
Chapter 8
Closure
Initially in this chapter, the conclusions drawn from the research described in this thesiswill be presented and �nally the potential avenues of further research will be discussed.8.1 ConclusionsIn this section, the major conclusions of the thesis will be presented. A number of theconclusions have been drawn earlier in the thesis as the theoretical and numerical analyseswere performed but they are represented here in summation.8.1.1 Elemental comparisonsWith speci�c regard to mechanical problems exhibiting elasto-visco-plastic material be-haviour, it has been illustrated that for the Constant Strain Triangular (CST) and LinearTetrahedral (LT) elements, the FVM and the FEM as described in this thesis are directlyequivalent. This equivalence was �rst proven theoretically in Chapter 4 and then illustratednumerically in Chapter 5.From these conclusions it can be postulated that the direct equivalence of the two methods176



CHAPTER 8. CLOSURE 177with regard to the linear elements will apply generally for all solid mechanics problemsinvolving material non-linearity. Thus strengthening the position of the FVM as an al-ternative to the FEM for problems involving non-linear material behaviour. The closeagreement of the two dimensional Bi-Linear Quadrilateral (BLQ) and three dimensionalBi-Linear Pentahedral (BLP) and Tri-Linear Hexahedral (TLH) elements also illustratesthe e�ectiveness of the FVM for the said problems. A tentative conclusion can be drawnafter close inspection of the results for the higher order elements as employed in the solidmechanical validation problems of Chapter 5. There is discernible evidence that the FVMappears marginally closer to the numerical reference solutions of non-linear problems whenthe plastic or visco-plastic strains are large and the non-linearity is greatest.8.1.2 Surface tractionsWhen surface tractions or pressure loads are applied over a higher order face element, asin the case of TLH elements employed in the spherical vessel problem of Chapter 5, theFVM appears superior with regard to accuracy on a coarse mesh. As the mesh is re�nedboth methods approach the reference solution and the superiority of the FVM with regardto accuracy is less signi�cant. This superiority is also true for linear elastic problems andhas been commented upon by Wheel [100], who considered plane elasto-static problemsinvolving non-uniform stress and strain distribution. It can be argued that the superiorityis associated with the discretisation and the de�nition of the control volumes employed inthe FVM. In the FVM the constitutive variables, such as stress and visco-plastic strain,are equivalent at control volume boundaries. This is a direct result of the conservativeapproach to the control volume de�nition. This is not the case in the FEM, where theweighting functions employed do not ensure that the constitutive variables are equal at thecontrol volume boundaries [43, 42, 4, 100, 31, 48].The FVM appears to be closer to the reference solution in these cases, but these casesare limited and further numerical and theoretical analysis must be performed before anyde�nitive conclusions can be drawn. It is also important to note that any improvementin accuracy furnished by the FVM appears to be o�set against a considerable increase incomputational cost when compared to the FEM, as again illustrated in Chapter 5.



CHAPTER 8. CLOSURE 1788.1.3 Thermo-mechanical problemsWith regard to the coupling of mechanical analyses involving non-linear materials, specif-ically those that behave elasto-visco-plastically, and thermal analyses involving such phe-nomena as 
uid 
ow, heat transfer and solidi�cation, the suitability of the three dimensionalFV framework PHYSICA as a realistic option for this purpose has been further illustrated.The validity of the thermo-mechanical coupling technique employed within this frameworkis indicated by the results of the standard benchmark problems as described in Chapters 6and 7. It should be noted that the staggered coupling technique described and employedin this research, though widely used in many applications, is not suitable for all thermo-mechanical problems, particularly those involving large deformations.These achievements and conclusions lend weight to the selection of a FV framework forthe numerical analyses of complex industrial processes involving a variety of complex phys-ical behaviour. This point is reinforced by the potential of PHYSICA to comprehensivelysimulate the shape casting of metals as presented in Chapter 7.8.1.4 Finite volume discretisationAt present within the PHYSICA framework the heat transfer employs a cell-centred FVMand the CSM employs a vertex-based FVM. For this reason the accuracy of the thermo-mechanical coupling is somewhat dependent upon the extrapolation technique employedto obtain the temperature �eld at the vertices from that at the cell centres. This canintroduce inaccuracies in the vertex-based temperature �eld when the mesh is unstructured,fortunately the inaccuracies diminish as the mesh is re�ned.8.2 Further researchThe potential avenues for further research have been highlighted as they arose throughoutthe thesis. In this section a summary of the potential further research will be given.



CHAPTER 8. CLOSURE 1798.2.1 Contact analysisAt present the solid mechanics facilities within PHYSICA are limited to small strain, quasi-static, non-linear material problems. Further research which has already been undertaken,is the inclusion of contact analysis within a FV framework. This is required for the completesimulation of the shape casting of metals and requires the coupling of elasto-visco-plastic ma-terial behaviour with regard to the casting and deformable/rigid or deformable/deformablecontact between casting and mould, depending upon the material properties of the mouldinvolved in that particular shape casting process.A number of researchers have already included contact analysis when applying the FEM toshape casting problems [67, 12], but this is not the case with regard to the FVM and it ispossible that subtle di�erences may occur, again depending on the nature of the problemand the order of the elements employed. On the other hand, as has often been the casewhen comparing the FVM and the FEM, the two di�erent approaches may actually achievethe same goal.8.2.2 OptimisationFurther research is required to optimise the non-linear solution approach with regard tothe FV formulation of the CSM. This would involve employing implicit integration tech-niques with regard to time stepping and modi�ed Newton-Raphson methods combined withalternative preconditioners and solvers.8.2.3 Solid mechanicsA great deal of further research is possible with regard to the CSM. This research includesfurther comparison and validation of the FVM when compared to the FEM for rate de-pendent material non-linearity. Comparison of the FVM and the FEM for general two andthree dimensional contact analysis. Further research can also include the investigation of



CHAPTER 8. CLOSURE 180the applicability of the FVM to forming problems involving large deformations within aLagrangian reference frame.8.2.4 Shape casting of metalsWith regard to the solid mechanics, the inclusion of a robust contact algorithm is a prior-ity. This will facilitate deformation of both the casting and mould and provide increasedaccuracy in the gap formation. Also, gravitational e�ects have to be included, possibly byincluding inertial terms in the governing equations.The PHYSICA framework can be generally extended in a numbers of ways to facilitate thecomprehensive simulation of the shape casting of metals. Firstly, the additional modellingof the residual convection after the �lling of the mould and the heat transfer associatedwith the �lling. Also, in addition to the e�ect of buoyancy driven recirculation, the e�ectof volume change during solidi�cation and the potential porosity formation associated withthis phenomenon. Finally, the transient nature of the free surface associated with the liquidphase, with particular regard to feeding mechanisms in complex castings.Most importantly the PHYSICA framework requires further validation against experimentalresults. This can include comparisons with the large number of experimental castingsperformed in the VERICAST project [44] and other benchmark shape casting problemsthat are now becoming public domain [85]. Additionally, further collaboration with theaerospace and automotive industries is required, particularly with regard to investmentcasting foundries and precision casting. Indeed, collaboration is currently underway tocompare results from the experimental analyses of investment casting with numerical resultsfrom PHYSICA.


