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ABSTRACT 

In this paper we present a new method to solve for the 

viscous flow around a ship hull for the purpose of calm-

water resistance prediction.  The method is based on using a 

velocity decomposition and employs both inviscid and 

viscous flow procedures.  A boundary-element method is 

used for the inviscid solution and a RANS finite-volume 

solver is used for the viscous solution. 

A simplified form of the free-surface Green function is used 

to calculate the total velocity on the boundaries of a 

truncated RANS domain.  Computational savings are 

achieved due to the fact that the RANS domain must only 

comprise the small region near the body.  Also, linearized 

free-surface boundary conditions are used for the RANS 

solution, requiring the field discretization to extend only 

below the calm free-surface plane.  The method is evaluated 

by comparing the numerical predictions with experimental 

measurements for the Wigley and DTMB 5415 hull forms.  

The numerical predictions agree well with the experiments.  

The influence on the solution accuracy of reducing the 

domain size is shown to be very small.  The time to compute 

the total resistance on a single processor is reduced so that it 

is practical to compute a resistance curve on a designer’s 

workstation in several hours time. 
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1.0 INTRODUCTION 

Calm-water resistance is one of the primary hydrodynamic 

quantities to estimate when designing a high-speed vessel.  

The resistance directly influences the maximum speed of the 

vessel and size of the prime mover.  A small increase in 

resistance of the hull form will require a larger prime mover, 

propulsion system, and fuel, which in turn increases the 

resistance through the effect of increasing the displacement.  

This feedback relationship amplifies small increases in 

resistance, and demonstrates the importance of accurate 

powering prediction, even at the earliest stages of design 

when important decisions are made.  In current practice, 

early stage design studies often use empirical data to 

estimate the total resistance because more sophisticated 

numerical methods or physical experiments are too 

expensive or time consuming for preliminary decision 

making.  Unfortunately, empirical data may be misleading 

when used for new and exotic hull forms that differ 

significantly from the conventional hulls from which the 

experiential data has been collected.  The objective of this 

paper is to bring accurate numerical prediction of ship 

resistance closer to early stage design using a method that 

relies minimally on empiricism and is flexible and general 

for application to new and high-performance hull form 

types. 

The numerical methods that are in use today for resistance 

prediction can be generally placed into one of two 

categories.  Designers use potential-flow based methods to 

solve for inviscid wave-resistance, or computational fluid 

dynamics (CFD) methods that require full discretization of 

the relevant fluid domain.  Potential-flow codes use efficient 

boundary-element techniques which only require 

discretization of the surface of the fluid domain; however 

they neglect fluid viscosity and thus cannot directly account 

for the influence of the shape of the body on the viscous 

drag.  On the other hand, CFD methods solve for the real-

fluid velocity, but are burdened by requiring the numerical 

solution of non-linear and coupled governing equations for 

four to ten unknown variables on large grids that encompass 

the entire fluid domain. 

In this paper, we use a velocity decomposition technique to 

combine both potential-flow and viscous-flow solution 

strategies to develop a numerical prediction method for the 

total resistance of a ship moving on a calm free surface.  

The principle of velocity decomposition is to separate the 

solution of the velocity vector into two components: one 

which is irrotational, and the second which is solenoidal but 

may have rotation.  It is well known that the velocity vector 

of the real-fluid flow about a ship has rotation only in the 

body-boundary layer, the viscous wake, and the regions that 

contain wave breaking.  This means numerical integration in 

the field of the governing equations must only be performed 

in these regions.  Outside of these regions, the flow is 

irrotational, and thus may be described by a velocity 

potential.  A velocity potential formulation is desirable 

because the potential is a scalar function of space and time, 

it satisfies a linear governing equation that allows for 

superposition of solutions, and the solution of the potential 

may be found by numerical integration over the surface of 

the fluid boundary, instead of integration throughout the 

entire flow field.   

1.1 Previous Work 

Numerical prediction of calm-water resistance has been 

studied widely in the past several decades, and the literature 

for both potential-flow and viscous-flow methods is 

extremely broad and not addressed here.  The concept of 



combining a velocity potential and viscous flow solvers has 

been done successfully using either a domain 

decomposition, or a functional decomposition.  Domain 

decomposition uses a RANS solver in a region near the 

body and a boundary-integral equation that is solved on the 

outer boundary of the RANS domain.  The work of 

Campana et al. (1995) is an example of this idea applied to a 

surface vessel.  Methods based on this concept have shown 

very promising results in that the solution time is decreased 

due to the reduction in the number of unknowns in the 

RANS domain.  The greatest drawback of these methods is 

related to the specification of the compatibility conditions 

on the matching boundary.  Also, the location of the extent 

of the RANS domain can strongly influence the solution.  

For example, if the domain is too far from the body, the 

RANS method may not provide the proper solution for the 

gravity waves, and consequently the boundary element 

method solution is as inaccurate as the boundary values that 

it is given.  Alternatively, if the matching boundary is too 

close to the ship, the velocity field is rotational, and it is 

improper to impose such a boundary condition on the 

irrotational domain. 

The idea of a functional decomposition separates the fluid 

velocity vector into two components, and each component 

can be described or solved for in the most efficient manner 

with respect to the problem of interest.  The SWENSE 

method for solving for ship flows uses a functional 

decomposition to express the incident wave with a higher-

order-spectral method, and solves for the remainder of the 

solution using a finite-difference numerical method (see 

Luquet et al. (2007) and Luquet et al. (2004)).  The 

functional decomposition used in developing the SWENSE 

is very similar to the velocity decomposition used in the 

present work.  The principle difference is that the SWENSE 

uses a velocity potential only for the incident wave and thus 

requires a large computational domain to solve for the 

remainder of the solution.  In the present work, we employ a 

velocity potential solution that satisfies the body boundary 

and radiation conditions, and thus requires a much smaller 

field domain to determine the solution of the total velocity. 

Velocity decomposition has been applied with some success 

in the aerospace engineering community.  A method that 

solves for the potential using a distribution of sources and 

dipoles on the body, and a vorticity method in the near-body 

region has been described in detail in the papers by Morino 

(1986) and Morino (1994).  The papers are primarily 

theoretical in nature, and the resulting method suffers from 

the difficulties associated with specifying the body 

boundary conditions for the vorticity method. 

The current work is very closely related to a method of 

using velocity decomposition called complementary RANS.  

In the paper by Kim et al.  (2005), the Navier-Stokes 

equations are transformed into the equations governing the 

complementary velocity to the potential component.  The 

complementary equations are solved for the flow over a flat 

plate and airfoil section.  The principle differences between 

the paper of Kim et al. and the current work are that we 

solve RANS equations, instead of the complementary 

equations, and the pressure variable is not decomposed in 

the present paper. 

1.2 Current Work 

In the current paper, we use a velocity decomposition to find 

a solution to the RANS equations about a ship moving 

steadily through calm water.  The potential velocity is 

calculated using a free-surface Green function technique 

based on the work of Noblesse et al. (2010).  The method 

uses a simplified form of the Green function to evaluate the 

velocity on the body or in the field below the calm-water 

position of the free surface.  Currently, the strength of the 

Green function is determined using either a slender-ship 

approximation, or is solved for using a collocation method, 

commonly referred to as the Neumann-Kelvin solution.  The 

free-surface Green function satisfies the conventional 

linearized  inviscid free-surface boundary conditions, and 

thus requires discretization only of the hull surface below 

the calm-water plane. 

A finite-volume method is used to determine the remainder 

of the velocity on a discretization of the fluid near the body.  

The open source CFD library OpenFOAM is used to solve 

the RANS equations in the fluid domain.  The method is 

developed for second-order discretization on an arbitrary 

polyhedral finite volume definition of each cell.  The 

present method is more efficient in three ways when 

compared to conventional fully nonlinear interface 

capturing URANS methods.  First, the choice to solve for a 

single phase allows for a steady solution to be more easily 

computed, and using the SIMPLE scheme for pressure-

velocity coupling allows for a converged solution in several 

hundred or thousand iterations, as opposed to tens of 

thousands of time steps in an unsteady solver.  Second, the 

absence of an indicator function to capture the interface 

alleviates the burden of high resolution of the discretized 

domain required for interface capturing schemes, as well as 

eliminating the need to discretize the region above the calm-

water plane.  The air drag is usually only a small portion of 

the total force on the body for many vessels, and thus can be 

neglected all together or accounted for by some other 

means.  Finally, many times the geometry of the ship above 

the water level is complex and forces the user to invest 

unnecessary time generating a suitable mesh for a portion of 

the ship that is unimportant with respect to the 

hydrodynamic force on the body. 

In the remainder of this paper, we first present the important 

details of the numerical method.  This includes the velocity 

decomposition strategy, and the numerical methods used to 

calculate the potential velocity and the correction velocity.  

The method is evaluated by computing the total resistance 

on the Wigley Hull and the DTMB 5415 Destroyer Hull 

form.   

 



2.0 NUMERICAL METHODS 

2.1 Velocity Decomposition 

The implementation of velocity decomposition starts with 

the steady Reynolds-averaged conservation of linear 

momentum equations: 

  (1) 

In this form, the Reynolds stresses are expressed according 

to the Boussinesq approximation with an eddy-viscosity 

coefficient νt = νeff - ν.  The velocity vector is denoted u, 

the dynamic pressure divided by fluid density is p=p*/ρ, 

and the molecular kinematic viscosity is ν. 

Numerical solution of the RANS equations requires a 

truncated fluid domain that surrounds the vessel and is 

sufficiently large so that accurate farfield boundary 

conditions may be applied.  If one considers the fluid 

velocity about a ship, the perturbation velocity may be 

small, but approaches zero slowly as you move away from 

the body.  The vorticity field is nonzero only in a very thin 

layer close to the body and in the wake.  If the vorticity is 

zero, the velocity vector can be defined using a scalar 

potential function.  This is the motivating factor for using 

velocity decomposition.  RANS methods require large 

domains that encompass large regions where the velocity 

could be described by a velocity potential.  The large 

domain is required so that free-stream values of the velocity 

and pressure field can be safely applied as numerical 

boundary conditions. 

The velocity decomposition approach starts by writing the 

velocity vector in terms of two components: 

  u = w + ∇Φ (2) 

Where ∇Φ is the irrotational component and w is the 

correction velocity.  If we can solve for ∇Φ outside of the 

region where the total velocity has rotation, then the RANS 

domain can be substantially reduced to encompass only the 

boundary-layer and wake, and the boundary condition on 

the velocity vector will be u = ∇Φ (because w is zero). 

Velocity decomposition has been studied in detail for the 

steady flow over an airfoil (Edmund 2011), but the present 

paper is the first application to free-surface flow, and we 

make several approximations to simplify the transition to 

ship flows. 

The RANS equations are solved for the water phase on a 

finite-volume domain that is truncated to the calm-water 

plane.  On the free-surface plane, inviscid-fluid, linearized 

free-surface conditions are satisfied.  The free-surface 

elevation η is determined by solving the linearized 

kinematic condition using a finite-area method (on 

polygonal elements).  The dynamic pressure on the calm-

water plane is specified to be p=gη, where g is the 

acceleration due to gravity, and the velocity vector has zero 

gradient normal to the surface.  These approximations are 

consistent with linear-wave theory.  The Green function also 

satisfies the linearized inviscid free-surface boundary 

conditions. 

2.2 Velocity Potential Solution 

A free-surface Green function is used to calculate the 

potential-velocity field.  Specifically, we use the simplified 

free-surface Green function developed by Noblesse et al. 

(2011).  The simplified formulation has been shown to be 

qualitatively similar to traditional formulations with the 

advantage of being much simpler to implement and evaluate 

numerically. 

We use an arbitrary polygonal description of the hull.  Each 

polygon is transformed into a set of necessarily flat non-

overlapping triangles.  The source strength is assumed to be 

constant over each triangle.  The slender-ship approximation 

suggested by Noblesse (1983) is used to specify the source 

strength of each panel to be proportional to the slope of the 

panel in the streamwise-direction. 

The free-surface Green function traditionally consists of 

three components - the fundamental free space singularity, 

the far-field wave, and the local terms.  The fundamental 

free-space singularity is evaluated using an adaptive Gauss 

rule.  The 1/r integrand is de-singularized and asymptotes to 

zero on the panel face.  The singular portion of the integral 

is approximated as a simple algebraic function of the 

distance from the panel and is equal to one-half of the 

source strength, as expected from classical potential flow 

theory. 

The local term is approximated using a collection of 

polynomials and other algebraic expressions that are found 

in Noblesse et al. (2011). 

The wave term is evaluated in two steps.  The inner integral 

is evaluated exactly for each triangular panel.  This includes 

redefining the triangular faces that are intersected by the 

transverse plane of the Heaviside step function.  The outer 

integral is evaluated using Gauss integration with an 

adaptive step size to efficiently approximate the oscillatory 

integrand.  Each segment of integration uses a segment 

length based on twice the approximated period of oscillation 

of the integrand.  A nine-point Gaussian integration rule is 

applied over each segment to approximate the contribution 

of the segment.  The exact integral representation of the 

wave term requires integration of waves that have 

infinitesimal length (or heading angle of 90 deg.).  The 

smallest waves contain very little energy, and would be 

damped and altered by viscosity and surface tension.  For 

purposes of numerical approximation, the wave integral is 

truncated at wave heading angles of 80 - 85 deg. depending 

on Froude number. 

2.3 RANS Solver 

The velocity, pressure, and turbulence equations are solved 

using the open source CFD library OpenFOAM.  This 

library allows for arbitrary polyhedral description of the 

non-overlapping finite volumes that comprise the flow 

domain where the total velocity differs from the potential 

velocity.  The library has a wide range of turbulence 

closures available.  In this work we employ a standard k-ω 

SST model that uses wall functions to allow for relatively 

coarse resolution near the body.  The pressure and velocity 

system is solved using the SIMPLE algorithm. 



 

 

The algorithm for determining the calm-water resistance is 

the following: 

1. Determine ∇Φ using a slender-ship approximation 

2. Apply the farfield boundary condition on the RANS 

domain specifying u = ∇Φ 

3. Iterate over system of equations for u, p, k, ω, η until 

convergence is achieved 

4. Calculate force on the body 

The force is determined by solving the segregated 

momentum and continuity equations iteratively.  The 

convergence to the final solution is often oscillatory.  Figure 

1 shows the force on the body as a function of the outer 

iteration number, together with the converged result. 

The flow domain for the RANS equations is bounded by 

five surfaces: the hull, inlet, outlet, free surface, and 

centerplane.  The boundary conditions for the working 

variables are summarized in Table 1 (zero gradient refers to 

the normal direction to the boundary).  The solution of the 

linearized free-surface kinematic boundary condition 

(LFSBC) is used to specify the Dirichlet boundary condition 

for pressure on the free-surface plane.  The five surfaces can 

be seen in Figure 2, which is the medium-sized 

computational domain for the DTMB 5415 geometry. 

 

Fig. 1. Typical Force-Iteration Time Series 

 

Table 1. Boundary conditions for all simulations 

Boundary Velocity Pressure 

Inlet FSGF Zero Gradient 

Hull No Slip Zero Gradient 

Farfield FSGF Zero Gradient 

Outlet Zero Gradient Zero Gradient 

Centerplane Symmetry Symmetry 

Free surface Zero Gradient LFSBC 

Bottom FSGF Zero Gradient 
 

 

Fig. 2. DTMB 5415 Computational Domain with 

Boundaries 

3.0 RESULTS 

3.1 Test Cases 

The velocity decomposition numerical scheme is applied to 

the Wigley and DTMB 5415 hull forms.  The Wigley hull is 

mathematically defined, simple, and has a long history of 

being used for validation.  The DTMB 5415 is 

representative of a naval destroyer hull form, and has 

complex three-dimensional features including the sonar 

dome and transom stern.  All grids are generated with the 

commercial software Pointwise, and are of structured 

topology. 

Simulations are done at model scale so that comparison can 

be made with experiments.  The principal particulars of each 

model are summarized in Table 2. 

Table 2. Model Principal Particulars 

 LS B T λ 

Wigley 4.0 0.25 0.4 - 

DTMB 5415 5.72 0.76 0.248 24.824 

The main advantage of using velocity decomposition is to 

reduce the size of the domain.  The ability of the solver to 

compute resistance is evaluated by solving the governing 

equations on grids that have different dimensions of the 

boundaries of the domain.  The largest grid for each 

geometry is typical of conventional RANS practice, and the 

application of the freestream boundary conditions is thought 

to be appropriate.  The sizes of different grids used in this 

study for the Wigley hull are summarized in Table 3, where 

the distance of the extent of the domain from the body is 

given in ship lengths.  For each size of the flow domain, 

grids of three different resolutions are tested.  The resulting 

cell count for each grid, three sizes and three resolutions, is 

summarized in Table 4.  

 



Table 3. Domain extents in ship lengths for the Wigley hull 

 Inlet Outlet Lateral Bottom 

Small 0.375 1.25 0.375 0.5 

Mid 0.750 1.25 0.375 1.0 

Large 1.500 2.50 0.750 2.0 
 

 

Table 4. Number of cells for the Wigley hull 

 Coarse Medium Fine 

Small 62,400 13,1670 441,294 

Mid 66,584 165,984 552,102 

Large 100,254 271,656 887,096 

Three sizes of computational domain for the DTMB 5415 

are tested, and each size has two resolutions.  The 

parameters describing the size and resolution of the grids for 

the DTMB 5415 are presented in Tables 5 and 6. 

Table 5. Domain extents in ship lengths for DTMB 5415 

 Inlet Outlet Lateral Bottom 

Small 0.75 1.15 0.4 0.40 

Mid 0.90 1.75 0.7 0.75 

Large 1.25 3.00 1.4 1.50 

 

Table 6. Number of cells for DTMB 5415 

 Coarse Fine 

Small 108,210 569,305 

Mid 141,025 755,965 

Large 185,769 959,869 

3.2 Wigley Hull 

The calm-water resistance of the Wigley hull fixed in 

sinkage and trim is computed on the large grid with three 

different levels of resolution.  The results of the total 

resistance coefficient as a function of the Froude number are 

shown in Figure 3.  The experimental results are extracted 

from the IHHI report (1983) with the model fixed in sinkage 

and trim.  The coarse and medium grid results are in very 

close agreement (maximum relative difference of 0.8%).  

The difference between the medium and fine grid is 

relatively larger, although still acceptably small.  The good 

agreement between the total resistance predictions for all 

Froude numbers demonstrates that the discretization error is 

small, and the coarse grid is suitable for drag prediction. 

 

Fig. 3. Resistance curve for the Wigley hull comparing three 

different grid resolutions on the large grid 

In Figure 3, the close agreement between the numerical 

predictions and experimental measurements show that the 

overall numerical scheme is suitable for resistance 

prediction.  This means the linear free-surface boundary 

conditions adequately describe the flow for this hull form.  

It is suspected that a method that includes two-way 

interaction between the viscous and inviscid solution would 

capture the humps and hollows, like the one at Fr = 0.35, 

more accurately because it is well known that potential 

theory exaggerates these features. 

Next, the velocity decomposition is tested on three grids of 

differing size using the coarse discretization.  Figure 4 

shows the total resistance coefficient as a function of Froude 

number.  The difference of the predicted resistance 

coefficient is very small, and of the same order of 

magnitude as the discretization error that was estimated in 

Figure 3.  This shows that indeed the domain may be 

truncated when using the velocity decomposition strategy.   

 

Fig. 4. Resistance curve for the Wigley hull comparing three 

different grid sizes 

The primary advantages of using velocity decomposition are 

to save computational time, memory, and set-up time.  

Additionally, the use of a smaller RANS domain will allow 



for multiple and moving bodies to be simulated more easily.  

The time to compute the solution on the large and small 

grids is shown in the Figures 5 and 6.  The time to compute 

the solution depends on many factors, such as the settings of 

the under-relaxation factors, the linear-system solvers and 

tolerances, and the number of iterations to declare 

convergence.  No effort has been made to optimize these 

settings.  Also, the times reported in Figure 5 and 6 are for 

computing the solution on a four-year-old workstation.  

Thus the reported times are conservative estimates for the 

time to compute the resistance per speed.   

Figures 5 and 6 show the total time to compute the 

resistance, as well as the time to determine the velocity due 

to the free-surface Green function on the inlet, far-field, and 

bottom boundaries, and the time to compute the RANS 

portion of the solution.  It is interesting to note that the total 

time is different for each Froude number (this would not be 

expected for a flow without waves).  Also, on the large 

domain, the time to compute the solution is between one and 

three hours.  In Figure 6, the time to compute the solution 

on the small grid is shown.  The truncated domain has many 

fewer faces which reduces the time to compute the potential 

velocity on the inlet, far-field and bottom boundaries.  Also, 

the RANS solution computation is greatly reduced.  In 

summary, the time to compute the total drag on an older 

serial processor is approximately one hour or less per speed. 

 

Fig. 5. Timing study of the Wigley hull at three different Fn 

on the large domain 

 

Fig. 6. Timing study of the Wigley hull at three different Fn 

on the small domain 

3.3 DTMB 5415 

Figure 7 shows the total resistance coefficient computed on 

the largest domain, with two levels of refinement.  The 

experimental results are taken from the report by Olivieri 

(2001).  The difference in the predictions made with the 

numerical tool is very small, and represents the magnitude 

of the discretization error.  

Figure 8 presents the total resistance coefficient for the 

coarse discretization on three different domain sizes.  Here, 

the large and medium grids are practically indistinguishable 

for all speeds.  The small grid is also very close to the 

medium and large sizes, with the exception of the highest 

speed, Froude number 0.40.  The velocity decomposition 

has been used to apply accurate boundary conditions on the 

velocity vector, but a conventional zero-gradient condition 

is applied to the pressure variable on the inlet boundary.  As 

the Froude number increases, so does the strength and the 

length of the wave system.  The smallest domain is too close 

to the body to safely apply the zero-gradient condition; 

instead, the gradient should be calculated using the potential 

velocity and the Bernoulli equation. 

 

Fig. 7. Resistance curve for DTMB 5415 comparing two 

different grid resolutions 



 

Fig. 8. Resistance curve for DTMB 5415 comparing three 

different grid sizes 

Next, we examine the influence of the frictional and 

pressure components of the force on the DTMB 5415 hull 

form.  Figure 9 shows the frictional resistance as a function 

of Froude number for the coarse discretization on three 

different grid sizes.  Also, the ITTC 1957 friction line is 

displayed.  The ITTC 1957 friction line was developed with 

a form factor of approximately 12%.  The frictional drag 

computed with the nonlinear RANS is approximately 95% 

of the estimated value from the friction line.  One would 

expect such a result, and it appears that over the small 

Reynolds number range of the current simulations, the speed 

dependence of the frictional force is very well described by 

the ITTC line.  Also, the domain truncation shows no 

difference in the computed frictional force. 

Figure 10 and Figure 11, included below, show the free 

surface elevation on the z=0 free-surface plane for the 

DTMB 5415 at two different Froude numbers. 

 

Fig. 9. Frictional resistance for DTMB 5415 on three 

different grid sizes 

 

Fig. 10. Free surface elevation contours for DTMB 5415 at 

Fn=0.30 

 

Fig. 11. Free surface elevation contours for DTMB 5415 at 

Fn=0.40 

Finally, we examine the time required to compute the total 

resistance.  Figures 12 and 13 show the time on the large 

and small domains for three speeds.  The results are quite 

similar to those of the Wigley Hull.  For the large domain, 

the computation of the free-surface Green function takes 

less than half of the total time.  The time to compute the 

velocity on the extent of the domain scales as the number of 

faces on the inlet boundary times the number on the ship 

hull.  For the large domain, the total computation time is 

approximately 1.5 hours per speed.  On the small domain, 

the evaluation of the potential velocity is relatively smaller 

because the number of faces on the inlet has been reduced.  

The total time for computing the total resistance on a serial 

processor is between 30 and 45 minutes. 

 

Fig. 12. Timing study for DTMB 5415 at three different Fn 

on the large domain 



 

Fig. 13. Timing study for DTMB 5415 at three different Fn 

on the small domain 

 

4.0 CONCLUSION 

In this paper we present a new method for computing the 

flow around a ship based on velocity decomposition.  The 

method uses linearized free-surface boundary conditions to 

combine a free-surface Green function panel method with a 

steady RANS solver to compute calm-water resistance in a 

very efficient manner. 

The concept of velocity decomposition allows for a small 

finite-volume domain to be used to solve for the total 

velocity.  The free-surface Green function using a slender-

ship approximation for the source strength is used to specify 

the total velocity on the inlet boundary of the RANS 

domain.   

The linearized free-surface boundary conditions permit the 

RANS domain to extend only below the calm water plane.  

The kinematic free-surface condition is solved using a 

finite-area method, and the resulting elevation is used to 

apply the boundary condition for the dynamic pressure on 

the calm-water plane. 

The steady formulation for the RANS variables allows for 

an iterative solver to arrive at a converged solution in 

approximately 1000 to 3000 iterations.  The total 

computational time per speed on an older, serial processor is 

reduced from more than 1 hour on the large domain to 

approximately 30-45 minutes on the smallest domain.  The 

discretization that is used for the results computed herein 

was shown to be adequately refined.  That is, the 

discretization error is estimated to be approximately 1-2%. 
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