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Abstract
This article discusses the optimum hydrodynamic shape of the submarine stern based on the minimum resistance.
Submarines consist of two major categories of hydrodynamic shape: the teardrop shape and the cylindrical middle-body
shape. Due to the parallel middle-body shape in most of the naval submarines, those with cylindrical middle-body are
studied here. The bare hull has three main parts: bow, cylinder and stern. This article proposes an optimum stern shape
by the computational fluid dynamics method via Flow Vision software. In the hydrodynamic design point of view, the
major parameters of the stern included the wake field (variation in fluid velocity) and resistance. The focus of this article
is on the resistance at fully submerged mode without any regard for free surface effects. First, all the available equations
for the stern shape of submarine are presented. Second, a computational fluid dynamics analysis has been performed
according to the shape equations. For all the status, the following parameters are assumed to be constant: velocity,
dimensions of domain, diameter, bow shape and total length (bow, middle and stern length).
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Introduction
There are some rules and concepts about submarines
and submersibles’ shape design. There is an urgent need
for understanding the basis and concepts of shape
design. Submarine shape design is strictly dependent on
the hydrodynamic characteristics such as other marine
vehicles and ships. In submerged navigation, submarines are encountered with limited energy. Based on this
fact, the minimum resistance is then vital in submarine
hydrodynamic design. In addition, the shape design
depends on the internal architecture and general
arrangements of submarine. In real naval submarines,
the submerged mode is the base for the determination
of the hull form. Several parts of submarine are bare
hull and sailing. The parts of bare hull are the bow,
middle part and stern. The focus of this article is on this
type of bare hull. Joubert1,2 describes the notes of naval
submarine shape design regarding the hydrodynamic
aspects. The basis of submarine shape selection with all
aspects such as general arrangement, hydrodynamic,
dynamic stability, flow noise and sonar efficiency is discussed by Burcher and Rydill.3 A lot of scientific material about naval submarine hull form and appendage

design with hydrodynamic considerations is presented
by Yuri and Oleg4 Some studies based on computational fluid dynamics (CFD) method about submarine
hull form design with minimum resistance are done by
Moonesun and colleagues5–10 Special discussions about
naval submarine shape design are presented in Iranian
Hydrodynamic Series of Submarines (IHSS)
(Moonesun,6 Iranian Defense Standard (IDS857:201111)). Some case study discussions based on
CFD method about the hydrodynamic effects of the
bow shape and the overall length of the submarine are
presented by Praveen and Krishnankutty12 and Suman
et al.13 Defence R&D Canada14,15 has suggested a hull
form equation for the bare hull, sailing and appendages
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in the name of ‘‘DREA standard model.’’ Alemayehu
et al.,16 Minnick17 and Grant18 present an equation for
teardrop hull form with some of their limitations on
coefficients, but the main source of their equation is
presented by Jackson and Capt.19 The simulation of the
hull form with different coefficients is performed by
Stenars.20 Another equation for torpedo hull shape is
presented by Prestero.21 Formula ‘‘Myring’’ as a
famous formula for axisymmetric shapes is presented
by Myring.22 Extensive experimental results about
hydrodynamic optimization of teardrop or similar
shapes are presented by Hoerner.23 This reference is
known as the main reference book in the field of the
selection of aerodynamic and hydrodynamic shapes
based on the experimental tests. Collective experimental
studies about the shape design of bow and stern of the
underwater vehicles that are based on the underwater
missiles are presented by Greiner.24 Most parts of this
book are useful in the field of naval submarine shape
design. Other experimental studies on the several teardrop shapes of submarines are presented by Denpol.25
All equations of hull form, sailing and appendages for
SUBOFF project with the experimental and CFD
results are presented by Groves et al.26 and Roddy.27
Jerome et al.28 and Brenden29 have studied the optimization of submarine shape according to a logical algorithm based on minimum resistance. Optimization of
shape based on minimum resistance in snorkel depth is
studied by Volker and Alvarez.30 Evaluation of optimum body form and bow shape for minimizing the
resistance in submerged mode is performed by
Moonesun et al.31,32
According to Figure 1, the stern part is composed of
a pressure hull (end compartment) and a light hull. The
slope of the stern shape has to be acceptable to arrange
all items of equipment with a reasonable clearance in
order to provide a satisfactory accessibility with respect
to inspection, maintenance and repair. Most part of the
stern is occupied by the main ballast tank (MBT) which
requires a huge volume inside the stern. The more
length of stern is equal to the best hydrodynamic

conditions and the worse condition for the length of
the propulsion shaft. There are several recommendations for the stern length such as IHSS,6 but another
important subject is correlated to the curvature and the
submarine stern shape, especially in the light hull section. The main focus of this study is on the curvature
and the shape equation of the stern. Submarines consist
of two major categories of hydrodynamic shape: a teardrop shape and a cylindrical middle-body shape.
Because most of the real naval submarines contain
cylindrical middle-body shape, the main part of this
study is concentrated on the optimum hydrodynamic
shape of the stern of cylindrical middle-body submarine. It is based on the minimum resistance with respect
to the curvature and the equation of submarine stern
shape, for example, in IHSS series.6
Submarines consist of two modes of navigation: surface mode and submerged mode. In the surface mode
of navigation, the energy source limitation is lower than
the submerged mode. Therefore, in terms of the real
naval submarines, the determination of the required
power of propulsion engines is based on the submerged
mode. The focus of the recent research has been on the
resistance at fully submerged mode with no regard of
free surface effects.

Equations of stern form
a) Parabolic: this stern shape is not the blunt shape.
The parabolic series shape is generated by rotating a
segment of a parabola around an axis. This construction is similar to that of the tangent ogive, except that a
parabola is the defined shape rather than a circle. This
construction, according to Figure 2(a), produces a stern
shape with a sharp tip, just as it does on an ogive case.
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Figure 1. General arrangement of stern part (inside and outside of the pressure hull).
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Figure 2. Several shapes of stern:33,34 (a) parabolic stern, (b) power series for stern, (c) Haack series for stern shape and (d)
elliptical stern.

K0 can be set anywhere between 0 and 1, but the values most commonly used for stern shapes are as follows: K0 = 0 for a cone, K0 = 0.5 for a 1/2 parabola,
K0 = 0.75 for a 3/4 parabola and K0 = 1 for a full parabola. For the case of full parabola (K0 = 1), the shape
is tangent to the body at its base and the base is on the
axis of the parabola. Those values of ‘‘K0 ’’ that are less
than 1 result in a slimmer shape, whose appearance is
similar to that of the secant ogive. The shape is no longer tangent at the base, and the base is parallel to, but
offset from, the axis of the parabola.
b) Power series: according to Figure 2(b), the power
series includes the shape commonly referred to as a
‘‘parabolic’’ stern, but the shape correctly known as a
parabolic stern is a member of the parabolic series
(described above). The power series shape is characterized by its tip (usually blunt tip) and the fact that its
base is not tangent to the body tube. There is always a
discontinuity at the joint between stern and body that
looks distinctly non-hydrodynamic.
The shape is able to be modified basically to smooth
out this discontinuity. Not only a flat-faced cylinder
but also a cone is included as some shapes that are
members of the power series. The after body is generated by revolving a line around an axis that is described
by equation (2)

 na 
Xa
Ya = R 1 
ð2Þ
La
The factor ‘‘na’’ controls the bluntness of the shape.
Then for na, it can be said that na = 1 for a cone, na =
2 for a elliptic and na = 0 for a cylinder.

c) Haack series: despite all the stern shapes above, the
Haack series shapes are not constructed from geometric
figures. The shapes are mathematically derived from
minimizing resistance instead. While the series is a continuous set of shapes determined by the value of C in
the equations below, two values of C possess a particular significance: when C = 0, the notation LD signifies
minimum drag for the given length and diameter, and
when C = 1/3, LV indicates minimum resistance for a
given length and volume. The Haack series shapes are
not perfectly tangent to the body at their base, except
for a case where C = 2/3. However, the discontinuity is
usually too slight to be imperceptible. For C . 2/3,
Haack stern bulge to a maximum diameter is greater
than the base diameter. Haack nose tips do not lead to
a sharp point, but are slightly rounded (Figure 2(c))
rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ


2x
R
sin (2u)
+ C sin3 u
u = arccos 1 
y = pﬃﬃﬃﬃ u 
L
2
p

ð3Þ

where C = 1/3 for LV-Haack and C = 0 for LDHaack.
d) Von Karman: the minimum drag, under the assumption of constant length and diameter, is offered by the
Haack series. LD-Haack is commonly referred to as the
Von Karman or the Von Karman ogive.
e) Elliptical: according to Figure 2(d), this shape of the
stern is an ellipse, with the major axis being the centerline and the minor axis being the base of the stern. A
body that is generated by a rotation of a full ellipse
about its major axis is called a prolate spheroid, so an
elliptical stern shape would properly be known as a
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Table 1. Main assumptions of the models.
v (m/s)

Lt (m)

Lf (m)

Lm (m)

La (m)

D (m)

Lt/D

A0 (m2)

10

8

2

1

5

1

8

3.14

Figure 3. General configuration of the models, dimensions
unit (m).

prolate hemispheric. This is not a shape normally found
in the usual submarines. If R is equal to L, then the
shape will be a hemisphere

Figure 4. Configurations of parabolic models.

be analyzed and the models contained various volumes
and wetted surface areas.

rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
x2
y=R 1  2
L

ð4Þ

General assumptions for the models
Because the effect of the stern on resistance is only
intended to be studied in this study, the base model
considered in this task is an axisymmetric body (similar
to torpedo) with no appendages. It helps model quarter
of the body (in CFD model) and saves the time. The
bow is elliptical and the middle part is cylindrical, but
the stern part is different.
In this article, 19 models are studied. The threedimensional (3D) models and their properties are modeled in SolidWorks (Figure 3). There are three main
assumptions:
Assumption 1: to evaluate the hydrodynamic effects of
the stern, the length of the stern is unusually supposed
larger than usual. It helps effects of the stern to be more
visible.
Assumption 2: for all the models, the shapes of bow
and middle part are assumed to be constant. The bow
is elliptical and the middle part is cylindrical.
Assumption 3: to provide a more equal hydrodynamic
condition, the total length and the lengths of a bow,
middle part and stern are assumed to be constant. The
fineness ratio (L/D) is constant as well according to the
constant status of the maximum diameter. The assumed
constant parameters provide an equal form of resistance except for the stern shape that varies in each
model. Consequently, the effects of the stern shape can

The main assumptions of all considered models are
reported in Table 1. The specifications of all 19 models
are presented in Figure 3 and reported in Table 2.
The wetted surface area (Aw) is used for the resistance coefficient and the total volume is used for
‘‘Semnan’’ coefficient. For all models, the volume of
the bow and cylinder is constant which is equal to
1.83 m3, but the total volumes are not the same. In
addition, for CFD modeling in relation to all models,
the velocity is assumed to be constant and equal to
10 m/s. In this study, the velocity is selected in which
the Reynolds number could be more than 5 million.
Based on this, according to Jackson and Capt,19 where
the Reynolds number is more than 5 million the total
resistance coefficient remains unchanged.
The configurations of all models including parabolic
models (Models 1-1 to 1-6), power series models
(Models 2-1 to 2-9) and Haack series models (Models
3-1 to 3-4) are displayed in Figures 4–6, respectively.

CFD method of study
Governing equations
Transfer of momentum between layers is due to the
following:
1.

Viscosity or friction between fluid layers results in
transfer of momentum from one fluid layer to
another; this is a molecular level effect (due to rubbing of adjacent molecules).
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Table 2. Specifications of 19 models.
Model

Specification of stern

V (m3)

Model 1-1
Model 1-2
Model 1-3
Model 1-4
Model 1-5
Model 1-6
Model 2-1
Model 2-2
Model 2-3
Model 2-4
Model 2-5
Model 2-6
Model 2-7
Model 2-8
Model 2-9
Model 3-1
Model 3-2
Model 3-3
Model 3-4

Parabolic with k0 = 0.3
Parabolic with k0 = 0.5
Parabolic with k0 = 0.6
Parabolic with k0 = 0.75
Parabolic with k0 = 0.85
Parabolic with k0 = 1
Power series, n = 1.5
Power series, n = 1.65
Power series, n = 1.85
Power series, n = 2 (elliptic)
Power series, n = 3
Power series, n = 4
Power series, n = 5
Power series, n = 6
Power series, n = 8
Haack series with c = 0
Haack series with c = 0.15
Haack series with c = 0.333
Haack series with c = 0.666

3.26
3.37
3.45
3.58
3.7
3.93
3.6
3.71
3.84
3.93
4.36
4.63
4.81
4.94
5.12
3.8
3.91
4.04
4.29

Figure 6. Configurations of Haack series models.
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Another form by using Einstein notation (sum each
repeated index over i, j and k) for Cartesian coordinates
and the x-component where (xi, xj, xk) = (x, y, z) and
(ui, uj, uk) = (u, v, w) is as equation (6)




∂(ui )
∂(uj ui )
∂p
∂
∂ui
+
r
+
m
=
ð6Þ
∂t
∂xj
∂xi
∂xj
∂xj
In terms of shear stress by using tij =
m((∂ui =∂xj )+(∂uj =∂xi )), or meanstrainrate,Sij =tij =(2m),
the equation is reformed to equation (7)


∂(ui )
∂(uj ui )
∂p
∂tji
+
r
+
or
=
∂t
∂xj
∂xi
∂xj


ð7Þ
∂(ui )
∂(uj ui )
∂p
∂
+
r
+
(2mSji )
=
∂t
∂xj
∂xi
∂xj

Figure 5. Configurations of power series models.

2.

Turbulent mixing resulting in additional apparent
stress or Reynolds stresses (after Osburn Reynolds
in 1880s); this is a macroscopic effect due to bulk
motion of fluid elements.

Momentum (Navier–Stokes) equation (three components in Cartesian coordinates) in conservative form is
as equation (5)


∂u
∂(u2 )
∂(uv)
∂(uw)
+
+
+
r
∂t
∂x
∂y
∂z






∂p
∂
∂u
∂
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∂
∂u
+
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m
m
=
+
+
∂x
∂x
∂x
∂y
∂y
∂z
∂z

The mean and fluctuating velocities and pressure can
i (x, y, z) + u0i (x, y, z, t)
be represented as ui (x, y, z, t) = u
0
(x, y, z) + p (x, y, z, t). The mean
and p(x, y, z, t) = p
velocity is defined as
ðT
1
=
ut dt
u
T
0

Substitute in mean and fluctuating variables and
expand to get the form of equation (8)
h
i9
8
0
0 =
<∂(
0
∂
(
u
+
u
)

(
u
+
u
)
j
i
j
i
u i + ui )
+
r
:
;
∂xj
∂t


∂(
p + p0 )
∂
∂(
ui + u0i )
=
+
m
∂xi
∂xj
∂xj
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And finally for the calculation of mt , the model standards k–e uses two parameters of k and e
 
1 0 0
m 0 0
k2
k = ui ui , e =
ui, j ui, j , mt = Cm r
2
r
e

The following rules would be applied on the
equations

All terms of these equations are represented in
Sanieenezhad.35

i
i = u
u

i + u0i = u
i
i + u0i = u
u

∂ui
∂
ui
=
∂xj
∂xj

2i
2i = u
u

i  u0j = 0
i  u0i = u
u

Meshing, boundary conditions and domain
description

u0i u0j \ 0

i
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∂
u
∂u0 ∂ 2
∂ h
2
=
+
(u ) =
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u + u0 )
∂t
∂t
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∂t ∂x
∂ 2
2
 0 + u0 )
u + 2uu
= (
∂x

Many terms cancel to give Reynolds averaged
Navier–Stokes (RANS) equations asequation (9)
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∂
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∂xj
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∂xj
∂t
The term ( ru0i u0j ) is named Reynolds stresses.
Reynolds stresses are positive because the velocity
fluctuations are correlated through conservation
of mass such that u0i u0j \ 0. Reynolds stresses include
nine elements (only six independent) due to
t0 ij = t0 ji =  ru0i u0j (where i = j for normal stress) as
equation (10)
2 2
3
u0
u0 v0 u0 w0
ð10Þ
u0i u0j = 4 v0 u0 v0 2 v0 w0 5
02
0
0
0
0

wu wv w
There are seven unknowns (six unknowns for velocities and one for pressure) but four equations (three
Navier–Stokes and one continuity). Therefore, there
are three transfer equations such as turbulent models
such as k–e. The eddy viscosity is also commonly called
the turbulent viscosity and it is normally written as mt .
Turbulent viscosity is defined based on Reynolds stress
as tt =  ru0 v0 = mt (∂u=∂y).
and
Therefore,
t = to + tt = (mo + mt )(∂u=∂y)
m = mo + mt where mo is the viscosity of laminar flow
and mt is the turbulent viscosity. For calculation of mt ,
two kinds of turbulent models are used: (1) eddy viscosity essential equations such as Boussinesq, Speziale
and Launder. (2) Eddy viscosity models included six
models: standards k–e, extended k–e, re-normalization
group (RNG) k–e, anisotropic k–e, Wilcox k–v
and shear stress transport (SST) k–v. In this study,
the following equations are employed: Boussinesq
and standards k–e model. Boussinesq equation is stated
as
2
 ru0i u0j = 2mt Sij  rkdij
3

This analysis is conducted by Flow Vision (V.2.3) software based on CFD method and solving the RANS
equations. The validity of this software has been done
by several experimental test cases and, nowadays, this
software is accepted as a practical and reliable software
in CFD activities. Finite volume method (FVM) is used
for modeling the cases which are considered in this article. One structured mesh with cubic cell has been used
for mapping the space around the submarine. To monitor and model the boundary layer near the solid surfaces, the selected cells near the object in comparison
with the other parts of domain are tiny and very small.
To single out the proper number of the cells, for one
certain model (Model 2-4) and v = 10 m/s, five different amounts of meshes were selected and the results
were compared insofar as the results remained almost
constant after 1.5 million mesh points which shows the
results are not dependent on the mesh size (Figure 7).
In all models, the mesh numbers are considered more
than 2 million.
For an appropriate convergence, the iteration process is kept on until the tolerance of convergence (less
than 1%) will be considered to be satisfactory. All iterations are continued to be more than 1 million. The following characteristics are used in this domain: inlet
with a uniform flow, free outlet, symmetry in the four
faces of the box and wall for the body of submarine.
The dimensions of cubic domain for this sample case
are as follows: length = 56 m (equal to 7L), beam = 8
m (equal to L or 8D) and height = 8 m (equal to L or
8D). Due to axisymmetry, only a quarter of the body is
considered in numerical computation. This leads to a

Figure 7. Mesh independency evaluations.
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Table 3. Settings of the domain simulation.
Elements

Boundary conditions

Descriptions

Domain

Box

Conditions

Fluid

–

Object
Input
Output
Boundaries

Wall
Inlet
Free outlet
Symmetry

Fully submerged modeling (without free surface), quarter
modeling, domain with inlet, outlet, symmetry and wall,
without heat transfer.
Dimensions
56 3 8 3 8 m, length before and after model = 16 and 32 m.
Meshing
Structured grid, hexahedral cells, tiny cell near wall,
meshes more than 2 million.
Settings
Iterations more than 1500, time step = 0.01 s.
Incompressible fluid, Reynolds number more than 24 million, turbulent modeling: standard
k–e, fresh water, temperature: 20 °C, r= 999.841 kg/m3.
Bare hull of submarine: value 30 \ y + \ 100, roughness = 0, no slip.
Velocity = 10 m/s, constant, normal (along x), in one face.
Zero pressure, in one face.
In four faces.

significant saving in the computation time. Meanwhile,
this study has shown that the length of the beam and
height equal to 8D can be acceptable in this consideration. Here, there is no need for fine meshes far away
from the object. The forward distance of the model is
equal to 2L and after distance is 4L in the total length
of 7L (Figure 8). The turbulence model is k–e and y +
is considered equal to 30.
The considered flow is incompressible fluid flow
(fresh water) at 20 °C and a constant velocity of 10 m/s.
Time step of each iteration depends on the model length
and velocity, so here time step is defined equal to 0.01 s.
The settings of the simulation are collected in Table 3.
CFD result analysis. CFD analyses were conducted for all
19 models by Flow Vision software under the abovementioned conditions. All results are obtained at fully
submerged mode with no regard of free surface effects.
The total resistance takes the effects of pressure distribution and viscosity into account. Therefore, the total
resistance is the summation of pressure (form) resistance and viscose (frictional) resistance. Pressure contours around the body are shown in Figure 9 for
sample for Model 1-1. The fore part of this object
includes stagnation point and high-pressure area. The
middle part is the low-pressure area, but the stern part
is the high-pressure area. The pressure distribution on
the body is non-uniform. This leads to the pressure
resistance. If the stern design can be conducted to a
streamlined form, then the high-pressure area in the aft
part is reduced and causes lower pressure resistance.
This means that the optimally designed stern results in
a lesser pressure in the stern part.
In viscose resistance, an important parameter is the
wetted area resistance. This parameter varies in all
models, but the cross-sectional area remains fixed,
because the diameter is constant in all models. The values of wetted area are reported in Table 2. For better
comparison, they are displayed in Figure 10 as well.
Based on the area, two kinds of the resistance coefficient can be defined: (1) based on the wetted area:

Figure 8. (a) Domain dimensions, (b) domain and structured
grid, (c) very tiny cells near the wall for boundary layer modeling
and keeping y + about 30 and (d) quarterly modeling because of
axisymmetry.

Cd1 = R=(0:5rAw v2 ) that is usually used for the frictional resistance coefficient. (2) Based on the crosssectional area: Cd0 = R=(0:5rA0 v2 ) that is usually used
for the pressure resistance coefficient. Here, for
accounting the effect of the wetted area on the coefficients, all coefficients are presented as a function of the
wetted area. The amount of total resistance and

Downloaded from pim.sagepub.com by guest on February 2, 2016

8

Proc IMechE Part M: J Engineering for the Maritime Environment

Figure 9. Pressure contour around the body.

Table 4. Total resistance, resistance coefficient (based on
wetted area surface) and Semnan coefficient of the models.

Figure 10. Comparison of wetted area for 19 models.

resistance coefficient is presented in Table 4. In this
study, an ideal stern form should have minimum resistance. It should be remembered that here there are two
main parameters as follows: (1) the wetted area which
affects the frictional resistance and (2) the general form
which affects the pressure resistance by better distribution of pressure on the body and avoiding low-pressure
area in the aft part of the body.
Resistance and volume are the two main parameters
that affect the stern shape design. The coefficient that
can describe both parameters is the Semnan coefficient
that is defined as equation (11)
1

Semnan coefficient(Ksn) =

(Volume)3
Resistance coefficient

ð11Þ

Semnan coefficient can be named ‘‘hydro-volume
efficiency.’’ For selecting a good shape form of submarine, this coefficient is a very important parameter
because it counts both resistance and volume. The
larger values of this coefficient provide better design. In
some cases, under the assumption of constant length, a
shape that has minimum resistance cannot be a good
design with having a small volume (such as a simple
conical stern). Regarding this coefficient, the stern

Model

Rt (N)

Ct 3 10,000

Csemnan/10

Model 1-1
Model 1-2
Model 1-3
Model 1-4
Model 1-5
Model 1-6
Model 2-1
Model 2-2
Model 2-3
Model 2-4
Model 2-5
Model 2-6
Model 2-7
Model 2-8
Model 2-9
Model 3-1
Model 3-2
Model 3-3
Model 3-4

2472
2510
2528
2577.2
2614.8
2692
2688
2716
2760
2808
2940
3024
3120
3220
3460
2780
2824
2868
2960

29.87
29.60
29.38
29.19
29.02
28.78
30.44
30.16
29.95
30.02
29.36
29.04
29.21
29.61
31.07
31.48
31.36
31.12
31.64

37.71
39.01
39.97
41.28
42.44
44.49
39.73
40.91
42.13
42.65
46.40
48.53
49.24
49.28
47.85
40.27
41.16
42.31
43.18

volume instead of the total volume of submarine is
taken into account, because the focus here is on the
stern design.
The diagrams of the total resistance, resistance coefficient and Semnan coefficients corresponding to the
Parabolic, power series and Haack series sterns are
shown in Figures 11–13, respectively. In the parabolic
stern form, according to Figure 11, the total resistance
increases and the resistance coefficient decreases with
an increase in K0 . It means that under the assumption
of constant length, the lesser value of K0 is better, and
under the assumption of constant wetted surface area,
a higher value of K0 is better. For having a better criteria, from view point of naval architecture design,
Semnan coefficient needs to be higher for providing
simultaneously lesser value of resistance coefficient and
a higher value of enveloped volume. Here, a higher
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Figure 11. Variation in the total resistance, resistance
coefficient and Semnan coefficient with K0 for parabolic stern.

value of K0 means a higher value of Semnan coefficient
and a better condition as well. The equation of resistance coefficient is stated as equation (12)
Ct =  1:572(K0 ) + 30:35

ð12Þ

In the power series stern form, according to
Figure 12, the total resistance increases with an increase
in na. The resistance coefficient diagram has two minimum points: a local minimum at na = 1.85 and a global
minimum at na = 4. It means that under the assumption of constant length, the lesser value of na is better,
but under the assumption of constant wetted surface
area with regard to the resistance coefficient, the values
of na around 4 are better. For this form, the Semnan
coefficient has a maximum value around na = 5.6 that
shows the best selection regarding design process.
In this regard, the equation of resistance coefficient
for 2 \ na \ 8 is as equation (13)
Ct =  0:01(na )3 + 0:33(na )2  2:11(na ) + 33:03

ð13Þ

In the Haack series stern form, according to
Figure 13, the total resistance increases with an increase

Figure 12. Variation in the total resistance, resistance
coefficient and Semnan coefficient with na for power series
stern.

in C. This variation is exactly linear. It means that
under the assumption of constant length, the lesser
value of C is better, but under the assumption of constant wetted surface area with regard to the resistance
coefficient, the values of C around 0.3 are better. For
this form, the Semnan coefficient increases with an
increase in ‘‘C.’’ In this regard, the equation of resistance coefficient is as follows
Ct = 30:9839 + 0:2066 cos(9:176C + 0:1161)

ð14Þ

Conclusion
In conclusion, the results of this study can be stated as
follows:
1.

In the parabolic stern form, under the assumption
of constant length, the value of K0 = 0.3 is a good
selection, but under the assumption of constant
wetted surface area, the stern form with K0 = 1 is
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Appendix 1
Notation
Aw

wetted area (outer area subject to the
water) (m2)
A0
cross-sectional area (3.14 3 D2/4) (m2)
total resistance coefficient is shown in
Ct
31000
D
diameter of the cylinder part (or) radius of
the base of the stern
Ksn
Semnan coefficient
stern length of submarine (m)
La
fore (bow) length of submarine (m)
Lf
middle part length of submarine (m)
Lm
Lt
total length of submarine (m)
total resistance (N)
Rt
v
speed of submarine (m/s)
V
total volume of submarine (m3)
x
variable along the length, x varies from 0
to L
y
radius at any point x
Other parameters are described inside the text or in
related references.
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