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ABSTRACT 

In this paper, hull/propeller interaction of a submarine model which has a realistic geometry, in submergence 
and surface conditions has been studied. For this purpose, the computational fluid dynamics (CFD) method 
has been used to solve the viscous, incompressible, two phase flow field (in surface condition) around a 
model of the propeller and submarine hull with and without propeller. The rotation of the propeller has been 
modeled using the sliding mesh technique. For turbulent flow modeling and free surface simulation, the k-ω 
SST model and the volume of fluid method (VOF) have been used, respectively. Experimental data obtained 
from test conducted by the authors in M.U.T. towing tank have been used to validate the numerical scheme. 
Comparing numerical and experimental results shows good agreement. The experimental and numerical 
results show that operation of the propeller near water surface reduces the thrust coefficient of the propeller 
comparing to open water condition, so that according to experimental results the maximum relative reduction 
of the thrust coefficient is 8.95%. In addition, the results indicated the amount of hull resistance coefficient in 
surface condition is more than submergence condition. According to the thrust reduction and wake factors 
obtained from the numerical results, it is known that their values in surface condition are less than 
submergence condition. This research can be used for more realistic investigation of hull/propeller interaction 
and thus, more accurate powering performance prediction of submarines. 

Key words: Two phase flows; Hull/propeller interactions; CFD; Sliding mesh; Volume of fluid (VOF) method. 

NOMENCLATURE 

(AE/A0) blade area ratio RH hull resistance  
B biass limit S wetted area 
Cht total hull resistance coefficient t thrust reduction factor 
dh/D hub ratio T propeller thrust  
D propeller diameter  U uncertainty 
F body force  Uinlet inlet velocity  
Fr froude number (based on the hull length) UX axial velocity 
g gravitational acceleration  ݒԦ velocity vector  
J advance ratio V hull advance velocity  
k turbulent kinetic energy per unit mass  Va advance velocity at propeller plane 
KT thrust coefficient   w wake factor 
KQ torque coefficient  x axial distance from propeller plane  
n propeller rotation speed (rps) Z number of blades 
P pressure, precision limit α volume fraction 
(P/D) pitch – diameter ratio  propeller efficiency 
Q propeller torque  ϑ kinematic viscosity  
r radial coordinate along the propeller blade span  ϑt turbulence eddy viscosity  
R radius of propeller   fluid density 
Re reynolds number (based on the hull length) ω  turbulence specific dissipation rate  
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1. INTRODUCTION 

Investigating submarine’s hull/propeller interaction 
has great importance for its power estimation. The 
efficiency of the propulsion system is strongly 
dependent on propeller performance, thrust force, 
propeller torque and its efficiency.  

Due to strong wake flows behind the hull, especially 
at high Reynolds numbers, the propeller 
performance considerably depends on the upward 
flow conditions (Carlton 2011). Besides, since the 
flow velocity is not high enough, the presence of the 
propeller behind the hull can affect the flow 
condition around the submarine. 

In order to analyze flow field around underwater 
vehicles, both experimental and numerical methods 
may be used. Experimental methods always have 
some limitations. They are usually expensive and 
time consuming. On the other hand numerical 
methods have gained popularity during the last 
decades. Compared with experimental methods, 
numerical methods are considerably less expensive 
and more efficient if utilized accurately. 

Computational fluid dynamics capabilities have 
been developed during previous years with the 
development of numerical methods. One of the 
computational methods which has been used 
regularly is the potential flow method (Gao and 
Davies 2002; Kinnas and Hsin 1992; Ohkusu 1996; 
Ghassemi 2003). However, in this technique the 
flow is assumed to be inviscid, some of the main 
characteristics of the flow field such as separation 
and wake flow cannot be estimated effectively. 

Finite volume method is another CFD technique 
which has been extensively developed. Although, this 
method is more time-consuming compared with the 
potential flow method but can lead to more reliable 
results as shown by Turnock & Wright (2000). 

The other computational methods that can be noted 
are Direct Numerical Simulation (DNS), the Large 
Eddy Simulation (LES) and Reynolds Average 
Navier Stokes (RANS). The DNS and the LES are 
computationally expensive. Hence, marine problems 
are usually calculated using less expensive methods 
such as RANS models. One of the most suitable 
turbulence models in simulating flow field around 
submarines and propellers is the SST k-ω 2-
equation model which has been used in the current 
work as well. The SST model performance has been 
studied in a large number of cases. This model has 
the advantage of the k- (free flow) and the k-ω 
model (close to wall) (Gohil et al. 2016). 

The simplest case study of marine propeller is the 
open water condition. In this case, the performance 
of propeller at the uniform inflow has been 
investigated. But in fact, when the propeller is 
located behind the floating hull, due to flow around 
the hull, propeller inflow won’t be uniform and 
assuming uniform flow condition around a propeller 
leads to unrealistic results. 

Considering this fact, some studies were done on the 
prediction of the propeller performance in non-

uniform flow conditions. In some part of these 
studies the effect of the hull/propeller interaction on 
the propeller performance was neglected due to the 
complexity of mesh generation, as well as the large 
amount of time consuming computations (Watanabe 
et al. 2003; Ji et al. 2010; Zhang 2010); Instead, in 
the absence of the propeller wake behind the hull 
was considered as the inflow velocity to the 
propeller. Although this was a useful assumption, it 
was not accurate because the hull/propeller 
interaction was ignored in those simulations. The 
effect of hull/propeller interaction on the propeller 
performance is considered in another part of these 
studies.  

Hayati et al. (2013) investigated the performance of 
a typical propeller behind an autonomous 
underwater vehicle in a fully turbulent flow regime 
at different angles of attack by the application of 
computational fluid dynamics method.  

Nan et al. (2005) computed the flow fields around a 
submarine moving near the free surface. Computed 
results, including resistances and wave patterns 
were analyzed. 

Simulation of flow on a SUBOFF bare hull model 
was done by Gross et al. (2011). The simulations 
have been carried out with an in-house developed 
Navier-Stoke code. In addition, as a reference, 
RANS calculations were performed using ANSYS 
CFX. They also investigated the effect of different 
attack angles of the hull on friction and pressure 
coefficients. 

N. Chase and P. M. Carrica (2013) conducted self-
propulsion computations of the DARPA-SUBOFF 
generic submarine with the E1619 propeller in 
model scale and analyzed its propulsion 
performance. They also showed that grid refinement 
has highly strong effects on the wake calculation. 

N. Zhang and S. L. Zhang (2014) studied 
hull/propeller interaction of a submarine model with 
a high-skew five blade propeller in submergence 
and near surface conditions. They evaluated the 
wave pattern of the submarine model at different 
depths of submergence. They also computed the 
thrust, torque and self-propulsion factor of the 
submarine model in submergence and near surface 
conditions. In this study the effects of sea waves on 
the performance of the propulsion system and hull 
resistance has not been investigated. 

Taskar et al. (2016) investigated the effect of waves 
on the propulsion system (propeller & engine), 
propeller and hull efficiency of a ship. For this 
purpose an effective method for modeling wake in 
waves was presented that used to study different 
aspects of the propulsion system in time varying 
wake in waves of different wave length, height and 
direction. This study demonstrates the importance of 
using a coupled engine propeller system for accurate 
estimation of ship performance.  

G. Budak and S. Beji (2016) investigated the 
resistance of a DARPA-SUBOFF submarine bare 
hull and its geometric types using the ANSYS-
FLUENT code. For this purpose, three different 
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bow and three stern forms are generated and nine 
submarine forms have been created, then the 
resistance of each submarine form was calculated to 
determine the best hull. 

The resistance and power values of an underwater 
vehicle (DARPA SUBOFF) have been calculated 
using both an empirical method and CFD analysis 
by Delen et al. (2017). In their research, the self-
propulsion of the vehicle has been studied using 
Actuator Disc Theory. In CFD analyses, the flow 
around DARPA SUBOFF has been solved by 
Reynolds Averaged Navier-Stokes (RANS) 
equations using finite volume method (FVM). 

Numerical estimation of bank-propeller-hull 
interaction effect on ship maneuvering has been 
done by Kaidi et al. (2017). They investigated the 
influence of ship-bank distance and ship speed on 
the hydrodynamic forces acting on the ship with and 
without propeller. Moreover, they computed the 
impact of the propeller on the hydrodynamic forces 
acting on the hull. 

Existing research study shows that hull/propeller 
interaction of submarine moving on the water 
surface has rarely been investigated. 

In this paper, the results of experimental tests and 
numerical simulations of a submarine model which 
has a realistic geometry with the aim of 
investigating the hull / propeller interaction in 
surface and submergence conditions are presented. 

The experimental results were used to validate the 
accuracy of the numerical simulations. The 
experimental results used in this study were 
obtained from tests conducted in M.U.T. towing 
tank of the Republic Islamic of Iran. Dimensions of 
this tank are 160 m length, 7 m width and 3.5 m 
height. 

In order to carry out numerical simulations, the 
ANSYS-FLUENT software has been used to solve 
the viscous incompressible flow field around a 
model of the propeller and submarine with and 
without propeller. 

2. GEOMETRY OF MODELS 

The geometrical model of the submarine used in this 
study is a realistic model of the main components 
which includes fore planes, tail planes, rudder, sail 
and ballast tank. This model which has been 
constructed using CATIA software is shown in Fig. 
1. The hull length is equal to 6 m and its height 
(neglecting the sail) is 0.675 m and also its width at 
the widest section is 0.71 m. In addition, the sail has 
a length of 1.125 m and a height of 0.34 m. When 
the submarine is floating on the water surface, the 
draught is equal to 0.615 m and the distance of the 
propeller shaft from water level is equal to 0.252 m 
(0.9 times the diameter of the submarine propeller). 

The Propeller used in this investigation is a skewed 
five-blade of the Wageningen B-series propeller. 
The main features of the propeller are documented 
in Table 1 and the modeled propeller is shown in 
Fig. 2. 

 
(a) 

 
(b) 

Fig. 1. Geometrical model of the submarine: 
 a) Isometric view; b) Side view 

Table 1 Main propeller parameters 
Parameters Values 

Z 
Blade area ratio (AE/A0) 
Pitch ratio (P/D) 
Hub ratio (dh/D) 
Skew angle (°) 
Rake angle (°) 
Diameter (D) 

5 
0.5 
0.8 

0.169 
11.8 

15(Backward) 
280mm 

 

                       
a) Frontal view                          b) Side view 

Fig. 2. Geometrical model of the propeller 

3. EXPERIMENTAL TESTS PROCEDURE 

In this section, the experimental tests procedures 
including: propeller in order to determine the 
performance coefficients, hull resistance under 
operating conditions on water surface and under 
water are presented. 

As previously mentioned, the experimental tests 
have been done in the M.U.T. towing tank. This 
towing tank is illustrated in Fig. 3. 

1  
Fig. 3. M.U.T. towing tank 

It should be noted that making of all models as well 
as the methods of experimental tests have been 
carried out on the basis of ITTC Recommended 
Procedures and Guidelines (2002a, 2002b, 2002d). 

3.1 Propeller Test  

The propeller experiments have been done using the 
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standard propeller dynamometer fitted to the carriage 
that tows the propeller dynamometer with a speed 
which can reach 15 m/s in the towing tank. The 
calibration of thrust force and torque measured by 
propeller dynamometer performed statically by 
calibration weights (ITTC Recommended Procedures 
and Guidelines (2002c)) and dynamically using a 
Wageningen propeller due to performance curves 
being known. Operation specification of the 
dynamometer that was used to measure the thrust and 
moment action on propeller and the accuracy of the 
dynamometer measurement sensors has been 
presented in Table 2. The experiment was conducted 
using a 280 mm diameter propeller made with 
aluminum alloy according to the ITTC 
Recommended Procedures and Guidelines (2002a). 

Table 2 Maximum operation specifications of 
propeller dynamometer 

Torque  
(Nm) 

Thrust 
(N) 

Angular 
velocity (Rpm) 

Power  
(Kw) 

55േ0.1 1000േ2  3000േ6 18 
 
In the propeller test in addition to the above 
mentioned quantities in order to determine the 
coefficients of propeller performance, advance 
velocity of towing carriage and water temperature 
(for calculation of density) have been measured. Data 
is recorded using an accurate data acquisition system. 

The propeller test has been performed in open water 
condition (at a distance of 0.5 m from the water 
surface) and near the water surface (at a distance of 
0.252 m from the water surface) for advance ratio 

ܬ) =  ) from J=0.1 to J=0.8 with 0.1 increments. 

A view of propeller test has been presented in Fig. 
4. The procedure of this test is such that, the 
propeller with constant rotation is moved through 
undisturbed water with known forward towing 
carriage speed. Values of thrust (T) and torque (Q) 
are gained from the dynamometer, and rate of 
rotation (n) is recorded by using a tachometer. 
Measurements are taken during eight series of runs 
for T & Q at varying J numbers so that n is kept 
constant and V is varied from speed proportional to 
J = 0.1 to a high value (J=0.8). Then the results are 
analyzed and performance coefficients are derived. 

 
Fig. 4. Propeller during experimental test near 

the water surface 

3.2 Hull Resistance Test  

Determination of the resistance of the hull in surface 
and submergence conditions has been done 
according to the procedure provided in this section. 

Model used in the hull resistance test has been 
made, using a structure composed of aluminum and 
foam as well as fiberglass coat. 

3.2.1 Hull Resistance Test in Surface Condition 

In order to perform hull resistance test in surface 
condition a mechanism attached to the towing 
carriage is used that tows the submarine model with 
a speed equal to the speed of the towing carriage. 
This mechanism allows the heave and trim motion 
of the model and also using a dynamometer 
connected to it resistance force acting on the model 
is measured (Fig. 5). In order to avoid the artificial 
trim effects, the model is attached to the mechanism 
at the intersection of the propeller thrust line and 
gravity center line (ITTC Recommended Procedures 
and Guidelines (2002b)). 

This test procedure has been performed such that the 
model has been accelerated to the desired speed in 
calm water then the speed has been kept constant for 
at least 10 seconds. During the test, the measured 
values of model speed and resistance have been 
recorded continuously. 

The measurement of speed and hull resistance of the 
model has been carried out using tachometer with 
±15mm/s accuracy and 1000N load cell with ±2N 
accuracy, respectively. 

Additionally, water temperature (for calculation of 
density and viscosity) has been measured and then 
average values of the measurements for the period 
of constant speed were calculated. 

This process was repeated for other selected speeds 
and hull resistance test has been obtained for Froude 
numbers from Fr = 0.215 to Fr = 0.435 with 0.044 
increments. 

 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. Submarine model during the surface test 

3.2.2 Hull Resistance Test in Submergence 
Condition 

Underwater resistance testing of model is done by 
using a pylon attached to the towing carriage which 
tows the model. This pylon has a dynamometer to 
measure the resistance force applied to the model. 

Standard depth for fully submerged condition is 
different in various references (Moonesun et al. 
2013). In our experiment in order to reduce the 
moments of action on the pylon, depth three times 
the equivalent diameter of the model is used 
according to the relatively high dimensions of the 
submarine model, which is less than other values 
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mentioned in the sources.  

The values of speed and resistance force are 
continuously recorded during the test and then the 
average of these values is calculated. Also, the water 
temperature is measured in order to determine the 
physical properties. In the experiment carried out in 
submergence condition, the same sensors have been 
used in surface condition. 

For testing the model in submergence condition, in 
the first step, the drag force applied to the pylon was 
obtained in the absence of a submarine model at 
speeds considered for testing the submarine model. 
In the next step, the test has been carried out on the 
model in submergence condition by installing the 
submarine model on the pylon as shown in Fig. 6. In 
this case, the model has been installed so that the 
submarine model sail is toward the bottom of the 
towing tank in order to reduce the adverse effects of 
the pylon on the test result as shown in the figure. 

The underwater resistance test has been performed 
in the Reynolds numbers from ܴ݁ = 1 × 10to ܴ݁ = 2 × 10 with 0.2× 10 increments, due to 
comparison of the results with a similar test in 
surface condition. 

The mentioned test has also been performed in the 
Reynolds numbers between ܴ݁ = 2 × 10to ܴ݁ =4 × 10 with 0.5× 10 increments in order to 
determine the resistance force in all operating range 
of submarine. 

 
a) Schematic installation of the model 

 
b) Image of model installation in underwater test 

Fig. 6. Installing submarine model in 
submergence condition 

4. NUMERICAL METHOD 

4.1 Governing Equation 

Assuming incompressible and isothermal flow, the 
continuity and the Navier-Stokes equations in each 
principal direction are given as: 

Continuity equation: డ௨డ௫ = 0 (1) 

Momentum equations: 

డ௨డ௧ + ݑ డ௨డ௫ೕ = − ଵఘ డడ௫ + డడ௫ೕ ቆ(ߴ + (௧ߴ డ௨డ௫ೕቇ + ݃ + ிఘ       (2) 

In the above equations, ui is the velocity component 
in each of the principal directions (x, y and z), ρ is 
the fluid density, p is the pressure, ϑ is the fluid 
kinematic viscosity and ϑ୲ is the turbulence eddy 
viscosity which is found using a turbulence model; 
Fi and gi represent body forces and gravitational 
acceleration, respectively. 

In the current study, the SST k-ω turbulence 
model was utilized for modeling the flow 
turbulence. This model was developed first by 
Menter (1994). The transport equations of this 
model are as follows: డడ௧ (݇ߩ) + డడ௫ (ݑ݇ߩ) = డడ௫ ൬ డడ௫ೕ൰ + ෪ܩ − ܻ + ܵ      (3) 

డడ௧ (߱ߩ) + డడ௫ (ݑ߱ߩ) = డడ௫ ൬ఠ డఠడ௫ೕ൰ + ఠܩ − ఠܻ + ఠܦ + ܵఠ      (4)  

In these equations, ܩ෪  represents the generation of 
turbulence kinetic energy due to mean velocity 
gradients, ܩఠ represents the generation of ω,  
and ఠ represent the effective diffusivity of k and 
ω due to turbulence, ܦఠ represents the cross-
diffusion term, ܵ and ܵఠ are user-defined source 
terms.  

For modeling the free surface, Volume of Fluid 
(VOF) method was utilized. The VOF method was 
originally developed by Hirt and Nichols (1981). 
The governing equations of the flow field in this 
method are still the continuity and momentum 
equations; the fluid properties such as density and 
kinematic viscosity are defined based on the volume 
fractions of the phases in each cell though. For two-
phase flow the continuity equation includes both 
phases (water and air). Each phase mass will be 
conservative. The tracking of the interface between 
the two phases (free surface) is accomplished by the 
solution of a continuity equation for the volume 
fraction. For each phase, this equation has the 
following form: డఈడ௧ + .Ԧݒ ߙߘ = 0   (5) 

In this equation α୯ represents the volume fraction of 
the qth phase. Obviously, the sum of volume 
fractions will be equal to one.  

Finally, each fluid property in each cell is given as 
φ: ߮ = ∑  ߮       (6)ߙ
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4.2 Geometry and Domain Discretization 

For flow domain discretization, a hybrid mesh 
around geometric model was generated. 
Unstructured grid is used near the submarine and 
propeller, where generating structured elements is 
quite difficult, while in the far regions the grid is 
structured. Using the structured grid in far regions 
reduces the grid size significantly, which has the 
considerable effect of reducing computational costs. 
For grid generation ANSYS ICEM software was 
utilized. 

A view of a cylindrical computational domains used 
in this study is presented in Fig. 7. In this figure L is 
the length of submarine and D is the diameter of 
propeller. 

In this study, sliding mesh technique was utilized to 
simulate the rotation of the propeller. For this 
purpose a cylindrical region which encloses the 
propeller was considered as the moving zone. A 2-
dimensional view of moving and stationary mesh 
zone is shown in Fig. 8. 

 
a) Hull resistance and Self propulsion conditions 

 
b) Open water condition 

Fig. 7. Computational domains 

 
 
 
 
 
 
 
 
 
 
Fig. 8. Generated grid around the propeller and 

at the back of the submarine; side view 

For more accurate simulation of turbulent flow on 
submarine and propeller surfaces, a boundary layer 
grid consisting of 6 layers of prismatic elements has 
been generated. Also, propeller blades surfaces were 
meshed with triangular cells. Smaller triangles with 
sides of approximately 0.0025D have been used for 
regions near to the tip, root and blades edges 
(Rishehri et al. 2007). Regions inside the blade 
meshed with larger triangular cells in which the 
length of the sides increase gradually with the 
growth rate of 1.1. Figure 9 shows part of generated 
grid on surface of the propeller. 

For studying the grid independency around the 
submarine hull in submergence condition, the flow 
field around the hull has been solved in several 
networks, numerically analyzed at Reynolds 
number 2 × 10, and the total hull resistance 
coefficients obtained are compared with each other. 

Results of this study are presented in Table 3, 
network 3 is used to solve the flow field around the 
hull for numerical simulation due to the negligible 
difference between the results of the third and fourth 
networks as well as lower number of cells in third 
network knowing that increasing the numbers of 
cells concludes longer computational time. 

 
Fig. 9. A view of the grid generation on the 

propeller surface 

The number of cells obtained for other simulated 
models in the present research similar to the 
previous mentioned grid independency study. Grid 
study results are shown in Table 4. 

Table 3 Total hull resistance coefficient in terms 
of the numbers of networks 

Total hull resistance 
coefficient (Cht) 

Number of cells Network  
2.87× 10ିଷ  1.352× 10  1  

3.64× 10ିଷ  2.098× 10 2  

3.99× 10ିଷ  2.786× 10  3  

4.01× 10ିଷ  3.452× 10  4  

 
Table 4 Numbers of cells in the computations 

Total Stationary Rotational Condition 

2.786× 10 2.786× 10 --- 
Resistance hull 
(half domain) 

3.052× 10 1.473× 10 1.579× 10 Open-water 

6.851× 10 5.457× 10 1.394× 10 Self-propelled 

4.3 Flow Solver and Boundary Conditions 

As previously mentioned, The CFD package, 
FLUENT (ANSYS 17) has been used for solving 
the governing equations for the flow around the 
submarine and propeller in the submergence and on 
the water surface conditions. 

According to time step independency study, the time 
step size for solving the unsteady governing 
equations were set to 0.001 sec and the implicit 
scheme was utilized for discretizing the time 
derivative terms. Also, for discretizing the 
momentum equations and transport equations of the 
turbulence model, the second order upwind method 

Stationary Zone Moving Zone 
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was utilized. For coupling between the pressure and 
velocity field the SIMPLE algorithm was used. 

Boundary conditions are set as follows:  

At the inlet the velocity was set constant. At the outlet a 
hydrostatic pressure condition was imposed using a 
User Defined Function (UDF) implemented in 
FLUENT. Also, no-slip boundary condition was set on 
the submarine and propeller surfaces and symmetry 
condition was imposed at the outer boundary. In 
surface condition at the inlet, outlet and outer boundary, 
volume fraction is prescribed (Ref. Fig. 7). 

5. RESULTS 

5.1 Submergence Condition 

In order to investigate hull/propeller interaction of 
submarine in submergence condition, performance 
of propeller in open water condition, hull 
resistance and the forces of submarine with 
propeller (self-propulsion Condition) have been 
studied.  

5.1.1 Open Water Performance 

Computational performance coefficients (KT, KQ, ) 
of the propeller are compared with the experimental 
results presented by Bernitsas et al. (1981) and 
obtained from this study for various advance ratios 
in open water condition, and the results are shown in 
Fig. 10. In order to obtain experimental results in 
this study, each experimental data obtained with 5 
times the test repeat. 

 
Fig. 10. Computational and experimental 
performance and efficiency curves of the 

propeller in open water condition 

KT and KQ are the propeller thrust and torque 
coefficients and  is the propeller hydrodynamic 
efficiency, which are defined as: 

்ܭ = ்ఘమర   (7) ܭொ = ொఘమఱ  (8) 

 = ଶగ . ೂ  (9) 

Comparing the experimental results obtained from 
this study with the results of Bernitsas et al. (1981) 
shows a small difference between the results. So 
that, the maximum difference between the thrust 
coefficients is 1.4% and the torque coefficients is 
2.3%.On the other hand, Comparison of 
computational results with experimental data 
obtained from this study, shows that the maximum 
error of the propeller thrust and torque coefficients 
are about, 4.4% and 5.3%, respectively. These 
results show the numerical method good accuracy. 

Uncertainty of the experimental results obtained from 
the propeller tests in open water condition have been 
presented in Table 5. The uncertainty (U) of the 
experimental results consists of two components of 
bias (B) and precision (P), the total bias and precision 
limits have been obtained by the root sum squared of 
bias errors and standard deviation of the measured 
values including propeller geometry, advance 
velocity, propeller rate of revolution, thrust, torque, 
and temperature/density, respectively. 

5.1.2 Hull Resistance  

The hull resistance without propeller in 
submergence condition has been computed in 
different Reynolds numbers from 1 × 10 to 4 ×10 ; and then these results have been compared 
with results obtained from submarine model’s test in 
the towing tank for verification. 

Computational and experimental hull resistance 

coefficients ቀܥ௧ = ோಹ.ହ×ఘ×మ×ௌቁ versus Reynolds 

numbers (based on the hull length) have been shown 
in Fig. 11. 

The results shown in this figure indicate that 
relative error of calculated coefficients increases 
by reducing the Reynolds numbers. So that, in 
Reynolds ܴ݁ = 1 × 10, relative error of 
computed coefficient reaches to the maximum 
value (about 4%). The mentioned error has also 
been seen in N. Zhang and S. L. Zhang (2014) 
work. They declared accuracy at high speeds is 
better than that at low speeds, because fully 
developed turbulence simulation is used in CFD, 
while there are laminar and transition disturbances 
in tests with low speed. 

Table 5 Uncertainty of the propeller experimental results in open water condition 
J 0.1 0.20 0.3 0.40 0.5 0.6 0.7 0.8 

BKT 1.93E-03 1.85E-03 1.60E-03 1.36E-03 1.08E-03 8.56E-04 5.43E-04 3.14E-04 

PKT 3.85E-04 3.83E-04 2.90E-04 1.94E-04 1.91E-04 1.61E-04 8.10E-05 4.40E-05 

UKT 1.96E-03 1.89E-03 1.62E-03 1.37E-03 1.09E-03 8.71E-04 5.49E-04 3.17E-04 

UKT/KT(%) 0.67 0.70 0.68 0.66 0.64 0.64 0.62 0.79 

BKQ 2.58E-04 2.55E-04 2.28E-04 1.97E-04 1.63E-04 1.36E-04 9.71E-05 5.77E-05 

PKQ 1.04E-04 1.04E-04 8.62E-05 5.31E-05 5.40E-05 4.80E-05 2.86E-05 1.60E-05 

UKQ 2.78E-04 2.75E-04 2.44E-04 2.04E-04 1.71E-04 1.45E-04 1.01E-04 5.98E-05 

UKQ/KQ(%) 0.75 0.79 0.76 0.73 0.71 0.72 0.67 0.75 
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As mentioned above, the maximum relative error of 
computed coefficient was considered small, and the 
CFD result is valid for further analysis. 

 
Fig. 11. Comparison experimental and calculated 

results for hull resistance coefficient in 
submergence condition 

5.1.3 Self-Propulsion Condition 

After determining performance coefficients of 
propeller in open water condition and hull resistance 
for study of hull/propeller interaction, factors of 
wake (ݓ) and thrust reduction (t) in self-propulsion 
condition are computed.  

One of the propeller effects behind an underwater 
vehicle is the increase of the hull total resistance, 
which is important in propeller design. This effect is 
represented by thrust reduction factor defined as: ݐ = 1 − ோಹ்  (10) 

In the above equation ܴு is the hull drag without 
propeller and ܶ is the hull drag with propeller. 

Wake is the fluid velocity changes, which can have 
various causes. In fact, if the submarine moves with 
speed V, the velocity of the fluid entering the 
propeller is less than V. 

Wake factor can be obtained from the following 
equation: ݓ = ିೌ             (11) 

Where ܸ is the actual inlet velocity to the propeller 
and ܸ is the advance velocity. 
In order to calculate the mentioned factors in self 

propulsion condition, the total resistance at each 
speed is balanced by the delivered thrust of the 
propeller. The required propeller thrust is obtained 
by adjusting the rotation rate of the propeller. 

The computed wake and thrust reduction factors are 
shown in Fig. 12. It is observed that in this range of 
Reynolds numbers, the maximum of the thrust 
reduction and wake factors are 0.157 and 0.322, 
respectively. According to the figure it is clear that 
under the considered conditions, the changes in 
thrust reduction and wake factors are small. This 
result is obvious in other researches, including N. 
Zhang and S. L. Zhang (2014). Considering the use 
of methods in numerical simulation presented in this 
section similar to the methods provided in previous 
sections, having fairly good accuracy, achieving 
appropriate accuracy is expected for thrust reduction 
and wake factor values. 

 
Fig. 12. Computed self-propulsion factors 

The axial velocities in submergence condition at the 
different distances from propeller plane have been 
presented in Fig. 13 .As seen in the figure, there are 
significant velocity gradients after the propeller 
plane. These gradients in the wake region are 
created by two sources namely propeller rotation 
and submarine hull. As can be inferred from the 
figure, the effect of the submarine hull on the 
velocity gradients is less than propeller rotation in 
this case. Comparing the contours of this figure 
shows that, by getting away from the propeller plane 
within the considered range (x = 0 to x = 3R), the 
velocity gradients increase. Also, by getting far 
from the propeller enough, the gradients are 
gradually reduced and the velocity becomes 
uniform. 

 

     

Fig. 13. Distribution of axial velocity (Ux/Uinlet) at transverse planes X=0, X=R, X=2R and X=3R after 
the propeller, in submergence condition (self-propulsion point, Re=2.7×107)
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Table 6 Uncertainty of the experimental hull resistance coefficient results in submergence Condition 
Re×10ି 

1.0 1.2 1.4 1.6 1.8 2.0 2.5 3.0 3. 4 

BCht 2.94E-5 2.38E-05 2.00E-05 1.73E-05 1.54E-05 1.43E-05 1.18E-05 1.02E-05 9.02E-06 8.39E-06 

PCht 2.28E-05 1.64E-05 1.76E-05 1.24E-05 1.53E-05 1.37E-05 5.48E-06 5.10E-06 6.00E-06 6.05E-06 

UCht 3.72E-05 2.89E-05 2.66E-05 2.13E-05 2.17E-05 1.98E-05 1.30E-05 1.14E-05 1.08E-05 1.03E-05 

UCht/Cht(%) 0.86 0.69 0.65 0.53 0.55 0.51 0.35 0.31 0.31 0.30 

 
Uncertainty of the experimental results presented in 
this section are given in Table 6. The uncertainty of the 
experimental results have been obtained by calculating 
bias errors and standard deviations of measured values 
including hull geometry, carriage speed, hull resistance 
and temperature/ density/viscosity. 

5.2 Surface Condition  

The hull/propeller interaction of a submarine in 
surface condition is the topic under discussion here. 
For this purpose, performance coefficients of the 
propeller and hull resistance of the submarine are 
calculated, and the results have been compared with 
experimental ones for validation. Then, self-
propulsion factors are computed. 

As previously mentioned, the VOF method has been 
used for free surface modeling. 

5.2.1 Performance of Propeller near the 
Surface 

When the submarine moves on the surface, the 
distance of propeller from water level is reduced. In 
this case, in addition to the wave making of 
propeller, by reducing the distance of propeller shaft 
to less than 1.5D, the possibility of air being drawn 
from the water surface is caused by the propeller 
performance (ITTC Recommended Procedures and 
Guidelines (2002c)). 

The distance of the propeller shaft from water level 
in surface condition is considered to be 0.9D. 
According to subjects mentioned above, the effect 
of free surface is not negligible. 

Therefore, calculations and experimental tests have 
been carried out considering the performance of the 
propeller near the water surface. The computed 
Thrust, torque and efficiency coefficients and the 
experimental data near the surface and in open 
water condition at advance ratio of 0.1-0.8 are 
shown in Fig. 14. 

Comparing the experimental results of near surface 
condition with open water condition shows that reducing  

the advance ratio from 0.8 to 0.1 reduces thrust and 
torque coefficients in near surface condition 
compared to open water condition, so that relative 
reduction of the thrust and torque coefficients are 
2.3%-8.95% and 1.63%-6.5%, respectively. Also a 
sudden drop in thrust and torque coefficients can be 
seen due to the creation of ventilation phenomenon 
when advance ratio becomes less than 0.4. 
According to the computational and experimental 
results near the surface condition, the maximum 
errors of thrust and torque coefficient are 3.93% and 
4.28%, respectively. This demonstrates the accuracy 
of the numerical method.  

 
Fig. 14. Comparison of thrust and torque 

coefficients in near the surface and open water 
condition 

The uncertainty of the experimental results presented 
in this section have been included in Table 7. 

5.2.2 Hull Resistance in near surface  

In the present section, the hull resistance is 
investigated in the absence of the propeller. For 
this purpose, hull resistance of submarine at 
different Froude numbers (based on the hull 
length) are computed; then computational and 
experimental hull resistance coefficients are 
presented in Fig. 15. 

Table 7 Uncertainty of the propeller experimental results in near surface condition 
J 0.1 0.20 0.3 0.40 0.5 0.6 0.7 0.8 

BKT 2.39E-03 2.05E-03 1.75E-03 1.40E-03 1.29E-03 9.65E-04 6.67E-04 3.95E-04 

PKT 4.21E-04 3.92E-04 2.87E-04 3.11E-04 2.79E-04 1.32E-04 8.98E-05 5.86E-05 

UKT 2.42E-03 2.09E-03 1.78E-03 1.43E-03 1.32E-03 9.74E-04 6.73E-04 3.99E-04 

UKT/KT(%) 0.76 0.72 0.69 0.65 0.73 0.74 0.78 0.46 

BKQ 2.96E-04 2.75E-04 2.47E-04 2.14E-04 1.98E-04 1.64E-04 1.28E-04 8.87E-05 

PKQ 1.26E-04 1.05E-04 8.18E-05 9.21E-05 9.91E-05 4.32E-05 3.34E-05 2.42E-05 

UKQ 3.21E-04 2.95E-04 2.60E-04 2.33E-04 2.22E-04 1.70E-04 1.33E-04 9.19E-05 

UKQ/KQ(%) 0.83 0.82 0.79 0.78 0.86 0.80 0.81 0.56 
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The study results show that maximum computational 
error is about 6.3%, which represents the accuracy of 
numerical solution. Relative changes of experimental 
and computational hull resistance in surface to 
submergence condition (R) at Froude numbers of 
0.215 to 0.435 can be seen in Fig. 16. It shows that 
the amount of hull resistance force in surface 
condition is more than submergence condition (%R 
about 29-74%). The reason is that the shape of the 
submarine hull for moving on the surface is not 
suitable and also, when the submarine moves on the 
surface, the wave making resistance appears and 
increases the hull resistance in surface condition. 

 
Fig. 15. Experimental and computational hull r 

esistance coefficient in surface condition 

 
Fig. 16. Hull resistance changes in surface 

condition to submerged condition 

The uncertainty of the experimental results obtained 
from the hull resistance test in surface condition 
have been presented in Table 8.  

5.2.3 Self-Propulsion Condition 

According to determination of hull resistance 
coefficients in surface condition, self-propelled 
factors at different Froude numbers are calculated 
and results are shown in Fig. 17. It is concluded that 
in this range of Froude numbers the maximum of 
thrust reduction and wake factors are 0.127 and 
0.299, respectively. The values of these factors are 

important in estimating the power consumption of a 
submarine in surface condition. 

 
Fig. 17. Computed self-propulsion factors in 

surface condition 
Comparison between thrust reduction and wake factors 
presented in Figs. 12 and 17 shows that in surface 
condition these factors are about 19 and 7 percent less 
than submergence condition, respectively. 

In Fig. 18, the volume fraction variations around the 
submarine at the Froude numbers of 0.259, 0.347 
and 0.435 are depicted. From this figure the free 
surfaces can be distinguished. As can be seen, the 
free surface in the Froude number of 0.259 is 
approximately flat and horizontal. However, with 
increasing the Froude number, some waves are 
produced before and after the submarine. Generally, 
due to the increase in the linear momentum of the 
flow, by increasing the axial velocity, larger waves 
are produced and the free surface has more 
distortion as the Froude number increases. 

The axial velocity contours at various sections after 
the propeller have been shown in Fig. 19. As 
illustrated in this figure, it is clear that there are 
significant velocity gradients in the flow field. In 
this case, the flow field in the wake region is 
affected not only by propeller rotation and 
submarine, but also by free surface flow. Certainly, 
the effect of the free surface on the velocity 
gradients is less than the wake generated by 
propeller rotation and submarine hull. Investigating 
the contours of this figure shows that, velocity 
gradients and maximum axial velocity increases just 
the same as the results obtained in submergence 
condition, by getting far from propeller plane within 
the considered range. 

The comparison of the contours presented in this 
figure with the contours of axial velocity in 
submergence condition (Fig. 13) shows that, the 
velocity gradients are greater in this case. Therefore 
more fluctuations in flow field should be expected 
in surface condition. 

 

Table 8 Uncertainty of the experimental hull resistance coefficient results in surface condition 
Fr 0.215 0.259 0.303 0.347 0.391 0.435 

BCht 5.45E-05 4.58E-05 4.03E-05 3.74E-05 3.62E-05 3.51E-05 

PCht 2.25E-05 2.61E-05 2.09E-05 2.02E-05 8.00E-06 1.45E-05 

UCht 5.90E-05 5.27E-05 4.54E-05 4.25E-05 3.70E-05 3.80E-05 

UCht/Cht(%) 0.71 0.63 0.54 0.48 0.39 0.38 
 

10
3 C h t 

%

R 
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Fig. 18. Volume fraction (water) contours 

around the submarine; 
 a) Fr=0.259; b) Fr=0.347; c) Fr=0.435 

As previously mentioned, the submarine resistance 
force in surface condition is more than submergence 
condition. As a result, submarine power 
consumption when moving on the surface is more 
than underwater. The submarine power is shown in 
Fig. 20 for Comparison. Comparing power 
consumption in surface and submergence condition 
shows that their values in submergence condition 
are less than its surface one. So that, at the same 
speed, power consumption in surface condition is 
about 45-800 (w) more than submergence 
condition. 

6. CONCLUSIONS 

In this paper, behaviors of a submarine and 
propeller models in submergence and surface 
conditions have been investigated using the 
experimental test results and also numerical 
methods based on RANS equations. 

For validating numerical results, values of hull 
resistance and performance coefficients of propeller 
gained from numerical simulations were compared 
with the results of experimental tests. Comparing 
the results showed that computational results are in 
good agreement with experimental results. 

According to the results of experimental tests and 
numerical analysis in this study it can be concluded:  

- Operation of the propeller near water surface 
reduces the thrust coefficient of propeller compared 
to open water condition, such that according to the 
results of experiments conducted by reducing the 
advance ratio from 0.8 to 0.1, the relative reduction 
of thrust coefficients increases from 2.3% to 8.95%. 

- Investigating the values of hull resistance 
changes in surface to submerged condition obtained 
in this study (about 29-74%) indicates that the 
amount of hull resistance force in surface condition 
is more than submergence condition. 

- Thrust reduction factor and wake are main 
parameters in study of hull/propeller interaction. 
Comparing these two parameters in surface and 
submergence condition shows that their values in 
surface condition are less than its submergence one. 

Obtained results can be useful with regard to the use 
of actual geometrical model of submarine in 
numerical simulation and also investigation of 
propeller performance near the surface for more 
accurate assessment of submarines performance in 
different regimes of motion. 

 
Fig. 20. Effective power under surface and 

submergence condition 

 

       
Fig. 19. Distribution of axial velocity (Ux/Uinlet) at transverse planes X=0, X=R, X=2R and X=3R after 

propeller, in surface condition (self-propulsion point, Fr=0.397 ) 
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