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Chapterr 8 

Recommendations s 

Thiss thesis presents an investigation into numerical methods for the steady free-
surfacee Navier-Stokes equations. Based on the results of the investigation, below 
wee phrase several recommendations for future research and for applications. 

Thee analysis presented in Chapter 3 shows that for free-surface flows with 
vanishingg viscosity, the asymptotic transient behavior is 0(\/\/i) in 2D and 0(1 ft) 
inn 3D. This algebraic convergence behavior renders time-integration methods in-
efficientt for solving steady free-surface flows at high Reynolds numbers. However, 
sincee the algebraic convergence behavior is exclusively attributable to surface grav-
ityy waves of which the group velocity equals the flow velocity, it appears possible 
too restore efficiency by removing these waves by other means. In particular, nested 
iterationn could prove useful, e.g., a Krylov-subspace accelerated time-integration 
method,, or a combination of adjoint shape optimization with time integration. An 
investigationn of such nested iteration methods is recommended. 

Basedd on (3.36), it is anticipated that the usual time-integration method 
performss well for steady free-surface flows at low Reynolds numbers. However, 
wee emphasize that the exponential temporal decay due to viscosity was derived 
inn the limi t of vanishing viscosity. Therefore, a re-investigation of the roots of 
thee dispersion relation (3.33) is required to establish the convergence behavior of 
time-integrationn methods for low Reynolds number applications. 

Wee believe that the quasi-free-surface-condition (QFSC) method presented 
inn Chapter 4 is useful for solving steady ship waves and other steady free-surface 
Navier-Stokess flows at high Reynolds numbers. This thesis presents an application 
off  the method to a two-dimensional model problem. The method is in principle 
equallyy applicable to three-dimensional problems. However, the extension to actual 
3DD ship wave computations introduces several pertinent complications: 

(1)) A surface-penetrating object is inserted, which introduces an intersection be-
tweenn the free-surface and a no-slip boundary. Although the QFSC method 
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doess not suffer from the usual contact line problem of time-integration meth-
odss because the quasi free-surface condition is identically satisfied at the 
intersection,, further investigation is required. 

(2)) In actual ship wave computations, singularities occur near the bow and stern. 
Iff  the singularities compromise the solution process, simple ad hoc correctives 
cann be used, because the continuum equations do not correctly represent the 
physicall  behavior in the neighborhood of the singularities anyway: collapsing 
wavess and splashing occur, and entirely different physical phenomena play 
aa critical role. An example of a possible corrective is a smooth transition 
fromm the quasi-free-surface condition to the usual free-slip condition near the 
singularities. . 

(3)) Two and three-dimensional free-surface flows exhibit essentially different be-
havior,, due to diverging waves which are only present in the three-dimensional 
case.. An investigation of the implications for the numerical treatment of the 
3DD steady free-surface flow problem is appropriate. 

(4)) In practical computations, infinite spatial domains must be truncated. It is 
expectedd that the treatment of the artificial lateral boundaries that occur as 
aa result of the truncation, is more complicated in 3D than in 2D. Absorbing 
boundaryy conditions for artificial boundaries have received much attention 
inn the context of transient problems. In contrast, few efforts have been made 
too investigate absorbing boundary conditions for iterative solution methods 
forr boundary value problems. Evidently, the boundary conditions and their 
treatmentt play a crucial part in the convergence behavior of an iterative 
method,, and an investigation of absorbing boundary conditions for iterative 
solutionn methods is therefore warranted. 

Itt is important to note that the QFSC method transfers the complexity of the 
steadyy free-surface flow problem to the sub-problems, i.e., the boundary value 
problemss that must be solved in each iteration cycle. Efficient solution of the 
sub-problemss is therefore important. To construct an efficient solution method for 
thee sub-problems in ship wave computations, the aforementioned issues must be 
addressed. . 

Thee adjoint optimal shape design method is in general inefficient for solving 
steadyy free-surface flows, due to the algebraic convergence of critical modes. How-
ever,, efficiency can be restored by eliminating these modes by other means. In par-
ticular,, because the retarded modes of the adjoint shape optimization method and 
thee time-integration method are different, we anticipate that an efficient method 
cann be constructed by combining these methods. The advantage of such a nested 
methodd over the QFSC method of Chapter 4, is that the underlying sub-problems 
havee straightforward boundary conditions at the free surface: the time-integration 
methodd requires stress-free boundary conditions and the adjoint optimal shape 
designn method requires free-slip boundary conditions. We recommend that such a 



109 9 

nestedd method is implemented and assessed for the steady free-surface potential-
flowflow equations. 

Thee interface capturing approach is still in its infancy and it is not clear 
whetherr it can eventually provide a useful alternative for surface fitting methods 
forr (steady) problems with smooth free surfaces. To assess the suitability of the 
interfacee capturing approach for steady free-surface flows, the following issues have 
too be addressed; (1) treatment of source terms, in order to include the gravita-
tionall  force, (2) resolution near the interface, (3) implementation of the interface 
capturingg method with efficient numerical solution methods for steady hyperbolic 
problems. . 

Thee correctives presented in the literature (see Section 6.1) to avoid pressure 
oscillations,, sacrifice the conservation form of the equations in the vicinity of the 
interface.. Because the conservation form is imperative for a correct representation 
off  shock waves, it is anticipated that these methods fail if the interface interacts 
withh a shock wave. We propose a comparative study of the conservative non-
oscillatoryy method of Chapter 6 and contemporary numerical methods for two-
fluidd flow, applied to a discriminating test case, e.g., a shock wave passing the 
interface. . 
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