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Abstract

Power reduction is the central goal to maximize cruising duration of tourist underwater 
vehicles (UV) that can be achieved by shaping the hull. So, in this paper, hydrodynamic 
force of resistance of the tourist UV’s bare hull is analysed. A numerical model based on 
Computational Fluid Dynamics in OpenFOAM is developed to simulate the longitudinal 
movement of an UV in a viscous and incompressible fl uid for the infi nite water depth. 
Three head geometries, including both spherical heads (S-S), spherical bow and elliptical 
stern head (S-E), and UV with both elliptical heads (E-E) are compared. At the fi rst step, 
the eff ects of the length-to-diameter ratio and forward speed is studied for the S-S UV. 
The mesh size is calibrated using Grid Convergence Index, provided by ASME, while the 
model validation is based on the results for cube and sphere as well as by comparison 
with resistance coeffi  cient of a SUBOFF bare hull.  S-E and E-E UVs are then analysed for 
typical length-to-diameter ratio, comparing their force of resistance to the S-S type. The 
elongated elliptical heads are in many cases found favourable compared to the spherical 
heads. The results of this study may be useful for the conceptual design of tourist UV and 
for verifi cation of the complex numerical models that are necessary to account for the 
infl uence of appendages on the force of resistance of such innovative UV. 

Sažetak
Redukcija potrebne snage poriva glavni je cilj za maksimiziranje trajanja putovanja 
turističkih podmornica, što se može postići pažljivim oblikovanjem trupa. U ovome radu 
analizira se hidrodinamička sila otpora trupa turističke podmornice bez privjesaka i 
dodatne vanjske strukture. Razvijen je numerički model koji se temelji na računalnoj 
dinamici fl uida (CFD) u OpenFOAM-u da bi se simuliralo uzdužno kretanje podmornice 
kroz viskozan i nestlačiv fl uid u vodi neograničene dubine. Uspoređuju se tri geometrije 
krajeva podmornice, uključujući oba sferna kraja (S-S), sferni pramac i eliptičnu krmu (S-
E), te podmornicu s oba eliptična kraja (E-E). Kao prvi korak analiziraju se učinci omjera 
duljine i promjera i brzine napredovanja za S-S tip. Kalibrirana je veličina mreže s pomoću 
Grid Convergence indeksa, koji propisuje ASME, dok se provjera valjanosti modela temelji 
na rezultatima za kocku i sferu te usporedbi s koefi cijentom otpora SUBOFF trupa. Zatim 
se, za tipičan omjer duljine i promjera analiziraju S-E i E-E tipovi podmornice, uspoređujući 
njihovu silu otpora sa S-S tipom. Produljeni eliptični krajevi podmornice su se u većini 
slučajeva pokazali povoljnijim rješenjem u usporedbi sa sfernim krajevima. Rezultati ovoga 
istraživanja mogli bi se upotrijebiti za konceptualno projektiranje turističke podmornice, 
kao i za provjeru valjanosti složenih numeričkih modela koji su neophodni da bi se objasnio 
utjecaj privjesaka i dodatne vanjske strukture na silu otpora podmornice.
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1. INTRODUCTION / Uvod*
In design of the naval submarines, the primary concern is 
usually their acoustic signature [1-3]. For a tourist underwater 
vehicle (UV), however, the central objective becomes power 
requirement to maximize cruising duration. Power reduction 
can be achieved by adopting energy-saving propulsion 
systems, controlling the boundary layer on the surface of the 
UV, and shaping the hull. Hydrodynamic shaping is therefore an 
important part of submarines and other UVs design. 

 Optimization of the bare hull form of submarine was 
presented in [4], while DREA (Defense Research Establishment 
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Atlantic) model, as one of the standard bare submarine hull 
forms is proposed [5-6]. DREA model specifi es the bare hull in 
three parts: bow, mid-body, and tail. In the initial design, the 
envelope consists of a pure tear drop shape, with the forward 
body making up 40% of its length and the after body making up 
60% [7]. The bare hull geometry to fi nd the optimum shapes for 
the nose and tail of an Autonomous Underwater Vehicle (AUV) 
was studied by Divsalar [8]. That study involved calculation of 
the hydrodynamic coeffi  cients of a SUBOFF model developed 
by DARPA (Defense Advanced Research Projects Agency) with 
diff erent length-to-diameter ratios, tail shapes, and sailing 



speeds. DARPA developed the SUBOFF project to evaluate 
diff erent fl ow fi eld predictions for an axisymmetric hull, with 
and without appendages [9]. Accordingly, hull shapes with 
bullet noses and sharp tails with length-to-diameter ratio equal 
to 7.14 had the best performance.

Equations were defi ned for the optimal design of 
submarines. For instance, Myring’s hull profi le equations were 
developed to reduce underwater force of resistance when 
designing the hull shape of hybrid underwater gliders [10], 
while these equations are then used in practical design [11]. 
Autonomous and unmanned UVs are often designed using 
equations presented in Groves et al. [12]. Joung et al. [13] 
developed a CFD model to optimize the AUV’s profi le based on 
minimum force of resistance, using Myring’s equations, while De 
Barros et al. [14] experimentally studied the submerged bodies 
designed by the same relationships. Saghi et al. [15] suggested 
equations based on Artifi cial Neural Network (ANN) to estimate 
the resistance coeffi  cient of a submarine with spherical heads, 
variable length-to diameter ratio, and for diff erent forward and 
transverse speeds. 

Other studies emphasized the optimization of the 
submarine’s appendages, such as the rudder and tail, to 
minimize its force of resistance. An example is the tail cone 
angle, which is one of the major parameters of a submarine’s 
geometrical design. The tail cone angle of the DARPA Suboff  
AFF8 UV was studied by Ozden et al. [16]. A modifi cation of the 
depth rudder system by Kiciński and Jurczak [17] was used to 
investigate the force of resistance characteristics of submarines. 
This was done by modelling two kinds of rudder geometry: 
parallel and X-type. 

There has been much discussion about the eff ect of surface 
roughness caused by several reasons such as welding seams, 
coatings, or biofouling on the force of resistance characteristics 
of submarines. In a study conducted by Uzun et al. [18], the 
impact of barnacle type biofouling roughness on submarine 
performance is examined. The eff ects of antifouling coating 
system, with a range of roughness and fouling conditions, 
on the force of resistance and powering characteristics were 
evaluated by Schultz [19]. 

A submarine operation in diff erent environments such 
as submerged and free surface conditions (including calm 
and wave conditions) has been investigated.  The added 
force of resistance of submarines due to deck wetness at 
surface conditions was studied by Moonesun et al. [20]. They 
determined deck fl ooding of submarines caused by the wave 
making pattern at the bow. Similarly, Dong et al. [21] simulated 
a submarine sailing near the surface with long-crested waves. 
They found that irregular waves cause fl uctuations in the 
hydrodynamic force exerted on the submarine, even below the 
surface. The eff ect of the water depth, including free surface 
conditions were studied by Gatin et al. [22], where the eff ect of 
the external structures was also discussed. 

 As mentioned earlier, submarines and other UVs designs 
should incorporate hydrodynamic shaping, and some research 
has been conducted on optimizing submarine bare hull forms 
[4-9]. In this regard, , the purpose of this paper is to present 
Computational Fluid Dynamics (CFD) analysis of UV’s bare 
hull geometry with spherical heads (S-S), spherical bow and 
elliptical stern (S-E), and both elliptical heads (E-E) (see Figure 1), 
with respect to the forward speed in the infi nitely deep water. 

 The open-source CFD software OpenFOAM is used for that 
purpose. Other options of head’s geometries are also possible, 
i.e., partially conical head with spherical dome or tory-spherical 
head, but not considered herein. The present study is inspired 
by a tourist UV with acrylic cylindrical hull, designed to provide 
visitors a view of the surrounding ocean in a comfortable 
manner [23]. The overall length of the studied UV is about 25 m, 
while the external diameter of the acrylic hull reads 2.64 m. The 
designed diving depth is 50 meters, and the maximum forward 
speed is 2.5 knots. The hull of the UV has spherical heads on 
both ends. The studied UV can accommodate 48 passengers 
and 2 crew members. The geometry variation in the present 
study is limited to the variation of geometry of the UV’s steel 
heads since the central part consists of the acrylic cylinders and 
its shape is therefore fi xed. Length-to-diameter ratio of the bare 
hull is also varied to observe its impact on the force of resistance 
while keeping the internal volume constant. The present study 
deals with the bare hull of the UV while the complete design 
consists also of external structures [22], which increases the 
hydrodynamic force of resistance. Such considerations are 
beyond the scope of the study while the present results may 
be used in the conceptual design and for verifi cation of the 
complex numerical calculations of the hull with appendages. 

F igure 1 A schematic sketch showing three types of UV hulls 
(S-S, S-E, E-E). 

Slika 1. Shema triju tipova trupa (S-S, S-E, E-E)

2. METHODOLOGY / Metodologija
In the present study, a submerged bare hull of a UV was 
modelled in a viscous and incompressible fl uid so that the fl uid 
fl ow was considered turbulent. Accordingly, Reynolds Averaged 
Navier Stokes (RANS) equations are used as the governing 
equations [24-27]:

                                                (1)

     (2)

The nomenclature is presented at the end of the paper. 
To solve the RANS equations, the Pressure Implicit Method 

with Pressure Linked Equations (PIMPLE) algorithm was 
developed, and the pimpleFOAM solver was used. Diff erent 
terms of the discretized equations, such as derivative terms, 
gradient parameters, Laplace derivative terms, and divergence 
terms, were discretized using 1st order implicit Euler, 2nd order 
centre Gauss linear, skewness corrected centre Gauss linear 
correction, and Upwind schemes, respectively [28]. By using 



block mesh and refi nement techniques, a cylindrical domain 
and a Cartesian structured grid were generated. Diff erent 
boundary conditions summarized in Table 1 were used for the 
velocity, pressure, kinetic energy, and dissipate rate on the 
boundaries shown in Figure 2.  

Parametric equations for the spherical and elliptical bow 
and stern read:

  for spherical bow and stern (3)

                       for elliptical bow (4)

                      for elliptical stern (5)

 To satisfy the symmetry boundary condition for around 
the domain, the domain length (Lt) and diameter (Dt) were 
considered as Lt=1.4Loa and Dt=4Ds, respectively [29]. 

In addition, the K-Epsilon two-equation model was used to 
account for turbulence [30-31]. 

      (6)

    (7)

where  

To estimate pressure force of resistance and friction force of 
resistances along x axis, dynamic pressure and shear stress are 
integrated over the surface of the body as follows:

                                          (8)

                       (9)

Total force of resistance is calculated as follows:
                                        (10)

The resistance coeffi  cient reads:

                                            (11)

where S is the surface area of the UV’s bare hull. 

3. MESH SIZE CALIBRATION / Kalibracija veličine 
mreže
To determine the appropriate mesh size for the numerical 
model, a cube with edge length of Lc = 0.45 m was placed at 
a cylinder of 6 m length and 2 m diameter (see Figure 3(a)). 
The total force of resistance of the cube against the fl uid fl ow 
is estimated by considering the input boundary condition as 
a constant velocity. The mesh size dependency was examined 
for a cube against a constant fl uid fl ow with a velocity of 10 
m/s. According to Figure 3(b), the total force of resistance was 
estimated at diff erent mesh sizes (ms), and the numerical results 
showed that the uniform mesh sizes with ms<0.03m (ms/LC < 
0.067) did not signifi cantly aff ect the total force of resistance.

F igure 2 Schematic sketch of the UV geometry, domain, and boundary conditions. (x axis is oriented from the bow to the stern). 
Slika 2. Shema geometrije podmornice, domene i rubnih uvjeta (x os pruža se od pramca prema krmi)

T able 1 Boundary conditions used for diff erent parameters.
Tablica 1. Rubni uvjeti korišteni za različite parametre

Boundary Velocity Pressure Kinetic energy (k) Dissipation rate  (ε)

Inlet Fixed Value Zero Gradient Fixed Value Fixed value

Outlet Inlet Outlet Fixed Value Inlet Outlet Inlet Outlet

Body Moving wall velocity Zero Gradient Wall Function Wall function

around Symmetry Symmetry Symmetry Symmetry



  The Grid Convergence Index (GCI) method, provided by 
ASME was used to evaluate the mesh size convergence. To do 
this,  and  were estimated as follows [32]:

                                        (12)

                                       (13)

where  is estimated by solving equations 
(14) to (16), and by using fi xed-point iteration as:

                                 (14)

                                     (15)

                                          (16)

and 

The parameters , and  are the relative error, which are also 
informative parameters. So, the parameters , , 
and  were estimated for four groups of meshes (fi ne, middle, 
and coarse) and outlined in Table 2.

Table 2 shows that in row 4, the and for ms=0.03m 
are much lower than the maximum acceptable value of 1%, 
which indicates that the mesh size is small enough for future 
computations.  Accordingly, that mesh size is used to estimate the 
resistance coeffi  cient of the cube against fl uid fl ows with diff erent 
Reynolds numbers  . The results are compared with 

 Figure 3  (a) The generated mesh of the cube inside a cylinder in OpenFOAM, (b) Mesh size dependence evaluation. 
Slika 3. (a) Generirana mreža kocke u cilindru u OpenFOAM, (b) Ovisnost sile otpora o veličini mreže

 Table 2 Estimation of convergence parameters for diff erent mesh sizes. 
Tablica 2. Procjena parametara konvergencije za različite veličine mreže

ms R (%) (%) (%) (%)

1 0.05,0.07,0.1 4106,4044,3977 -1.51 -1.65 4.557 3.272
2 0.04,0.05,0.07 4133,4106,4044 -0.653 -1.51 2.087 2.925
3 0.03,0.04,0.05 4146,4133,4106 -0.312 -0.653 0.186 0.580
4 0.01,0.03,0.04 4150,4146,4133 -0.0964 -0.312 0.001 0.122

(a)                                                                                                                                     (b)  
Figure 4 The resistance coeffi  cient of diff erent geometries against fl uid fl owing at diff erent Reynolds numbers (a) a cube of 0.45m 

length, (b) a sphere of 2.64 m diameter. 
Slika 4. Koefi cijent otpora različitih geometrija u odnosu na Reynoldsov broj (a) kocka duljine 0.45 m, (b) sfera promjera 2.64 m

.



Haider and Levenspiel [33] and Hassan Khan et al. [34] and shown 
in Figure 4-a. The results indicate a good agreement with the 
resistance coeffi  cient calculated by other researchers. 

In another test, the resistance coeffi  cient of a sphere with 
the diameter of 2.64 m was estimated against fl uid fl ows with 
diff erent Reynolds numbers , as shown in Figure 4-b. 
The average drag coeffi  cient of 0.45 was calculated for diff erent 
Reynolds numbers. In the reference of Mikhailov et al. [35], the 
resistance coeffi  cient of a sphere is estimated between 0.4 and 
0.5 for Reynolds numbers greater than 104. Consequently, the 
average of 0.45 was found to be close to the amount suggested 
in Mikhailov et al. [35].

4. RESULTS / Rezultati
 The main objective of the present study is the modelling of the 
bare hull of a UV against diff erent forward speeds, to determine 
infl uence of the geometry on the hydrodynamic force of resistance. 
For that purpose, credible range of tourist UV geometries, 
represented by the ratio L/DS is defi ned and shown in Table 3. In 
Table 3, L represents the length of the cylindrical hull, Loa represents 
the overall length including the heads, and DS represents the 
diameter of the cylindrical hull of the UV. The geometries are 
defi ned by keeping the total internal volume of the UV as constant. 

Each of 9 geometry variations given in Table 3 was 
generated by using blockMesh, which is a utility in OpenFOAM 
for generating multiblock hexahedral meshes [28]. 

A total of 13 diff erent forward speeds (0.25, 0.35, 0.5, 0.6, 0.7, 
0.8, 0.9, 1.0, 1.1, 1.2, 1.3, 1.4 and 1.5 m/s) are analysed, covering 
range of speeds for which the studied UV is designed (0.5 
knots to 2.5 knots). Therefore, a total of 117 cases listed in the 
Appendix are calculated.

As the geometry of the UV is diff erent compared to the cube, 
the mesh convergence parameters GCI and ε are calculated for 

the forward speed 1 m/s of case 5 of the UV and shown in Table 4.
From the last row in Table 4, it may be seen that 

and of ms=0.03 m are less than the limiting value of 1%, 
indicating that the mesh size 0.03 m is appropriate.

4.1. Hydrodynamic analysis of the bare hull of the 

UV with both spherical heads (S-S) / Hidrodinamička 
analiza trupa podmornice s dva sferna kraja (S-S)
 A total of 117 diff erent cases, as described in the previous 
section, are modelled, and analysed in OpenFOAM. In these 
cases, the radius of the bow and stern heads of the UV 
were considered as  (see Fig. 2). The analysis is 
performed using supercomputer Isabella, based in SRCE – 
University of Zagreb Computing Centre. Isabella consists of 
135 worker nodes, 3100 processor cores, 12 GPUs, and 756 
TiB of data storage [36]. OpenFOAM computation for each of 
117 cases lasted for about 18000 s, so the total running time 
was about 35100 min. Results of the analysis are presented in 
Figure 5, where hydrodynamic characteristics are presented 
against L/DS and forward speed UV.

Table 4 Estimation of the mesh size dependency parameters of the case 5 of the UV for the forward speed 1m/s. 
Tablica 4. Procjena parametara ovisnosti veličine mreže slučaja br. 5 podmornice za brzinu napredovanja od 1m/s

ms R (%) (%) (%) (%)

1 0.05,0.07,0.1 2235,2532,2720 13.29 7.42 17.54 9.04
2 0.04,0.05,0.07 1800,2235,2532 24.17 13.29 8.99 2.02
3 0.03,0.04,0.05 1771,1800,2235 1.64 24.17 0.06 2.12
4 0.01,0.03,0.04 1760,1771,1800 0.62 1.64 0.01 0.79

Table 3 The dimensions of the UV for diff erent L/DS ratios 
Tablica 3. Dimenzije podmornice za različite L/DS omjere

Case L(m) Loa(m) DS(m) L/DS V0(m3)
1 25 27.44 2.44 10.2 124.50
2 24 26.49 2.49 9.6 124.95
3 23 25.54 2.54 9.1 125.12
4 22 24.59 2.59 8.5 125.00
5 21.06 23.7 2.64 8.0 124.91
6 20 22.7 2.7 7.4 124.81
7 19 21.76 2.76 6.9 124.68
8 18 20.83 2.83 6.4 125.09
9 17 19.9 2.9 5.9 125.05

(a)



(b)

(c)

(d)

Figure 5 Variation of the hydrodynamic characteristics versus L/DS (left) and forward speed (right), (a) Pressure force of resistance, 
RP (b) Total force of resistance, R (c) Pressure force of resistance to friction force of resistance, RP / Rf 

(d) Resistance coeffi  cient, CR. 
Slika 5. Varijacija hidrodinamičkih karakteristika u odnosu na L/DS (lijevo) i brzinu napredovanja (desno), (a) sila otpora tlaka, RP (b) 

ukupna sila otpora, R (c) omjer sile otpora tlaka i sile otpora trenja, RP/Rf,
(d) koefi cijent otpora, CR



According to the results shown in Figure 5(a) and Figure 
5(b), the pressure and total force of resistance of the UV has a 
direct and reverse relationship with  Vf and L/DS, respectively. 
Moreover, by increasing the forward speed, the L/DS parameter’s 
eff ectiveness on the pressure and total force of resistance 
is increased.  As an example, the pressure force of resistance 
for Vf=0.25 m/s and for L/DS =10.2 and 5.9 is 111 N and 173 N, 
respectively.  Consequently, by decreasing the parameter L/DS 
from 10.2 to 5.9, the pressure force of resistance is increased by 
55%.  In contrast, the increment of pressure force of resistance 
for Vf =1.5 m/s for the same amounts of L/DS is around 76% 
(from 2599 N to 4571 N). In terms of total force of resistance, the 
eff ectiveness of the parameters L/DS and Vf is less than those in 
comparison with the pressure force of resistance, so the total 
force of resistance is increased by around 24% and 54% by 
decreasing L/DS from 10.2 to 5.9 and for Vf =0.35 m/s and 1.5m/s, 
respectively. Furthermore, the results show that the relationship 
between  total force of resistance (R) and L/DS is linear for low 
forward speeds. However, as the forward speed increases, the 
relationship becomes nonlinear. For all L/DS, expectedly, the 
relationship between force of resistance and forward speed is 
nonlinear. 

In  Figure 5(c), it is evident that the pressure force of 
resistance is in most cases dominant over the friction force 
of resistance. It is always the case that RP is larger than Rf for 
diff erent L/DS values and forward speeds greater than 0.9 m/s. 
For UVs with L/DS < 6.9 and forward speeds less than 0.9 m/s, the 
pressure force of resistance is also larger than the friction force 
of resistance. The only cases when friction force of resistance 
exceeds pressure force of resistance, occur for the slender UVs 
(L/DS > 8) and for the low forward speeds (Vf =0.6 m/s).  As an 
example, the ratio of pressure force of resistance to friction force 
of resistance is 0.82 for Vf =0.25 m/s and L/DS =10.2. In contrast, 
Rp/Rf is 3.77 for Vf =1.5 m/s and L/DS =5.9.

The UV’s resistance coeffi  cient is shown in Figure 5(d). As 
forward speed increases, the resistance coeffi  cients decrease so 
that maximum coeffi  cients follow minimum forward speed (Vf 
=0.25 m/s). However, these coeffi  cients are minimal for Vf =1.1 
m/s, and they increase slightly for higher speeds. 

 It is interesting to compare results presented in Figure 5(d) 
with the results for the resistance coeffi  cient of a SUBOFF bare 
hull, presented by Divsalar [8], where the resistance coeffi  cient 
of the bare hull with bullet nose, sharp tail, for Loa/DS=7 and 
Vf=1.5 m/s reads around 0.02. On the other hand, the present 
results obtained for the resistance coeffi  cient of the UV with 

spherical heads and Loa/DS = 7 reads around 0.023 (Figure 5(d)). 
So, we can claim that the results are consistent, even though 
the geometry of the SUBOFF bare hull is diff erent from the 
geometry of the present UV. It should be noted that Divsalar 
[8] obtained excellent agreement of his CFD analysis with the 
experimental results.

4.2. Hydrodynamic analysis of the bare hull of the UV 

with spherical bow and elliptical stern head (S-E) / 

Hidrodinamička analiza trupa podmornice sa sfernim 
pramcem i eliptičnom krmom (S-E)
 The bare hull of the UV S-S with L/DS = 8 is used further as the 
representative case for the purpose of comparison with diff erent 
head geometries. Thus, a UV S-E with L/DS = 8, spherical bow with 
a radius of 1.32 and elliptical stern with changing longitudinal 
semi-axis Rs (see Figure 2) are modeled, and diff erent scenarios 
are summarized in Table 5.

Based on scenarios summarized in Table 5, the total force of 
resistance of the UV is calculated, and the results are shown in 
Figure 6.

F  igure 6 The variation of the total force of resistance of diff erent 
UV cases S-E (see Table 5) and forward speeds ( Vf) (L/DS = 8). 

Slika 6. Varijacija ukupne sile otpora različitih slučajeva podmornice 
tipa S-E (vidjeti Tablicu 5.) i brzina napredovanja (Vf) (L/DS = 8)

Figure 6 shows that the bare hull of the UV S-E with RS=2.07m 
(case 10 in Table 5) has the minimum force of resistance, so 
that the force of resistance of the UV in that case is reduced by 
around 38% compared to the UV S-S for Vf =1.5 m/s. 

Table 5 Diff erent scenarios of the UV S-E.
Tablica 5. Različiti scenariji za podmornicu tipa  S-E

Case 1 2 3 4 5 6 7 8 9 10
L(m) 21.06 21.06 21.06 21.06 21.06 21.06 21.06 21.06 21.06 21.06

DS(m) 2.64 2.64 2.64 2.64 2.64 2.64 2.64 2.64 2.64 2.64
Rb(m) 1.32 1.32 1.32 1.32 1.32 1.32 1.32 1.32 1.32 1.32
Rs(m) 0.57 0.72 0.87 1.02 1.17 1.47 1.62 1.77 1.92 2.07
Rs/Rb 0.43 0.55 0.66 0.77 0.89 1.11 1.23 1.34 1.45 1.57
A(m2) 195.63 195.17 195.10 195.34 195.83 197.40 198.25 199.12 199.99 200.88



4.3. Hydrodynamic analysis of the bare hull of the 

UV with both elliptical heads (E-E) / Hidrodinamička 
analiza trupa podmornice s dva eliptična kraja (E-E)
In this step, UVs of the type E-E with elliptical bow with a 
longitudinal semi-axis Rb, and elliptical stern with a longitudinal 
semi-axis of 2.07 were modelled (see Figure 2 and Table 6), and 
the total force of resistance is shown in Figure 7 for Vf =0.5 m/s, 
1 m/s, and 1.5 m/s.

F igure 7 The variation of the total force of resistance of diff erent 
UV cases E-E (see Table 4) and forward speeds (Vf) (L/DS = 8). 

Slika 7. Varijacije ukupne sile otpora različitih slučajeva podmornice 
tipa E-E (vidjeti Tablicu 4.) i brzina napredovanja (Vf) (L/DS = 8)

Figure 7 illustrates that the force of resistance of the UV E-E is 
decreased as the longitudinal semi-axis of the ellipse Rb is increased. 
For instance, the UV’s force of resistance for Rb=2.07 (case 10 in 
Table 6) and for Vf =1.5 m/s is 2417 N. For the same forward speed, 
the force of resistance of the spherical UV reads 4195 N. This means 
that the force of resistance of the UV E-E with Rb=2.07 is around 57% 
of the force of resistance of the spherical UV. 

5. DISCUSSION / Rasprava
H  ere, we compare the total force of resistance of the selected 
bare hulls (case 5 in Table 3, case 10 in Table 5, and case 10 
in Table 6) for diff erent UV forward speeds.  Figure 8 shows 
comparison of the force of resistance of S-S, S-E, and E-E
geometries for diff erent Reynolds numbers . The 
geometrical parameters of the selected S-S, S-E, and E-E UVs are 
provided in tables 3,4, and 5 respectively.

According to Figure 8, increasing the Reynolds number 
(forward speed) decreases the ratio of the force of resistance of 
the UV E-E to the UV S-S. For example, the force of resistance of 
the UV E-E (case 10 in Table 4) for Re = 1.26×107 (Vf =0.5 m/s) is 527 
N, which is about 87% of the force of resistance of the suggested 

UV S-S at the same forward speed (601 N). In contrast, the force of 
resistance of the UV E-E for Re = 3.78 × 107 (Vf =1.5 m/s) (2417 N) is 
about 57% of that of the UV S-S (4195 N). Due to this, the effi  ciency 
of the geometry of the UV E-E increases as the UV forward speed 
increases as compared to the geometry of the UV S-S. 

F ig ure 9 Comparison of the UV’s pressure force of resistance to 
the friction force of resistance ratio of the UVs S-S (case 5), S-E 

(case 10), and E-E (case 10) for diff erent Reynolds numbers.
Slika 9. Usporedba omjera sile otpora tlaka i trenja za 

podmornicu tipa S-S (slučaj 5), S-E (slučaj 10) i E-E (slučaj 10) za 
različite Reynoldsove brojeve

T  able 6 Diff erent scenarios of the UV E-E.
Tablica 6. Različiti scenariji za podmornicu tipa E-E

Case 1 2 3 4 5 6 7 8 9 10
L(m) 21.06 21.06 21.06 21.06 21.06 21.06 21.06 21.06 21.06 21.06

DS(m) 2.64 2.64 2.64 2.64 2.64 2.64 2.64 2.64 2.64 2.64
RS(m) 2.07 2.07 2.07 2.07 2.07 2.07 2.07 2.07 2.07 2.07
Rb(m) 0.57 0.72 0.87 1.02 1.17 1.47 1.62 1.77 1.92 2.07
Rb/Rs 0.43 0.55 0.66 0.77 0.89 1.11 1.23 1.34 1.45 1.57
A(m2) 199.95 199.50 199.43 199.66 200.16 201.72 202.57 203.44 204.32 205.21

 Fi gure 8 Comparison of the force of resistance of the UVs S-S (case 5), 
S-E (case 10), and E-E (case 10) for diff erent Reynolds numbers.
Slika 8.  Usporedba sile otpora podmornice tipa S-S (slučaj 5), S-E 

(slučaj 10) i E-E (slučaj 10) za različite Reynoldsove brojeve



The pressure to friction force of resistance ratio for these UVs 
and for diff erent Reynolds numbers are shown in Figure 9. The 
results show that the pressure to friction force of resistance ratio 
of the concept E-E is lower than that of the concept S-S so it reads 
approximately 1.0 for the UV E-E for Re = 3.78 × 107. However, the 
ratio is around 2.6 for the same Reynolds number for the UV S-S.

To clarify the eff ect of the geometry on the pressure 
distribution around the UVs’ bare hull, Figure 10 shows the 

pressure distribution around the three types of UV heads (S-S, 
S-E, E-E), for the same forward speed (Vf =1.5 m/s). The results 
shown in Figure 10 indicate that the low-pressure area around 
the elliptical stern is reduced compared to the spherical stern, 
thereby reducing the force of resistance. Similarly, a reduction 
in the high-pressure area of the elliptical bow leads to a lower 
force of resistance.

   Figure 10 The pressure distribution around the bow and stern of the selected S-S, S-E, and E-E UV for Vf =1.5 m/s, 
(a) S-S, (b) S-E, (c) E-E.

Slika 10. Raspodjela tlaka oko pramca i krme odabranih S-S, S-E i E-E podmornica za Vf =1,5 m/s, (a) S-S, (b) S-E, (c) E-E



6. CONCLUSION / Zaključak
 A Computational Fluid Dynamic numerical model in OpenFOAM 
is developed for the analysis of tourist underwater vehicle’s (UV’s) 
bare hull with diff erent length-to-diameter aspect ratios and 
head geometries. To evaluate shape of the UV, hydrodynamic 
force of resistance is calculated. The mesh size is calibrated using 
Grid Convergence Index, provided by ASME, and employed on 
the case of the cube and UV.  Model is validated based on the 
results of resistance coeffi  cient for cube and sphere as well as 
by comparison with resistance coeffi  cient of a SUBOFF bare hull 
with the same ratio of length to diameter (Loa/DS). Based on the 
results of total of 177 cases analysed, the following conclusions 
may be drawn: 
 - total force of resistance of the UV has a direct and reverse 

relationship with Vf and L/DS, respectively,
 -  the pressure force of resistance is in most cases dominant 

over the friction force of resistance,
 - the results showed signifi cant improvement of the 

hydrodynamic characteristics of the UV if the elongated 
elliptical heads are used instead of spherical heads, because 
of the reduction of the high- and low-pressure areas in the 
bow and stern regions respectively for the UV with elliptical 
heads. Thus,
 - the total hydrodynamic force of resistance of the UV 

with spherical bow and elliptical stern, and with L/D=8 
is about 60-90 % of the corresponding case with both 
spherical heads, 

 - the total force of resistance of the UV with both elliptical 
heads is about 55-85 % of the case with spherical heads. 

The results are intended for the conceptual design of tourist 
UVs and for verifi cation of complex numerical computations for 
UV's hull with external structure that signifi cantly increases their 
hydrodynamic force of resistance. 
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Nomenclature

Symbols
CP Pressure resistance coeffi  cient
CR Resistance coeffi  cient
Ds Diameter of the submarine
Dsp Diameter of the sphere 
L Length of the parallel middle body of submarine
LC Length of the cube
Loa Total length of submarine
V Velocity vector
R Resistance
Rb Radius of the bow of the submarine
Rf Friction resistance
RP Pressure resistance
RS Radius of the stern of the submarine
Re Reynolds number
S Surface area of the submarine’s bare hull
V Velocity vector
Vf Forward speed of the submarine
V0 Volume of the submarine

Body force
dx Mesh size in x direction
dy Mesh size in y direction
dz Mesh size in z direction
nx Unit vector of the bare hull surface along the x axis
ny Unit vector of the bare hull surface along the y axis
ms Mesh size
p Dynamic pressure
t Time
u The velocity component in the direction x
v The velocity component in the direction y
w The velocity component in the direction Z
x Direction x
y Direction y
z Direction Z
ε Dissipation rate
τxy Shear stress in the plane xy
τxz Shear stress in the plane xz
μ Dynamic viscosity
ρ Fluid density∇ Gradient operator

Abbreviations

AUV Autonomous Underwater Vehicle
DARPA Defense Advanced Research Projects Agency
DREA Defense Research Establishment Atlantic
PIMPLE Pressure Implicit Method with Pressure Linked Equations
RANS Reynolds Average Navier Stokes
UV Underwater Vehicle
VOF Volume of Fluid

Appendix 

Computational scenarios of the submarine with spherical 
heads at diff erent speeds.

Case L(m) Loa(m) DS(m) L/DS Vf (m/s)
1 25 27.44 2.44 10.2 0.25
2 24 26.49 2.49 9.6 0.25
3 23 25.54 2.54 9.1 0.25
4 22 24.59 2.59 8.5 0.25
5 21.06 23.7 2.64 8.0 0.25
6 20 22.7 2.7 7.4 0.25
7 19 21.76 2.76 6.9 0.25
8 18 20.83 2.83 6.4 0.25
9 17 19.9 2.9 5.9 0.25

10 25 27.44 2.44 10.2 0.35
11 24 26.49 2.49 9.6 0.35
12 23 25.54 2.54 9.1 0.35
13 22 24.59 2.59 8.5 0.35
14 21.06 23.7 2.64 8.0 0.35
15 20 22.7 2.7 7.4 0.35
16 19 21.76 2.76 6.9 0.35
17 18 20.83 2.83 6.4 0.35
18 17 19.9 2.9 5.9 0.35
19 25 27.44 2.44 10.2 0.5
20 24 26.49 2.49 9.6 0.5
21 23 25.54 2.54 9.1 0.5
22 22 24.59 2.59 8.5 0.5
23 21.06 23.7 2.64 8.0 0.5
24 20 22.7 2.7 7.4 0.5
25 19 21.76 2.76 6.9 0.5
26 18 20.83 2.83 6.4 0.5
27 17 19.9 2.9 5.9 0.5
28 25 27.44 2.44 10.2 0.6
29 24 26.49 2.49 9.6 0.6
30 23 25.54 2.54 9.1 0.6
31 22 24.59 2.59 8.5 0.6
32 21.06 23.7 2.64 8.0 0.6
33 20 22.7 2.7 7.4 0.6
34 19 21.76 2.76 6.9 0.6
35 18 20.83 2.83 6.4 0.6
36 17 19.9 2.9 5.9 0.6
37 25 27.44 2.44 10.2 0.7
38 24 26.49 2.49 9.6 0.7
39 23 25.54 2.54 9.1 0.7
40 22 24.59 2.59 8.5 0.7
41 21.06 23.7 2.64 8.0 0.7
42 20 22.7 2.7 7.4 0.7



43 19 21.76 2.76 6.9 0.7
44 18 20.83 2.83 6.4 0.7
45 17 19.9 2.9 5.9 0.7
46 25 27.44 2.44 10.2 0.8
47 24 26.49 2.49 9.6 0.8
48 23 25.54 2.54 9.1 0.8

49 22 24.59 2.59 8.5 0.8
50 21.06 23.7 2.64 8.0 0.8
51 20 22.7 2.7 7.4 0.8
52 19 21.76 2.76 6.9 0.8
53 18 20.83 2.83 6.4 0.8
54 17 19.9 2.9 5.9 0.8
55 25 27.44 2.44 10.2 0.9
56 24 26.49 2.49 9.6 0.9
57 23 25.54 2.54 9.1 0.9
58 22 24.59 2.59 8.5 0.9
59 21.06 23.7 2.64 8.0 0.9
60 20 22.7 2.7 7.4 0.9
61 19 21.76 2.76 6.9 0.9
62 18 20.83 2.83 6.4 0.9
63 17 19.9 2.9 5.9 0.9
64 25 27.44 2.44 10.2 1.0
65 24 26.49 2.49 9.6 1.0
66 23 25.54 2.54 9.1 1.0
67 22 24.59 2.59 8.5 1.0
68 21.06 23.7 2.64 8.0 1.0
69 20 22.7 2.7 7.4 1.0
70 19 21.76 2.76 6.9 1.0
71 18 20.83 2.83 6.4 1.0
72 17 19.9 2.9 5.9 1.0
73 25 27.44 2.44 10.2 1.1
74 24 26.49 2.49 9.6 1.1
75 23 25.54 2.54 9.1 1.1
76 22 24.59 2.59 8.5 1.1
77 21.06 23.7 2.64 8.0 1.1
78 20 22.7 2.7 7.4 1.1
79 19 21.76 2.76 6.9 1.1
80 18 20.83 2.83 6.4 1.1
81 17 19.9 2.9 5.9 1.1
82 25 27.44 2.44 10.2 1.2
83 24 26.49 2.49 9.6 1.2
84 23 25.54 2.54 9.1 1.2
85 22 24.59 2.59 8.5 1.2
86 21.06 23.7 2.64 8.0 1.2
87 20 22.7 2.7 7.4 1.2
88 19 21.76 2.76 6.9 1.2
89 18 20.83 2.83 6.4 1.2
90 17 19.9 2.9 5.9 1.2
91 25 27.44 2.44 10.2 1.3
92 24 26.49 2.49 9.6 1.3
93 23 25.54 2.54 9.1 1.3
94 22 24.59 2.59 8.5 1.3
95 21.06 23.7 2.64 8.0 1.3
96 20 22.7 2.7 7.4 1.3
97 19 21.76 2.76 6.9 1.3
98 18 20.83 2.83 6.4 1.3
99 17 19.9 2.9 5.9 1.3

100 25 27.44 2.44 10.2 1.4
101 24 26.49 2.49 9.6 1.4
102 23 25.54 2.54 9.1 1.4
103 22 24.59 2.59 8.5 1.4
104 21.06 23.7 2.64 8.0 1.4

105 20 22.7 2.7 7.4 1.4
106 19 21.76 2.76 6.9 1.4
107 18 20.83 2.83 6.4 1.4
108 17 19.9 2.9 5.9 1.4
109 25 27.44 2.44 10.2 1.5
110 24 26.49 2.49 9.6 1.5
111 23 25.54 2.54 9.1 1.5
112 22 24.59 2.59 8.5 1.5
113 21.06 23.7 2.64 8.0 1.5
114 20 22.7 2.7 7.4 1.5
115 19 21.76 2.76 6.9 1.5
116 18 20.83 2.83 6.4 1.5
117 17 19.9 2.9 5.9 1.5


