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 Aerodynamic study of flows at low Reynolds for special applications such as micro unmanned 
underwater vehicles, underwater robots and explorers are investigated. In this paper, an improved 
progressive preconditioning method named power-law preconditioning method for analyzing unsteady 
laminar flows around hydrofoils is presented. In this method, the 2D Navier-Stokes equations are 
modified by altering the time derivative terms of the governing equations. The preconditioning matrix is 
adapted from the velocity flow-field by a power-law relation. The governing equation is integrated with 
a numerical resolution derived from the cell-centered Jameson’s finite volume algorithm and a dual-
time implicit procedure is applied for solution of unsteady flows. The stabilization is achieved via the 
second- and fourth-order artificial dissipation scheme. Explicit four-step Runge–Kutta time integration 
is applied to achieve the steady-state condition. The computations are presented for unsteady laminar 
flows around NACA0012 hydrofoil at various angles of attack and Reynolds number. Results presented 
in the paper focus on the velocity profiles, lift and drag coefficient and effect of the power-law 
preconditioning method on convergence speed. The results show satisfactory agreement with numerical 
works of others and also indicate that using the power-law preconditioner improves the convergence 
rate and decreases the computational cost, significantly. 
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1- Large Eddy Simulations (LES) 
2- Direct Numerical Simulations (DNS) 



    

                     

  

100  1395162  

 .

 . -
1 2  .

 
   .

-
  

 3 
 .

) ( )  ( .
 .

] 2 [1991  .

]   .3 [

]   .   4 [
 .

] 5]  .[6 [2004 
 

] 7 [2006 

4 5   
            

              
      .     

            
          

 .         
     )      ( 
          

  . ] 8[ 
6 

. 
]  .9 [

  .
7   

   
  

1- Vorticity-Stream Function 
2- Primitive Variables 
3- Dual-Time Method 
4- Third Order Upwind Difference 
5- Approximate Factorization (AF) Iterative Method 
6- Artificial Compressibility  
7- Preconditioning Method  
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8- Lid Driven Cavity 
9- Backward Facing Step 
10- Buoyancy-Driven Cavity 
11- Von Karman Vortex 
12- Power-Law Preconditioning Method 
13- Unmanned Underwater Vehicles (UUV) 
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9- Preconditioning Factor 
10- Standard Preconditioning Method 
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12- Malan's Preconditioning Method 
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Fig. 1 The flowchart of the computational algorithm 

1   

 
 

  .11 
 = 6.0

= 6.65 = 7.25 = 20° Re = 800   
  

  
Fig. 2 A close-up view of computational grid around NACA0012 hydrofoil 

2 NACA0012 

 
Fig. 3 Grid study around the hydrofoil, = 20°, Re = 800 

3 = 20° Re = 800  

  
Fig. 4 Comparison of time variation of the -velocity at = 1.1, =
0.0 behind the NACA0012, = 20° and Re = 800 ]28[  

4  = 1.1 , = 0.0 
NACA0012  = 20° Re = 800 ]28[  
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Fig. 5 Comparison of time variation of the -velocity at = 3.0, =
0.0 behind the NACA0012, = 20° and Re = 800 ]28[  

5  = 3.0 , = 0.0 
NACA0012  = 20° Re = 800 ]28[  

  
Fig. 6 Comparison of time variation of the -velocity at = 2.0, =
0.0 behind the NACA0012, = 20° and Re = 800 ]7[  

6  = 2.0 , = 0.0 
NACA0012  = 20° Re = 800 ]7[  
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(b)  
Fig. 7 -velocity contours on the NACA0012, = 20°,  Re = 800 
and = 5 (a): Hafez et al ]28[  (b): Current study 

7   NACA0012 = 20°

Re = 800 = 5 .(a)]  :28 [(b) :  
  

 
(a)  

  
(b)  
Fig. 8 -velocity contours on the NACA0012, = 20°,  Re = 800 
and time = 5 (a): Hafez et al ]28[  (b): Current study 

8   NACA0012 = 20°

Re = 800 = 5 .(a)]  :28 [(b) :  
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Fig. 9 Lift coefficient of the NACA0012 hydrofoil as a function of 
time, = 20° and Re = 800 ]7[  

9 NACA0012  
= 20° Re = 800 ]7 [  

  
Fig. 10 Drag coefficient of the NACA0012 hydrofoil as a function 
of time, = 20° and Re = 800 

10 NACA0012   
= 20°  Re = 800 

  
Fig. 11 Stream lines on the hydrofoil, = 20°, Re = 800 at times 
(a): = 6.0 (b) = 6.65 (c): = 7.25 
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SAC SPM   
18   

Re = 1100 = 15°  19   
  

  
Fig. 12 CPU time per time step, = 20° and Re = 800 

12 CPU = 20° Re = 800  

  
Fig. 13 Number of iteration per time step, = 20° and Re = 800 

13 = 20° Re = 800  

  
Fig. 14 Effect of the locally power-law PM on convergence rate around 
the NACA0012 hydrofoil at Re = 800, = 20° 

14 
NACA0012 = 20° Re = 800  

  

Fig. 15 Effect of the locally power-law PM on convergence rate around 
the NACA0012 hydrofoil at Re = 1100, = 20° 

15 
NACA0012 = 20° Re = 1100  

  

Fig. 16 Drag coefficient of the NACA0012 hydrofoil as a function of 
time = 20° Re = 1100 and = 20° Re = 500 

16 NACA0012  
= 20°  Re = 1100 = 20° Re = 500  

  
Fig. 17 Effect of the locally power-law PM on convergence rate around 
the NACA0012 hydrofoil at Re = 500, = 20° 

17 
NACA0012 = 20° Re = 500  
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Fig. 18 Effect of the locally power-law PM on convergence rate around 
the NACA0012 hydrofoil at Re = 1100, = 15° 

18 
NACA0012 = 15° Re = 1100  

  
Fig. 19 Drag coefficient of the NACA0012 hydrofoil as a function of 
time = 15° Re = 1100 and = 15° Re = 800 

19 NACA0012  
= 15° Re = 1100 = 15° Re = 800  

  

  
Fig. 20 Effect of the locally power-law PM on convergence rate around 
the NACA0012 hydrofoil at Re = 500, = 15° 

20 
NACA0012 = 15° Re = 500  

  
Fig. 21 Effect of the locally power-law PM on convergence rate around 
the NACA0012 hydrofoil at Re = 800, = 10° 

21 
NACA0012 = 10° Re = 800  
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1  NACA0012  
Table 1 Effect of the locally power-law PM on convergence rate around NACA0012 hydrofoils  
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20  1100  10 ~  13 ~ 2 
20 800 43 ~ 10 ~ 2 
20 500 27 ~ 10 ~ 2 
15 1100 --- 75 ~ 3 
15 800 75 ~ 24 ~ 3 
15 500 29 ~ 12 ~ 2 
10 800 41 ~ 20 ~ 2 

  

  
Fig. 22 Effect of the locally power-law PM on convergence rate around 
the NACA0012 hydrofoil at Re = 800, = 15° 
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