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This chapter gives a selected overview of the current status
of supercomputing research in chemistry and chemlcal
englneering and places the research areas discussed In the
rest of the book In the context of current work.

The first ACS Symposlum volume on supercomputing was published In
1981 (1). That symposlum already Included mature applications of the
Cray-1 machlne, usually thought of as the flrst supercomputer. A more
recent supercomputer symposlum, the Second Internatlonal Conference
on Vector Processors In Computational Sclence, held at Oxford In August,
1984, 1s publlshed as Volume 37 In Computer Physles Communlcations.
In thelr Introductlon the edltors of the latter proceedings commented that
the most notable change in the fleld over the past few years had not been
new hardware but rather the sophisticatlon of the hardware and the matu-
rity of the user communlty. To a large extent that observation holds for
the 1984-87 perlod as well, especlally regarding the use of supercomputer
resources In chemlstry and chemlcal englneering.

Multlple processors have been wldely discussed as a tool for achleving
high compute speeds, but most of the progress on achleving higher com-
putatlon speeds for applicatlons has been achleved by better utlllzation of
the vectorization strategles that were already possible even in 1981. The
hardware avallable at the tlme of thls wrlting Is about a factor of two-to-
four faster, on a per processor basls, than that avallable on the original
Cray-1, and the fastest supercomputers have at most four processors.
Since most calculations are still run In the single-processor mode though,
we have achleved far less than an order of magnltude In effective top
speed In five years. Nevertheless many application flelds have advanced
to systems much more than flve times as demanding, not only because of
the Increases In user and software sophlsticatlon mentloned above, but
also because of algorithmlc advances and the avallabllity of a greater
number of supercomputers, allowing more processing hours to be devoted
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to speclfic applications and allowing utillzatlon of this kind of resource at a
greater number of sites. It Is unfortunately true though that this kind of
research 1s stlll severely underfunded, and thls accounts for the fact that
its potentlal Is still largely untapped.

Although the Increase In speed of supercomputers has not been
dramatic in the last flve years, there has been a very notable hardware
advance In the size of computer memorles. Whereas the 1-Megaword
memory of the Cray-1 was once consldered generous, the opportunitles
created by the Control Data Corporatlon Cyber 205, with 8 Megawords of
real memory and a huge virtual address space, and the Cray-2, with 256
Megawords of real memory, are much greater and these opportunities are
only very recently belng appreclated and explolted. Another advance that
1s rapldly becomlng more lmportant 1s networking. As users get accus-
tomed to taklng advantage of the best avallable hardware, software, and
databases In terms of what can be reached easlly by network, even If 1t Is
across the continent or the ocean, supercomputer capabllitles may be
expected to have very slgnificant effects on larger and larger areas of
chemlistry and englneering.

In keeplng with the above remarks on the relatlve lmportance over
the last few years of hardware advances versus utilizatlon and application-
mode advances, the present volume centers on the latter. The chapters
are arranged In terms of four underlylng sclentific subflelds. Flrst comes
the study of electronlc structure as based on the Schréedinger equation.
Next comes the study of equllibrlum systems, based on thermodynamlics
and equllibrium statlstical mechanics, Including also some aspects of quan-
tum mechanlcs, especlally with regard to quantized degrees of freedom
and spectra. The third application area consists of the study of kinetles
and dynamlcs, elther classical or quantal, but at the microscoplc level
where complications llke flow do not come 1n. Quastequllibrlum theorles
of rate processes, such as transltlon state theory, technlcally belong to
dynamics, but may also be consldered with equillbrlum propertles, since
the technlques are simllar. The fourth and final set of chapters deals with
complexities of flow and transport. In general the appllcations In the later
sectlons must Include at least some of those Involved in the earller ones;
thus In some sense the organizational principle Is one of increasing com-
plexity. For example, the study of dynamlics always presupposes some
knowledge of Interaction energles such as intermolecular forces and blnd-
Ing energles, and such knowledge may usually be traced back to quantum
mechanics, spectra, or propertles of equllibrlum systems. Simllarly many
problems Involving transport also Involve chemlcal reactlons and at a
detalled level all transport Is Intimately related to the mlcroscoplc atomle
and molecular dynamlcs. This kind of connection Is discussed at greater
length by Clementl and Lie (Chapter 14), and 1t comes more and more
into play In the large-scale simulatlons that are made posslble by super-
computers. This creates some clear problems In asslgning a few of the
chapters to one of the four sectlons of the book. Nevertheless we have
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made cholces, and In general a chapter Is assigned to the farthest down of
the sectlons to which 1t is dlirectly relevant.

As large-scale computatlons make thelr presence felt In more and
more areas of chemistry and chemlical englneerlng, and as the context of
these applications develops a signlficant history, It becomes Imposslble to
Include a comprehenslve discusslon In any one volume. Thus the present
set of chapters 1s more 1llustrative than complete. And although many of
the chapters contaln reasonably complete introductory remarks, the book
cannot serve to put whole subflelds Into focus. Thls Is all symptomatic of
a proceedings In a rapldly developlng fleld. In the rest of thls Introductlon
we try to complement the proceedings papers by discussing some of the
work In the book and a small subset of other Interesting and especlally
recent work In the fleld, with the goal of slightly broadening the context
In which the proceedings and the current status of supercomputer research
In these flelds 1s viewed. The topics will be dilscussed In terms of roughly
the same ordering scheme as used for arranging the toples In the book.

Electronlc Structure

In many respects materlals sclence 1s the branch of chemistry that has the
most obvlous opportunitles to galn from the supercomputer revolution.
Experlmental, emplrlcal knowledge of materlals Is difficult to organize
without theoretical understanding. For many materlal propertles such
understanding is In principle afforded by the analysis of accurate electronic
wavefunctlons and energles and In favorable cases unknown materlals
propertles can even be predlcted. But the calculations requlre enormous
computatlons even when they are feaslble, hence supercomputers are
requlred. An example In the present book Is afforded by calculations on
metal-contalning compounds (Chapter 2). Recent advances In methodol-
ogy have Improved the rellabllity of ab initio calculatlons on such systems.
New calculations glve Inslght Into the nature of the bonding and deflne
the two- and three-body parameters used for modelllng larger clusters.
Comparlson of ab initio and model results for Al clusters and Cu,gBe sug-
gests that composite materlals can also be modelled based on parameterl-
zatlon from the ab initio calculatlons. The theoretical calculatlons are
especlally useful for obtalning model Interactlons parameters for Interac-
tlons of unlike atoms. These are much harder than llke-atom Interactlons
to obtaln from experimental Information on bulk propertles, In particular
because they don't even occur In single-component metals. The theoretl-
cal studles Indicate that large clusters are requlred before the bulk struc-
ture becomes the most stable. The study of adsorbates on Be;; shows
that the chemlstry of clusters can be very different from the bulk as a
result of the cluster's Increased freedom to expand and dlstort. Thls leads
to Interesting insight Into the differences between bulk metalllc systems
and small metalllc clusters, which may be very actlve In catalysis but
which are hard to characterize experlmentally. The need for powerful
supercomputer resources becomes very evident when we consider the
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eventual necesslty to extend the theoretlcal studles of multicomponent
systems and clusters to Include vlbrational effects and nonzero tempera-
tures.

Another example from the fleld of materlals science Is provided by the
chapter (Chapter 5) on conducting polymers and materials with nonlinear
optlcal propertles. The potentlal understanding to be derlved from the
avallablllty of supercomputers for this research Is Immense. The materlals
under study are expected to play a critical role In the future development
of molecular electronic and optlcal devices for Informatlon storage and
communication. Large-scale ab initio simulatlons lead to detalled under-
standing of propertles which are hard to extract from experimental data or
from more approximate and less demanding calculations. The methods of
quantum chemlstry have reached a polnt where they constltute tools of
seml-quantitative accuracy and have significant predictlve value. Further
developments for quantitatlve accuracy are stlll needed for many purposes
though and wlll requlre the applicatlon of rellable methods for describlng
electron correlation In large systems. The need for supercomputer power
will be very acute for such correlated calculatlons.

Another area where electronlc structure calculatlons can have an enor-
mous Impact on Industrtal chemlstry Is the design of efficlent catalysts.
Very few catalytlc systems have been studled so far because of the large
computer tlme requlrement, which Is where supercomputers come In.
The most complete protostudy currently avallable In thls area 1s the
modelllng of the full catalytic cycle of olefin hydrogenation by Wiklinson
catalyst as calculated by Morokuma, Danle, and Koga with the ab #nitio
molecular orbltal method. Even though these authors committed about
200 hours of supercomputer time to the project they still had to make
several simplificatlons, such as replacing some phenyl groups by hydrogen,
neglecting solvent effects, and lgnorlng side reactlons. Clearly even more
resources are requlred to make the modelllng more reallstic, but already
these authors were able to determine the rate determining step, to predict
a possible Intermediate, and to llustrate where and why there Is a speclal
sensltlvity to cholce of ligand. This kind of calculation Is clearly very
stimulating.

One Important aspect of the supercomputer revolutlon that must be
emphasized I1s the hope that not only will 1t allow blgger calculations by
exlsting methods, but also that It will actually stimulate the development
of new approaches. A recent example of work along these lines Involves
the solutlon of the Hartree-Fock equatlons by numerical Integration in
momentum space rather than by expanslon In a basls set In coordlnate
space (2). Such calculatlons requlre too many floatlng point operatlons
and too much memory to be performed In a reasonable way on mlnlcom-
puters, but once they are begun on supercomputers they open up several
new llnes of thinkling.

Finally, we mentlon the very encouraging successes combining atomlc
natural orbitals and full CI calculatlons for small molecules (Almldf,
Bauschlicher, and Taylor). With thls method the slnglet-triplet splittings
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of CH, and SiH, have been computed to an accuracy of about 0.1
kecal/mol, and the dissoclatlon energles of CH and OH are within 0.03 eV
of experiment. The extenslon of these technlques to transitlon metals will
be very Interesting.

Equilibrium Propertles and Spectra

The rapld advances In electronic structure appllcatlons are causing the
fleld to be discussed under many new names, Such as computer-alded
molecular deslgn or computer-alded materlals design (both abbreviated
CAMD as a rather obvlous varlatlon on CAD/CAM). One especlally
promising subfield concerns the deslgn of bloactive molecular agents
(computer-aided macromolecular deslgn).

The Interactlon energles Important for blological systems are often the
weak nonbonding forces that govern such phenomena as conformatlonal
changes, tertlary structure of protelns, and the hydrophoblc Interactlon.
Because of the weakness of these Interactlons, the electronlc energy can-
not be constdered apart from such additional factors as the thermal energy
and entropy of the substrate and the solvent. Blochemlcal systems, belng
complex, clearly require large calculatlions. Once the posslbllity of these
calculations 1s opened up, however, Interesting approaches become avall-
able that lllustrate some extremely Important advantages of the computa-
tlonal mode of sclence over the experlmental, observatlonal mode. For
example, many researchers are very exclited about an approach to calculat-
ing free energy differences In which one of the compared systems Is incre-
mentally "mutated” Into the other; this kind of process Is clearly Impossi-
ble In the laboratory, but of course we can nevertheless learn a lot from 1t
theoretically. This technlque, whose recent developments are due to Jor-
gensen and McCammon and thelr coworkers, Is belng applled to the bind-
ing constants of drugs to macromolecular receptors, the effects of site-
speclfic mutation on enzyme catalysls, and solvent effects (3). Thls tech-
nlque is discussed further In the chapter by Berendsen (Chapter 7), who
has applied 1t to the binding of enzyme Inhlbltors to enzymes.

Another blochemical example (Chapter 8) Involves the conforma-
tlonal exploratlon of an octapeptide with the alm thereby to develop a
breast cancer vacclne. Other work by the same author, In this case on the
41-mer of a tetrapeptide, leads to constructlve suggestions for a malarlal
vaccine. It Is of course very encouraglng to see these. humanltarian appll-
catlons of supercomputers. Ratlonal drug deslgn and proteln englneering
are clearly flelds In which molecular mechanlcs and conformational
analysls combined with Interactlive computer graphles and molecular
dynamlcs have exclting opportunltles to lead to progress. Even though
the flelds are young, the status of computer-alded drug (and vacclne)
deslgn Is very greatly advanced compared to lts status when an ACS Sym-
postum Serles volume (4) appeared on thls subject In 1979; that volume
may be consulted for a snapshot of this very actlve fleld Just before the
avallablllty of supercomputers.
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Most common approaches to simulations, whether blochemical or oth-
erwise, rely on some varlant of the Monte Carlo method. In general a
Monte Carlo method Is a way to compute a quantity by Interpreting 1t as
the average of a random sample, usually a computer-generated one. The
method was ploneered for the study of small systems and Is stlll very use-
ful for such systems. For example, one of the poster papers at the Sym-
poslum concerned vectorlzatlon strategles for binary colllslons of Ar with
CO and He with CH,CN (5). The Monte Carlo method becomes more
Important, however, for large, complex systems with many degrees of
freedom, for which 1t may be the only practical slmulation technique.
Since these systems are often treated classlcally, a varlant of the Monte
Carlo method In which the classical equations of motlon are used to gen-
erate the ensemble, Is often used; this 1s called molecular dynamlics.
Monte Carlo calculations may requlre enormous amounts of computer
time, taxing any concelvable computer system. The Monte Carlo method
yields Impreclse estimators wlth a varlance that may be reduced by
increasilng the slze of the sample set. Because the samples may be
uncorrelated, Monte Carlo methods are well sulted to the next generation
of highly parallel computers. A challenge to theorlsts will be to Include
quantum effects where required so as not to rely on large classlcal simula-
tlons Just because they can flnally be carrled out. Several groups are now
working on large-scale quantum simulations. For example, In one study
(8), an excess electron In a sample of 300 water molecules at room tem-
perature was slmulated by path Integral technlques Involving up to 1000~
point discretizatlons of the electron path. The highly quantum nature of
thls system 1s obvlous from the small mass of the electron, which has a
thermal free-particle deBroglle wavelength of about 17 A .

A repeated theme In dlscusslons of supercomputer simulatlons 1s that
they allow us to ask and answer questions that cannot be asked experl-
mentally, especlally questlons about detalls and about the "why” of varlous
processes. (This same note was struck In the discussion above of elec-
tronlc properties of materials.) One striking example of this kind of extra
detall was provided by a recent classlcal dynamlcal simulation of DNA
counterlon motlons In aqueous salt solutlons (7). This simulation
required calculatlng the sequence of counterlon positlons on a very flne
time grld, while the total time involved In determining the simulated
experimental observable, which was an NMR slgnal, 1s very long. Each
step requlres the calculatlon of roughly 10,000 Interactlons among the
charged atoms of the polymer and the small lons. The calculation
required about 40 hours of computer time on the Minnesota Supercom-
puter Center Cray-2 computer. Without supercomputers the slmulation
would have been completely Infeaslble. Clement! and Lle (Chapter 14)
have also consldered the counterlon structure near DNA, and have con-
sldered the tlme scale questlon of how long do water molecules near
DNA retaln thelr llquld structure as compared to the tlme scale for those
far away; thls Is clearly another questlon that would be hard to answer by
experiment.
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Levy (Chapter 6) has also explored the use of supercomputers to
study detalled propertles of blological macromolecule that are only
{ndirectly accesslble to experlment, with partlcular emphasls on solvent
effects and on the Interplay between computer simulations and experl-
mental technlques such as NMR, X-ray structures, and vibratlonal spectra.
The chapter by Jorgensen (Chapter 12) summarizes recent work on the
kinetlics of simple reactlons In solutlons. This kind of calculatlon provides
examples of how slmulations can address questlons that are hard to
address experimentally. For example Jorgensen’s silmulatlons predlcted
the existence of an Intermediate for the reactlon of chlorlde lon with
methyl chloride in DMF which had not been antlclpated experimentally,
and they Indlcate that the weaker solvatlon of the transition state as com-
pared to reactants for this reactlon in aqueous solutlon is not due to a
decrease In the number of hydrogen bonds, but rather due to a weakening
of the hydrogen bonds.

Supercomputers become more and more useful, and the Insights they
can generate become more and more unlque, as the complexity of the
system modelled 1s Increased. Thus Interfaclal phenomena are a very
natural field for supercomputation. In addition to the examples In thls
volume 1t may be useful to mention the work of Linse on llquid-llquld
benzene-water Interfaces, which he studled with 504 H,O molecules, 144
CgHg molecules, and 3700 Interaction sites. He generated over 50 million
conflguratlons In 56 hours on a Cray-1A, and he was able to quantitattvely
assess the sharpness of the Interfaclal density gradlent, which Is very hard
to probe experimentally, Simllarly Spohr and Helnzinger have studled
orlentatlonal polarlzation of H,O molecules at a metalllc Interface, which
Is also hard to probe experimentally.

Mlcroscople Dynamles

The present volume contains only one chapter (Chapter 11) on small-
molecule gas-phase dynamlics. In thls fleld the role of the supercomputer
1s diverse, but perhaps the most critical area s allowlng essentlally exact
quantal dynamlics to be carrled out for previously Intractable systems. A
recent example s the essentlally exact calculation of the reactlon thres-
hold for D atoms reacting with vibratlonally exclted H, (8). The same
research group has completed the first numerlcally converged solutlons of
the Schrdedinger for reactlon probabilitles In a system with an atom
heavier than an Isotope of H, In particular 0 + H, — OH + H. Both cal-
culatlons were carrled out with a new basls-set approach that specifically
takes advantage of the large memory and high vector speed of the Cray-2.
Another new computational approach to small-molecule dynamlcs that Is
stimulated In part by the avallabllity of fast vector machlnes 1s based on
the computation of quantal propagators with very large basls sets by recur-
sive transformation of a large sparse Hamlitonlan matrix into a much
smaller trldlagonal one; a recent appllcatlon 1s to tlme-dependent energy
deposition 1n a molecule by a laser (9). Abraham (10) has provided an
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excellent revlew of recent simulatlons on two-dimenslonal condensation
and meltlng at surfaces and In thin fllms. HIis review also provides some
relevant background reading for the chapter In the present volume by Gll-
mer and Grabow (Chapter 13). This revlew also contalns an exelting
chapter sectlon entitled "super problems for super computers” (sic), In
which the author discusses some of the very large computational problems
that still defy attack.

We have already mentloned the application of supercomputers to
blochemlcal simulatlons. Internal dynamlcs may play an Important role In
such simulations. An example would be enzyme blnding-site fluctuations
that modulate reactlvity or the dynamlcs of antigen-antlbody assoclatlon
(11). In the specific case of dlffuslon-controlled processes, molecular
recognitlon may occur because of long-range sterlc effects which are hard
to assess without very expenslve simulations (12).

In additlon to the already mentloned Insights into materlals propertles
obtalned through electronlc structure ecalculations, materlals sclence has
much to galn from supercomputer simulations of microscoplc and macros-
coplc elements of materlals processing. Mlcroelectronle components, optl-
cal devices (solld state lasers and detectors), optical fibers and high per-
formance ceramlcs are artificlally mlcrostructured materials made by care-
fully controlled nucleatlon, solldlficatlon, depositlon, and etching pro-
cedures. Since the performance of the materlals strongly depends on the
degree of crystalline perfectlon and the nature of the Interface, a milcros-
cople understanding of the atomlc scale growth and etchlng processes 1Is
essentlal. Direct molecular dynamle simulatlons of crystal growth from
the vapor are discussed by Gllmer and Grabow (Chapter 13). The
difficulty In this procedure Is the large amount of computation required to
obtaln the atomlc tralectorles and the large number of atoms required
because of the very slow growth rates. Present computation power may
not be sufficlent for a direct slmulation of molecular beam epltaxy of an
elemental semlconductor (e.g. S1) and 1t mlts studles of the many funda-
mental problems of Interface formatjon and growth found In molecular
beam epltaxy of compound semlconductor structures (e.g. AlGaAs/
GaAs). Because of the small correlation between samples In molecular
dynamlc simulatlons of crystal growth, thls application seems well sulted
for new, speclal purpose, highly parallel computers.

Metal-hydrogen systems and superlonic conductors are examples of
other solld systems of great technologlcal Importance on which progress
has been hampered by the lnabllity to make realistic enough slmulations.
The reader Is directed to recent work by Glllan and Catlow and thelr
coworkers for recent progress In studylng these kinds of systems.

Supercomputers can be dlrected to the study of technlques as well as
materlals and processes. For example, one can slmulate neutron scatter-
Ing experlments with the goal of elucldating the effects of approx!mations
usually made In “standard” treatments of the experlmental data.

The understanding of fluld flow Is one the areas where supercomput
Ing has already had a significant Impact. General fluld mechanles falls
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outslde the scope of thls volume, but applications of fluld mechanles to
chemlcal problems are characteristlc of the chapters grouped under the
transport headlng. As an Interesting transltlon between the mlcroscopic
dynamlcs and macroscople transport chapters, Clement! and Lle (Chapter
14) descrlbe the simulation of a macroscoplc fluld low example In terms
of constlituent molecular motlons. Another example of molecular slmula-
tion of flulds concerns transport and fluld propertles In microporous medla
as discussed by Davls et ¢l (Chapter 15). Because of the molecular or
nanometer dimenslons Involved In these systems, experimental characterl-
zation 1s dificult, Moreover, flulds can be strongly Inhomogeneous In the
conflned pore space so that the usual macroscopic theories of fluld struc-
ture and transport may not be applicable. Thus, supercomputer slmula-
tlons become an important tool for understanding fluld structure and tran-
sport In microporous media as well as for developlng approprlate theorles
sultable for analyzing related macroscoplec phenomena, such as processes
Involving porous catalysts (e.g. hydrodesulfurization), lubricatlon and
wetting, drylng of paper products and clay dlsperslons, and enhanced oll
recovery. The study of these practical problems are also natural areas for
supercomputer research which will be dlscussed In the subsequent sectlon.
Transport Processes

Macroscople analysis of complex chemlcal processes, including materlals
processing, requires numerical solutlon of the equatlons for local conser-
vation of momentum, energy, mass, and chemlcal specles on Irregular
domalns and often with free boundarles. In thelr general form, the equa-
tlons are nonllnear partial differential equations In space and time, where
the nonlinearitles are Introduced by the constitutlve equatlons for fluxes
(e.g. multicomponent diffuslon, non-Newtonian flow), reactlon rates, con-
vectlve coupling between flow and mass/energy transport, and the depen-
dence of boundary shapes on fleld variables. These nonlinear Interactlons
severely complicate the numerlcal solution of the conservation equations
by causing transitions In the solutlon structure, including multiple solu-
tlons, spatlally and temporally perlodlc solutions, and even chaotic
phenomena. Other complications are caused by multiple length and time
scales. Length scales different than those characteristlc of the domaln
arlse from the nature of the problem; for example, In the case of a cata-
lytic reactor the actlve material may be 5 nm metal crystals Imbedded In 2
5 mm porous particle stacked among thousands of particles In a 0.50 m
dlameter tube. In additlon, different length scales arlse as a result of
boundary and Internal layers caused by rapid changes 1n the fleld varlables
near solld boundarles, Interfaces, and reactlon fronts. For example, the
flame front In a combustlon system may be a few mm wlde while the
characteristic dimension of the system lIs In order of meters. Multlple
time scales originate from the mixing of transport processes and reactlon
Klnetics, which have order-of-magnltude differences In thelr time scales,
and they lead to stiff Integratlon problems that can tax or even exceed the
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capabllitles of current supercomputer hardware. Ortega and Volgt (13)
revlew numerlcal methods for partial differentlal equatlons on supercom-
puters along with a brlef description of appllicatlons to fluld dynamlcs,
reservolr simulation, and weather prediction. They speclfically discuss the
influence of parallel and vector computing on algorithm design and selec-
tlon.

The nonlinear nature of detalled models of complex chemlcal pro-
cesses Is a central Issue In thelr solutlon and one that contrlbutes heavily
to computational demands. If the nonlinearitles are strong enough it may
be essentlally Imposslble to find a solutlon for a partlcular set of parame-
ters from a slmple Initlal guess. In such cases the solution must be found
by connecting 1t by homotopy to a known solution of the same set of
equatlons but with a different set of parameters or perhaps a solution to a
simpler, but analogous problem. The procedure Involves followlng the
solution famlly for varying parameters and It s commonly referred to as
continuation. Thus, even though a single calculation perhaps could be car-
rled out on a VAXS8600 In a few hours, the large number of calculatlons
involved In reaching the desired solutlon by contlnuatlon necessltates
supercomputing. Furthermore, because the nonlinearities lead to non-
uniqueness of the steady state and a multltude of perlodlc phenomena, it
1s necessary to understand the structure of solutlon space, which agaln
means tracking solution familles for varylng parameters by uslng speclal-
1zed continuation technlques (13- 18). If the stability of the solution 1s
also of Interest, the elgenvalues of the linearized problem must be deter-
mined. For large-scale systems this requires extensive supercomputer cal-
culatlons and many problems still defy attack.

The nonlinear behavior of physicochemical systems 1s brought up In
several of the application examples In this volume. Brown et al. (Chapter
17) conslder the evolutlon of cellular microstructures durlng dlrectlonal
solidificatlon, which Is a nonlinear free-surface problem. Jensen et al.
(Chapter 19) descrlbe nonlinear flow transltlons adversely affecting the
growth of compound semiconductor superlattices by organometalllc chem-
lcal vapor deposltion, whlle Smooke addresses a flame extinctlon problem
(Chapter 20). Both sets of Investigators use an arclength contlnuatlon
technlque due to Keller (14). Kevrekldls (Chapter 16) speclfically
addresses computational Issues In the analysls of complex dynamlcs that
cannot be understood through local stablility conslderations. Because of
the nature of the Instabllitles underlylng the dynamlc phenomena, 1t is
extremely difficult, If not impossible, to extract an understanding of the
transitlons between the varlous perlodic behaviors through simple simula-
tlons of the physical experlments. Two I1llustrative examples based on
flame front and thermal convection descriptions are presented.

In the remalning parts of this Introductory chapter we return to dlscus-
slon of specific applicatlons of supercomputing -- starting with materlals
growth and proceeding through Increasingly complex physlcochemlcal sys-
tems. One of the application areas where large-scale slmulatlons have
already had an Impact on understanding Is the process of crystal growth
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from the melt including morphological solidification phenomena. The
latter Is a classlcal problem and Is addressed by Brown et al. (Chapter 17),
who use large scale numerlical finlte element soluttons of two-dimenslonal
models to study pattern selectlon of the solldification front. Central Issues
In this fundamental problem Include the cell shape, the apparent
wavelength for the crystalllzatlon front, and the evolutlon to dendritie
growth with slde branches. The simulatlons provide slgnificant new
Insight Into the morphologlcal stabllity phenomena. However, to address
the central question of whether the observed dynamles are determinlstic
or a "snapshot” of a stochastic behavior would requlre the next generatlon
of supercomputers.

The growth of the thin fiims from the gas phase by chemlcal vapor
deposition (CVD) Involves a complex mixture of homogeneous reactions,
surface reactlons, fluld flow, heat transfer, and mass transfer that Is
difficult to understand without a comprehensive model of the process.
The work of Kee, Coltrln, and coworkers (17, Chapter 18) represents a
slgnificant effort to Include detalled kinetic models In CVD reactor simula-
tlons analogous to what has been done In combustlon modelllng. By
using sensitlvity analysis they derlved a mechanism of 20 reactlons from a
detalled pyrolysls mechanism for SIH, Involving 120 elementary reactions.
Thelr simulatlons demonstrated the lmportance of Including detalled
descriptlons of homogeneous and heterogeneous reactions In CVD reactor
models and they compared well to specles measurements by laser spec-
troscopy (18). This type work can only be reallzed by the use of super-
computers. In addltlon to treating S! deposition, the authors’ contribution
to the present volume (Chapter 18) also addresses the Implementation of
large-scale models of physlcochemlcal processes, e.g. the computation
and organization of thermodynamlc quantitles, transport coefleclents, and
rate constants. Thls Is an Issue that transcends CVD analysls to slmula-
tlon of other complex chemlcally reacting systems.

Jensen et al. (Chapter 19) focus on two- and three-dimenslonal tran-
sport phenomena as well as translent behavlor In the growth of thin films
and superlattices of compound semiconductors (e.g. GaAs/AlGaAs). Pre-
vious CVD models have been based on simplifled transport descriptions
unable to provide a complete enough plcture of spatlal and temporal varia-
tlons In the depositlon rate. However, accurate control of the deposltion
rate 1s essentlal to the further development of advanced optoelectronlie
and microelectronlc devices. Because of the complex gas flows In Irregu-
lar domalns, supercomputing Is necessary to slmulate the process models.
Further analysls will have to conslder translent, three-dimenslonal react-
ing flow phenomena which will severely tax, and In some cases exceed,
the capabllities of current supercomputer hardware. There are many other
opportunities for supercomputer applications In materlals processing In
addltlon to the crystal growth studles In this volume. For example plasma
and laser processing (19,20) could galn conslderably from studies of
detalled process models. The goal of modelllng materlals processing
should be the theoretical understanding and, eventually, quantlitative
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predlctlon of the relatlonship between macroscoplc processing condltlons
and the mlcrostructure of the matertals, which governs the mechanlcal,
optical, and electrical properties.

Combustlon of gaseous and solld fuels 1s another appllcatlon area that
has much to galn from large-scale slmulatlons of detalled processes
models. The Issues are simllar to those In CVD, but complicated by large
energy releases and multlphase flows. The questlons related to the organ-
izatlon of the database of rate constants, transport coefliclents, and ther-
modynamic quantltles are essentlally the same as In CVD modelllng. In
fact, the aforementloned work by Kee et al. (Chapter 18) benefits from
thelr extenslve experience In combustlon modelling. Large-scale compu-
tatlonal analysls of combustlon Involves several critlcal elements Including
the chemlistry code, the fluld flow treatment, and the resolution of sharp
flame fronts. The latter Issue, which Is part of the general problem of
differing length scales In detalled process models, poses slgnlficant chal-
lenges to numerical procedures. The size of large-scale physlcochemlcal
problems combined with the need to accurately resolve local structures
(e.g. a flame front) necessltates the use of dynamlc, self-adaptlve, local
grid modifications. Uniform griding on the basls of the length scale of the
local phenomenon would lead to finite element/finlte difference discretlza-
tlons with a huge number of equatlons whose solutlon would be prohibl-
tively expenslve on even the largest supercomputers. Therefore, adaptive
griding is a rapidly evolving area In numerical analysls for large-scale
models. Two examples from gaseous and solld fuel combustion model-
ling are included In the present volume (Chapters 20 and 21). A recent
survey by Babuska et al. (21) shows the princlipal directlons of work adap-
tive griding technlques.

Atmospheric chemlstry modelllng to predict the effect of pollutants
(Intentionally or unintentlonally released) on the environment is a natural
application for supercomputing. The problem Involves a large number of
reactlons among hydrocarbons, fluorocarbons, nitrogen compounds, and
sulfur compounds In sunlight (22,23). In additlon, these reactlons have
rate constants that differ by as much as 14 orders of magnltude. Slmula-
tlons of the transport processes In the atmosphere requlre three-
dimenstonal fluld flow simulatlons with very large grids and many tran-
sporting constlituents. Furthermore, aerosol particle nucleatlon and
growth play Important roles In the overall behavior. Supercomputer stmu-
latlons of atmospherle chemlstry not only Increase the sclentific under-
standlng of such complex systems but also provlde a tool for regulatory
agencles to study effects of exlsting and proposed pollutant emlssion stan-
dards.

There are several other applicatlons where signlficant galns could be
made through the use of supercomputer slmulations of detalled physlcal
models. Reservolr slmulatlons was one of the first areas where the value
of supercomputing was recognlzed by Industrial companles. It Is only pos-
slble to measure a few properties of Interest to enhanced oll recovery.
Furthermore, fleld tests are extremely expenslve, and the monetary
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declslons Involved In the cholce of methods for driving the oll out of a
particular reservolr can equal or perhaps even excced the cost of super-
computer hardware. Thus, supercomputer slmulatlons become a more
cost effectlve method than fleld experlments (25). Chemlcal plant deslgn
Is another area that could benefit from the use of supercomputers. A
large chemlcal plant Involves many different unlts including separation,
reactors and heat exchangers, which are Interconnected. Some of the
unlts may requlre the same detailed modelllng as the above mentloned
appllcatlons. Therefore the plant model wlill Involve large numbers of
Interconnected equatlons offering conslderable challenges to supercomput~
ing (26). The large-scale plant slmulations could serve design, optimlza-
tlon, and control purposes.

Concluslons

Many significant applications of supercomputing In chemlstry and cheml-
cal englneering are emerging as facllitles for large-scale computatlons
become more and more accesslble. The present volume Intends to lllus-
trate recent advances and appllcations, but already the fleld I1s so broad
that no single volume can put all the subfields into perspective. The pur-
pose of combining chemistry and chemlcal englneerlng appllcations in a
single symposium was to emphaslze thelr strong relationships, and we
hope that these relatlonshlps will be further strengthened by contlnulng
Interactlons between these flelds.
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