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Abstract 

This report is based on eight half-day consultancy visits of the author to MacNea.1-Schwendler 
(E.D.C.) B.V. {MSC-EDC), in the two-month period February-March 1996. The report summa­
rizes the ma.in comments ma.de on the development of computational methods for forging processes 
at MSC-EDC and gives suggestions for possible future work. 

AMS Subject Cltu~ification (1991): 65-X.X, 73-X.X. 
Kevwords and PhraJJ~: computational solid mechanics, forging. 

1 Introduction 

The common formulations in computational forging are the Lagrangian and the mixed Langrangian­
Eulerian. In both formulations, the computational domain is confined to the body to be forged, which 
is overlaid by a grid. In case of the Lagrangian formulation, the grid remains attached to the body 
at all grid points and all time levels. Large deformations of the body imply great distortions of the 
grid and hence possible deteriorations of the spatial accuracy. A fix to this may lie in remeshing (in 
proper time) during the computation, which is what is done in the La.grangian-Eulerian formulation. In 
case of very large deformations, remeshing may no longer help. Then, the Eulerian formulation is the 
only alternative. In here, the boundaries of the computational domain and the solid do not necessarily 
coincide. This implies an important difference with the two formulations mentioned first. In there, 
the boundaries of the body are fitted and hence crisp. In the Eulerian formulation the boundaries a.re 
captured and may therefore be diffused. (Of course, a diffused boundary is not necessarily less accurate; 
fitted boundaries will be sharp, but their location and shape may be inaccurate.) Anyhow, the Eulerian 
formulation is certainly most promising from the viewpoint of genera.I applicability. 

At present, computational forging in the Eulerian formulation is still pioneering work. This is 
illustrated by e.g. the fact that searches for publications on it in the open scientific literature give very 
little result. Given this small attention, the prospects of it in ca.se of a successful development a.re 
promising. 

The outline of the report is a.s follows. In Section 2, a summary is given of the major technical 
comments made during the consultancy period: in Section 2.1 on the computational tools developed so 
far and in Section 2.2 on tools that are already in development at MSC-EDC or that could be developed 
in future. The comments a.re ordered by subject, but for the remainder they are loose. The comments do 
not form a. list of differences in points of view between the author a.nd the MSC-EDC staff, or some list of 
shortcomings of software. (On many comments there is agreement a.nd many tools that "should" be in 
the software are already in there.) In Section 3, suggestions are given for a possible research cooperation 
on computational forging, between MSC-EDC a.nd the Centre for Mathematics and Computer Science 
(CWI). 
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2 Summary of technical remarks made 

2.1 On existing tools 

2.1.1 Discretization 

• The space and time discretizations are interwea.ved; the numerical method is not of the method­
of-lines type [10]. Understanding and controling the latter type is easier. In the method-of-lines 
approach, the space and time discretization are done separately: first the space discretization (a 
semi-discrete equation then results) and next the time discretization. Given the fact that the 
continuous (i.e. the non-discretized) system of forging equations is already intricate by itself, a 
transparent numerical approach, such as that of the method of lines, is certainly practical in case 
of numerical difficulties. 

• The space discretiza.tion is first-order upwind and the time integration second-order centered. Von 
Neumann stability analysis [10] for a one-dimensional, scalar model advection problem shows that 
such a numerical method is labile; it has no safety margin against instabilities due to nonlinearities. 
(Although the differences between the discrete model equation and the discrete forging equations 
are very large, the lability found should not be underestimated.) 

• To preserve monotonicity of the material-fraction function, which is used for the resolution of 
the free surfaces, a limiter function may be used which does not obey the standard higher-order 
accuracy requirement valid for smoothly varying solutions (~(l) = 1, [34]), because the material­
fraction function varies discontinuously only. Note that when changing the limiter such that 
it adds more and more anti-diffusion, formally the time step that can be maximally taken for 
monotonicity reasons becomes smaller and smaller [13]. Moreover, as mentioned in Section l, a 
more crisp solution is not necessarily more accurate. 

• A fix as "glueing", to remove unstable wiggles in the solution, may be justified on theoretical 
grounds. (Through analysis, a decoupling of grid points has been found [lJ, which may explain 
unstable odd-even oscillations observed in practice.) Still the "glueing" should be a.voided, because 
besides spurious high-frequency modes in the solutions, it also kills the physically correct high­
frequency modes. The same holds for the Tyler viscosity [28], which is sometimes applied for 
stability reasons. 

2.1.2 Numerical experiments 

• The validity of the exact solutions for test cases (such as the "fiat billet") should be critically 
reviewed all the time. (Are they correct for all time and all geometrical properties of the bodies, 
a.re they unique, ... ?) 

• Computations to investigate the accuracy behavior of a numerical method should be preferably 
be done on a family of at least three grids (say with mesh sizes h, th, tn) and - if possible - on 
each grid with at least three different time steps as well (say r, !r, :rr). 

2.2 On tools in development and possible future tools 

2.2.l Continuous equations 

• In one, two and three dimensions, the forging equations may be written as a system of three, seven 
and thirteen coupled, first-order partial differential equations, respectively. Denoting the dimen­
sion by d, we have one continuity equation, d momentum equations and <l1' transport equations 
for the components of the stress deviation tensor [4]. (The stress deviation tensor is not taken 
symmetric.) The number of unknowns exceeds the number of differential equations by one. The 
system can be balanced by an algebraic equation relating density and pressure for the specific 
solid considered (the equation of state). 
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• To allow for discontinuous solutions, the system should not be solved in differential form, but in 
integral form instead. For that, the system should first be written, as fa.r as possible, in divergence 
form. (Because the system is not completely based on conservation laws, a complete divergence 
form is not possible.) 

2.2.2 Space discretization 

• When developing a.n improved computational method for forging, for reasons of transparency, as 
mentioned, the method-of-lines approach should be followed. 

• To respect the conservation laws underlying the system of forging equations, the space discretiza.... 
tion should be a finite-volume method [10). The finite-volume method should preferably not be of 
cell-vertex type but of cell-center type instead. I.e., in ea.eh finite volume, all solution components 
a.re supposed to lie in the center of that finite volume. (A cell-vertex method may lead to a.nun­
balance between the number of grid unknowns and finite-volume equations, because the numbers 
of vertices and finite volumes may not be the same.) 

• The derivation of a Roe-type approximate Riemann solver [29] for the system of forging equations 
written as a hyperbolic system with source terms [35), should be continued. An approximate 
Riemann solver obeys a great deal of the physics modeled by the continuous system of equations. 
In many applications it guarantees a good solution quality. The complexity of an approximate 
Riemann solver is compensated by the simplicity it yields with respect to e.g. a physically cor­
rect boundary-condition formulation. In the case of a simple density-pressure relation, besides a 
Roe-type approximate Riemann solver, an Osher-type one [27] might be constructed as well. The 
advantages of Osher's over Roe's a.pproxima.te Riemann solver, a.re mathematically even better 
defined boundary conditions [26] and continuously differentia.ble fluxes (8), which latter may be 
a necessity in case an implicit time stepping method is applied. Analogously to the testing of 
approximate Riemann solvers for the equations of gas dynamics on the standard shock-tube prob­
lem, newly derived approximate Riemann solvers for the forging equations should also be tested 
on a well-defined test case. (This test case still has to be prescribed.) 

• The evaluation of the source terms should be consistent with that of the convection terms [5, 15, 30). 

• Multi-D upwinding (by either rotated state interpolation [16, 18], rotated flux computation [2, 
22, 32), or even multi-D wave decomposition [3, 12, 31)), should not yet be applied to the full 
system of equations. Multi-D upwind techniques are developing at a rapid pace, but they are 
not yet well-proven for the present full system of equations. An exception might be made for 
the advection equation for the material-fraction function. That equation is not coupled to the 
system of equations, in the sense that the material-fraction function does not appear in any 
of the other equations. However, note that most existing multi-D upwind schemes have been 
specifically derived for steady problems. For a three-dimensional, unsteady, hyperbolic equation 
as the advection equation for the material-fraction function, a new multi-D upwind scheme may 
be derived. 

• As far as the calculation of the left and right cell-face states for the approximate Riemann solver 
is concerned, here higher-order accuracy and monotonicity should still simply be obtained by 
the well-proven MUSCL approach [11]. I.e., left and right cell-face states should be calculated 
through higher-order accurate, monotone, piecewise polynomial interpolation of cell-center states. 
(A specifically tailored limiter may be quickly constructed and it may be quickly investigated 
which state variables behave most smoothly and a.re thus best suited for interpolation.) It is 
expected that this separate topic of calculating left and right cell-face states will take little effort 
here. 

• The forging problems are uniformly stiff; over the entire computational domain they have a very 
small ratio of flow speed over speed of sound (very low "Mach"). This stiffness may give rise to 
poor accuracy properties of the discrete system [17}. For steady problems, a remedy may be found 
in proper preconditioning of the continuous flow equations, for unsteady equations such a fix is 
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not available yet. A "brute--force" fix as solution-adaptive local grid refinement (next item) might 
be helpful as long as no fundamental remedy has been found. 

• In resolving free surfaces and coupling surfaces, for simplicity, one may first refrain from subcell 
resolution (see next item), i.e. first take the surfaces coincident with the cell faces (the Godunov 
approach [6]). If wanted, an improved resolution at relatively low increase of computational costs 
can then be obtained by solution-adaptive local grid refinement. Software that can be used for 
this purpose has already been transferred from CWI to MSC-EDC (see [7, 9) for descriptions of 
that software). Given the availability of an approximate Riemann solver, the wave speeds of all 
convection phenomena. are known a.nd hence a time-accurate, catch-all grid-refinement criterion 
can be defined. 

• If solution-adaptive local grid refinement solely cannot meet the accuracy a.nd efficiency require-­
ments set by industries, then the computational method may also make use (again) of subcell 
resolution. (In general terms, subcell resolution is that one allows the solution to have structure 
in a cell, instead of allowing it to be piecewise constant only.) For this, the system of equations 
should be extended (a.gain) with a transport equation for a passive scalar function, which marks 
the free surface, the material-fraction function. (The function may be defined to be one inside the 
body and zero outside. Then, the location of the free surface may be defined by the value k of 
the material-fraction function.) In many application areas other than computational forging (e.g. 
computational aerodynamics), subcell resolution is no well-proven technology and research on it 
is rare, probably simply because local grid refinement does a. satisfactory job in these areas. At 
SMC-EDC, a probably unique experience exists on subcell resolution. 

• If the system of equations is not valid acr06S free surfaces and coupling surfaces, then discretizing 
acr068 these surfaces should be a.voided and both types of surfaces should be treated as boundaries. 
At these boundaries, the grid may have sliced-off cells, which ma.y be merged (called blended at 
MSC-EDC) with non-cut neigboring cells [19, 20, 21). (At these boundaries, the difference in 
solution quality for a Roe-type and an Osher-type approximate Riemann solver might become 
significant.) 

2.2.3 Time integration 

• Given the numerical properties of the once chosen space discretiza.tion and given the accuracy and 
efficiency requirements set by industries, a suitable off-the--shelf time integrator ca.n be chosen from 
the vast collection of time integrators available today. (A satisfactory time integrator is expected 
to be a.va.ila.ble for any space discretiza.tion, also for space discretiza.tions with e.g. very small cells 
due to strong local grid refinement or due to non-blended, sliced-off cells.} It is expected that no 
development work needs to be done here. 

3 Suggestions for future cooperation 

The existing computational methods for forging in the Eulerian formulation at MSC-EDC a.re not 
yet sufficiently well-developed for industrial applications. Fundamental research, mainly numerical 
ma.thematics research, still needs to be done. A possibility for MSC-EDC is to contract out such research 
to an institute as CWI (see Appendix for some general information on CWI}. A research project can be 
formulated, which is partially funded from a government program and which is still primarily directed 
towards the long-term company interests of MSC-EDC. 

Research can be carried out in CWI's group Industrial Ma.thematics. In this group, fundamental 
and applied research is done in the field of scientific computing for industrial applications. Recent 
applications include computational fluid dynamics, semi-conductor device simulation and parameter 
identification in chemical kinetics. Last ten years, the major part of the research concerned the de­
velopment of accurate and efficient numerical methods for computational fluid dynamics, in particular 
for aircraft aerodynamics. Beside in research, the group was active in scientific and industrial consul­
tancy, and in transferring software (developed in the group) to institutes and industries in- and outside 
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the Netherlands. Research on computational fluid dynamics led to three doctoral degrees (14, 23, 33], 
research on semi-conductor-device simulation to two [24, 25). The group has the following scientific 
staff: prof.dr. P.W. Hemker (group leader a.nd professor of Industrial Mathematics at the University of 
Amsterdam}, prof.dr.ir. P. Wesseling (advisor of the group and professor of Numerical Mathematics at 
the Delft University of Technology) and the author (senior researcher). Prof. Hemker can be active as 
supervising professor for doctoral degrees to be obtained in future research for and by SMC-EDC. 
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Appendix 

CWI - National Research Centre for Mathematics and Com­
puter Science 

Mission 

CWI is the research institute of the Foundation Mathematical Centre (SMC), a non-profit organi­
zation located in Amsterdam. The Foundation's mission - already laid down in its 1946 founding 
charter - is to foster frontier research in mathematics and computer science, as well as to transfer 
new knowledge in these fields to society in general and trade and industry in particular. 

Research 

Research at CWI focuses on fundamental aspects, both pure scientific and application-oriented. 
At the same time, much attention is paid to the applicability of results of fundamental research. 
Strategic considerations and applicability play an important role in the selection of new projects. 
In several projects there is cooperation with institutes for applied research like the Netherlands 
Organization for Applied Scientific Research (TNO), other technological institutes (ECN, NLR, 
WL, MARIN, ... ) and research laboratories in industry. 

Academic links 

CWI cherishes its wide range of links with the academic research community. A considerable number 
of young mathematicians and computer scientists have followed work on a doctoral thesis at CWI 
by winning a post in the academic or industrial sectors. Several senior CWI researchers hold part­
time professorships at Dutch universities. In their turn, universities are strongly represented in 
commissions advising on CWI's research policy. In addition, the SMC Foundation, of which CWI 
forms part, manages some eight national mathematical working parties at Dutch universities. 

Knowledge transfer 

Results of research carried out at CWI are published, presented at conferences and transferred in 
advanced short courses. Knowledge transfer also takes place through the exchange of scientific staff 
with universities, research institutes or industry. Contract research is considered an important form 
of knowledge transfer, in which interaction with society generates new research areas. 

Research programs 

CWI has a staff of about 180 fte, 50 of whom are seconded. Annually some 200 scientists spend 
some time at the institute. CWI's research program focuses on carefully selected topics, of which 
the following are of special interest. 

Mathematics: 

• Computer assisted mathematics (computer algebra, specific knowledge bases, systems for sym­
bolic computation, systems for finding information), 

• Biomathematics and Non-linear dynamics (models for infection, structured populations), 

• HPCN (computational fluid dynamics, ordinary differential equations, differential-algebraic 
equations), 
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• Research at the interface between optima.I control and computer science, combinatorics, queue­
ing and control theoretical aspects of computer and communication networks, 

• Computer intensive methods in stochastics (statistical analysis and modeling of digital images 
and spatial data). 

Computer science: 

• Multiple computing a.gents (theoretical foundations, autonomous learning systems, program­
ming methods), 

• Formal methods in software technology (programming environments, user interfaces, compiler 
genera.tion for pa.ra.llel machines), 

• Data. mining ((semi-)automatic searching for interrelations in large databases by applying 
integral database algorithms, learning systems, statistics and HPCN), 

• Multimedia. (integration of computer graphics, ima.ge reconstruction and pattern recognition), 

• HPCN (distributed programming environments, effective architectures for parallel database 
management systems). 

International relations 

CWI has extensive international contacts - formal and informal - and provides hospitality to many 
visitors from abroad. CWI participates in many European Union research projects and is a founding 
member of ERCIM, the European Research Consortium for Informatics and Mathematics. ERCil\.1: 
aims to promote research in information technology and applied mathematics on the European level, 
and to intensify contacts between research organizations and industry. Its current activities focus 
on active cooperation between researchers through joint workshops and conferences and jointly 
organized advanced courses. 

Finances 

A major pa.rt (about 703) ofSMC's funding comes from the Netherlands Organization for Scientific 
Research (NWO). The remaining 303 is obtained through national research programs, international 
programs (ESPRIT, RACE, BRITE, ... ) and contract research commissioned by industry. 

Infrastructure 

CWI has the disposal of an advanced computer network which is connected to national and inter­
national computer networks and has access to the national Cray supercomputer facility, as well as 
a massively parallel Parsytec computer. Furthermore, the institute possesses a first-rate library of 
international importance. 
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