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1. Introduction

Remotely operated vehicles (ROVs) are unmanned 
underwater vehicles with acoustic and optical sense 
systems. An umbilical cable is used in ROVs to provide 
energy and transmit signals by remote control. It can 
accomplish high-intensity and high-load work under 
complex sea conditions and can be used in many fields, 
such as oceanographic survey, pipeline inspection, and 
offshore structural maintenance. In the development of 

ROVs and in actual operations, their safety and stability 
are important considerations, and their resistance 
characteristics are the premise and basis of ROV motion 
stability. Therefore, the resistance characteristics of ROVs 
should be accurately predicted to build a foundation 
for ROV motion control. At present, the methods for 
accurately obtaining the hydrodynamic performance of 
ROVs subjected to underwater motion include the captive 
mode test method and computational fluid dynamics 
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(CFD) numerical simulation method. The captive mode 
test method mainly includes the linear resistance test, 
spiral arm test, circular motion test, and plane motion 
mechanism (PMM) test, which is currently the most 
widely used in testing hydrodynamic performance. Zhang 
et al. (2010) [1] took an open-frame ROV as the research 
object and obtained the hydrodynamic coefficient with 
the captive mode test method. Juan et al. (2011) [2] used 
PMM technology to perform a concussion test on a full-
scale open-frame ROV and compared the test results with 
the results of the Morison equation. Fan and Lian (2012) [3]  
used a large-amplitude horizontal PPM to conduct an 
in-plane oblique navigation test on a deep-sea ROV 
and obtained the hydrodynamic coefficient via multiple 
regression. 

Although the captive mode test method achieves 
certain accuracy, it is not conducive to the development 
and design of low-cost ROVs due to the long test time 
and high cost. With the rapid development of computer 
technology, CFD methods can be used to predict the 
hydrodynamic performance of ROVs as they have become 
a common method in the early design stage of ROVs. 
Leong et al. (2015) [4] developed a numerical model to 
predict the pure sway motion of an underwater vehicle 
at different lateral and longitudinal positions relative to a 
large underwater vehicle using the CFD method. Kang et 
al. (2005) [5] used CFD software to simulate the periodic 
heave motion of an underwater submersible body and 
compared the obtained data with the model test results. 
Alexander et al. (2007) [6] used CFD software to study 
the resistance performance of underwater robots. The 
calculation results are consistent with the experimental 
data. Zhang et al. (2010) [7] calculated the hydrodynamic 
coefficient for a long-endurance underwater vehicle. Wang 
et al. (2011) [8] took a five-degree-of-freedom disc-shaped 
underwater robot as the research object and used CFD 
software to calculate the resistance. Chin and Lau (2012) [9]  

used the CFD software ANSYS-CFX to calculate 
the hydrodynamic performance of a complex-shaped 
ROV system and verified the theoretical calculations 
through model tests. Nedelcu et al. (2018) [10] provided 
a model used for simulation and modeling to obtain the 
hydrodynamic characteristics of an ROV using ANSYS-
CFX. Badawy et al. (2013) [11] calculated hydrodynamic 
coefficients using the CFD software ANSYS-CFX. The 
numerical simulation is in good agreement with the 
experimental data. José et al. (2015) [12] used ANSYS-
CFX software to calculate the drag coefficient of an ROV. 
Wang et al. (2014) [13] developed a mathematical model of 
an underwater vehicle based on CFD calculations, strip 
theory, and open-water tests. Skorpa (2002) [14] simplified 

an open-frame ROV and used different turbulence 
models to study the wake distribution of the ROV during 
underwater motion. Vaz et al. (2010) [15] compared 
two viscous solvers for the accurate prediction of the 
maneuvering forces of streamlined submersibles using 
CFD calculations and so on. Yu et al. (2018) [16] calculated 
the hydrodynamic performance of a six-degree-of-freedom 
(6DOF) ROV under different working conditions on the 
basis of the CFD method. Chin et al. (2018) [17] used STAR 
CCM+TM and WAMITTM to compute the hydrodynamic 
damping coefficients and added mass coefficients of an 
ROV. Andra et al. (2018) [18] conducted a CFD analysis 
for an ROV in a horizontal plane for different velocities 
to obtain the hydrodynamic force characteristics. Tadeusz 
et al. (2018) [19] used CFD to calculate the pressure of the 
propeller of an ROV and thereby optimize its propulsion. 
Juan et al. (2016) [20] used a viscous flow solver to 
accurately predict the maneuverability coefficient 
of an ROV. Christian et al. (2013) [21] analyzed the 
hydrodynamic behavior of an ROV under different flow 
conditions. The results of the model show good agreement 
with those in published research. Hung et al. (2013) [22] 

presented a numerical simulation of a recently developed 
ROV utilizing theoretical and experimental work to obtain 
the vehicle’s hydrodynamic coefficients and a Laboratory 
Virtual instrument Engineering Workbench (LabVIEW) 
based numerical model to predict its behavior. Lau et 
al. (2008) [23] proposed a new experimental method to 
determine the added mass and drag coefficients of an 
ROV on the basis of the classical free decay test; the 
experiment results agreed with those of the CFD program. 
Muljowidodo et al. (2009) [24] used CFD to identify the 
fluid characteristics on a thruster. James et al. (2014) [25]  
presented a methodology to increase an ROV’s 
capabilities by optimizing its drag profile through a 
combination of CFD modeling and subscale experiments. 
Collectively, the existing studies on the hydrodynamics 
performance of ROVs at home and abroad mainly focus 
on the calculation of the simplified open-frame ROV 
resistance. Studying the stability of ROVs requires the 
accurate prediction of their hydrodynamic performance. 
Therefore, the current work summarizes previous 
research results on the basis of a deep sea ROV model 
and simulates the forward, backward, transverse, floating, 
and submerged resistance of the ROV with the Reynolds-
averaged Navier-Stokes (RANS) method. The results are 
compared with the experimental outcomes. The resistance 
of the ROV under direct horizontal navigation and that 
under oblique navigation are studied. Then, the motion 
responses of the ROV under direct horizontal motion, 
heave, pitch, and yaw are studied with a 6DOF equation 
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to obtain the corresponding force and moment curves. The 
stability of ROV motion is analyzed to provide technical 
support for the safety of ROV.

2. Theoretical Background

The CFD technique is used to assist in the calculation 
of ROV resistance. The turbulent flow field around the 
ROV is analyzed with the general CFD software STAR 
CCM+TM. 

2.1 Control Equation

The whole flow field uses the continuity equation and 
RANS equations as the governing equations (2017) [26].

0=
∂
∂

i

i

x
U

� (1)

*ˆ
iji

j

i

jij

i
j

i fuu
x
U

xx
p

x
UU

t
U

+−
∂
∂

∂
∂

+
∂
∂

−=
∂
∂

+
∂
∂

）（ ρµρρ � (2)

where Ui=(U,V,W) is the velocity component in the 

xi=(x, y, z) direction; ρ , p̂ , µ , ji uuρ− , and *
if are the 

fluid density, static pressure, fluid viscosity, Reynolds 
stresses, and body forces per unit volume, respectively.

2.2 Turbulence Model

The turbulence model adopts the renormalization 
group åk −  model, and the forms of the turbulence 
energy transport equation and energy dissipation transport 
equation are as follows (2017) [27].

� (3)

� (4)

where μeff is the effective dynamic viscosity; and k and 
ε are the turbulent kinetic energy and turbulent dissipation 
rate, respectively. Gk is the generation of turbulent kinetic 
energy by the mean velocity gradients. Gb is the generation 
of turbulent kinetic energy by buoyancy. YM represents the 
contribution of the fluctuating dilatation to compressible 
turbulence. C1ε, C3ε, and C2ε are empirical constants.

2.3 Motion Equation of ROV

While establishing the motion equation of the ROV, 
we establish two reference coordinate systems (Figure 1).  
One is a fixed coordinate system OoXoYoZo fixed on the 
earth; the other is a moving system OXYZ fixed on the 
ROV. The origin of the moving coordinate system is 
located at the center of mass of the ROV. The motion 

equations can be written as (2005) [28].
dB
d

B F
t
+ Ω× = � (5)

dK
d

K U B M
t
+ Ω× + × = � (6)

where B is the momentum of ROV, Ω is the angular 
velocity, F is the external force, and K is the moment 
of momentum. U is the speed of the ROV, and M is the 
resultant moment.

Figure 1. CAD SolidWorks model for ROV and its body-
fixed coordinate system

3. ROV Model

The principal dimension and related parameters of 
the model are shown in Table 1. The scale ratio of the 
model is 1:1.6. The upper part of the main hull is buoyant 
material, the lower part of the truss is made of steel, and 
the other parts are simplified.

Table 1. Parameters of ROV model

Parameter Unit Value

Length of ROV model (L) m 1.88

Width of ROV model (B) m 1.13

Height of ROV model (H) m 1.06

Mass of ROV model (M) Kg 500

Moments of inertia relative to the x axis (Ix) kg.m2 264

Moments of inertia relative to the y axis (Iy) kg.m2 450

Moments of inertia relative to the z axis (Iz) kg.m2 450

Center of gravity of ROV (xG,yG,zG) M (0.94,0.185,0.28)

3.1 Computation Domain and Boundary Conditions

The computation domain and boundary conditions are 
roughly shown in Figure 2. Let the length of the ROV 
flow direction be L. The length from the inlet to the 
front of the body is 3.5 L, the length from the rear to the 
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outlet of the body is 7.5 L. The height and width of the 
calculation domain are both 3.5 L. The inlet conditions 
are determined by flow velocity. The outlet conditions 
are given on the convection of the vertical and horizontal 
planes of symmetry. 

Figure 2. Computing domain and boundary conditions

3.2 Near Wall Modeling

Figure 3. Law of the Wall (1995) [29]

To solve the turbulence problem in this work, we use 
the near wall model for the near-wall region of the ROV. 
The estimation of the first cell size y is based on the ITTC 
(International Towing Tank Conference) standard method 
and is given in the function of the non-dimensional wall 
distance y+ and the local Reynolds number Re of the ROV.

The expression for y+ coefficient is

T
yy uρ
µ

+ = � (7)

where uT is the velocity friction defined as 
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where L is the length of the ROV and Cf is the friction 
drag coefficient of the plate.

The y+ variations of the ROV model for U=1.0 m/s 

are presented in Figure 4. The precision of the y+ values 
of the ROV determines the quality of the boundary layer 
solution that affects the friction force. The range of the y+ 
values is 0.1< y+<40.

Figure 4. Wall y + coefficient of ROV

3.3 Meshing

The whole calculation domain is meshed through body 
mesh division with right angle cutting. Given that the 
size of the original model is large and considering the 
limitation of calculation time and computer performance, 
we adopt a sparse grid size for the watershed and encrypt 
the grid only near the ROV. The final number of meshes 
is 5.46 million. Figures 5 and 6 indicate that the mesh 
near the ROV is locally refined. For calm water resistance 
predictions, the time step size is set to be 0.005 * L/U. 

Figure 5. ROV meshing

Figure 6. Grid horizontal section meshing of ROV
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4. Convergence Analysis of CFD Calculation 
Results

The uncertainty of CFD simulation results determines 
the usefulness of data. Comparing the results obtained by 
different researchers using different evaluation methods is 
difficult. Therefore, the CFD uncertainty analysis becomes 
an important task in CFD research and applications 
(2012) [30]. This section analyzes the uncertainty of CFD 
according to the ITTC regulation, that is, verification and 
validation.

4.1 Verification

In this section, the cutting volume mesh is selected 
as a case to analyze the uncertainty of the longitudinal 
resistance of the ROV during direct horizontal navigation. 
Three grid models are established with the grid refinement 
ratio rG=1.414. The free surface mesh and waveform 
diagram are shown in Table 2. 

Table 2. Meshing and section pressure

Mesh 
configuration

Horizontal mesh 
distribution

Section speed (m/s)

Coarse mesh

Middle mesh

Dense mesh

Table 2 indicates that the three grids clearly present 
speed cloud maps. The speed of the coarse mesh near the 
ROV is uneven, and the velocity cloud map obtained by 
the finely encrypted mesh is relatively uniform.

The error E is defined in Equation (11).
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The grid convergence ratio is expressed by the 
definition in Equation (12).
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where the precision limit order (Pth) in Equation (14) 
is 2.0, which is the formal order of CFD code precision. 
The longitudinal resistance coefficients calculated from 
the three sets of meshes are shown in Table 3. The 
longitudinal resistance calculation results are especially 
accurate when the mesh is encrypted. Table 4 shows 
the verification of longitudinal resistance coefficient 
CQT, including the convergent rate RG, order of accuracy 
PG, correction factor CG, grid spacing uncertainty UG, 
error σ*

G1 with a corrected factor, corrected uncertainty 
value UGC, and reference value for corrected numerical 
simulation SC. The convergence rate RG <1 indicates that 
the mesh monotonically converges. The reference value 
for the corrected numerical simulation SC is 0.281, which 
shows that the corrected longitudinal resistance is close to 
the experimental value with the error of 1.08%.

Table 3. Longitudinal resistance coefficient of three sets 
of meshes (CQT×10−3)

Scalar Coarse (S3) Medium (S2) Fine (S1) Exp. (D)

CQT 0.306 0.287 0.284 0.278

E%D −10.07 −3.24 −2.16 -

Table 4. Verification of calculation of total resistance 
coefficient

Mesh 
configuration

RG PG CG UG σ*
G1 UGC SC

Cutting 
volume mesh

0.157 5.328 5.336 0.00544 0.003 0.00244 0.281

4.2 Validation

Validation is the process of using experimental values 
to evaluate the modeling uncertainty USM of numerical 
simulations. If the conditions permit, then the model 
error σSN needs to be estimated. Validation determines 
whether verification is achieved by comparing the errors 
and confirming the magnitude of uncertainty. If the 
comparison error is less than the confirmation uncertainty, 
then the level of confirmation of uncertainty is achieved. 
The longitudinal resistance confirmation results of three 
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sets of meshes are shown in Table 5. |E| is less than 
the uncertainty UV; thus, the calculation results can be 
confirmed.

Table 5. Validation of results

Error Results
Confirmed 
uncertainty

Result
Relationship of 

sizes

E1 0.00552 UV1 0.00775 | E1|< UV1

EC1 −0.00499 UV1C 0.00603 | EC1|< UV1C

5. Results Analysis

5.1 Resistance Analysis of ROV during Direct 
Navigation

The upstream boundary is used as the velocity inlet, 
the downstream boundary is used as the free outlet, the 
surrounding boundary and model are used as walls, and 
simulation is performed using STAR CCM+TM software. 
The turbulence model is a standard k-ε model. The 
SIMPLE(Semi-Implicit Method for Pressure Linked 
Equations) algorithm is used to solve the pressure-velocity 
coupled equations. The finite difference method is used 
to discretize the algebraic equations. The momentum, 
turbulent kinetic energy, and turbulent dissipation rate are 
discretized using the first-order difference scheme. The 
calculation speed is 0.2-1.0 m/s.

The resistance of the forward, backward, left shift, 
right shift, down shift, and up shift motions of the ROV 
at different speeds is simulated, and the numerical 
calculation results are compared with the test results 
(Fan, 2013). Table 6 shows that the simulation results are 
close to the experimental results and that the simulation 
results have high reliability and practical reference value. 
Through the above calculation and analysis, we find that 
the CFD method can well simulate the resistance of the 
ROV to underwater motion.

Table 6. Comparison of calculated and experimental 
forces of ROV

Motion 
description

Velocity m/s 0.2 0.4 0.6 0.8 1.0

Forward

Experiment 
forces/N

- - 176 315 491

Calculation 
forces/N

37.2 114.4 189.4 328 502.4

Error/% - - 1.79 3.96 2.26

Backward

Experiment 
forces/N

41 119 171 304 475

Calculation 
forces/N

42.4 120.8 177.8 315.4 492.7

Error/% 3.31 1.49 3.98 3.75 3.73

Motion 
description

Velocity m/s 0.2 0.4 0.6 0.8 1.0

Left

Experiment 
forces/N

45 175 381 702 1119

Calculation 
forces/N

42.3 170.3 383.1 680.1 1062.8

Error/% −6.0 −2.69 0.55 −3.12 −5.02

Right

Experiment 
forces/N

43 168 383 703 1103

Calculation 
forces/N

42.8 171.9 387.2 686.0 1075.3

Error/% −0.47 2.32 1.10 −2.41 −2.51

Down

Experiment 
forces/N

46 181 400 713 1136

Calculation 
forces/N

48.2 192.6 433.9 780.1 1213.1

Error/% 4.78 6.41 8.48 9.41 6.79

Up

Experiment 
forces/N

41 186 401 696 -

Calculation 
forces/N

43.5 191.3 411.6 699.3 1042

Error/% 5.72 2.77 2.57 0.46

Figure 7. Velocity contours of the ROV different views at 
a velocity of 1.0 m/s a). the forward view b). the backward 

view c). the right view d). the left view e). the down view f). 
the up view

Figure 7 presents the velocity contours of the design 
velocity of 1.0 m/s and different directions of motion. 
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A large low-speed zone is formed at the downstream of 
the ROV, which is also the main generating zone of the 
vortex. Therefore, a large sticking resistance is generated 
during the advancement process. In addition to the ROV’s 
own frame, a large part of this low-speed area comes from 
the ROV. Each small part forms a low-speed area behind 
it. All components are densely distributed and have a large 
impact on the flow field. In terms of drag reduction, the 
water flow should pass through the interior of the ROV as 
smoothly as possible. 

Figure 8. Total pressure contours of the ROV different 
views at a velocity of 1.0 m/s a). the forward view b). the 
backward view c). the right view d). the left view e). the 

down view f). the up view

Figure 8 shows a graph of the ROV’s total pressure 
distribution with different motion patterns at a speed of 
1.0 m/s. As a result of the upstream movement of the 
ROV, the front surface of the ROV is subjected to a large 
total fluid pressure (red color in the figure), and the total 
pressures in other areas are small and evenly distributed. 
The ROV’s movement resistance is mainly related to 
its incident flow area and speed. When the velocity is 
constant in the incident flow area, the greater the ROV is, 
the greater the resistance will be.

5.2 Simplified Model Analysis

The actual ROV structure is considerably complicated 
and is thus not conducive to the numerical simulation 

of CFD. Therefore, several small components can be 
simplified into regular geometries without changing the 
actual flow state inside the ROV. We simplify two main 
types of geometric components, namely, a cuboid and a 
cylinder. The effects of the different shape geometries 
inside the ROV on the resistance performance are studied 
separately. The original model of the ROV is simplified 
in three ways. As shown in Figure 9, Case 1 removes all 
the cuboid members in the ROV and retains all cylindrical 
members. Case 2 removes all the cylindrical members 
in the ROV and retains all the cuboid members. Case 3 
removes all the cuboids and cylindrical members.

Figure 9. Three Simplified models schemes a). Case1 b). 
Case 2 c). Case 3

Figure 10. Calculation results of three schemes

Figure 10 presents a comparison of the calculated 
resul ts  of  the three s implif ied models  with the 
experimental values. The navigational resistance 
calculated by the three simplified schemes is smaller 
than that of the original model of the ROV. However, the 
difference between the calculation results and the data of 
the parent type of the three schemes is not considerably 
large, especially when all the components of the ROV are 
removed. Therefore, a simplified model can be used in the 
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resistance analysis to reduce the computation time.

5.3 Resistance Analysis of Models with Different 
Lengths and Heights

The principal scale of the ROV affects its resistance 
performance. In this work, the influence of the change 
of the principal scale on the resistance of the ROV is 
studied by changing the length (width and height are 
unchanged) and height (length and width are unchanged) 
of the ROV. The empirical formulas for calculating the 
ROV’s navigation resistance varying with the principal 
scale are fitted. Table 7 shows the variation parameters 
of the ROV’s principal scale. Table 7 presents the model 
obtained by reducing and enlarging Case 3 in Figure 
9 in the longitudinal direction (width and height are 
unchanged) and height (length and width are unchanged) 
of the ROV. We analyze its resistance during horizontal 
navigation. As presented in Table 7, the navigational 
resistance gradually decreases with the increase of length 
and the decrease of height.

Table 7. Changes of the length, breadth, and height of the ROV

L 0.7L 0.8L 0.9L 1.0L 1.1L 1.2L 1.3L

Drag coefficient 0.207 0.172 0.155 0.142 0.129 0.119 0.118

B 0.7B 0.8B 0.9B 1.0B 1.1B 1.2B B1.3

Drag coefficient 0.119 0.127 0.138 0.142 0.154 0.165 0.171

H 0.7H 0.8H 0.9H 1.0H 1.1H 1.2H 1.3H

Drag coefficient 0.132 0.133 0.134 0.142 0.149 0.151 0.152

The empirical formula for calculating the ROV drag 
coefficient fitted by MATLAB software based on Table 7 
is shown in Equation (16). Figure 11 presents the formula 
fitting diagram.

According to this formula, any type of ROV is suitable 
for estimating the hydrodynamic performance at the pre-
liminary design stage as long as the principal dimensions 
(length, width, and height) can be a preliminary estimate 
of the ROV’s motion resistance.

0.04939 0.102sin(-0.3137 ) 0.1608exp(-(1.752 Y)^2)DC XYπ= − + � (16)

Figure 11. Formula Fitting Diagram

5.4 Resistance Analysis of ROV’s Oblique Navi-
gation on the Horizontal Plane

The Re values are 1.27E−6, 1.59E−6, and 1.72E−6. The 
course angles are −8°, +8°, −16°, +16°, −45°, +45°, 
−75°, and +75°. The force and moment of the ROV’s 
oblique navigation on the horizontal plane are calculated 
by the CFD software star-ccm+. Figures 12 a), b), c), 
and d) respectively present the surge force, sway force, 
heave force, and pitching moment of the ROV’s oblique 
navigation on the horizontal plane. As shown in Figure 
12a), when the ROV level is tilted, the surge force 
increases as the speed increases. At the same speed, the 
smaller the drift angle is, the greater the longitudinal 
resistance will be. When the drift angle is between +15° 
and +45° or between −15° and −45°, the surge force does 
not change much, thereby indicating that the transverse 
current has little effect on the ROV. This result is 
explained as follows. As the ROV is an open-frame type, 
the parts of its body are arranged irregularly. Therefore, 
when a large drift angle occurs, the area behind the flow 
does not change much. When the drift angle exceeds 45°, 
the surge force sharply decreases. As the surge force is 
decomposed to the transverse direction when the drift 
angle becomes large, the sway force becomes large.

Figure 12. Forces and moment of the ROV’s oblique 
navigation on the horizontal plane under different 

Reynolds numbers a). surge force b). sway force c). heave 
force d). pitching moment

Figure 12b) shows that the sway force of the ROV 
oblique navigation on the horizontal plane is relatively 
large and that the sway force increases with speed. At 
the same speed, the sway force increases as the drift 
angle increases. When the drift angle increases, the surge 
resistance is reduced. Thus, special attention should be 
paid to the influence of transverse currents on the main 
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heading when the ROV is performing underwater oblique 
navigation.

Figures 12c)-12d) indicate that the heave force of the 
ROV’s oblique navigation on the horizontal plane is small 
and that the heave force increases with speed. At the 
same speed, the heave force decreases as the drift angle 
increases. The downward pitching moment increases 
with speed. At the same speed, it increases as the drift 
angle increases, and the upward pitching moment is 
considerably small.

Figure 13. Velocity contours at different drift angles of 
ROV’s oblique navigation on the horizontal plane

Figure 13 shows the velocity contours of a 0.5 m 
section at different drift angles of the ROV’s oblique 
navigation on the horizontal plane. As the drift angle 
increases, the low-pressure region of the ROV attachment 
also becomes large. The presence of the low-pressure 
region affects the motion stability and equipment 
performance of the ROV, especially for deep water 
operations. 

5.5 Resistance Analysis of ROV’s Oblique Navigation 
on the Vertical Plane 

The Re values are 1.27E−6, 1.59E6, and 1.72E−6. The 
course angles are −8°, +8°, −16°, +16°, −45°, +45°, −75°, 
and +75°. The force of the ROV is calculated with the 
CFD software star-ccm+. As a result of the asymmetry of 
the upper and lower structures of the ROV, the oblique 
navigation on the vertical plane calculates the drift angle 
from negative (water flow from above) to positive (water 
flow enters from the bottom). Figures 14 a), b), c), and d) 
are the surge force, sway force, heave force, and pitching 
moment of the ROV’s oblique navigation on the vertical 
plane, respectively. As the speed increases, the surge force 
becomes significantly large. At the same speed, the surge 

force, the sway force, and the heave force (the upward 
and downward flow areas of the ROV are different) all 
increase as the drift angle increases. The sway force 
and the heave force increase as the speed increases. The 
pitching moment increases as the speed and as drift angle 
increase at the same speed. The numerical simulation of 
the ROV’s oblique navigation on the vertical plane can 
provide an operational basis for cleaning operations. 

Figure 14. Forces and moment of ROV’s oblique 
navigation on the vertical plane under different Reynolds 
numbers a). surge force b). sway force c). heave force d). 

pitching moment

Figure 15. Velocity contours at different drift angles of 
the ROV’s oblique navigation on the vertical plane

Figure 15 shows the velocity contours of the 0.5 m 
section at different drift angles of the ROV’s oblique 
navigation on the vertical plane. As the drift angle 
increases, the upward movement speed of the ROV 
gradually becomes small. Therefore, the change of the 
drift angle affects the speed and direction of the ROV’s 
movement, especially during deep water operations.
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6. Movement Analysis

From the dimensional analysis and by using the 
Buckingham π theorem, we define the drag coefficient in 
Equation (17).

20.5D
FC
SUρ

= � (17)

where CD is the drag coefficient, F is the drag force 
of the ROV, S is the frontal area of the ROV, U is the 
velocity of the ROV, and ρ is the fluid density.

Taking the ROV with horizontal motion as a case, 
we study the motion response of the drag coefficient in 
6DOF (yaw, pitch and roll surge, sway, and heave). The 
drag coefficient for the ROV is a function of the Reynolds 
number. Thus, the similitude is satisfied by having the 
same Reynolds number for the two flows. The CFD study 
for the operating range of flow speeds (0.2 m/s ~ 1.2 m/s) 
shows that the drag coefficients are nearly constant for the 
corresponding range of Reynolds number (Figure 16).

The ROV has the largest drag in the heave direction 
due to its largest frontal area normal to the flow direction 
of about 1.49 m2. The drag force in sway is slightly larger 
than the drag in the surge direction due to the ROV’s 
small frontal area. The three rotation motions, namely, 
yaw, pitch, and roll, are plotted against the Reynolds 
number in Figure 16. As observed from the plots, the 
ROV has the largest drag in the roll direction due to its 
largest mass moments of inertia. The drag force in pitch 
is slightly larger than the drag in the yaw direction due to 
the ROV’s small mass moments of inertia.

Figure 16. Drag coefficient versus Reynolds number. a). 
drag coefficient of surge, sway, heave motion b). drag 

coefficient of yaw, pitch, roll motion

7. Conclusions 

The CFD method is used to study the resistance 
performance and motion stability of an open-frame 
ROV. The forward, backward, transverse, floating, and 
submerged resistance of the ROV are simulated and 
compared with existing experimental values to verify the 
accuracy of the calculation method. Then, the resistance 
performance of the ROV’s oblique navigation on the 

horizontal and vertical plane is studied, along with its 
heave, pitch, and yaw in direct horizontal navigation.

The research results show that due to the structural 
asymmetry of the open-frame ROV, the pitching moment, 
transverse force, and longitudinal force are large in the 
direct horizontal navigation, horizontal oblique navigation, 
and vertical oblique navigation, respectively. Therefore, 
the influence of transverse current on the ROV’s motion 
stability should be noted in a specific ROV operation. 
The simulation results in this work can provide technical 
support for the resistance prediction and design of deep 
sea ROVs.

Index of Abbreviations 

ROV remotely operated vehicle

CFD computational fluid dynamics

PMM plane motion mechanism

6DOF six-degree-of-freedom

LabVIEW Laboratory Virtual instrument Engineering Workbench

RANS Reynolds-averaged Navier-Stokes

ITTC International Towing Tank Conference

SIMPLE Semi-Implicit Method for Pressure Linked Equations
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