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1. Introduction

It is known that the resistance of submarines at full im-
mersion consists of friction resistance, shape, roughness, cuts, 

protruding parts, and fencing of retractable devices. Until re-
cently, the only means of determining resistance was a model 
experiment in research basins. Recalculation of the results 
of such experiments should be carried out according to the 
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A new method of reducing the resistance of submarines 
is presented, which consists in installing special circular 
recesses on its surface in the stern. It is found that during 
the movement, in the recesses there is a macro-vortex flow, 
in which pressure decreases significantly. This phenome-
non affects the characteristics of the boundary layer and 
in general the pressure distribution on the surface of the 
hull, i. e. the resistance of the submarine. Using the meth-
ods of computational fluid dynamics, the influence of the 
number and size of the recesses at their fixed location on 
the resistance of two types of “Lira” and “Gepard” sub-
marines is investigated. The results show that the decrease 
in resistance increases with increasing Reynolds number 
and reaches 6 % for “Lira” with 4 recesses with a diam-
eter of d=0.01 D at Re=1.55.108 and 2 % at Re=1.35.108 
for “Gepard” with 7 recesses with a diameter of d=0.01 D. 
The effect of the number of cells of the computational grid 
on the results of calculations in the Flow Simulation (USA, 
France, Canada) and Flow Vision (Russian Federation) 
software packages was also studied. The effect of resis-
tance reduction obtained in both software packages is 
approximately the same, but the absolute values differ due 
to the small number of cells in Flow Vision, which is due to 
the limited capabilities of the used 2nd version of this com-
plex. There was also a slight effect of resistance reduc-
tion on the model of the “Persia-110” (Iran) submarine 
with recesses during towing tests in the research basin at 
significantly lower Reynolds numbers. Unlike most resis-
tance reduction means, the use of this method does not 
require significant changes in the design of the housing. 
This makes it possible to use it both on new facilities and 
on facilities that have already been commissioned
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rules of similarity of fluid flows using similarity criteria. Such 
a criterion for submarines in the above case is the Reynolds 
test. Since it is impossible to achieve equality of Reynolds 
numbers for the model and nature, in particular for subma-
rines, the recalculation was carried out according to a known 
approximate empirical scheme. According to this scheme, the 
coefficient of resistance of the shape was considered indepen-
dent of the Reynolds number and was determined experimen-
tally. The coefficient of resistance of the other components 
was considered to be such as the coefficient of friction of the 
equivalent plate, which was determined by a known empir-
ical dependence on the Reynolds number. This approach is 
very approximate because it does not take into account the 
peculiarities of fluid movement in the boundary layer of full-
scale objects. Meanwhile, reducing the water resistance for 
submarines is a very important task, because with constant 
energy supply increases the range and autonomy, i. e. increas-
es the efficiency of their use. The parameters of the shape of 
the submarine hull, which are determined during the overall 
design are compromise and, as a rule, are not optimal in terms 
of minimum resistance. Based on the analysis of modern lit-
erature sources, it is found that the main means of reducing 
the resistance of submarines are hydrodynamic improvement 
of the shape of the light hull and a special rubber coating 
on its surface. Therefore, there is a problem of reducing the 
resistance of such a case through the development of special 
methods that do not require adjustment of its size and shape.

2. Literature review and problem statement

Analyzing the trends in the study of the hydrodynamics of 
submarines, it should be noted that many works are devoted to 
improving the flow around their hull. The results of research 
based on computational fluid dynamics (CFD) methods are 
presented in [1–4]. They also evaluate the most important 
geometric parameters, such as overall bare hull shape, stern 
shape, bow shape and optimum L/D of the main body. The 
influence of the parameters of the cylindrical insert on the 
total resistance and the influence of different shapes of the 
bow and stern limbs are described. Each of these parameters 
helps to minimize resistance and increase the hydrodynamic 
efficiency of the object. In [5, 6], the process of improving the 
flow on the surface of the housing is described. One of the 
works proposes the supply of gas bubbles to the surface of the 
submarine. In [7, 8], the flow along the submarine is predicted 
and corrected with the help of a special rubber coating to re-
duce resistance and hydroacoustic noise. Prediction of noise 
dissipated by a submarine is considered here using a non-stan-
dard formulation in the frequency domain, which extends 
the use of acoustic analogy to the problems of scattering. A 
multi-purpose optimization of the design and shape of the 
submarine hull is also proposed in [9]. However, in the design 
of submarines, in addition to the navigability, it is necessary to 
take into account the influence of other operational factors, so 
the shape of the hull may differ significantly from the optimal 
one in terms of navigability. It should also be noted that for 
military ships, a simple change in the shape of the hull, aimed 
at reducing resistance, is not enough, so a variety of other 
methods to reduce resistance are used [10]. Due to the nature 
of the submarine and its operating environment, most of these 
methods are not feasible for submarines. A possible solution to 
the problem could be to use a new method of reducing the re-
sistance of a golf ball, which is to place special recesses – holes 

on its surface. The studies [11, 12] have shown a decrease in 
golf ball resistance due to the displacement of the point of flow 
separation downstream. An attempt to replicate this effect on 
the surface of the vessel, by simulating the surface of a golf ball 
on the stern of the hull model, is presented in [13]. As a result, 
the authors concluded that this method was ineffective for 
ships due to the lack of a significant reduction in resistance. 
The studies by the authors of this paper have shown [14] that 
instead of holes on the ship’s surface, it is more rational to 
place cylindrical recesses at right angles to the flow. The ef-
fectiveness of the recesses as a means of reducing resistance 
for a particular vessel depends on the location on the surface, 
the number, shape and size of their cross-section. In addi-
tion, there is a certain range of Reynolds numbers in which 
recesses can be considered appropriate for a given vessel. 
The analysis suggests that there is a rather urgent problem 
of developing means of resistance reduction for submarine 
hulls designed by compromise technologies. Therefore, it is 
advisable to install recesses on the surface of the submarine, 
as one of the means of reducing the resistance of the designed 
hull. The recesses are located on the surface of the light body, 
which does not participate in the overall strength. Recesses 
on the surface of the light body are additional surface stiffen-
ers (frames) and they do not reduce, but rather increase the 
strength of the light body. 

3. The aim and objectives of the study

The aim of this work is to determine the location, size 
and number of circular recesses that reduce the resistance 
of submarines.

To achieve the aim, the following objectives are set:
– to perform resistance calculations with variations in 

speed, number, size and location of recesses on the surfaces 
of submarines;

– to perform the validation process by the method of a 
submarine model experiment to confirm the correctness of 
the results obtained with CFD and the feasibility of using 
recesses on the surface of submarines.

4. Materials and methods of research

The subject of the study is the dependence of the re-
sistance of the submarine on the speed and characteristics 
of the recesses located on its surface which is the object of 
study. The main research method is to model the motion 
of full-scale objects in a liquid by numerically solving the 
RANS equations (Reynolds averaged Navies-Stokes equa-
tions). Such modeling is implemented in modern CFD pack-
ages, such as Flow Vision (Russian Federation) and Flow 
Simulation (USA, France, Canada). 

Validation of these software products was carried out 
by comparing the results of calculations with the data of 
physical experimental studies in [15, 16] and showed their 
very high efficiency and sufficient accuracy for practical use. 

The sequence of creating calculation projects for the se-
lected study in these packages is as follows:

1) in the SolidWorks (USA, France, Canada) CAD en-
vironment, a 3D model of the research object and the design 
box that covers it are created;

2) the model of unsteady motion of incompressible fluid 
and the 𝑘-ε turbulence model are chosen;
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3) initial conditions are determined (temperature and 
type of liquid medium and initial velocities or pressure);

4) boundary conditions are formed on the surface of the 
design box and the research object;

5) the global computational grid and the level of refine-
ment of the local computational grid on the surface of the 
research object are generated; 

6) in the postprocessor, computation purposes and visu-
alization parameters of computation results are formed.

To focus on the processes of flow around the hulls and 
reduce the cost of computer resources, the following study 
considered submarines without protruding parts. Fig. 1 shows 
a 3D model of such a submarine, located in the design box, 
the minimum size of which was thus reduced to 3 lengths 
and 5 diameters of its hull. Also Fig. 1 shows the layout of 
boundary conditions for all projects. The inlet flow rate is 
set at the inlet, the free outlet condition is set at the outlet, 
and symmetry is set on the sidewall of the box, which means 
that there is no viscous component of the fluid movement on 
it. On the surface of the submarine hull – the condition of a 
solid impenetrable wall.

Fig. 1. Layout of boundary conditions on the surface of  
the design box and submarine

The results of CFD modeling are significantly affected 
by the number of cells in the computational grid. Therefore, 
before performing variant calculations, a study of the influ-
ence of the level of fragmentation of the global and local grid 
on the surface on the result of calculations was performed. 
Particular attention was paid in the area of the recesses, as 
the large size of the grid cell does not allow correct calcula-
tion of the processes inside the recesses. It was found that 
for the Flow Simulation package, the level of refinement of 
the global grid should be at least 4, and the local grid on the 
surface of the submarine should also be at least 4. The total 
number of cells ranges from 1.5 to 1.7 million. 

In the Flow Vision software package, the number of cells 
can be reduced to 1 million due to a special method of local 
grid adaptation. However, given the technical capabilities 
of the second 32-bit version of this package, practical use is 
limited to 500–750 thousand cells.

5. Calculations of resistance for variations in  
the parameters of recesses on the surfaces of submarines

5. 1. Calculations of resistance for variations in speed, 
number, size and location of recesses on the surfaces of 
submarines

During movement, the submarine drives the mass of sur-
rounding water and undergoes a hydrodynamic reaction on 

the surface of the hull. In the general case, the resistance de-
pends on the main dimensions, coefficients of completeness, 
shape of the contours, condition of the hull surface, speed 
and motion conditions of the submarine. Water resistance is 
considered separately for underwater, surface, as well as for 
the periscope positions of the submarine due to the peculiar-
ities of the formation of hydrodynamic forces in each of these 
modes. The total resistance to movement in the underwater 
position [17] consists of: friction ≈54 %, roughness ≈10 %, 
cuts ≈5 %, shape ≈10 %, protruding parts ≈12 %, fencing of 
retractable devices ≈9 %. Therefore, this study considers the 
reduction of the main components of the bare body, namely 
friction and shape by installing regulators of the thickness 
of the boundary layer in the form of special recesses. A 
macro-vortex flow is formed in the recesses inside which the 
pressure is significantly reduced. This phenomenon leads 
to a decrease in the thickness of the boundary layer. As a 
result, the friction resistance and viscous pressure (shape) 
resistance decrease due to the displacement of the separation 
zone downstream and the creation of a smaller area of low 
pressure behind the body. With the right choice of location, 
shape and number of recesses, the pressure on the surface 
of the object is redistributed, which can lead to a decrease 
in the total resistance of the submarine. The influence of 
recesses on the formation of a hydrodynamic trail behind the 
submarine is shown in Fig. 2.

Fig. 2. Formation of layers on the surface of the submarine: 
1 – laminar boundary layer; 2 – turbulent boundary layer;  
3 – hydrodynamic trail of the submarine with recesses;  

4 – hydrodynamic trail of the submarine; 5 – vortex;  
6 – transition; 7 – separation

To study the efficiency of recesses on the surface of sub-
marines, two solid body models of the “Lira” and “Gepard” 
hulls were created in the SolidWorks CAD system (Fig. 3, 4).  
The models were created without felling and rudders to 
reduce calculation time. The main characteristics of the se-
lected submarines are given in Tables 1, 2.

Table 1

“Lira” submarine 

Surface (underwater) displacement ∇=2,300(3,100) tons

Length L=81.4 m

Diameter D=10 m

Maximum speed ʋ=42 knots

Wet surface area S=2,029 m2

Table 2

“Gepard” submarine

Surface (underwater) displacement ∇=6,430(8,140) tons

Length L=110.3 m

Diameter D=13.6 m

Maximum speed ʋ=33 knots

Wet surface area S=3,932 m2
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Fig. 3. Model of the “Lira” type submarine with recesses

Fig. 4. Model of the “Gepard” type submarine with  
recesses

The distribution of velocities and pressure inside and 
around the 4 recesses that were installed on the surface of 
the “Lira” type submarine are shown in Fig. 5, 6. It is clear 
that in the recesses a macro-vortex is formed, in which there 
is a marked decrease in pressure. The choice of the number, 
size and location of the recesses is very important, as the 
wrong choice can lead to deterioration of the flow conditions 
and increased resistance. 

When flowing around bodies with large Reynolds num-
bers Re, the phenomenon of separation of the boundary layer 
is observed, which leads to an increase in the diameter of the 
hydrodynamic trace and to an increase in resistance. The re-
cesses, which are located in the area of the separation points, 
reduce the boundary layer due to the reduced pressure inside 
the recesses. Due to this, the separation points are shifted to 
the stern limb, and the diameter of the hydrodynamic trail 
decreases. 

a 

b                                              c 
Fig. 5. Pressure and velocity distribution: a – velocity 

distribution around the recesses; b – vortex velocity inside 
the recess; c – pressure distribution on the surface in  

the area of the recesses

Based on the results of calculations, graphs were con-
structed (Fig. 7, 8) which show the efficiency of annular 
recesses of different diameters d with a fixed location relative 
to the smooth bodies. The resistance coefficients Cx and the 
Reynolds number Re were calculated by the formulas: 

2

2
,x

x

R
C

S
=

ρυ
    (1)

where Rx is the resistance of the submarine, N; ρ is water 
density, kg/m3; υ is the speed of the submarine, m/s; S is the 
area of the wetted surface, m2,

Re ,x Dυ
=

ν
  (2)

where υx is the speed of the submarine, m/s; 𝜈=1.3·10-6 m2/s 
is the kinematic viscosity coefficient of the liquid; D is the 
diameter of the submarine, m.

 

 

 
 
 

  
 

 
 
 

  
 

 

Fig. 6. Pressure distribution around the “Lira” type submarine, with and without recesses
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Fig. 7. Graph of the dependence of the resistance coefficient 
Cx on the Reynolds number Re and diameter of the recesses 

d for the “Lira” type submarine

Fig. 8. Graph of the dependence of the resistance coefficient 
Cx on the Reynolds number Re, diameter d and number of 

recesses for the “Gepard” type submarine

From the hydrodynamic point of view, the shape of the 
hull of the “Gepard” submarine is more perfect, as at equal 
Reynolds numbers, the total resistance coefficient of “Ge-
pard” is less than that of “Lira”, despite the fact that the 
displacement coefficient of “Lira” CD=0.485 and “Gepard” 
CD=0.508.

Given the exceptional complexity of the phenomena of 
hydrodynamic interaction of the recesses with the hull of 
the submarine in each case, it is necessary to perform vari-
ant calculations of the influence of the parameters of the 
recesses on the resistance coefficients and thus assess their 
effectiveness.

Visualization of the pressure distribution on the surface 
of the research objects presented in Fig. 9, 10 in the first ap-
proximation helps to assess the location of the recesses and 
determine the number of calculation options.

A comparison of the results of calculations of the “Lira” 
type submarine was performed in the two software packag-
es Flow Vision and Flow Simulation, which are presented 
in Table 3.

Table 3

Results of the calculation of the “Lira” type submarine in  
the Flow Vision and Flow Simulation software packages

V, m/s

“Lira” type submarine with 
a smooth hull

“Lira” type submarine with 
4 0.03 D recesses

Number of cells in the computational grid

1,621,324 185,699 1,692,405 328,801

Flow  
Simulation

Flow Vision
Flow  

Simulation
Flow Vision

Cx

1 0.003576 0.003283 – –

5 0.002980 0.002808 0.002947 0.002775

10 0.002776 0.002380 0.002710 0.002323

15 0.002669 0.002566 0.002593 0.002492

20 0.002597 0.002509 0.002506 –

The number of cells of the computational grid given in 
Table 3 for Flow Simulation is determined by the results of 
special numerical experiments. These experiments consist in 
increasing the number of cells successively until the resis-
tance of the submarine ceases to change. 

 

 

 

 

Fig. 9. Pressure distribution on the surface of the submarine

Fig. 10. Pressure distribution on the surface of the submarine with installed recesses
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Thus, it is found that the 4th level of refinement of the 
global and local grids is sufficient and corresponds to the 
number of cells listed in the table. However, determining the 
required number of cells in this way for Flow Vision leads to 
almost unacceptable calculation time, because the capabili-
ties of the 2nd single-processor 32-bit version of this product 
are extremely limited. But the results in this table, obtained 
in both software products, indicate the unconditional effect 
of the recesses on the resistance of the submarine in the di-
rection of its reduction. 

5. 2. Process of validation by the method of a model 
experiment of a submarine

The process of validation of calculations to confirm the 
correctness of the results obtained with CFD and the fea-
sibility of using recesses on the surface of submarines was 
performed. 

To test the possibility and feasibility of using the recess-
es, an experiment was conducted with towing a model of a 
torpedo-shaped underwater object of the Persia-110 type. 
The experiment was performed in the research basins of 
the Admiral Makarov National University of Shipbuilding 
(NUS) (Ukraine) and the Isfahan branch of the Maleke 
Ashtar University of Science and Technology (UST) (Iran). 
The general shape and dimensions of this model are shown 
in Fig. 11–13. The model has a volume of 8.38 liters, a total 
area of 0.36 m2, weight 8.38 kg. The L/D ratio is 13, which is 
within the normal L/D of large naval submarines. 

The experiment was conducted in two stages: at the first 
stage, the NUS performed an experiment on a model without 
recesses. At the second stage, in UST with 4 0.01 D recesses 
(similar to Fig. 7 case 4). The results are presented in Table 4.

Fig. 11. Dimensions of the Persia-110 model

Fig. 12. General view of the Persia-110 model

The obtained results confirm the presence of the effect of 
resistance reduction due to the installation of recesses on the 
surface of Persia-110. The effect of the installed recesses de-
pends on the following factors: location of the recesses, shape 
and size according to the length of the submarine and Reyn-
olds number. Given that the Reynolds numbers are very 
small, for a noticeable effect of resistance reduction, the size 
of the recesses will be relatively larger than for nature. There 
is no practical value of the obtained model calculations be-
cause they cannot be transferred to a full-scale object.

Fig. 13. Persia-110 model during tests in  
the research basin of NUS

Table 4

Results of the Persia-110 experiment model

𝜐, (m/s) Re·10-6 No recesses 
Rx(N)

With recess-
es Rx(N)

% Reduc-
tion

1 0.0769 1.873 1.864 0.5

1.2 0.0923 2.726 2.707 0.7

1.5 0.1154 4.288 4.245 1

2 0.1539 7.831 7.696 1.7

6. Discussion of the results of studying the influence of 
recesses on the resistance of submarines

Within the framework of this work, a study of the influ-
ence of recesses on the surface of two types of submarines was 
performed. According to the obtained results, it is confirmed 
that the installation of recesses decreases the thickness of the 
boundary layer and leads to a decrease in the thickness of the 
hydrodynamic trace, which can be observed in Fig. 6. This 
is due to the fact that in the recesses a macro-vortex is for- 
med (Fig. 5), in which there is a marked decrease in pressure. 
The results of calculations showed (Fig. 7, 8) that with the 
correct choice of size, location and number of recesses, it is 
possible to achieve a reduction in resistance by 2–5 %. For 
the “Lira” type submarine, all hulls have four recesses. For 
diameters of 0.01 D and 0.03 D, the best efficiency is obtained, 
and for the diameter of 0.05 D, the worst efficiency is obtained 
and leads to an increase in resistance. Different numbers of 
recesses are considered for the “Gepard” type submarine. The 
installation of 7 recesses with 0.01 D has the best efficiency, 
and the location of four recesses with a diameter of 0.03 D and 
the location of three recesses with a diameter of 0.05 D have 
the lowest efficiency. In contrast to the study [14], in which 
the stern of the vessel is covered with recesses imitating the 
surface of a golf ball, we propose to install several annular 
recesses, which greatly simplifies the design. An experimental 
test of the Persia-110 model with installed recesses was also 
performed, which confirmed the correctness of the calcu-
lations (Table 4). Given that the Reynolds numbers of the 
model experiment are very small, the effect itself is small, and 
its practical value is absent, because these results cannot be 
translated into a full-scale object. That is, model experiments 
can only confirm the presence of the effect, and the parame-
ters of the recesses can be calculated only in CFD packages 
for full-scale objects. As a result, there is another problem with 
the quality of software products to ensure high accuracy of 
calculations. The advantage of using this method is that, un-
like most resistance reduction means, the use of this method 
does not require significant changes in the design of the hous-
ing. This makes it possible to use it both on new facilities and 
on facilities that have already been commissioned. Despite the 
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advantages, the studies have shown that the incorrect size, lo-
cation and number of recesses can lead to increased resistance. 
It is not possible to develop general recommendations for the 
location, size and number of recesses for all submarines. These 
parameters are determined for each submarine by separate 
calculations. Further development of the study is to determine 
the effect on reducing the resistance of the shape of the recess-
es in combination with other parameters.

7. Conclusions 

1. Analysis of the obtained resistance results with vari-
ations in speed, number, size and location of recesses on the 
surfaces of submarines showed that it is possible to achieve 
a reduction in resistance by 2–5 %. Namely, for “Lira”, the 
most effective were excavations with a diameter of d=0.01D, 
which allowed a gradual decrease in the resistance coef-
ficient from 0 % at Re=107 to 6 % at Re=1.5·108 for four 
recesses. For “Gepard”, the most effective were recesses of 
the same diameter d=0.01 D, but their number increased  
to 7, and the efficiency does not exceed 2 % at Re=1.35·108. 
For both submarines, the use of recesses with d=0.05 D leads 
to additional resistance and an increase in resistance coeffi-
cients in the entire range of Reynolds numbers. 

2. The effect of the installed recesses depends on the 
following factors: the location of the recesses; shape and 
size according to the length of the submarine and the 
Reynolds number. Given that the Reynolds numbers are 
very small, for a noticeable effect of resistance reduction, 
the size of the recesses will be relatively larger than for 
nature. There is no practical value of the obtained model 
calculations because they cannot be transferred to a full-
scale object.
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1. Introduction

Resonance vibratory machines are promising as regards 
the vibratory machines for various applications [1]. In them, 
vibration exciters of smaller mass excite oscillations with a 

greater amplitude, which improves the reliability and dura-
bility of vibratory machine operation. 
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A three-mass anti-resonance vibratory machine with a vibration 
exciter in the form of a passive auto-balancer has been analytically 
synthesized. In the vibratory machine, platforms 1 and 2 are visco- 
elastically attached to platform 3. Platform 3 is visco-elastically 
attached to the base. The motion of loads relative to the auto-balanc-
er housing is hindered by the forces of viscous resistance.

A theoretical study has shown that the vibratory machine pos-
sesses three resonance frequencies and three corresponding forms 
of platforms' oscillations. Values for the parameters of supports 
that ensure the existence of an anti-resonance form of motion have 
been analytically selected. Under an anti-resonance form, plat-
form 3 is almost non-oscillating while platforms 1 and 2 oscillate 
in the opposite phase.

In the vibratory machine, platform 1 can be active (working), 
platform 2 will then be reactive (a dynamic vibration damper), and 
vice versa. At the same time, the vibratory machine will operate when 
mounting a vibration exciter both on platform 1 and platform 2. 

An anti-resonance form would occur when the loads get stuck 
in the vicinity of the second resonance frequency of the platforms' 
oscillations.

Given the specific parameters of the vibratory machine, numer-
ical methods were used to investigate its dynamic characteristics. 
Numerical calculations have shown the following for the case of small 
internal and external resistance forces in the vibratory machine:

– theoretically, there are seven possible modes of load jam; 
– the second (anti-resonance) form of platform oscillations is 

theoretically implemented at load jamming modes 3 and 4; 
– jamming mode 3 is locally asymptotically stable while load 

jamming mode 4 is unstable; 
– for the loads to get stuck in the vicinity of the second reso-

nance frequency, one needs to provide the vibratory machine with 
the initial conditions close to the jamming mode 3, or smoothly 
accelerate the rotor to the working frequency; 

– the dynamic characteristics of the vibratory machine can be 
controlled in a wide range by changing both the rotor speed and 
the external and internal forces of viscous resistance.

The results reported here are applicable for the design of anti-res-
onance three-mass vibratory machines for general purposes
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