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ABSTRACT

Torpedo-shaped autonomous underwater vehicles (AUV) offer versatile capabilities such as surveying 
underwater environment, collecting data, performing inspections and even assisting in search and 
rescue operation. However, their design still attract the attention of manufacture due to the various 
parameters that affect the final shape. This article aims to optimize the shape of a torpedo-shaped 
(AUV) through the utilization of B-splines for shape representation and the application of genetic 
algorithms for form optimization, in which the main objective is to minimize the drag. The automated 
optimization procedure uses minimum control points to form the nose and the tail of the AUV 
whereas the cylindrical part remain unchanged. To evaluate the performance, the computational fluid 
dynamics (CFD) model as high fidelity model is used and it is calibrated for a DREA type UV. The 
overall strategy presents a drag reduction about 19%.

1	 Introduction

The Autonomous Underwater Vehicles (AUVs) have 
become an indispensable tool in various industries, in-
cluding oil and gas [1, 2], environmental monitoring [3], 
climate research [4], and cultural preservation [5]. 
These vehicles enable cost-effective and safe missions 
in harsh environments that would otherwise be difficult 
or impossible for humans to access. The design of the 
vehicle should allow for extended missions, requiring a 
long-lasting autonomy period that can span several 
months. As an illustration, it is not uncommon for scien-
tific data collection missions in oceanography and cli-
mate research to extend up to 7 months [6]. 

Consequently, maximizing the operational potential 
of such vehicles has become imperative. This entails 
equipping them with as many tools as possible includ-
ing propulsion systems, while also optimizing energy 

consumption and taking size constraints into account 
during the AUV design process. One solution for achiev-
ing better performance is to minimize water resistance. 
This is crucial because it directly affects the energy con-
sumption of the propulsion system. One effective way to 
minimize resistance is to modify the shape of the AUV to 
make it more streamlined, resulting in less drag and 
better capability. In this context, numerous numerical 
investigations have been conducted to characterize and 
reduce the drag of AUVs. 

Hess [7] developed an integral drag expression, em-
ploying it to assess drag efficiency across diverse body 
shapes. Sakar and al. [8] developed a cost-effective CFD 
method to simulate flow around axisymmetric AUVs, 
proving its numerical robustness and accuracy for effi-
cient hull form design, significantly reducing early-stage 
design costs. Baker [9] proposed a methodology for 
simulating the flow around a standard bare submarine 
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hull. The emphasis is on creating a high-quality unstruc-
tured mesh for boundary layer flow resolution. Jaga-
deech and Murali [10] compared four low Reynolds 
number k-ε turbulence models for predicting hydrody-
namic forces on underwater vehicle hull forms, with the 
k-ε AKN model consistently demonstrating superior 
performance in capturing flow characteristics. In anoth-
er study, Jagadeech and al. [11] presented a towing 
tank-based experimental study on the hydrodynamic 
forces and moments acting on an autonomous under-
water vehicle hull form, highlighting significant varia-
tions in coefficients with Reynolds number and angle of 
attack, providing valuable insights for efficient AUV 
guidance and control system design. Alvarez and al. [12] 
attempted to optimize the shape of an AUV operating 
near the free surface to minimize drag. They used a 
Rankine panel method and a simulated annealing algo-
rithm. Karim and al. [13] introduced a 2D finite volume 
method, applying Reynolds-averaged Navier-Stokes 
equations, for computing viscous drag on various  
axisymmetric bodies, with different length-diameter  
ratios. The study incorporates structured and unstruc-
tured grids, testing various turbulence models. Alam 
and al. [14] introduced a flexible optimization frame-
work utilizing non-dominated sorting genetic algorithm 
(NSGA-II) and infeasibility driven evolutionary algo-
rithm (IDEA) to identify optimal designs for torpedo-
shaped AUVs. de Sousa and al. [15] investigated 
turbulent flow over various Autonomous Underwater 
Vehicle hull configurations, aiming to identify a geome-
try that minimizes drag force, thereby enhancing energy 
efficiency and operational autonomy. Gao and al. [16] 
introduced a shape optimization platform for AUV hulls, 
emphasizing the use of a two-dimensional unstructured 
mesh, standard wall function, and adaptive mesh refine-
ment to improve efficiency and accuracy, with the multi-
island genetic algorithm (MIGA) proving superior to 
particle swarm optimization (PSO) in obtaining opti-
mized hull shapes under general volume requirements, 
demonstrating the platform’s robustness for AUV hull 
design. Mostafapour and al. [17] investigated the impact 
of Reynolds number on autonomous underwater vehi-
cle hydrodynamics, utilizing computational fluid dy-
namics (CFD) and experimental validation. The results 
demonstrate that certain hydrodynamic parameters be-

come Reynolds number-dependent, converging to a 
constant as Reynolds number increases. Sedini and al. 
[18] engaged a study that involves CFD model evalua-
tion, calibration, and AUV optimization, demonstrating 
good agreement with experimental results and provid-
ing insights into added masses coefficients and damping 
force for understanding AUV acceleration behavior at 
sea. Saghafi and Lavimi [19] investigated the numerical 
analysis of flow around symmetrical autonomous un-
derwater vehicles, aiming to decrease drag force by al-
tering geometric shapes, particularly the noses and 
tails. 

This study is part of an optimization perspective for 
developing a torpedo-shaped AUV with the aim of im-
proving its hydrodynamic performance, such as drag. 
We began by proposing a model for constructing the ge-
ometry of the AUV. In contrast to the dominant geome-
try models in the literature, particularly mentioned in 
this introduction; which use Gertler [20] or Myring [21] 
equations, the adopted approach utilizes B-splines rep-
resentation, widely used in various ‘required geometry 
modeling’ domains but underutilized in the AUV field. 
Next, a CFD study was conducted. The CFD model of the 
AUV was evaluated and calibrated based on the experi-
mental works, realized by White [22] on DREA under-
water vehicle. Once the CFD model validated, genetic 
algorithms were selected for the optimization process. 
Thus, a genetic algorithm (GA) was implemented and 
adapted to the problematic. Finally, we subsequently in-
tegrated the all (B-spline, CFD and GA) and built a fully 
automated optimization platform to find the best profile 
of the AUV with the minimum drag. 

2	 Geometry of the AUV

The design of the AUV is a torpedo shape. The vehi-
cle model is axisymmetric and the geometry is con-
structed using two B-spline curves to represent the 
nose and the tail sections respectively C1 and C2, while 
the mid-section is a straight line to maintain the torpe-
do shape (Figure 1). B-spline curves are widely used in 
various applications, including computer graphics, CAD, 
animation, and industrial design. They are one of the 
most promising curves [23]. They offer a flexible and ef-

Figure 1 AUV Geometry
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ficient way to represent and manipulate smooth curves, 
making them a powerful tool in curve modeling and 
interpolation. 

B-spline curves depend on their control points. The 
control points are points in space that influence the 
shape of the curve. By manipulating the positions of 
these control points, one can control the overall shape 
of the AUV geometry. Figure 2 Shows the change in ge-
ometry from the blue curve to the black one by simply 
moving one control point from position (a) to position 
(b).

2.1	 B-spline [24]

The general formulation of a B-spline parametric 
curve C(u) of degree p polynomial, defined by its related 
(n + 1) points P0, P1, ..., and Pn (called control points) is:

∑ P 	 (1)

where u is a parameter (0 ≤ u ≤ 1).
Ni,p are the B-spline basis functions defined as:

 	
(2)

 

	
(3)

These functions are weight coefficients that serve to 
average control points to calculate a point of the curve 
that correspond to u. 
u0 ≤ u1 ≤ ⋯ ≤ um define the knot vector U = {u0, u1, …, um}.

Note that the number of knots (m + 1), the degree of 
the basis functions p and the number of the basis func-
tions (which represents the number of control points) n 
must satisfy the following relationship: 

	 (4)

2.2	 Geometry representation

In order to model the AUV torpedo shape, a B-spline 
of degree of 3 is chosen. This choice ensures C(2) continui-
ty for the curves C1 and C2 [25]. As a consequence, this 
guarantees the tangent, the curvature and thus the ma-
chining path continuities [26]. The knot vector is a uni-
form vector that guarantees a clamped B-spline curve 
[27] passing through the first and last points. Based on 
the relationship between control points and knots (Equa-
tion 4), the minimum number of control points are se-
lected, resulting in 4 control points. By setting the 
B-spline parameters in this way, curves of various UV tor-
pedo shapes could be reproduced. By manipulating the 
control points, we were able to match several AUV’s de-
sign geometries from literature that were based on dif-
ferent models, including Myring’s and Gertler’s. The 
flexibility of our approach allowed us to reproduce these 
diverse shapes by simply adjusting the positions of the 
control points. Figure 3 and Figure 4 are an example of 
matching optimized AUV by Sedini and al. [18] (in black) 
using B-spline curves (in red). P1, P2, P3, P4 are nose 
control points while P5, P6, P7, P8 are tail control points.

Figure 2 Changing geometry by moving one control point
Figure 3 Matching an AUV’s nose with a B-spline curve

Figure 4 Matching an AUV’s tail with a B-spline curve



25I. Ayad et al. / SCIENTIFIC JOURNAL OF MARITIME RESEARCH [Pomorstvo] 39 (2025) 22-32

3	 CFD model and evaluation

The reference geometry used to evaluate the appro-
priate mesh, CFD analysis and optimization process is a 
torpedo shaped UV bare hull named DREA (Project De-
fense Research Establishment Atlantic developed by De-
partment of Research and Development Canada), that 
was experimentally realized by White [22].

3.1	 Geometry of DREA UV

Geometric characteristics of DREA UV (Figure 5) are 
defined by mathematical equations (Equation 5, 6, 7) 
where l is the overall length and d is the maximum di-
ameter, with l/d = 8.75.
For the nose: length 0.2 l 

 

	

(5)

For the mid-section: circular cylinder

.                                                              	 (6)

For the tail: length 3d 

                                                               	 (7)

3.2	 Turbulence model

The turbulence model used in this investigation is 
the K-Epsilon model [28], which is convenient for pre-
dicting the flow characteristics around the axisymmet-
ric underwater vehicle and accurately capturing the 
behavior of the boundary layer [18, 29, 30]. The utiliza-
tion of this model leads to results that consent with ex-
perimental data [19]. 

3.3	 Domain and boundary conditions

The optimization process being proposed is an itera-
tive computational procedure, which can become highly 
computationally expensive. Consequently, a decision 
has been made to employ a 2D mesh for the purposes of 

optimization. Rahul Krishna and al. [31] have shown 
that using a 2D simulation instead of a 3D one is an ex-
cellent alternative for similar CFD studies. The size and 
shape of the domain, as well as the positioning of inlet 
and outlet boundaries are selected to ensure flow recir-
culation avoidance. The dimensions of the domain and 
the positioning of the AUV are shown in Figure 6. L rep-
resents the length of the AUV and d its diameter.

Figure 6 Computational domain

3.4	 Mesh assessment

Selecting an unstructured mesh over a structured 
mesh is regarded as a beneficial choice in the construc-
tion of an optimization platform [16]. 

Figure 7 Unstructured Mesh

Due to the utilization of an unstructured mesh (Fig-
ure 7), the implementation of inflation layers on the 
surface of the geometry becomes necessary. These infla-
tion layers help in resolving the velocity profile in the 
proximity of the wall, thereby enhancing the accuracy of 
predictions for wall shear stress.

For the CFD calculations, the thickness of the first 
layer is set based on Equation (8) [19]. 

 √80  	 (8)

Figure 5 DREA UV
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where: ∆y is the thickness of the first mesh node, L is 
the length of the AUV, ∆y+ represents a non-dimensional 
distance from the wall to the first mesh node, Reynolds 
number.

In addition, 11 layers with a growth ratio of 1.1 were 
used. Mesh refinement was performed near the wall to 
ensure cell volume transition.

3.5	 Mesh dependency

Mesh size independence tests are useful to achieve ap-
propriate discretization with a minimal number of ele-
ments to reduce computation times without compromising 
result quality. The calculated drag coefficient for different 
sizes of the mesh made it possible to retain a total mesh 
size of 11616 nodes to perform our calculations (Figure 8).

3.6	 Model evaluation

The evaluation of the mesh and the numerical model 
were performed based on the simulation of the experi-
mental study realized by White [22]. This study was 
achieved on the axisymmetric bare hull named DREA. 
Table 1 shows a comparison between the experimental 
data, and the CFD results. 

Table 1 shows that the obtained CFD drag coefficient 
results of the present study are in good agreement with 
the experimental data. The k-epsilon model is specifi-
cally efficient to target flows that concern the log-law 
region [32], where values of y+, as preference, should be 
optimally between 33 and 70. y+ is representative of the 
accuracy of the numerical predication [33]. Figure 9 
shows that the y+ values for the discussed simulation 
are within acceptable suggested limits.

Figure 8 Effect of mesh size on drag coefficient

Table 1 Drag coefficient of DREA bare hull

Re = 2.3 107 Cd Experimental White 
[22]

Cd CFD Baker 
[9]

Cd CFD Karim 
[13]

Cd CFD  
(Present study)

Drag coefficient 0.00123 ± 0.000314 0.00167 0.00104 0.00149

Figure 9 Values of y+ for DREA UV
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4	 Optimization of the AUV

The selected optimization parameter is the hydrody-
namic drag coefficient Cd enabling the shape control. 
The geometric constraints that force the optimization 
process are to maintain the overall length of the torpedo 
shaped UV DREA; the length, the diameter and the posi-
tioning of its mid-section.

4.1	 Optimization variables and objective function

Four control points P1, P2, P3 and P4 are used to de-
fine the shape of the nose, with P1 and P4 being fixed 
points. The other four control points P5, P6, P7 and P8 
are employed to model the tail section, with P5 and P8 
being fixed points (Figure 10). Consequently, P1 and P8 
correspond respectively to the leading edge and the trail-
ing edge, determining the overall length of the AUV. The 
straight line defined by P4 and P5 represents the mid-
section, determining its length and the diameter of the 
AUV. P2, P3, P6 and P7 are optimization points, which are 
allowed to vary within their respective limit domains 
during the optimization process, ultimately converging 
towards an optimal solution. So a set of control points 
{P2, P3, P6, P7} called individual define a distinct shape 
of an AUV. This shape is calculated using B-spline.

4.2	 Genetic algorithms

For the optimization process, we have opted for  
genetic algorithms. This class of stochastic population-
based algorithms are known to be very robust algo-
rithms, capable of converging towards the global 
optimum even when dealing with problems with com-
plex objective functions. They harness the phenomena 
of evolution to iteratively unveil the optimal solution. 
This evolutionary mechanism relies on three key genet-
ic operators: crossover, mutation, and selection [16].

The genetic algorithm steps (Figure 11) begins with 
an initial population composed of individuals that are 
all potential solutions. This population evolves through 
genetic operators. Crossover performs a mixture be-
tween individuals, favoring exploitation. Mutation intro-
duces alterations, i.e., disturbances to the individuals, 
promoting exploration. Then, selection, which is a sur-
vival process, generates a new population that replaces 

the previous one. The survival of each individual de-
pends on its fitness, which is determined by the objec-
tive function calculation. Finally, an optimal solution 
emerges as the result of this evolution. 

The selected algorithm has been developed and test-
ed on multiple benchmark functions [35, 36]. Then, it 
has been adapted for this study.

4.3	 Optimization procedure

The flowchart of the fully automated optimization 
procedure is shown in Figure 12.

At the beginning, a population of N shape’s candi-
dates all considered as potential solutions is generated. 
Specifically, this is done by generating randomly N set of 
distinct control points {P1, P2, P6, P7}. Each shape’s 
candidate is calculated using B-spline and related con-
trol points. Then, the drag is computed in batch-mode 
by utilizing predetermined journals ICEM and FLUENT. 
At this stage, N initial shape’s candidates and their cor-
responding drags are obtained. 

Figure 10 Optimization control points

Figure 11 Genetic algorithm flowchart
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Figure 12 Fully automated optimization

The next step is to reproduce a new population of 
shape’s candidates by manipulating the existing control 
points, and using the operators of the genetic algorithm. 
This is done by selecting randomly two individuals from 
the previous population, proportionally based on their 
fitness. Then applying genetic operators (crossover and 
mutation) during the reproduction. Once N new shape’s 
candidates have been generated, they are evaluated in 
turn using B-spline, ICEM and FLUENT. The new genera-
tion of shape’s candidates competes with the old one 
based on fitness. The most performant are then selected 
and integrated into a new population using a survival 
mechanism. At this stage, a population of N new shape’s 
candidates and their corresponding drags are obtained. 

Finally, the previous step is repeated iteratively, for 
driving the evolutionary process of the genetic algo-
rithms toward better solutions over successive genera-
tions. A number of iterations was set as a stop criterion.

It is noticed that a B-spline computation module is 
utilized to generate the representation of the shape of 
an AUV defined by its four control points. Its output is a 

file (.dat) that includes the points of the geometry of an 
AUV and the limit points of the calculation domain. This 
file is then processed by the ICEM journal in batch-
mode to produce another file (.msh). The latter file is 
subsequently utilized by the FLUENT journal in batch-
mode to determine the corresponding drag of the AUV. 
The ICEM and FLUENT journals have been developed 
and tested based on the aforementioned CFD modeling 
steps. The ICEM (FLUENT) journal refers to the script 
file using ICEM (FLUENT) commands. It enables auto-
mated workflow optimization without a need to manu-
ally execute each step. As an editable text file, it allows 
workflows to be customized to meet specific project  
requirements, ensuring precise control over settings  
and avoiding the use of default inputs without user 
awareness.

It is important to note that the meshes of the optimal 
solutions of each iteration of the optimization process 
were thoroughly examined during the executions of this 
study to ensure their compliance with the desired 
physics.
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5	 Results and discussion

5.1	 Drag coefficient

Table 2 shows the optimization results obtained for 
the drag coefficient, showcasing significant improvements. 
The data reveals a remarkable 19% reduction in drag 
when compared to the previous numerical simulation.

Table 2 Drag of the optimized AUV

CFD
Present study 

CFD 
Optimized AUV

Cd 0.00149 0.00121

5.2	 Geometry evolution

Figure 13 demonstrates the remarkable capability of 
manipulating a relatively small number of control 
points in achieving a more suitable shape to fulfill a spe-
cific objective, such as minimizing drag. One of the key 
advantages of using B-splines for shaping the nose and 
tail of the AUV torpedo geometry is the ability to modify 
them without altering other design specifications, such 
as the length and the diameter of the underwater 
vehicle. 

In the studies by Gao and al. [16] and Saghafi and 
Lavimi [19], where the design of the underwater vehicle 
was based on mathematical equations, the optimization 
process inherently resulted in changes to the overall 
length or diameter of the UV, as well as the positioning 
of its mid-section. This was in addition to modifications 
in the lengths of the nose and tail.

These design specifications are considered valuable 
and useful and could be crucial, particularly in terms of 
avoiding potential constraints like space occupancy.

Figure 14 illustrates a superposition of two AUV’s 
that depicts the evolution from the original DREA shape 
to the optimized geometry, effectively minimizing drag.

5.3	 Pressure coefficient

Figure 15 illustrates the pressure coefficients Cp in 
relation to the UV length, to verify the accuracy of the 
optimization results. The variation in Cp is significantly 
impacted by the shape of the nose, while the tail has a 
slightly smaller effect. A noticeable change in pressure 
distribution occurs at the tail, attributed to the nose’s 
leading-edge shape, although the tail shape itself does 
not significantly alter the pressure distribution along 
the UV hull. However, the most optimal geometry of the 
UV, based on the pressure distribution, is the optimized 
one.

  

	 (a) Nose	 (b) Tail

Figure 13 Evolution of best generation’s individual toward optimal solution

Figure 14 Superposition of original and optimized shape



30 I. Ayad et al. / SCIENTIFIC JOURNAL OF MARITIME RESEARCH [Pomorstvo] 39 (2025) 22-32

Figure 15 Pressure coefficient

5.4	 Reproctubiliy

Since genetic algorithms are stochastic algorithms 
that operate with inherent randomness, it is important 
to examine the reproducibility of results when using the 
proposed strategy. Figure 16 demonstrates that the pro-
posed technique exhibits a notable tendency to produce 
scores that are tightly clustered around the lowest val-
ues. This observation reinforces the robustness of the 
proposed population-based technique, which effectively 
avoids the potential challenge of getting trapped in local 
minima.

Figure 16 Reproductibility

6	 Conclusion

In this study, a numerical investigation was under-
taken to determine the optimal shape of a torpedo-
shaped AUV based on minimum drag. The use of CFD 
code was imperative to set up the mesh for drag calcula-
tion. 2D steady flow using K-epsilon model was then 

calibrated and validated with experimental data. The 
proposed approach combines the use of B-spline for 
AUV torpedo shape construction and an adapted genet-
ic algorithm for drag optimization. 

Minimum control points where used to form the 
nose and the tail of the AUV where the mid-section 
which is cylindrical remain unchanged. The use of B-
spline to represent the geometry of the AUV was effica-
cious. The optimization variables used to define the 
AUV are totally independent and decoupled from AUV 
characteristics such as its length and diameter. The min-
imum drag was obtained without modifying the dimen-
sions of AUV’s length, diameter and mid-section which 
can be considered as design parameters especially the 
mid-section. 

The selected genetic algorithm technique showed its 
capability to efficiently converge toward the optimum. 
Since genetic algorithms are stochastic, a reproducibili-
ty study was conducted to emphasize its ability to re-
peatedly find global optimum thus drag minimum. The 
robustness of the presented automated optimization 
method resulted in a drag reduction of 19 %.
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