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Abstract - This paper describes the framework used for the optimum design of an underwater vessel. Genetic algorithm has 
been utilized during this study for carrying out the optimization of the hull shape, causing a significant reduction in the 
hydrodynamic drag while maintaining the required internal volume. The methodology aims at achieving a geometric shape 
with minimum drag and maximum volume satisfying the constraints on design parameters of the hull. The said design is 
expected to have speed augmentation of around 20%. The nose shape of the vessel has been derived from the Wahoo 
(Acanthocybiumsolandri), statistically known for its high speed among sea creatures. The objective of this design is to attain 
a vessel shape with minimum practical resistance and minimum drag force. A length to diameter ratio (L/D) of 6.7 was 
achieved by means of biomimicry of the wahoo fish. Other dimensions of the submarine have been calculated using standard 
empirical relations. CFD analysis of the optimized design has been performed in ANSYS Fluent. Further, the results were 
compared with existing high speed underwater vessels to highlight the benefits offered by the present approach. 
 
Keywords - Computational Fluid Dynamics, Slenderness Ratio, Nose-Factor, Genetic Algorithm 
 
I. INTRODUCTION 
 
Development of micro submarines has assuaged the 
extent to which underwater navigation was limited 
pertaining to size constraints and hazard to humans. 
Use of submarines has significantly increased for the 
purpose of surveying, exploration, oil and gas 
platform inspections including pipeline surveys. 
Though submarines were mostly used for warfare, 
their augmentation in various fields is increasing and 
hence they are gaining limelight for the same. 
Also, speed being a major issue, it is becoming an 
imperative topic of research in the field of marine 
engineering across the globe. 
Arentzen and Mandel published the first known 
works of the modern submarines in 1961[9]. Many 
developments have taken place since then in the 
design on the lines of the propulsion technology and 
the hull shape. A completely submerged underwater 
vessel, operating some three diameters below the 
surface might have blunt nose and a fine body. The 
HOLLAND type of submarine as shown in Fig. 1 is 
regarded to have an optimum shape and only a few 
developments have been done to the design. As the 
weight and the underwater volume are tied explicitly 
together, it is necessary to determine the volume 
considering the integration of all the subsystems. 
 

 
 

Fig.1 HOLLAND type submarine 

 
Initially, the development of CFD in marine vessel 
studies was focused on reproducing real flow 
phenomenon, which cannot be analyzed through 
analytical methods. Therefore, efforts were 
concentrated on the development of efficient codes to 
solve the flow problem as accurately as possible. 
CFD analysis is considered as a powerful alternative 
design tool to provide insight into flow characteristic 
in water-based components. Many investigators have 
applied CFD as a numerical simulation tool for the 
analysis of flow phenomena such as for prediction of 
performance, cavitation behavior, water-rotor 
interaction, etc. 
CFD method is an improvement over the ANN 
(Artificial Neural Network) and SA (Simulated 
Annealing) as they were used to optimize the two-
dimensional curves that defined the sections of a 
three-dimensional profile. The method uses RANS 
(Reynolds’s Averaged Navier-Stokes equation) for 
the simulation purpose. 
 
II. METHODOLOGY 
 
For optimizing the nose shape, it became necessary to 
study the available designs of the working 
submarines and also the different curves which may 
be implemented during design optimization. The 
power series and the Sears-Haack series was 
considered. Besides, various species of fish were 
studied, starting from the fastest fish in the world, the 
sailfish (Istiophorus), capable of reaching speeds of 
68 mph, followed by the Marlin (Istiophoridae) and 
finally the Wahoo was chosen as the basis of our 
design for the hull, able to reach a speed of 48 mph. 
This fish was specifically chosen due to its length to 
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diameter ratio, closely resembling to that of a fully-
functional submarine. 
The design was an iterative process and was achieved 
with the incorporation of Genetic Algorithm in 
MATLAB, and by implementing bio-mimicry of the 
Wahoo fish, defined by the parameters like volume, 
nose shape and slenderness ratio and a curve was 
obtained. The curve was used to define the nose 
geometry and a CAD model was created using 
Solidworks and was simulated for specified boundary 
conditions. 
The methodology for simulation used increases the 
design process speed by reducing the computational 
effort and operator intervention. The numerical 
simulation of the flow or CFD (Computational Fluid 
Dynamics) has been adopted as a tool. Recent 
advances in computing power, together with powerful 
graphics and the process of creating a CFD model 
and analysis, the results are much less labor intensive, 
reducing time and hence cost. It can be used for 
increasing the efficiency by making necessary 
modification in the design of the marine vessel and 
checking relevancy of alternate optimized design 
before the vessel is finally manufactured. However in 
order to check the reliability of selected optimized 
design, validation of results is to be done with 
experimental results, which can be implemented after 
obtaining the design involving the desired efficiency. 
It was also observed that the result considerably 
depends upon the mesh size used for the components. 
The mesh used was unstructured grid and was 
moving towards the fine side. 
Coarse mesh resulted in somewhat less accurate 
results when compared to fine mesh. But it also 
depends upon the computational capacity. Model 
involving coarse mesh took less time to simulate as 
compared to the model having fine mesh. Domains 
need to be specified as well for specifying the 
boundary conditions. 
 
III. DESIGN CONSIDERATIONS 
 
The optimization of the nose required understanding 
of penetration mechanics and the development of a 
method to search for a shape that minimized the nose 
factor of a penetrator. In this chapter, details on the 
development of the new nose are presented. 
The nose factor, N, is a parameter commonly used in 
penetration mechanics to quantify the penetration-
drag characteristics of a nose geometry during 
penetration of hard targets. It is a non-dimensional 
quantity that is only dependent on the geometry of the 
nose shape[7][8]. 
Nose factor is given by 
 
N = 2α ∫ ź

ź
dx                     (1) 

Where, 
α = aspect ratio 
z =   

  
 

ź = slope of adjacent points of nose 
 
Nose factor is inversely proportional o the velocity of 
any underwater vessel. Five different nose shapes 
namely three-quarter power series nose, Approximate 
Minimal Nose Geometry, a standard cone, a tangent 
ogive, and the newly defined nose were studied for 
aspect ratio of 0.5 

 
Fig. 2 Two-Dimension Nose Geometries 

 
The values of nose factor for these curves are given 
by 
 

Nose Shape Equation Nose 
Factor 

0.75 Power 
series z =  x  0.169 

AMNG z =  x +
9

16
α (x − x ) 0.163 

Cone z = x 0.2 

Tangent Ogive 

z

=  
1
4

1 +
2
α

+
1
α

−
1
α

(1 − x)

−
1
2

(
1
α
− 1) 

0.24 

New Shape NA 0.144 
Table 1 Nose shape equations and N values 

 
The table shows that the new shape has the smallest 
nose factor when compared to the other given shapes. 
All of the noses in this study had an aspect ratio of 
0.5. Previous work performed by Lewis involved 
testing the four shapes described here, but with an 
aspect ratio of 0.25 [Lewis, 2006]. Increase in the 
aspect ratio was required to increase the drag on all of 
the shapes and thus to decrease the uncertainty in the 
measured drag. 
 
IV. USE OF BIOMIMICRY 
 
From the hydromechanical point of view fish 
swimming is a very complicated unsteady 
phenomenon. A description of the diversity of fish 
locomotion and a classification of swimming modes, 
categories, and styles can be found in Blake [2]. This 
study focuses on the most simple estimations of fish 
drag and power requirements during quasisteady 
motion when changes in body shape can be neglected 
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and its use in design of underwater vessels. This 
approach would not be very reliable in the case of 
anguilliform propulsion, but it is acceptable for the 
carangi- and thunniforms of the best swimmers. 

 

 
Fig. 3 Different swimming patterns in fishes 

 
The best swimmers must have a small drag 
coefficient. Wahoo (Acanthocybiumsolandri), is 
considered to be the fastest fish without a long bill. 
The curve that traces the shape of the fish resembles 
slender body of revolution. 
 

 
(a) 

 
(b) 

Fig. 4 (a) Wahoo (Acanthocybiumsolandri) (b) Curve traced 
mimicking the fish 

 
The critical Reynolds number can be estimated as 
follows- 
 

R ≈ 4.2 ∗ 10          (2) 
 
Equations (2) show that the boundary layer remains 
laminar on slender bodies of revolution at rather large 
Reynolds numbers and the critical value of the 
Reynolds number increases with the diminishing of 
the thickness ratio D/L. 
 

The power balance for steady swimming at maximum 
velocity(U ), when the thrust is equal to the drag, 
can be written as follows: 
qmη =  U C ρ V                        (3) 
 
Where q is the physiological maximum of the 
available animal power per unit mass, m is that mass, 
and 0<η<1 is the propulsion efficiency, which takes 
into account the fin drag [3] 
If the animal body shape is close to the slender 
rotationally symmetric one and ensures an 
unseparated flow pattern, then for a purely laminar 
boundary layer, 
 
C = (qη) = 2.354

. √
√

          (4) 
 
Where C  is the capacity efficiency 
 
Larger capacity efficiency values correspond to better 
swimmers[6]. 
On calculating, the values of capacity efficiency are- 
 

Object Reynolds 
Number 

Capacity 
Efficiency 

Scomberomoruscommerson 5.6 ∗ 10  150.8 
Submarine Collins class 1.25 ∗ 10  0.019 
Submarine Virginia class 1.96 ∗ 10  0.0183 

New Design NA 13.05 
Table 2. Capacity efficiency factor for different designs [1] 

 
V. GENETIC ALGORITHM 
 
Genetic Algorithm (GA) is a process of natural 
selection that belongs to the larger class of 
Evolutionary Algorithms (EA). Genetic algorithms 
are commonly used to generate high-quality solutions 
to optimization and search problems by relying on 
bio-inspired operators such as mutation, crossover 
and selection. 
A general flowchart of genetic algorithm is as 
follows: 

 
Fig. 5 Flowchart of optimization process using Genetic 

Algorithm 
 
Problem statement for GA 
The velocity of any body submerged in a fluid 
depends on the hydrodynamic drag force and the skin 
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friction. Drag force depends on the cross-sectional 
area where as skin friction depends on the surface 
area in contact. Following graph represents the 
realation between skin friction and drag at various 
slenderness ratios 

 
Fig.6 Graphical representation of skin friction and drag with 

changing slenderness ratio 
 
The hydrodynamic drag (D) is computed by 
steadystateRANS approach[4] and can be expressed 
as 
 
D =  ρC U V                     (5) 
 
Where, 
ρ = density of the water 
C  = volumetric drag coefficient 
V =  volume of the hull (without sail) 
U = Velocity of the body 
The objective of the implementation of genetic 
algorithm was to determine the value of drag 
coefficient for minimum drag force and maximum 
velocity while maintaining the volume of the hull. 
 
Results 
Constraining the volume, for minimum drag force, 
the value of drag coefficient is obtained at 0.027. This 
results in increased speed to 30m/s 
 
VI. CFD SIMULATIONS 
 
The methodology followed for performing the CFD is 
as follows: 
 
Complete process comprises from Solidworks 
drawing to the Fluent post-processing covers the 
following steps: 

 As per the selection of the curve, drawing 
for prototype vessel is made. 

 2-D / 3-D model of the part (as per the 
scaled down geometry) is made in 
Solidworks. 

 Modeled figure is imported in the software 
for mesh generation. The volume occupied 
by the fluid is divided into discrete cells (the 
mesh). 

 Meshed parts are then taken in Fluent-
preprocessing to define the physical 
condition prevailing. The boundary 
conditions are defined. 

 The equations are solved iteratively by 
running Fluent solver to get the results. 

 Analysis and visualization of the results is 
obtained. 

 Validation of results is done. 
 
There are three main steps involved in CFD 
simulation: 
 
 Pre-processing: This is the first step of CFD 

simulation process which helps in describing the 
geometry in the best possible manner. One needs 
to identify the fluid domain of interest. The 
domain of interest is further divided into smaller 
segments known as mesh generation setup. 

 Solver: Once the problem physics has been 
identified, fluid material properties, flow physics 
model, and boundary conditions are set to solve 
using a computer. One of the most popular 
software for this process is ANSYS Fluent. 
Using this software, it is possible to solve the 
governing equations related to flow physics 
problem. 

 Post-processing: The next step after getting the 
results is to analyze the results with different 
methods like contour plots, vector plot, 
streamlines, volume fractions, data curves, etc. 
for appropriate graphical representation and 
report. ANSYS Fluent-Post is one of the most 
popular pre-processing software available. 

 
The meshing created was of fine type, solely focusing 
on the proximity and curvature, in order to capture 
the curve to the maximum extent possible with 
inflation parameter incorporated for defining the 
boundary. Setting-up the boundary conditions was a 
real task. As the vessel was to be surrounded by an air 
cavity in water, the fluid domain contained a mixture 
of air with specified operating density of 1.225 
kg/m^3 and water phases. The inlet condition was 
water flow with flow velocity of 30 m/s. 
The interaction between the water and air was due to 
surface tension, with a specified value of 0.072 N/m 
[5]. 
 

 
Fig.7 Proximity and Curvature used in meshing 
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The results obtained gave us an idea about how the 
life-sized vessel will function as shown in the 
following figure. 

 
Fig.8: One of the iterations of the design based on the curve 

obtained 
 
CONCLUSION 
 
 11.6±0.5% reduction in the nose factor is seen in 

the proposed design. 
 Drag coefficient obtained from the genetic 

algorithm results in 8±.02% increase in the 
velocity maintaining the volume. 

 Capacity Efficiency of the submarine is 13.05 
which greater than that of the commercially used 
submarines 

 
FUTURE SCOPE 
 
Supercavitating submarines use high power rocket 
engines for their propulsion and the exhaust gas is 
used to create an air cavity around their body. 
If the suggested design is implemented, they would 
be able to replace small speedboats like the Pontoon, 
with an average speed between 30-35 miles per hour, 
all without the hassle of being spotted on the surface 
while simultaneously being twice as fast. Also, 
detection of obstacles and maneuvering will be a 
challenge as the vessel will be surrounded by an air 
pocket. 
As cavitators create an air cavity over the vessels, the 
dimension of the diameter of the cavitator for each 
vessel according to the size is unique, hence it 
successfully manages to create a single cavity over 
the vessel. The framework of this paper can be 
utilized for designing an algorithm for determining 
the optimal cavitator dimensions and the angle of 
attack. 

A design with rotating air cavity has been proposed in 
which the air outlets are placed around the body such 
that the exhaust gas will form a rotating air column 
around the body. 

 
Fig.9 CFD Simulation of rotating air column around a 

submerged body 
 
The rotating column leads to vortex formation with a 
15% drop in pressure at the eye creating suction. This 
helps in speed augmentation with faster moving air 
cavity. 
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