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Abstract 

In the present paper, the effects of the increase in surfaces backward sweep angle of horizontal tail and the hydrofoil of a 

typical submarine on its hydrodynamic drag are investigated with Computational Fluid Dynamics (CFD). Results show that 

with the increase in the horizontal tail backward sweep angle about 50° in constant surface area, hydrodynamic drag can 

reduce 6% than zero backward sweep angle condition. This value is equal to 44 N reductions in hydrodynamic drag force 

and 180 watt of consumption power in 4 m/s speeds of this submarine. Also, with increasing 60° of this submarine hydrofoil 

backward sweep angle, the constant hydrofoil volume can reduce 14% from hydrodynamic drag rather than zero hydrofoil 

backward sweep angle. This hydrodynamic drag reduction of this typical submarine in cruising speed (4 m/s) is equal to 97 

N force, saving 388 watt of the consumption power. In general, the 50° of horizontal tail backward sweep angle and 60° of 

hydrofoil backward sweep angle can reduce 19% of hydrodynamic drag rather than zero tail and hydrofoil backward sweep 

angles. These amounts of drag reduction and power saving in this typical submarine can increase the range and the 

endurance. 
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1. Introduction 

One of the most important parameters in designing 

vehicles that move in fluids, such as aircrafts or 

submarines, is the proper aerodynamic or hydrodynamic 

design. In general, suitable aerodynamic or hydrodynamic 

design is increasing in lift coefficient and moves toward 

the minimum value of drag coefficient [1]; but in ships and 

submarines, the main subject is hydrodynamic drag force 

reduction regardless of lift coefficient [2-5]. In the present 

paper, an investigation of the drag reduction is done on a 

special type of small scale unmanned submarine. The main 

purpose is to reduce the hydrodynamic drag using the 

implementation of proper geometrical shape changes, 

whereas the hydrofoil volume and the horizontal tail 

surface area remain fixed (hydrofoil surface area and 

horizontal tail volume are set as fixed parameters) because 

the main systems of this unmanned submarine and water 

tank located in the hydrofoil and its volume reduction can 

cause problems in necessary systems packaging. Figures 1 

and 2 show the shape of this unmanned submarine and its 

dimensions. 

Nature has always been the best inspiration for 

engineers and designers in all industrial fields, especially 

in aerospace and marine industries [2]. For drag reduction 

in this vehicle, the idea is to apply a backward sweep angle 

in submarine hydrofoil and horizontal tail, like fish bodies. 

This idea, proposed by the present authors, is unique and 

does not in any other report. Implementation of backward 

and forward sweep angles in near sonic and supersonic 

aircraft wings can reduce wings wave drag due to the 

reduction in the normal velocity component on wing 

leading edge and can decrease the local Mach number 

(increase in critical Mach number) [6]. The present study 

is part of a study on a multi-mission vehicle [7], 

concentrated on the investigation of the backward sweep 

angle effects of hydrofoil and horizontal tail in 

incompressible subsonic (very low speed) regime and 

dense environment of water. At first, with fixed hydrofoil 

shape (zero sweep angle), horizontal tail sweep angle 

changes from 0 to 50. Figure 3 illustrates the variation in 

the horizontal tail sweep angle. Tail airfoil and main 

hydrofoil have a standard section of NACA0012 and 

NACA0019, respectively. 
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Figure 1. Components of studying submarine in basic shape (zero hydrofoil and horizontal tail sweep angle) 

 

 
Figure 2.  Standard views of studying submarine in basic shape (zero hydrofoil and horizontal tail sweep angle) 

 

 
Figure 3. Submarine with fixed hydrofoil and swept horizontal tail that change from  to  
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In the first step, the hydrofoil sweep angle is zero 

(constant) and the tail sweep angle increases from 0 to 

50; then, in the next step, with a constant horizontal tail 

sweep angle, the effects of applying hydrofoil sweep 

angle, that changes from 0 to 60 degrees, is investigated. 

Figure 4 illustrates how the hydrofoil sweep angle changes 

with the fixed (50) horizontal tail sweep angle:  

 
 

Figure 4.  Submarine with fixed horizontal tail and swept hydrofoil that change from 0 to 60 

When the sweep angles of the hydrofoil and the tail are 

changed (in Mechanical Design Software), the orthogonal 

span is also changed. Therefore, authors decided to 

maintain the volume of the hydrofoil and the tail surface as 

a fixed parameter because of their missions and only to 

show the infuence of the sweep angles on drag reduction. 

Figure 5 shows the elongation of span to fix the hydrofoil 

volume: 

 
Figure 5. Increase extrude length of hydrofoil in non zero sweep angles to maintain constant hydrofoil volume 

The present study is built of the bases that submarines 

usually move with zero angle of attack and that 4m/s (7.8 

knots) is the maximum cruise speed of the proposed 

submarine. 

2. Numerical Approach 

The CFD method is convenient and time saving. To ensure 

reliable results and since experimental data were not 

available for this submarine, ANSYS Fluent and ANSYS 

CFX software were used. Different computational grids 

were generated with various quality and characteristics to 

ensure the independence of the model from computational 

grid. In addition, mesh density control was applied in order 

to save computational power and time by setting coarse 

grids at the boundaries of the domain and fine grids near 

area of interests and where the geometries are more 

complex. Mesh density near the walls and at the boundary 

layer can properly predict a viscous force on submarine 

surfaces. The Computational domain in both CFX and 

FLUENT has the same extent and size but has different 

boundary layer mesh due to differences in these solvers 

(Table.1).  
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Table 1. Comparison of boundary layer mesh characteristics in 

CFX and FLUENT 

CFD 

Software 

Transition 

Ratio 

Maximum 

Layer 

Growth 

Rate 3 

Collision 

Avoidance 

FUENT 0.272 5 1.2 
Layer 

Compression 

CFX 0.77 5 1.2 Stair Stepping 

In addition, to avoid generating any highly skew mesh, 

mesh control is also needed to ensure that the transition 

from fine to coarse mesh is smooth. After the 

implementation of the computational grid and the domain 

study methods, mesh refinements are done in five steps. 

The total number of cells in the chosen computational grid 

is approximately 4.5 million. This is thought, by the 

authors, to be rough to give accurate results but proper to 

capture the characteristics of the flow properties; see 

Figure 6. 

For the computational domain, the inflow was placed 

6c upstream of the submarine nose, the outflow 15c 

downstream and 6c in height (c is hydrofoil mean chord), 

as shown in Figure 7. The side boundary was placed 6c 

away from hydrofoil tip. The y+ value at the wall is around 

200, which is suitable for wall function applied in 

numerical simulation. A velocity inlet boundary condition 

prescribed a uniform velocity of 4m/s. At the outflow 

boundary, a pressure outlet boundary condition specified a 

gauge pressure of zero. A slip boundary condition 

(symmetry) was specified on the top and side far 

boundaries. A no-slip boundary condition was specified on 

the submarine surfaces. Domain is mono-phase and water 

has a constant density of 998.2 kg/m3 and its viscosity set 

to 0.001003 kg/ms. 

 

 
Figure 6. Hydrodynamic drag coefficient versus number of meshes( million grids). 

 

 

 
Figure 7. Applied boundary conditions on computational domain 
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Unstructured boundary layer mesh was used for 

simulations due to its good adaption ability to complex 

geometries and its reliability. Unstructured boundary layer 

mesh was generated in ANSYS Mesher and CFD analysis 

was carried out using FLUENT and ANSYS CFX 

commercial codes. Results show good agreements between 

FLUENT and CFX data that confirmed each other. 

Various turbulent models were used in both software but 

the best results in FLUENT was realizable k-  model and 

in CFX was standard k-  model.  

2.1. Governing Equations 

In the present study, flow regime is simulated by 

solving the incompressible Reynolds-averaged Navier-

Stokes equations with the realizable k−ε turbulence model 

in FUENT at the Reynolds number of 12.72 × 109 (based 

on the length of submarine). 

The governing equations are written as: 
𝜕𝑈𝑖

𝜕𝑥𝑖
= 0                 (1) 
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 where 
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The transport equations of k and ε are written as: 
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      (4) 

The realizable κ-ε model is a more advanced version of 

a two-equation turbulence model. This turbulence model 

was extensively validated and well behaved for a wide 

range of flows, including rotating homogeneous shear 

flows, free flows including jets and mixing layers, channel 

and boundary layer flows, and separated flows [8, 9]. The 

incompressible Navier-Stokes equations (eq. (1) and eq. 

(2)) are solved by the SIMPLE [10] algorithm with a 

second-order upwind scheme applied to the convection 

terms. Also, in the operating condition panel, the operating 

pressure was set at 1 atmosphere and gravity was 

activated. Near wall treatment was set as a scalable wall 

function that is a new method and has a better convergence 

in two solvers. A default set of under-relaxation factor was 

suitable for a solver convergence. 
To ensure the proper convergence of the solutions, a 

study is made on the tolerance value needed for the 

convergence criteria. Since the drag is the most important 

parameter needed, the solutions of this parameter is 

observed with a different tolerance value. When the 

fluctuation of the drag is sufficiently small in the next 

successive steps of iterations, the solutions are said to have 

converged sufficiently. 

3. Results 

 In the first step of simulations, results show that the 

increase in the horizontal tail sweep angle with constant 

zero hydrofoil backward sweep cause hydrodynamic drag 

reduces about 6% in 50 tail backward sweep angle. This 

reduction of hydrodynamic drag in 4m/s speeds of this 

submarine is equal to 44 N; therefore, the consumption 

power decreases about 180 watt; see Figure 8. 

 

Figure 8. Hydrodynamic drag and lift coefficient versus horizontal tail sweep angle (constant zero hydrofoil sweep angle) 

In the next step, hydrofoil sweep angle that has a larger 

cross section and a wetted area and subsequent has more 

contribution in the hydrodynamic drag graduate from 0 to 

60 but the horizontal sweep angle remains 50 fixed. 

Figure 9 illustrates how the increase in the hydrofoil 

sweep angle decreases the hydrodynamic drag. CFX and 

FLUENT results are in agreement with each other. 
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Figure 9 shows that in 4m/s of the submarine speed, 

with 60 increasing in hydrofoil sweep angle, 

hydrodynamic drag coefficient decreases about 14% rather 

than zero hydrofoil sweep angle. This amount of drag 

reduction is equal to 97 N and 388 watt of consumption 

power in maximum cruising speed causing an increase in 

the submarine range and endurance. 

Figures 10 and 11 illustrate velocity contours behind 

the submarine in parallel section planes and Figures 12 and 

13 show the velocity contours in longitudes plan (top 

view) in two conditions consisting of hydrofoils zero and 

60 sweep angles. Contours show how the hydrofoil sweep 

angle desirably alters the pressure and velocity 

contribution to decrease the wake and hydrodynamic drag 

force. Therefore, the overall drag reduction without any 

reduction in the hydrofoil volume and the horizontal tail 

surface area, as shown in Figure 14, reaches about 19% 

rather than zero sweep angle condition of tail and 

hydrofoil. This hydrodynamic drag is equal to 141 N and 

564 watt of consumption power in cruise (4m/s) speed. 

 

 
 

Figure 9. Hydrodynamic drag coefficient versus hydrofoil sweep angle (constant 50 horizontal tail sweep angle) 

 

 
 

Figure 10. Velocity contours in parallel section planes with zero hydrofoil and tail sweep angle 
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Figure 11. Velocity contours in parallel section planes with 60 hydrofoil and 50 tail sweep angle 

 

 

 

 
Figure 12. Velocity contours in longitude plane (top view) with zero hydrofoil and 50 tail sweep angle 

 

 

 

       

 
Figure 13. Velocity contours in longitude plane (top view) with 60 hydrofoil and 50 tail sweep angle 
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4. Conclusion 

Results show that the implementation of backward 

sweep angle on control surfaces and hydrofoil (main body) 

of small scale submarine with a new design that has a non-

cylindrical shape and shapes like as airplanes unlike 

classic submarine cylindrical body, same as wave drag 

reduction in supersonic aircrafts flight can be effective in 

reducing the hydrodynamic drag in low speed dense fluid 

regime like water. 

It's clear that applying a backward sweep angle on 

control surfaces and hydrofoil with a reduction in the 

maximum normal to chord cross section in constant 

volume even in more surface area of hydrofoil results in 

significant changes in pressure contribution in the front of 

the hydrofoil and a reduction in the wake area behind of 

the submarine. Wake zone reduction due to sweep of 

hydrofoil can increase the secrecy of this submarine that is 

an important parameter in such a vehicle design. 

Therefore, with applying a backward sweep angle on this 

submarine surface, and similar cases, can reduce the 

engine consumption power and save fuel and cost. 

 

Figure14. comparing of wetted area, overall volume and maximum cross section area of submarine in zero and 60 hydrofoil sweep angles  
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