the water density at 20 ◦C, V0 is the
vehicle speed and µ is the dynamic viscosity coefficient.
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Figure 21. Pressure distribution on the hull surface with different wheels’ flip angles at Fr = 0.87.

Figure 22. Water and gas two-phase diagram with different wheels’ flip angles at Fr = 0.87.

In classical fluid dynamics theory, prism-layer grids are
used to generate boundary-layer grids, and the y+ value is
the dimensionless distance from the wall to the first grid
node. Currently, y+ is generally calculated using the follow-
ing equation:

y+ =
y

υ

√
1
2
U2 0.074
Re0.2

L

, (12)

where y is the height from the first grid node of the boundary-
layer grid to the wall, U is the speed of the HWAV, L is the
waterline length of the hull and υ is the fluid viscosity coef-
ficient.

For general hydrodynamic calculations, the y+ value was
controlled between 30 and 300, as shown in Fig. 12. For the
model based on the wall function, five boundary layers with
a grid growth rate of 1.1 were adopted.
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Figure 23. Sinkage and trim changes with Fr under various condi-
tions.

Figure 24. Sinkage and trim at Fr = 0.696.

3.5 Grid-independence verification

The use of a suitable number of meshes for calculation not
only ensures the accuracy of the calculation results but also
improves the calculation efficiency. For the uncertainty anal-
ysis of numerical calculation results, this paper developed
three grid schemes for verification according to the CFD
testing and the determined protocols recommended by ITTC
(Zhu et al., 2007).

As shown in Fig. 13, the number of grids was adjusted by
changing the value of the global grid’s base size to ensure
that the boundary-layer grids remained unchanged. The grid
refinement ratio rG was taken as

√
2 (Momchil et al., 2019).

The detailed parameters are listed in Table 2. The working
conditions for validation are the Froude number as 0.87 and
the time step as 0.02 s. As shown in Table 2, by taking the
results of the fine grid model as the standard, the error of the
results of the coarse grid and the medium grid was 0.99 %
and 8.32 % respectively.

When comparing the total resistance coefficient of the
three grid models, as shown in Fig. 14, the total resistance
coefficient curves of the fine grid and the medium grid are
almost the same (Fig. 15 shows the waveform plots of three
different grids). It can be seen that the denser the grid is, the
finer the waveform will be, where the waveforms of the fine
and medium grids are almost the same, and the coarse grid
has a larger error.

Three levels of the grid G1, G2 and G3, respectively, cor-
respond to the resistance values of SG1 = 7.671 kN, SG2 =

Figure 25. Sinkage and trim at Fr = 0.87.

Figure 26. Sinkage and trim at Fr = 1.044.

7.747 kN and SG3 = 8.448 kN, and the grid convergence ra-

tio is calculated by RG =
∣∣∣SG1−SG2
SG2−SG3

∣∣∣= 0.11, so 0<RG < 1:
the results meet the convergence requirements. Taking the
computational accuracy and cost into consideration, the fol-
lowing simulations have been performed based on the mesh
parameters of G2 (Yanuar et al., 2017).

3.6 Numerical method validation

Based on the towing test of the HWAV, the numerical method
in this paper was validated (Allaka and Groper, 2020). The
towing resistance test was conducted in the towing pool of
the Aviation Industry Corporation of the Chinese Academy
of Special Aircraft Research, of 510.0 m (length) × 6.5 m
(width) × 6.8 m (depth), with water depth and water temper-
ature of 5.0 m and 25 ◦C, respectively. A 1/12 scaled model
was manufactured, and the towing hull could operate in a sta-
ble speed range of 0.10–22.0 m s−1, with a control accuracy
of 0.2 %. The surface of the hull mold is waterproofed and
painted to maintain smoothness and comply with the provi-
sions of the allowable error standard. To obtain the sinkage
and trim, 2 degrees of freedom (2 DOF) were released, that
is, heave and pitch. A 10–15 min break was necessary be-
tween two consecutive tests to keep the water surface calm.

Figure 16 is a schematic diagram of the traction device.
The resistance sensor is connected to the model towing point
by a wire rope to ensure that the wire rope is located in the
longitudinal plane of the model (Behara et al. 2020). The
navigation bar is a vertical steel tube fixed to the trailer. The
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guide rail is mounted on the bow so that the navigation bar
can pass through it. As the trailer moves forward, the hull
is towed forward. At the same time, the hull can only heave
(sinkage) and pitch (trim) under water pressure to measure
sinkage and trim values (Ma et al., 2017). Trim and heave
were free and could be measured by the inclination sensor
and position sensor. The parameters of these instruments are
given in Table 3 (Marquardt et al., 2014).

Figure 17 shows the experimental and simulation results
of the hull at Fr = 0.436. It can be seen that the prediction of
the navigation attitude of the hull can be effectively achieved
using the simulation method, and the waveforms calculated
by CFD are highly similar to the experimental results. The
total resistance results of the experimental tests and numer-
ical simulation are shown in Fig. 18. It can be seen that the
resistance obtained by the test and CFD agree with an error
of less than 8 %. This indicates that the method used in our
research has high reliability. As shown in Fig. 19, results of
sinkage and trim show good consistency, the average error
is 6.16 %, and the maximum value error of 9.12 % occurs at
Fr = 0.581. The sinkage and trim errors are more significant
than resistance at high speed due to the large impact moment
on the model caused by high-speed flow and the large trim
angle, but the deviation was within the acceptable range.

4 Analysis of numerical results

The resistance of the HWAV at different Froude numbers and
the resistance of the wheel flip at different angles were cal-
culated, and the characteristic curves were plotted using sim-
ulation software.

The expression of the Froude number is as follows:

Fr =
v

√
gLWL

, (13)

where v is the sailing speed of the HWAV, and LWL is the
length of the draft line.

4.1 Influence of the wheel flip angle on hydrodynamic
performance

Table 4 shows detailed results of resistance calculations.
With the increase of Froude numbers, the resistance of the
vehicle increases at first and then decreases, and the peak
of resistance appears between Fr = 0.696 and Fr = 0.87.
The resistance peak is the threshold for the transition of the
HWAV from the hull-borne to the planing regime. It requires
the coordination of various measures such as resistance re-
duction and power increase to cross the peak. When the hull
is in the planing regime, the resistance decreases rapidly, but
the rate of decline decreases gradually. This is because, in the
case of a low Froude number, the hull dynamic lift is small,
and thus the wet area of the hull decreases slowly. According
to Froude’s assumption, the resistance is proportional to the

Figure 27. Sinkage and trim at Fr = 1.392.

Figure 28. Comparison of resistance before and after the wheel-
well optimization.

square of the speed, so the resistance tends to increase with
the increase of speed at this stage (Suneela et al., 2020).

As Fig. 20 shows, in the low Froude number, the resis-
tance is too small to get a significant resistance reduction ef-
fect. Therefore, the resistance reduction measures should be
focused on the high Froude number. The peak of resistance
can be reduced by retracting the wheels, and the best effect
of resistance reduction occurs when the wheels are flipped at
30◦, with a reduction of about 28 %.

When the hull was in the planing regime, the resistance
reduction was more notable; that is, the resistance gradually
decreases as the wheels’ flip angle increases, and when the
wheels flip to 90◦, the resistance is reduced to the lowest.
Because the wheels have been lifted, the smooth flow line of
the hull bottom improves the flow state of water and reduces
the vortex, which plays an important role in resistance reduc-
tion. The higher the Froude number is, the more significant
the resistance reduction effect will be.

Figure 21 shows the contour of the hull pressure distri-
bution with different wheels’ flip angles at Fr = 0.87. With
increasing the wheels’ flip angle, the pressure decreases at
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Table 5. Sailing attitude at different wheel flip angles.

Fr

θ 0.522 0.87 1.392

0◦

30◦

60◦

90◦

the stern of the hull, and the pressure area on the wheels is
significantly reduced. This could explain why the resistance
is reduced by about 20 %–30 % at Fr = 0.87.

Figure 22 is the water and gas two-phase diagram of the
hull with different wheels’ flip angles at Fr = 0.87. It can
be seen that the rear part of the hull produced a large wa-
ter wave when the wheels are not flipped, and as the wheels’
flip angle increases, the water line at the rear of the hull be-
comes longer and the transition is smoother without negative
pressure. Moreover, at the rear part of the wheels not flipped,
there is an obvious flow vortex, as shown in Fig. 22a; when
the wheels are flipped, the water flow had good directionality,
as shown in Fig. 22b–d.

When the wheels are not lifted, due to the attack angle of
the protruding wheels, the water flow is affected in changing
the stability of the flow and producing stagnation, so that a
high-pressure area is formed at the front of the wheels’ pro-
trusion, and a low-pressure area appears at the rear of the
wheels, and then negative pressure is generated. Vortex loss
is generated and will increase the resistance; since the water
velocity increases, the resistance increases further.

Heave and pitch will also affect the sailing resistance of
the HWAV to a great extent. Increasing heave will reduce
the wet area and then decrease its resistance. Increasing the
pitch will increase the inflow angle and produce more violent

Figure 29. Comparison of sinkage and trim before and after the
wheel-well optimization.

waves. Figure 23 shows the sinkage and trim of the hull under
different wheels’ flip angles, and the sinkage and trim values
correspond to the heave and pitch, respectively. The sinkage
is defined as positive when the gravity center moves upward,
and the trim is defined as positive when the hull bow rotates
upward around y axis.

It can be inferred that the sinkage and trim firstly de-
crease and reach their minimum values, and then increase
along with the enlargement of Froude number; this is because
the increase of hull speed and the pitching moment cause
the bow to rise and the stern to fall. When Fr < 0.87, the
wheels’ flip angle has less effect on the sinkage and trim of
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Figure 30. Water and gas two-phase diagram at Fr = 0.87.

Figure 31. Free wave surface at Fr = 0.87.

Figure 32. The rear wheel-well pressure diagram at Fr = 0.87.

the HWAV. When 0.87< Fr < 1.392, as the wheels’ flip an-
gle increases, the sinkage and trim gradually decrease, which
makes the vehicle draft decrease, so flipping the wheels is
beneficial to improve sailing attitude of the HWAV in this
stage. And the hull can obtain the best heave and trim effect
when Fr = 1.044 with θ = 60◦. When θ = 30◦, it can sig-
nificantly reduce the sinkage of the vehicle during the plan-
ing regime, but it will increase the trim, making sailing the
vehicle unstable. So the HWAV can improve the sailing atti-
tude by adjusting the wheels’ flip angle flexibly when sailing
on water, which also provides a reference for subsequent re-
search.

To more intuitively describe the sailing attitude of the
HWAV at different wheels’ flip angles, Figs. 24, 25, 26 and

27 give the conditions of the HWAV for four typical Fr val-
ues.

In Fig. 24, the vehicle showed only minor sinkage and trim
motion fluctuations because of the low speed. In Figs. 25 and
26, under different wheels’ flip angles, the sinkage and trim
motion responses of the HWAV are much smaller compared
to θ = 0◦. And when the wheels are not flipped, the sinkage
and trim of the hull fluctuate greatly, making the movement
of the hull unstable. Meanwhile, flipping wheels when the
HWAV is in the planing regime can effectively reduce the
amplitude of heave and pitch of the hull, and the effect on
the pitch is more obvious. Therefore the amphibious vehi-
cle can run more steadily. But in Fig. 27, it can be seen that
the vehicle’s motion responds with large fluctuations at high
speed, especially when θ = 75◦. Therefore, when the HWAV
is at a high speed, adjusting the wheels’ flip angle reasonably
can effectively improve its longitudinal stability.

Table 5 shows the sailing attitude and waveform when
Froude numbers are 0.522, 0.87 and 1.392. The diagram
helps to better clarify the attitude change of the HWAV and
the effect of the wheels’ flip angle in the transition stage.
When Fr = 0.522, the change of the wheels’ flip angle has
little influence on the sailing attitude. But when the Froude
number is between 0.87 and 1.392, there is a significant
change in the sailing attitude. When Fr = 0.87, the bow has
left the water and the trim has reached the maximum, one
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of the reasons for the resistance peak. In this stage, flipping
wheels can significantly reduce the trim of the hull. When
Fr = 1.392, the sailing attitude begins to stabilize, and the
vehicle gradually enters the planing regime.

This indicates that the wheels’ flip angle affects the per-
formance of the HWAV mainly at medium and high speeds.
Wheels usually change the flow-field distribution around the
hull, so it is important to study the change of the flow field to
explain the mechanism of the wheels’ influence on resistance
performance.

4.2 Influence of the wheel well on hydrodynamic
performance

For an HWAV, wheel-well design is important. The wheel
well destroys the hull line, and the wheel well is in direct
contact with the water surface, which will increase the resis-
tance of the hull.

The design of the HWAV needs to consider the perfor-
mance to move on land, so the hull is generally presented
as a non-streamlined body. Since the curvature of the stern
changes greatly, it has a greater impact on the hydrodynamic
performance of the HWAV when sailing on the water. Vortex
is often generated at abrupt changes of the hull curvature, es-
pecially at the stern. The closer to the center of the vortex,
the lower the pressure will be, and then the vortex creates
a suction force that hinders the hull’s progress. In order to
reduce the resistance, the design of the rear wheel well has
been optimized.

Figure 28 shows the resistance of the wheel well after opti-
mization. When Fr < 0.696, due to low speed, the resistance
reduction effect is not obvious. When 0.696< Fr < 1.392,
the vehicle enters into a planing regime, and it can be seen
that the peak of resistance drops significantly. The maximum
resistance reduction effect occurs at Fr = 1.044, which is ex-
pected to achieve 20 %. This indicates that optimization of
the wheel well can significantly reduce the resistance of the
HWAV during the transition stage, thus allowing the HWAV
to reach a planing regime more quickly.

Figure 29 gives a clear picture of the comparison between
the amplitude of sinkage and trim at Fr = 0.87. It can be seen
that the sinkage is reduced and the trim is increased. When
Fr = 0.87, the sinkage is reduced by about 21.9 % under an
optimized wheel well compared with the wheel well without
optimization, indicating that the optimized wheel well can
decrease sinkage. By optimizing the wheel well, the water
draft of the hull can be reduced, as can the resistance.

The gas–liquid phase diagram before and after the wheel-
well optimization at Fr = 0.87 is shown in Fig. 30. The
analysis of the water resistance characteristics of the HWAV
shows that the wheel-well structure destroys the bottom line
of the original hull, which complicates the contact between
the hull and the water surface. In addition, after optimizing
the wheel-well, pitch moment increases and leads to the bow
rising and the stern falling.

Figure 31 shows the wave pattern generated by an HWAV
model sailing on water. The wave pattern is useful for analyz-
ing ship resistance and wave-making interference between
hulls. It can be observed that the wave-making region behind
the stern became lankier, and the cocktail wake and cavity
moved far away from the stern in optimized θ = 90◦ com-
pared with θ = 90◦ at Fr = 0.87.

As shown in Fig. 32, the pressure on the rear wheel well
is significantly reduced before and after the wheel-well op-
timization at Fr = 0.87, thus reducing the pressure of water
flow on the bottom of the hull.

5 Conclusions

In this paper, hydrodynamic performance of the HWAV was
analyzed using a numerical method, and the results show
that the method can better simulate the hydrodynamic per-
formance of the hull at different speeds, especially at high
speeds. A numerical study was performed and the results
were compared with experimental tests to ensure research re-
liability. Through the simulation and analysis, the following
conclusions can be drawn:

1. The numerical method used in this study has high ac-
curacy. The models including the turbulence model and
VOF model, and the parameters (such as grid size and
time step), are suitable for this large relative motion. In
addition, overset mesh has considerable advantages in
dealing with this problem.

2. The different wheels’ flip angles have different effects
on the HWAV. θ = 30◦ has the best resistance reduction
at the peak of resistance with a maximum resistance
reduction of 28 %. When the hull is under the planing
regime, the maximum resistance reduction effect can be
obtained by θ = 90◦. The hull can obtain the best heave
and trim effect when Fr = 1.044 with θ = 60◦.

3. The influence of the wheel well on water resistance is
relatively large, especially when the HWAV is under
the transition stage of navigation. The maximum resis-
tance reduction effect occurs in Fr = 1.044, which is
expected to achieve 20 %. When Fr = 0.87, the sinkage
was reduced by about 21.9 % under an optimized wheel
well compared with the original wheel well. Therefore,
the design of the wheel-well structure should be com-
bined with the shape structure of the hull; the transition
interface especially should be smooth as far as possible,
to make the water flow smoothly and reduce resistance.
The design of the vehicle shape structure should defer
to the vehicle design ideas and to the theoretical tech-
nology of shipping and hydraulics.

Based on the work above, the influence of the wheel-well and
wheel-retraction state on resistance and winding field can be
further studied to provide some more guidance for the opti-
mal design of the hull structure.
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