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The hydrodynamic behavior of underwater vehicles is crucial for achieving optimal 
maneuverability and energy efficiency in various underwater environments, 
thereby ensuring effective underwater operations. This research addresses the 
drift characteristics of an underwater vehicle by conducting Computational Fluid 
Dynamics (CFD) simulations. DARPA Suboff model was used to analyze its 
maneuvering characteristics under static drift conditions at a velocity of 3.34 m/s 
and drift angles ranging from 0 to 18 degrees with 2-degree intervals. The 
simulations replicate actual sea conditions using the Reynolds-Averaged Navier-
Stokes (RANS) equations combined with the k-ω Shear Stress Transport (SST) 
turbulence model. The computational domain and boundary conditions are 
carefully defined to optimize the computational cost. The results revealed a 
significant decrease in longitudinal force when the drift angle increased, while the 
lateral force and yaw moment showed substantial increases, indicating the 
complex interactions between drift angles and hydrodynamic performance. This 
research provides valuable insights into the hydrodynamic forces and moments 
acting on underwater vehicles, contributing to their design optimization for 
improved stability and efficiency. 
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1. Introduction 
 

Underwater vehicles are widely being used for military, research, equipment installation, or 
maintenance purposes. It requires a comprehensive evaluation of maneuvering characteristics for 
operational success and safety of autonomous underwater vehicles. Various methods have been 
developed to estimate these characteristics with high precision. Empirical and semi-empirical 
approaches are frequently used during the preliminary design phases to ascertain hydrodynamic 
characteristics, due to their economical nature and adaptability for necessary modifications [1]. They 
provide a practical starting point for understanding the basic maneuvering capabilities of underwater 
vehicles without incurring significant expenses. While experimental techniques tend to incur higher 
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costs and demand considerable time, they yield the most dependable results by integrating the non-
linear dynamics prevalent in real-world scenarios, thereby rendering them particularly suitable for 
the validation of other methods [2]. Numerical techniques, especially Computational Fluid Dynamics 
(CFD), have emerged as a prominent tool due to their capacity to swiftly and economically simulate 
forces, velocities, pressures, and turbulence in situations where the acquisition of experimental data 
proves to be challenging[3-6]. CFD simulations have been effectively used to study the maneuvering 
of underwater vehicles, optimizing computational costs to facilitate application in the concept design 
phase [7, 8]. Additionally, CFD has been employed to adapt Karasuno's fishery vessel maneuvering 
model to underwater vehicles, providing accurate representations of forces and moments during 
large drift and angle of attack motions [9]. 

Groves et al., [10] suggested to the DARPA Suboff geometry as a recommended hull form for 
conducting benchmark tests on underwater vehicles. Roddy [11] conducted towing tank experiments 
on different configurations of DARPA Suboff to investigate stability and control characteristics. Huang 
and Liu [12] performed wind tunnel tests on Suboff model and presented flow measurements over 
hull with various appendages. Different configurations of DARPA Suboff model are widely used in 
underwater vehicles research studies. The DARPA Suboff model is predominantly favored in 
benchmark underwater vehicles due to its streamlined and hydrodynamic hull design. Its utility is 
noteworthy due to the extensive research available in the published literature. The ITTC-
Maneuvering Committee(2014), also recommends researchers to use the DARPA Suboff geometry 
[13]. 

Toxopeus and Vaz [14] analyzed the flow at various drift angles around the bare hull of the DARPA 
Suboff. They employed their own code and implemented different turbulence models. Vaz et al., [15] 
conducted a study using CFD to ascertain the maneuvering forces of the DARPA SUBOFF. They applied 
two viscous-flow solvers Reynolds-Averaged-Navier-Stokes (RANS) and more advanced Delayed-
Detached-Eddy-Simulation (DDES) to ensure precise predictions of forces and moments for the AFF-
1(barehull) and AFF-8(fully appended) configurations at 0° and 18° angles for static drift. They also 
examined the effects of appendages on the resulting forces and flow fields. This foundational work 
laid the groundwork for further exploration into the hydrodynamic behavior of underwater vehicles, 
emphasizing the importance of turbulence modeling in predicting flow characteristics accurately.  

Pan et al., [16] conducted both steady and unsteady RANS simulations alongside the oblique 
towing tank and planar motion mechanism (PMM) experiments on the SUBOFF model. Their findings 
indicated a strong agreement of CFD results with experimental data. Although it was noted that the 
PMM experiment is the most effective method, it is also resource-intensive and may not be feasible 
during the initial design phase. Atik [17] determined that while turbulence models yielded similar 
results at small angles, the discrepancies increased with angle. Tat et al., [18] investigated four 
turbulence models for resistance of DARPA-Suboff and found that k-ω SST turbulence model provide 
more accurate results. Firdhaus et al., [19] found  k-w SST turbulence model, most suitable to 
simulate the flow around a hydrofoil-supported hull form. The k-ω SST (Shear Stress Transport) model 
provides the most accurate findings, revealing a 10% average difference between numerical and 
experimental outcomes beyond 8 degrees of static drift. 

Despite the popularity of experimental methods to estimate hydrodynamic coefficients, their 
excessive costs, mainly due to extensive number of 6-DoF captive matrix measurements required, 
make this approach impractical for small-sized vehicles operating on a limited budget. Meanwhile, 
that expense barrier makes it extremely unlikely to run such experiments in preliminary design 
stages. Furthermore, the effect of the support structure is very critical during experiments. The 
presence of struts can greatly affect the flow around an underwater vehicle model, even though only 
hydrodynamic forces are measured on the model itself. Other complications go beyond support 
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struts, such as boundary effects from tank walls and the bottom, which can alter measurement 
repeatability. Finally, wave interference within the towing tank introduces additional complexity in 
isolating intended hydrodynamic responses. However, CFD methods provides the advantage of 
estimating hydrodynamics of an underwater vehicle with presence of support struts. CFD allows for 
calculation of forces on individual appendages of underwater vehicles, such as rudders, sail, fins etc. 
without the complication of measuring devices used for experiments [20,21]. However, CFD 
techniques also have disadvantages, including significant computational expenses when handling 
complex geometries and the need to keep pace with the continual and rapid advancements in 
numerical techniques and simulation frameworks. 

Although extensive study has been conducted on the various configurations of DARPA Suboff 
model, it is essential to accurately estimate the hydrodynamic forces and moments acting on fully 
appended geometry, e.g. AFF-8 during static drift situations. The focus of this study is to perform 
maneuvering analysis of the AFF-8 configurations using CFD simulations. The analysis is conducted 
for drift angles varying from 0° to 18°, with a speed of 3.343 m/s. The forces and moments involved 
in maneuvering are calculated for various drift angles, and the accuracy of the CFD methods is 
confirmed by comparing the results with the experimental results. The results are converted to non-
dimensional values in order to allow comparison with the experimental data of DTRC [11]. Since the 
DARPA Suboff is symmetrical along the y-axis, calculations are conducted exclusively for one side. 
Consequently, the primary aim of this research is to study the forces and moments on AFF-8 (fully 
appended DARPA Suboff) geometry in the static drift condition, and determination of maneuvering 
derivatives from the obtained forces and moment values. 
 

2. Methodology 
 

The 6DOF maneuvering motion is decoupled into three horizontal and three vertical components. 
This is done to simplify the prediction of hydrodynamic forces and moments acting on underwater 
vehicles. This simplification allows the complex dynamics to be represented as a set of linear 
equations, facilitating easier analysis and computation [22]. The accurate estimation of 
hydrodynamic coefficients is crucial, as these coefficients characterize the forces and moments 
specific to the vehicle's shape and motion. Moreover, understanding the 6DOF motion in three-
dimensional space is vital for capturing the full range of vehicle dynamics. 
 

2.1 Maneuvering Equations 
 

The generalized 6-DoF rigid-body equations of motion in a body-fixed, non-inertial frame of 
reference X Y Z that is in motion relative to an Earth-fixed, inertial reference frame 𝑋0 𝑌0 𝑍0 can be 
derived as follows [23]: 
 

 2 2[ ( ) ( ) ( )]G G Gm u vr q x q r y pq r z pr q X− + − + + − + + =           (1) 

 

 2 2[ ( ) ( ) ( )]G G Gm v p ur y r p z qr p x qp r Y− + − + + − + + =          (2) 

 

 2 2[ ( ) ( ) ( )]G G Gm uq vp z p q x rp q y rq p Z − + − + + − + + =          (3) 

 
 𝐼𝑥𝑝̇ + (𝐼𝑧 − 𝐼𝑦)𝑞𝑟 − (𝑟 + 𝑝𝑞)𝐼𝑥𝑧 + (𝑟2 − 𝑞2)𝐼𝑦𝑧 + (𝑝𝑟 − 𝑞̇)𝐼𝑥𝑦 + 𝑚[𝑦𝐺(𝜔̇ − 𝑢𝑞 + 𝑣𝑝) 

−𝑧𝐺(𝑣̇ − 𝜔𝑝 + 𝑢𝑟)] = 𝐾  (4) 
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𝐼𝑦𝑞̇ + (𝐼𝑥 − 𝐼𝑧)𝑟𝑝 − (𝑝̇ + 𝑞𝑟)𝐼𝑥𝑦 + (𝑝2 − 𝑟2)𝐼𝑧𝑥 + (𝑞𝑝 − 𝑟̇)𝐼𝑦𝑧 + 𝑚[𝑧𝐺(𝑢̇ − 𝑣𝑟 + 𝜔𝑞) − 𝑥𝐺(𝜔̇ −

𝑢𝑞 + 𝑣𝑝)] = 𝑀  
 (5) 

  
 

𝐼𝑧𝑟̇ + (𝐼𝑦 − 𝐼𝑥)𝑝𝑞 − (𝑞̇ + 𝑟𝑝)𝐼𝑦𝑧 + (𝑞2 − 𝑝2)𝐼𝑥𝑦 + (𝑟𝑞 − 𝑝̇)𝐼𝑧𝑥 + 𝑚[𝑥𝐺(𝑣̇ − 𝜔𝑝 + 𝑢𝑟) − 

𝑦𝐺(𝑢̇ − 𝑣𝑟 + 𝜔𝑞)] = 𝑁             (6) 
 

Eq. (1), Eq. (2), and Eq. (3) explain the translational motions of surge-x, sway-y, and heave-z and 
whereas Eq. (4), Eq. (5), and Eq. (6) respectively describe the rotating motions of roll-ϕ, pitch-θ and 
yaw-ψ. These 6-DoF equations of motion describe the external forces (𝑋, 𝑌, 𝑍) and external 
moments (𝐾, 𝑀, 𝑁) acting on the underwater vehicle. Maneuvering studies incorporate two 
coordinate systems; an inertial coordinate system (𝑥0, 𝑦0, 𝑧0)  fixed on earth and a moving coordinate 
system (𝑥, 𝑦, 𝑧)  fixed on body. Similarly, 𝑚 is mass of the vehicle and 𝐼𝑋 𝐼𝑌 𝐼𝑍 are the vehicle’s 
moments of inertia. Centre of gravity (CoG) of underwater vehicle is defined by the points ( 
𝑥𝐺 , 𝑦𝐺 , 𝑧𝐺 ). The current study employs a coordinate system where the x-axis represents the 
longitudinal axis of the vehicle, with the bow pointing in the positive x direction. The y-axis represents 
the port (PS) and starboard (SB) sides of the underwater vehicle. The z-axis is oriented vertically 
relative to the vehicle, with the positive direction pointing downward. Description of the coordinates 
is shown in Figure 1. which is utilized in moment estimates along the z-axis, is estimated based on 
the center of gravity (COG) of the model at 0.4621*LOA from the bow of the vehicle.  
 

 
Fig. 1. Coordinated of Underwater vehicle [24] 

 

When forces and moments acting on the body are considered in the horizontal plane for any 
underwater vehicle, the roll, heave, and pitch motions are neglected; in other words, 𝜔 =  𝑝 =  𝑞 =
 𝜔̇ =  𝑝̇ =  𝑞 ̇ =  0. In the XZ plane 𝑦𝐺 = 0 is due to the symmetry of the underwater vehicle. If we 
apply these simplifications to the equations of motion described above, the equations become 
simplified for surge, sway, and yaw as shown in the Eq. (7), Eq. (8) and Eq. (9) respectively. The model 
developed by Abkowitz [25], solves the equations of motion for the hydrodynamic forces (X, Y) and 
moment (N) acting on the hull by considering the vessel as a whole and expanding them to the third-
order Taylor series.  

 
𝑚(𝑢̇ − 𝑣𝑟 − 𝑥𝐺𝑟2) = 𝑋           (7) 
 
𝑚(𝑣̇ + 𝑢𝑟) + 𝑚𝑥𝐺 𝑟̇ = 𝑌           (8) 
 
𝐼𝑧𝑟̇ + 𝑚𝑥𝐺(𝑣̇ + 𝑢𝑟) = 𝑁           (9) 
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The obtained forces and moments from numerical simulations of static drift maneuver are 
converted to non-dimensional values according to the proposal of SNAME [26]. These value of forces 
in the X, Y, and moment around Z axis are obtained by using the following formulas. 
 

𝑋′ =
𝑋,𝑌,𝑍

1

2
𝜌𝑉2𝐿2

    ,     𝑌′ =
𝑌

1

2
𝜌𝑉2𝐿2

     ,   𝑁′ =
𝑁

1

2
𝜌𝑉2𝐿3

                 (10) 

 
2.2 Computational Model 
 

In this study, we utilized the ANSYS Fluent software for performing CFD simulations on the DARPA 
Suboff model. The research focused on the fully appended (AFF-8) configuration, specifically 
analyzing the hydrodynamic behavior during static drift at a speed of 3.346 m/s. The main objective 
was to assess the longitudinal (X-force), lateral (Y-force), and yaw moment (Z-moment) under varying 
drift angles from 0 to 18 degrees. The second-order upwind scheme is used to discretize the 
governing equations employing the finite volume method. The SIMPLEC (semi-implicit method for 
the pressure-linked equations) algorithm is used to handle pressure-velocity coupling. SIMPLEC was 
chosen for its quick convergence rate since it requires less iterations and processing time, which is 
particularly useful for steady-state analysis [27]. The flow around the UV geometry is modeled using 
the incompressible steady RANS equation system. 
 
The RANS equation which governs the principle of mass described in Eq. (11) 
 
𝜕𝑦

𝜕𝑥𝑖
(𝜌𝑢𝑖) = 0                                              (11) 

 
Where 𝜌 is fluid density and 𝑢𝑖  is the velocity component in each of the directions (𝑥, 𝑦, 𝑧). 

Equation for conservation of momentum in each direction can be written as: 
 

𝜕(𝜌𝑢𝑖)

𝜕𝑡
+ 𝜌𝑢𝑗

𝜕𝑢𝑖

𝜕𝑥𝑗
= 𝜌𝐹𝑖 −

𝜕𝑃

𝜕𝑥𝑖
+

𝜕

𝜕𝑥𝑗
[𝜇

𝜕𝑢𝑖

𝜕𝑥𝑗
− 𝜌𝑢𝑖

′𝑢𝑗
′]                      (12) 

 

Where 𝐹𝑖  is the body force, 𝑢𝑖  is time averaged velocity components in cartesian coordinates 𝑥𝑖  (𝑖 =

1,2,3), 𝑃 is the time averaged pressure, 𝜇 is the dynamic viscosity, and 𝜌𝑢𝑖
′𝑢𝑗

′ is the Reynolds stress 

tensor. The time averaged Navier-Stokes equations are closed by estimating the stress tensor with 
several turbulence models. In the present study, k-ω SST turbulence model [28] is used. One of the 
primary advantages is its ability to accurately predict flow separation and transition from laminar to 
turbulent flow, which is crucial for analyzing resistance and maneuvering characteristics. The model 
combines the strengths of the k-ω model in the near-wall region with the k-ε model in the free 
stream, enhancing its versatility and robustness across a range of flow conditions. Additionally, the 
k-ω SST model provides improved performance for complex flows due to adverse pressure gradients 
and vortex shedding. The transport equation for turbulence kinetic energy 𝑘 is given in Eq. (13): 
 
𝜕

𝜕𝑡
(𝜌𝑘) +

𝜕

𝜕𝑥𝑖
(𝜌𝑘𝑢𝑖) = 𝜕𝑥𝑗𝜕(𝛤𝑘

𝜕𝑘

𝜕𝑥𝑗
) + 𝐺𝑘 − 𝑌𝑘                    (13) 

 
Similarly, equation for the specific dissipation rate 𝜔 is given by Eq. (14): 
 
𝜕

𝜕𝑡
(𝜌𝜔) +

𝜕

𝜕𝑥𝑖
(𝜌𝜔𝑢𝑖) =

𝜕

𝜕𝑥𝑗
(𝛤𝜔

𝜕𝜔

𝜕𝑥𝑗
) + 𝐺𝜔 − 𝑌𝜔 + 𝐷𝜔                  (14) 
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Where ρ is the fluid density, k is the turbulence kinetic energy, 𝛤𝑘 and 𝛤𝜔 is the effective diffusivity of 
𝑘 and ω, 𝐺𝑘 and 𝐺𝜔 is the production of turbulence kinetic energy due to mean velocity gradients, 𝑌𝑘 
and 𝑌𝜔 are the dissipation of k and ω, and 𝐷𝜔 represents the cross-diffusion term that arises in the 
SST model, which accounts for the combination between the k-ω model near the wall and the k-ε 
model away from the wall. It ensures that the SST model retains the advantages of both models. The 
density of the fluid domain, i.e. freshwater is 998.2 kg/m3 and kinematic viscosity is 0.001003 Pa-s. 
 
2.3 Geometry of the Model 
 

The DARPA Suboff model, known for its streamlined hull form, was selected for this study due to 
its extensive validation in the literature. The model's geometry, including appendages, was defined 
precisely to ensure accurate representation. Main parameters of the geometry are given in Table 1 
and model representation is illustrated in Figure 2.  The computational domain was structured to 
mimic real-world sea conditions, extending 2L in front, 5L at the Aft, and 2L at the sides, top, and 
bottom. Boundary conditions were carefully set to minimize computational artifacts and ensure the 
accuracy of the simulations. Front and Port side are selected as Velocity inlet, Aft and Starboard side 
are selected as Pressure outlet, Top and bottom are selected as symmetry, and Suboff model is 
selected as no slip wall. Description of the boundary conditions is given in Figure 3. 
 

Table 1 
Main parameters of DARPA Suboff Geometry (AFF-8) 
Parameters Value 

Overall length (m) 4.356 
Maximum diameter (m) 0.508 
Centre of buoyancy lcb (m)  0.4621 LOA 
Length between perpendiculars lpp (m) 4.261 
Volume(m3) 0.706 
Wetted surface area (m²) 6.3509 

 

 
Fig. 2. 3D model of fully appended DARPA Suboff Geometry (AFF-8) 

 

 
Fig. 3. Description of Boundary conditions  
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2.4 Meshing 
 
Meshing the model and its corresponding domain is performed within the meshing module of 

ANSYS Workbench, as shown in Figure 4(a), (b), and (c). Face-meshing is implemented to discretize 
the model, dividing it into smaller elements for computational purposes. An enclosure was created 
around the model, with a deliberate strategy of gradually increasing cell size. This approach 
accurately captures the fluid flow behavior near the model, where finer mesh resolution is crucial for 
detailing intricate flow phenomena. To enhance the accuracy near the model surface, 10 inflation 
layers are added with first layer height of 0.51mm selected to maintain wall Y+ value within ITTC 
recommended range of 30<Y+<100. Conversely, the outer domain is meshed with coarser elements 
to maintain a manageable number of elements within the computational domain, optimizing 
computational efficiency and resource utilization. A grid independence study determined the optimal 
mesh density by testing three mesh configurations: coarse, medium, and fine.  

 

 
(a)  

 
(b)  

 
(c) 

Fig. 4. (a) Meshing of Domain (b) Mesh refinement near the body (c) Local refinement for the 
stern appendages 
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2.5 Mesh Independence Study 
 

The most reliable and straightforward approach to find the order of discretization errors in 
numerical simulations is by using mesh independence. In essence, for numerical results to be 
considered accurate and reliable, their solution must be mesh independent. A mesh independence 
study involves running simulations on a CFD model using progressively finer grids, reducing the mesh 
size in each step, until the results no longer depend on the mesh size. ITTC recommends keeping the 
value of refinement within the range of √2 and 2 to prevent extrapolation errors. Three different 
mesh sizes with a constant mesh refinement factor (r = h2/h1 = h3/h2 = √2) are chosen, where hi is a 
characteristic dimension of the element. The analysis for Mesh independence study of the Suboff 
Geometry was conducted with zero drift angle at a velocity of 3.3436 m/s. The resulting forces and 
moments for each mesh were computed. Table 2 provides a description of the number of elements 
in each mesh and the details of longitudinal or surge force. 

 
Table 2 
Surge Force for Different Grid 
Number of elements Type Fx 

1,947,829 Coarse -125.78 N 

3,977,692 Medium -120.675 N 

7,979,491 Fine -120.181 N 

 
The convergence ratio, R is as follows: 
 

R =
ϵ21

ϵ32
             (15) 

 
The difference between medium and fine grid solutions is ϵ21=s2−s1 and the difference between 

coarse and medium grids is ϵ32=s3−s2. 
 
The situations for possible convergence are: 
 

i. R>1 ⇒ Mesh divergence 
ii. R<0 ⇒ Oscillatory convergence 

iii. 0 < R <1 ⇒ Monotonic Mesh convergence 
 
When mesh convergence happens, the convergence rate is estimated using Richardson 
extrapolation. Eq. (16) define the fractional difference between solutions. 
 

e𝑖𝑗 =
(s𝑗−s𝑖)

s𝑖
                                     (16) 

 
Hence, the order of the discretization is estimated in Eq. (17): 
 

𝑝 = log 
(
𝑒32

𝑒21
⁄ )

log(𝑟)
            (17) 

 
Then, the mesh convergence index (GCI) is defined as: 
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𝐺𝐶𝐼𝑖𝑗 = 𝐹𝑠
|𝑒𝑖𝑗|

𝑟𝑝−1
                        (18) 

 
Eq. (18) includes a safety factor, 𝐹𝑠, which was suggested by Roache [29] for convergence studies 

with a value of 1.25 for a minimum of three grids. GCI (Grid convergence index) measures the 
difference between the calculated and exact value. It also quantifies how the solution varies with 
further mesh refinement. A lower GCI value suggests that the solution is close to the exact range. 
Table 3 details the computed convergence ratio (R), discretization order (p), and GCI. Although, the 
theoretical value of p is 2, however the deviations may occur due to factors like the orthogonal grid, 
problem nonlinearities, and turbulence modelling, etc. 
 

Table 3 
Computed convergence ratio, the discretization order, and GCI 
Parameter Value 

R 0.097 
p 3.314 
GCI 0.152% 

 
The Wall Y+ value is 75, as shown in Figure 5, which is significantly good and within ITTC 

recommended limits. 
 

 
Fig. 5. Wall Y plus for medium mesh 

 
3. Results  
3.1 Hydrodynamic Forces and Moments 
 

The simulations were performed at drift angles ranging from 0 to 18 degrees, with increments of 
2 degrees. The hydrodynamic forces (X and Y) and the yaw moment (Z) were extracted and analyzed 
for each angle. The results are summarized in Table 4.  

The longitudinal force decreases as the drift angle increases from 0 to 18 degrees. This reduction 
is due to changes in flow separation around the vehicle, which lowers the pressure drag. The lateral 
force increases significantly with the drift angle. This indicates a strong lateral force acting on the 
vehicle, affecting its maneuverability and stability. Similarly, the yaw moment also increases with the 
drift angle, reaching its maximum at 18 degrees. It is due to increased rotational forces, impacting 
yaw stability. This underscores the need for effective control surfaces to manage rotational forces 
during maneuvering. 
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Table 4 
Forces and moment for different drift angles 

Drift Angle X-forces (N) Y-forces (N) Z-moment (Nm) 

0 -120.6754 0.6202 0.5801 

2 -118.266 92.2219 209.5935 

4 -115.4781 194.925 435.704 

6 -110.7965 307.9590 625.4376 

8 -101.3682 451.5819 749.7396 

10 -91.5989 604.9124 938.2332 

12 -80.7531 752.5819 1075.347 

14 -108.552 769.0785 1038.653 

16 -96.9114 951.4819 1116.855 

18 -82.8189 1143.9199 1194.1359 

 
3.2 Non-Dimensional Description of Forces and Moments 
 

The process of non-dimensionalizing the maneuvering forces and moments is performed in 
accordance with Eq. (10). The obtained results from CFD simulations are compared with the 
experimental results of the AFF-8 geometry from DTRC [11]. Experimental data and computational 
fluid dynamics (CFD) results are compared to confirm the accuracy of the numerical model. It also 
highlights strengths and areas of improvement in numerical model. The non-dimensional 
hydrodynamic coefficients showed good agreement with the experimental results, with deviations 
within acceptable ranges, particularly at lower angles of drift.  

 

 
Fig. 6. Comparison between CFD results (black) and experiment data (red) of 𝑋′ (a), 𝑌′(b) and 𝑁′(c), 
Linear Line is plotted for EFD in dashed(red) 

 
The validation confirmed the reliability of the RANS-based simulations using the k-ω SST 

turbulence model in capturing the complex flow dynamics around the Suboff model. The results 
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demonstrate the significant influence of drift angle on the hydrodynamic performance of the Suboff 
model. The decreasing trend in longitudinal force with increasing drift angle suggests potential 
energy savings during maneuvers involving large drift angles as the vehicle might experience reduced 
resistance in these conditions. However, the substantial increase in lateral forces and yaw moments 
indicates challenges in maintaining stability and control. The rise in lateral forces and moments can 
lead to difficulties in maneuverability, requiring more sophisticated control strategies to ensure the 
course stability of the vehicle. 

 
3.3 Hydrodynamic Coefficients 
 

Hydrodynamic coefficients can be obtained from numerical simulations of underwater vehicles 
in static drift conditions. Eq. (19), Eq. (20) and Eq. (21) can be used to predict hydrodynamic 
coefficients that are based on the longitudinal forces and lateral forces, and yaw moments [30]. 

  
𝑋 = 𝑋𝑣 + 𝑋𝑣𝑣𝑣2                        (19) 
𝑌 = 𝑌𝑣𝑣 + 𝑌𝑣𝑣𝑣𝑣3                                    (20) 
𝑁 = 𝑁𝑣𝑣 + 𝑁𝑣𝑣𝑣𝑣3                                     (21) 

 
Subsequently, in non-dimensional representation of the drift angle, these forces and moments 

are calculated against the sway velocity (𝑣 = −𝑈 𝑠𝑖𝑛𝛽). The non-dimensional representation for the 
force and moments is obtained by using Eq. (10), and the non-dimensional vehicle's speed is 𝑈 =

√(𝑢2 + 𝑣2). Table 5 shows the obtained results from CFD simulation and compared with 
experimental results from DTRC.  

 
Table 5  
Non-Dimensional Hydrodynamic Coefficients of DARPA Suboff Geometry 
Hydrodynamic 
Coefficient 

CFD (Present) EFD (DTRC) Difference 
(%) 

𝑋′𝑣𝑣 -0.0023 - - 

𝑌′𝑣  -0.0271 -0.0278 2.6 

𝑌′𝑣𝑣𝑣  -0.0521 - - 

𝑁′𝑣 -0.0132 -0.0136 3.03 

𝑁′𝑣𝑣𝑣 -0.066 - - 

 
The hydrodynamic coefficients obtained from the CFD results demonstrate a strong correlation 

with the experimental data, which enhances the reliability of the numerical method. This finding 
suggests that CFD can serve as a cost-effective substitute for lengthy physical testing. Future work 
will focus on expanding the study to encompass more complex circumstances, such as unsteady 
maneuvers, and investigating the impact of various flow regimes on hydrodynamic performance. 
Furthermore, an investigation of the influence of control surfaces and appendages on the 
underwater vehicle's overall stability and maneuverability will be conducted. 

 
4. Conclusions 
 

This study used ANSYS Fluent CFD simulations to evaluate the DARPA Suboff model's 
hydrodynamic performance at different drift angles, focusing on longitudinal and lateral forces, and 
yaw moments.  The results clearly showed that as the drift angle increased from 0 to 18 degrees, the 
longitudinal force decreased while the lateral force and yaw moments increased substantially, 
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emphasizing the impact on the underwater vehicle’s maneuverability. Converting the results to non-
dimensional forces, provided a clearer understanding of the hydrodynamic performance and 
facilitated comparison with experimental data of DTRC. The study also estimated key maneuvering 
coefficients crucial for predicting underwater vehicle behavior. The findings align with the research 
objectives, demonstrating the effectiveness of CFD simulations in predicting the hydrodynamic 
behavior of underwater vehicles. However, further studies are recommended to enhance the 
accuracy of these simulations, including more detailed experimental validation and the exploration 
of different turbulence models and computational techniques. This research contributes to the 
broader understanding of underwater vehicle hydrodynamics and provides a foundation for future 
investigations aimed at optimizing underwater vehicle performance. These insights also emphasize 
the necessity for ongoing research to refine these techniques for better precision and applicability in 
real-world scenarios. 
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