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1997 Summer Undergraduate Intern Program
This June, students from around the country arrived at the University of Minnesota Supercomputing 
Institute to begin 10-week summer internships in biophysical computing and computational dynamics. 
The twelve interns, who were selected from a pool of 143 applicants, work closely with University of 
Minnesota faculty members on various research projects. During the summer, interns work full-time, 
immersing themselves in high-performance computing research as it relates to their fields of interest.

The internship program, which is in its seventh year, is sponsored by the Institute and the National 
Science Foundation's Research Experiences for Undergraduates program.

Intern Projects

Chris Hart, a junior from Siena College in Loudonville, N.Y., is a mathematics major working with 
Professor William Gleason in the Department of Laboratory Medicine and Pathology. Hart is working 
on homology modeling studies of the GLUT-1 glucose transport system. He is helping to investigate 
two proposed structural models for this important transport system. The first is a classical membrane-
spanning helix arrangement, and the second involves a beta-sheet configuration. Understanding such 
systems is important for designing drugs that may cross the blood/brain barrier.

Ben Anderson, a junior from Gustavus Adolphus College in St. Peter, Minn., is a computer science 
major working with Professor William Gleason. Anderson's project is directed at understanding how 
sulfated and sulfonated materials interact with proteins. One application of this research is in 
understanding anticoagulant activities of heparin. Numerous other important physiological events, such 
as neurite outgrowth, wound healing, and tumor metastasis involve the interaction of sulfated 
carbohydrate derivatives with proteins. Some promising AIDS drugs, also, are sulfonated materials. 
Anderson is helping investigate the molecular mechanism for these diverse activities, with the aim of 
determining how to model them.

Elijah Newren, a University of Utah junior, is a mathematics and computer science major who is 
working with Professor David Thomas in the Department of Biochemistry (Medical School). Newren is 
receiving training in large-scale computing with the Cray C90 computer, including programming, 
communications, data analysis, and graphics. His project is to examine the molecular (protein) motions 
that produce force in muscle contraction and that can be detected by spectroscopic probes. Analysis of 
this data requires the simulation of the spectroscopy experiment by solving numerically (and 
iteratively) a large system of differential equations.

Andrew Howard, a Massachusetts Institute of Technology junior, is a physics major working with 



Professor J. Woods Halley in the Department of Physics and Astronomy. His project is to examine the 
scattering of atoms from very dilute Bose-condensed gases. Howard is helping to calculate the 
scattering rate of atoms in order to analyze the expected results of a new kind of experiment on the 
recently discovered Bose-condensed alkali gas.

Matt Anderson and Eric Johnson are both working on a project with Professor George Wilcox of the 
Department of Pharmacology. Anderson, a computer science major, is a junior from Gustavus 
Adolphus College in St. Peter, Minn. Johnson, a biology and computer science major, is a junior from 
Augsburg College in Minneapolis, Minn. The two are working on simulation and graphic visualization 
of a realistic neuronal model, using both vector (Cray C90) and parallel supercomputers (Cray T3E). 
Models of both individual and interconnected neurons will provide an unprecedented level of structural 
and functional detail and complexity. The group is extending previous modeling efforts by other 
researchers by breaking each neuron into smaller membrane elements and by including active, 
nonlinear conductances and long-term biochemical processes in the model.

Jeffrey Chu, a Boston University freshman, is a biomedical engineering major working with Professor 
Edward Egelman in the Department of Cell Biology and Neuroanatomy. Chu is using three-
dimensional reconstructions from electron micrographs to understand molecular motions in protein 
polymers. The Egelman laboratory has been concentrating on two biologically important protein 
polymers-actin and RecA. The research is generating a wealth of structural information that is 
advancing the understanding of the function of these molecular assemblies.

Brian Zaugg, a senior from Brigham Young University in Provo, Utah, is a computer science major 
working with Professor Leonard Banaszak of the Department of Biochemistry (Medical School). He is 
working on computer-assisted interpretation of X-ray diffraction data in protein crystallography. 
Proteins are biological macromolecules containing thousands of atoms. Their biological function-or 
sometimes malfunction-is determined by their three-dimensional structure. Therefore, protein structural 
data is important to all aspects of molecular biology, especially the area of computer-assisted drug 
design.

Dana Goodman, a University of Minnesota junior, is a mathematics major working with Professor 
David Yuen of the Department of Geology and Geophysics. She is working on determining the fractal 
dimensions of deformed line boundaries in turbulent convection. She is calculating fractal dimension as 
a function of time for the deformed boundaries. This will yield valuable information concerning the 
style of mixing in thermal convection with complicated rheologies.

Darrell Hurt, a Brigham Young University junior, is a chemistry major working with Professor Donald 
Truhlar of the Department of Chemistry and visiting research associate Professor Laura Coitiño. The 
group is developing new computational chemistry software for direct dynamics calculations. Their goal 
is to develop an interface between the GAUSSIAN and POLYRATE programs that will allow 
researchers to include electron correlation effects in a localized part of a large reactant molecule at all 
points along a reaction path. This will allow the determination of variational transition states and 
multidimensional tunneling probabilities more accurately than in conventional methods.

Jason Lang, a University of Minnesota junior, is a chemical engineering major working with 
Professors Donald Truhlar and Christopher Cramer, of the Department of Chemistry. Lang is using a 
self-consistent-field semiempirical solvation model to calculate the free energies of carbazoles and 
betacarbolines in aqueous solution and 1-octanol. The solvent 1-octanol is often used as a biomimic for 
cell membranes in rational drug design, and the partitioning behavior of organic molecules between the 
aqueous phase and a 1-octanol phase correlates well with the bioavailability of drug molecules. A long-
term goal of this work is to design specific reaction parameters that allow computer modeling to predict 
the potential efficacy of potential drug molecules without the molecule ever having been made.



Joseph Danzer, a junior from Harvey Mudd College in Claremont, California, is a chemistry major 
working with Professors Truhlar and Cramer. Danzer is using quantum mechanical molecular orbital 
theory to study the conformations of the sugar molecule, glucose. He is using a combination of high-
level ab initio calculations for the gas-phase structures and the SM5 solvation model for the effect of 
the aqueous environment. He is studying both equilibrium structures and the saddle points connecting 
them, and the results will serve as benchmarks against which simpler models applicable to larger sugar 
molecules can be tested.

Students who are interested in applying for next summer's internship program should check our website 
for upcoming application deadlines: http://www2.msi.umn.edu/Programs/uip/uip.html. 

Rational Drug Design Workshop On April 7–11, 1997, the University of 
Minnesota’s Institute for Mathematics and its Applications and the Supercomputing Institute sponsored 
a Workshop on Mathematical and Computational Issues in Rational Drug Design. Held on the 
Minneapolis campus, the workshop attracted over 100 participants from the University and industrial 
settings. One of the hottest topics was the combinatorial library approach to lead discovery and 
refinement, which has dramatically changed the nature of the way that computational chemists at 
pharmaceutical companies think about drug development. 

Colin McMartin of Thistlesoft Inc. in Morris Township, N.J. estimated that the number of potential 
molecules to be considered in searching for a new drug is 10400, although there was also some 
discussion of whether this number might be as small as 1060. For purposes of discussion, this 
difference of 340 orders of magnitude is not important since, with either number, it’s clear that it is 
impossible to synthesize even one percent of these compounds, let alone measure their properties. 
Many of the talks at the workshop focused on the question of whether computation can come to the 
rescue. Clearly, the kind of performance that is required can only be powered by new algorithms, and 
this was a prominent topic of the workshop.

The field is moving experimentally toward the development of thoughtfully created libraries, rather 
than simply the largest possible libraries. The library should be representative of the chemical 
functionalities and molecular shapes that are most likely to succeed. Robots make the molecules and 
then carry out high-throughput assays of their bioactivity. This raises challenging problems in sampling 
strategy. When the sampling is necessarily thin, researchers want to maximize the effectiveness of a 
search by making the sampled space as diverse as possible. But how is diversity measured in a 
nonhomogeneous space of many dimensions? Even if we agree on a measure of diversity, how densely 
must we sample? Then, once a sample is selected, it must be scored. The goal here is to use 
computations (which are in principle quantum mechanical, but are more often—in 1997—based on 
classical approximations) to assign a figure of merit to each molecule which somehow quantifies the 
probability that it will be a useful lead compound (a high-activity compound whose properties can 
perhaps be refined to make a fully suitable drug). This puts a new demand on computations: how many 
molecules can be scored overnight? While chemists call the mathematical techniques involved in this 
last step modeling, the techniques are pervasive and go by different names in different fields—for 
example, economists and climatologists call models “forecasts,” and in other fields, modeling is called 
“machine learning.”
In “conventional” drug design, researchers experimentally assay various synthesized potential drugs for 
biological activity. With computational assays, however, the assay can, in principle, occur prior to 
synthesis—i.e., one can assay virtual libraries to prioritize the possibilities for synthesis. In many cases, 
the assay consists of estimating (“modeling”) bioactivity on the basis of theoretical “descriptors.” Such 
a descriptor might be a quantitative measure of some aspect of the molecule’s 3-D geometry, or it might 



be a predicted chemical property, such as free energy of solvation in some medium. A crucial issue with 
computational assays is how rapidly we can calculate these descriptors, and which ones correlate best 
with biological activity. This raises numerous questions in quantitative structure–activity relationships 
(QSARs), such as how we discover and quantify such relationships.

Most drugs work by binding to a specific site, called a receptor, on a protein. A central problem is to 
find molecules (called ligands in this context) with high binding affinity. The workshop’s first speaker, 
Garland Marshall of Washington University in St. Louis, presented a stimulating overview of QSAR 
methods that account for the full 3-D structure of the ligand. A number of specific real-life examples 
were presented, and their complexity led Garland to pronounce that “Mother Nature never shaved with 
Occam’s Razor.” A critical issue raised by Marshall is that the internal energy of a typical bound ligand 
is about 4–5 kcal/mol higher than the lowest energy structure of the free ligand. Marshall’s final 
examples demonstrated impressive successes using neural nets to obtain QSARs with 3-D descriptors 
based on properties calculated from an energy-minimized complex.

Peter Willett of the University of Sheffield, England explained the use of group theoretical tools, 
especially maximal common subgraph isomorphism, for substructure searching in chemical databases. 
The problem is NP complete, but clever use of chemical “screens” allows progress to be made—
another example of how individual chemical or mathematical techniques are not nearly as powerful as 
a combination of techniques. Joe Eyermann of Dupont Merck discussed procedures for extracting ring 
scaffolds and their substitution patterns from a molecular graph. 

W. Graham Richards of Oxford University in England presented an original approach to another 
mathematical question: how well can two-dimensional representations simulate a three-dimensional 
ligand-receptor problem? He found a 2-D structure by minimizing the difference between the distance 
matrix (the matrix of distances between all pairs of atoms) of a 2-D structure and that of the 3-D 
structure. Then he applied techniques developed for optical character recognition to work with the 2-D 
structures. This work was motivated by the combinatorial library revolution mentioned above, in 
particular by the need to rapidly calculate the similarity between all pairs of a library of thousands of 
molecules. Clearly there are major opportunities for biopolymer modeling to take advantage of exciting 
developments in data compression for speech and images. 
Richards also raised another issue: the new millennium problem of chemoinformatics. Succinctly put, 
high-throughput robotic screening can generate data on 107 molecules per year. How, then, should we 
mine this data?

Doug Rohrer of Pharmacia & Upjohn summarized that company’s approach to similarity analysis, 
which emphasizes electrostatics and geometry (steric interactions). Jie Liang from Clare Woodward’s 
research group at the University of Minnesota presented analytic methods for computing molecular 
shapes. 
David Doherty of Minnesota Supercomputer Center Inc. presented a discussion of cooperativity and 
raised the questions of cooperativity and nonlinearity effects in drug diffusion though cell membranes.
Bill Dunn of the University of Illinois at Chicago discussed the issue of variable selection (which 
descriptors to use) when modeling the binding of flexible ligands.

Chris Cramer of the University of Minnesota discussed solvation energy models which he developed at 
the University along with MSI Fellow and Director Donald G. Truhlar, Army High Performance 
Computing Research Center and National Science Foundation postdoctoral associate Candee 
Chambers, Kodak Fellow David J. Giesen, and National Institute of Standards and Technology 
graduate research assistant Gregory D. Hawkins. Chris summarized the group’s approach to solvation 



theory in three axioms: (1) replace the solvent with a field, thereby reducing the number of degrees of 
freedom (2) the field is intrinsically approximate, so it is best not to get too caught up in theoretical 
rigor (3) don’t neglect short-range effects; electrostatics are not the whole story.

Colin McMartin emphasized that not only are there 1060–10400 potential drug molecules, but also, in a 
typical application, 1027 of these may well bind to the receptor of interest. This astoundingly large 
number still represents a needle in the haystack of total possibilities, and the question arises of how to 
explore the space. McMartin discussed his QXP (Quick Explore) program and its “lazymouse” 
interface. He raised an interesting software design issue in which the goal is not to minimize the 
number of arithmetic operations in a background calculation but rather to minimize the number of 
mouse clicks required to visualize a large data base. This strategy takes into account the practical 
reality that the human being who sits in front of the screen has a finite amount of patience.

Regine Bohacek of Ariad Pharmaceuticals in Cambridge, Mass. discussed her GROMOL program for 
“growing” ligands (the “key”) in the receptor site (the “lock”). This is a technique for designing 
combinatorial libraries when the receptor structure is known, and she presented a stunningly successful 
case study of its use.
Ken Dill of the University of California at San Francisco examined the validity of three basic premises 
in computational biology modeling: continuum media, additivity assumptions, and independence 
assumptions. These assumptions are deeply ingrained in chemical thinking, but Dill presented evidence 
that sometimes they lead us astray. This talk raised questions such as whether parameters fit to 
solvation data for small molecules provide useful building blocks for biomolecule modeling. Dill 
brought out the advantages of starting from polymer theory rather than small-molecule theory.

Dennis Sprous of Wesleyan University discussed the question: Having run a long molecular dynamics 
simulation, how does one extract useful information from the potentially overwhelming amount of raw 
output?
Markus Wagener of SmithKline Beecham in King of Prussia, Pa. discussed the use of artificial neural 
networks for three applications in drug design: finding QSARs, transforming data into a simpler 
representation that is more amenable to further analysis, and classification. He discussed libraries of up 
to 6.5 x 104 compounds with 12 descriptors for each compound. Brian Luke of the National Cancer 
Institute’s Frederick Research and Development Center discussed the application of parallel genetic 
algorithms (GAs) for exploring the full conformational space of a set of inhibitors as a step in the 
generation of new putative ligands.

David Rogers of Molecular Simulations Inc. in San Francisco discussed a second-generation genetic 
algorithm strategy in which the GA not only finds the best parameters for a QSAR, but also finds the 
best set of descriptors. The GA selects possible linear and nonlinear descriptors out of a pool and 
optimizes the linear and nonlinear parameters, as well as the choice of descriptors, with a fitness 
function that includes a penalty for increasing the number of descriptors. He calls this strategy genetic 
function approximation (GFA). Rogers also raised questions about the strategy of designing 
experiments on libraries to maximize what we can learn from them, not just to find a lead ligand 
directly. In this context he emphasized the concept of heteroscadacticity (the variance of predictions 
over diverse models) and whether it is better to use only one’s best model or to retain a set of diverse 
models. This is a dilemma we are all familiar with when, for example, we attempt to “average” the 
weather forecasts on three different newscasts. Since all three forecasts typically derive from a single 
forecast by the National Weather Service, there is little heteroscadacticity. The use of a diverse set of 
models may be particularly appropriate when the experimental data is underdetermined, that is, does 
not contain enough information to differentiate among alternative hypotheses of the system.



What is the best method of selecting (for further scrutiny) a subset of n drugs from a larger set of N 
potential drugs? The drug selection problem is formally identical to finding the optimal set of digital 
approximations to a set of analog signals. Jason Rush of the University of Washington in Seattle 
envisaged the components of a library with D descriptors as points in a D-dimensional Euclidean space 
and discussed various criteria for sampling this space to maximize the ratio of diversity retained to the 
number of points sampled. He advocated using 24-dimensional Voronai cells, rather than hypercubes, 
and explained the unusual features of 24-dimensional space that appear to make this optimal. Along the 
way, he gave the audience a taste of the amazing properties of 24-dimensional space that seem to make 
the mathematics more feasible than in other dimensionalities. For example, what is the maximum 
number of touching spheres in D dimensions? The answer is well known to be 2, 6, and 12 in 1, 2, and 
3 dimensions, respectively, and it is also known to be 24 in 4 dimensions. The answer is unknown in 5-
to-23 dimensions, but is 192,560 in 24 dimensions.

Gordon Crippen of the University of Michigan discussed the use of mixed-integer arithmetic for 
deducing how different ligands might bind to the same receptor. This involves a competition of steric 
and energetic factors. He found multiple-binding models even for a single ligand and discussed the 
complications that this engenders. Mathias Rarey of SmithKline Beecham discussed an algorithm for 
docking flexible ligands. 

Tom Darden of the National Institute of Environmental Health Science in Research Triangle Park, 
N.C., who can be seen, thinking deeply over Simon Kearsley’s right shoulder, on page 5, discussed 
Ewald summation methods for electrostatics and the application of several methods to a prototype 
problem in electrostatics—namely, can one calculate the free energy of a single sodium cation in 
water? Darden pointed out a number of issues that still require clarification before we can accept such 
calculations as reliable.
Mike Pique of the Scripps Research Institute in La Jolla, Calif. discussed a convolution algorithm for 
the rapid computation of the electrostatic potential energy between two proteins when their relative 
orientation and separation must be optimized. Excellent results were obtained on a 256-node Intel 
Paragon parallel computer. He also discussed the future of dataflow visualization environments in 
which scientific visualization is merging with three technical innovations: visual object-oriented 
programming (VOOP) with graphical editing tools; the unification of computer imaging (image-to-
image or image-to-data), including texture mapping, spatial filtering, and computer graphics (data-to-
image); and the Internet. The new features introduced by the Internet, he said, are an emphasis on 
communication, distributed resources, and computer-architecture neutrality. Pique stressed the 
advances of Java, which allows pharmaceutical chemists to e-mail 3-D images. Pique used the 
metaphor “fog of excitement” to describe the flourish of activity in this field, but he believes that taking 
advantage of advances in digital technology by combining the exploding resources of the Internet and 
desktop 3-D graphics and imaging will provide a constructive advance.

Sandor Vajda of Boston University discussed a free energy function for scoring protein-ligand binding. 
Wynn Walker of UCLA discussed the design of ligands for DNA, as opposed to the more common 
protein targets. Wei-min Lin of Indiana University–Purdue at Indianapolis presented quantitative rules 
for determining protein structural classes based on their secondary structure. Joel Nilsson of Uppsala 
University in Sweden discussed a composite-overlapping grid model for drug delivery in the human 
eye.
Jeff Blaney of Chiron Corporation led a panel discussion on the question: What are the new challenges 
that should be addressed in the next ten years? Also contributing were Gordon Crippen, Simon 
Kearsley of Merck, Garland Marshall, and Phil Portoghese of the University of Minnesota. Some of the 



suggestions were: visualization of multidimensional databases, scoring functions for intermolecular 
interactions, improved methods for error analysis, understanding the relationship of ligand binding to 
conformational change in the receptor, improved techniques for giving “statistical advice,” mining 
chemical databases, data scrubbing, expert data warehouses, rule-generation algorithms, fuzzy logic, 
and methods of dealing with noisy, sparse data. Clearly many of these topics are problems whose 
prominence has been promoted by the rise of digital technology.

In a compelling after-dinner speech at the banquet, Dr. Ralph Hirschmann of the University of 
Pennsylvania drew on his long industrial experience to present another perspective on drug design, 
focusing on many non-computational issues. For example, he discussed a 1997 paper in the Journal of 
the American Chemical Society in which the authors found that the shape of a base inserted in DNA, 
rather than its hydrogen-bonding ability, may be the key to the polymerase recognition process that 
leads to faithful copying of DNA. Although this is an experimental result, by underscoring the role of 
3-D shape it further dramatizes the role that computation can play in designing biotechnological 
molecules that mimic one or another capability of natural biological molecules. Dr. Hirschmann, 
however, took exception to the use of “rational drug design” and “computer-aided drug design” as near 
synonyms; he claims that pharmaceutical researchers were not totally irrational before they had 
computers!

The workshop was preceded by a six-hour tutorial presented by Professor David Ferguson of the 
University of Minnesota which culminated in a visit to the University’s medicinal chemistry labs. The 
Institute is grateful to Professor Ferguson and to organizing committee chair Jeff Howe of Pharmacia 
and Upjohn, as well as the other members of the organizing committee, Rich Dammkoehler of 
Washington University in St. Louis, Jeff Blaney, Tony Hopfinger, and Donald Truhlar, for their 
contributions to making the conference a success. The Institute also thanks Avner Friedman and Robert 
Gulliver of the Institute for Mathematics and its Applications for their many contributions to the 
planning and success of the workshop. Funding by the National Science Foundation is also gratefully 
acknowledged.

Mesoscale Fluid Dynamics Modeled on the T3E 

There are many ways of simulating fluid dynamical phenomena that occur in nature-for example, by 
the finite-difference, finite-elements and spectral methods, which all approach fluid dynamics from a 
continuum point of view. However, there are other ways of looking at fluid motions at intermediate or 
mesoscales ranging from hundreds of angstroms to hundreds of microns, One method, called molecular 
dynamics, employs particles which are subject to a give two-body potential. As applied to mesoscale 
fluid dynamics, this method is rather young and is useful in treating phenomenon taking place in 
interfaces and cracks, or problems with large contrasts in physical priorities. For example, the 
molecular dynamics method has been used by scientists in Los Alamos to study problems in fracture 
mechanics that cannot be solved by conventional continuum methods.

Dr. David A. Yuen, a Supercomputing Institute Fell, has been working with computational scientists 
Drs. Witek Alda, Jacek Kitowski, Witold Dzwinel, Marek Pogoda, and Jacek Moscinski at the Institute 
of Computer Science at the University of Mining and Metallurgy in Krakow, Poland to model 
mesoscale fluid dynamics using the molecular dynamics method. Their study focuses on a phenomenon 
known as the Rayleigh-Taylor instability problem, which involves the development of instabilities 
when heterogeneous fluids with vastly different physical properties are superimposed on one another, 



such as honey over milk. Rayleigh-Taylor instabilities appear in many diverse fields, ranging from 
magma chambers to the interiors of stars.

To model two heterogeneous fluids, the researchers have used well over one million computer-modeled 
particles, which are divided into two "tribes." Each "tribe" has its own set of two-body potentials. 
which also includes an interaction potential between the two sets of particles. The trajectories of the 
particles are then integrated in time according to Newton's second law, which govern the future position 
of each atom according to the potential it presently encounters. The particle nature of the molecular 
dynamics method allows computer code to be parallelized readily on the Cray T3E, using the parallel-
virtual machine (PVM) technique. This code scales well and, on 16 processors of the Cray T3E, it 
already runs faster than on the four processors of the Cray C90. But as fast as these massive parallel 
computers are, they also create a problem-how do researchers understand the massive amount of data 
they generate? to solve this dilemma, Yuen and his colleagues use a visualization display divice called 
the "Power Wall," which can handle well over seven million pixels at fast speeds. At this resolution, 
researchers can easily examine the fine-scale phenomena displayed on the power wall. Located at the 
University's Laboratory for Computational Science and Engineering, the Power Wall is a 6.5 by 8 foot 
display.

Drs. Alda and Dzwinel traveled to the United States in April to work at the University of Minnesota. 
During their visit, they produced some very interesting images showing the development of secondary 
instabilities within the Rayleigh-Taylor primary instabilities. In their molecular dynamics simulations, 
the researchers employed two sets of atoms that together numbered three million. These simulations, 
which have been integrated for one million timesteps, are shown in figures 1 and 2. Figure 1 shows a 
global view of the kinetic energy distribution of this large ensemble of two-fluid flow. The most 
energetic portion (red color) is observed to develop near the bottom. Figure 2 shows a zoomed-in view 
with the development of this small-scale instabilities (red color). For mpeg movies and additional 
displays, consult http://banzai.msi.umn.edu:80/projects.html.

With the recent increase of the T3E processors to 256, these researchers can reasonably expect to 
conduct molecular dynamics simulations with more than ten million particles. A greater number of 
processors will also allow researchers to include more physics and chemistry in the study of 
heterogeneous multiphase fluids in the mesoscale range.

Figure 1
A global view of the simulation of 3 million particles on the Power 
Wall. The kinetic energy distribution in 2-D is shown here, with red 
being the most energetic and blue being the least energetic.

Figure 2
Zoomed-in view of the development of hydrodynamic 
instabilities (red color)



Phase Transformations of Alumina: Implications for the Ruby 
Scale Alumina is an important technological material due to its presumed stability over a wide range of pressures. 
This stability lends itself to several important applications in high-pressure physics, including use in the diamond-anvil cell. 
Over the last couple of decades, the diamond-anvil cell has emerged as a work horse of high-pressure research, enabling 
researchers, for the first time, to measure solid properties at pressures corresponding to the earth’s mantle and below. The 
diamond-anvil cell, an apparatus used to generate large pressures, is a chamber less than one hundredth of a millimeter in 
diameter in which scientists place ruby, or chromium-doped alumina, along with the material to be studied. 
Ruby plays an important role in such experiments, serving as the basis for a secondary pressure 
calibrant, known as the ruby scale. Ruby is obtained by substituting a few aluminum atoms in alumina 
with chromium (color centers), which provides a source of fluorescence when excited by light. The 
wavelength of this fluorescence depends directly on the pressure in the ruby. By measuring the 
wavelengths of the fluorescence emissions, researchers can determine the pressure inside the diamond-
anvil cell.

The reliability of the ruby scale, then, depends on 
the stability of the alumina structure throughout 
the pressures studied in a particular experiment. If 
alumina became unstable, it would transform into 
another phase at higher pressures. That phase 
would, in turn, have a different structure from the 
low-pressure phase, and this structural change 
could affect the reliability of the ruby scale. As 
yet, no phase transformation of alumina has been 
experimentally observed. However, calculations 
have predicted two pressure-induced 
transformations of alumina from its low-pressure 
phase, known as corundum, to high pressure 
polymorphs. These predicted polymorphs are the 
Rh2O3 (II) phase and an orthorhombic perovskite 
phase. The figures below depict the different 
molecular structures of these three phases. Dr. 
Renata M. Wentzcovitch, research fellow Kendall 
T. Thomson, and post-doc Wenhui Duan, of the 
University’s Department of Chemical Engineering 
and Materials Science, are using a technique 
called first principle-molecular dynamics (FPMD) 
to predict such transformations. Their procedure 
calculates the electronic energy, forces, and stress 
in a solid-state configuration quantum 
mechanically (by first principles) and solves for 
the fully-relaxed ground-state configuration (in 
which the atomic positions in the solid are 
allowed to “relax” into positions that give the 
lowest energy) at arbitrary pressures. By 
comparing the calculated enthalpies of the 
corundum phase and other possible high-pressure 
phases, accurate predictions of transformation 
pressures have been obtained.

These figures show the predicted phase tranformations of 
alumina. Al2O3, as its molecular structure changes due to 

pressure.

Figure 1
Corundum, the low-pressure structure of alumina



The work is providing, for the first time, predicted 
phase stabilities of alumina using fully relaxed 
geometries. By Wentzcovitch, Thomson and 
Duan’s method, the corundum phase, Al2O3, is 
predicted to undergo a transformation to another 
structure, called Rh2O3 (II), at pressures 
corresponding to those found midway through the 
earth’s lower mantle. A further transformation to 
an orthorhombic perovskite phase is also 
predicted at even greater pressures of 
approximately 223 GPa. Because pressures of 
well over 500 GPa have been obtained in 
diamond-anvil cell experiments recently, the 
predicted phase behavior of alumina could be 
important in pinning down the exact pressure in 
these experiments. It is possible that, due to the 
nature of reconstructive phase transformations, the 
observed alumina phase in a particular experiment 
depends strongly on the thermal history of the 
ruby chips (the ruby scale is therefore presumed to 
be sensitive to the thermal history as well). 
Confirmation of whether or not the Rh2O3 (II) 
phase is even observable is hampered by 
limitations in high-pressure x-ray technology. The 
structural similarity between corundum and 
Rh2O3 (II) results in very similar X-ray spectra. It 
is therefore quite possible that small amounts of 
the Rh2O3 (II) phase could go undetected in high-
pressure X-ray measurements

The specific effect of these phase transformations 
on the ruby scale is the current focus of this 
research. By simulating a “supercell” of 80 atoms, 
and including chromium defects, Duan is 
evaluating the response of ruby fluorescence lines 
to changing pressure and phase composition.

Figure 2
Rh2O3(II), a predicted high-pressure polymorph of alumina. 

The corundum phase is predicted to transform tothis phase 
at approximately 78 GPa 

Figure 3
Orthorhombic perovskite, another high-pressure polymorph 
of alumina. Rh2O3(II) phase is predicted to transform to this 

phase at approximately 223 GPa

Turbulent Flow and its Effect on Hypersonic Vehicles 

Investigation of turbulent flow and its effect on hypersonic vehicles, such as future reusable launch 
vehicles, benefits from the use of supercomputers. As a hypersonic vehicle flies through the 
atmosphere, the thin layer of gas near the vehicle’s surface transitions from smooth, laminar flow to 
chaotic, turbulent flow. The point at which this transition occurs is known as the “transition location.” 
When this layer becomes turbulent, the aerodynamic drag increases–but more importantly, surface 
heating increases significantly. Thus, an accurate prediction of the point at which the flow transitions to 
turbulence is necessary for optimum design of the vehicle’s thermal protection system. In the past, 
experimental evidence was used to predict the transition location, but these measurements are usually 
made in wind tunnels that cannot reproduce actual flight conditions. Therefore, it is necessary to use 



very conservative transition estimates to design the vehicle, resulting in excessively heavy heat shields. 
With the advent of multiple-use vehicles, like single-stage-to-orbit vehicles and hypersonic cruise 
vehicles, weight limitations are increasingly important and require more accurate predictions of the 
transition location. Ultimately, the vehicle geometry should be optimized to delay or even eliminate 
transition entirely, thus significantly reducing vehicle weight.

Aerospace Engineering and Mechanics Associate Professor Graham Candler and members of his 
research group have developed computational tools to determine the point at which a hypersonic flow 
transitions to turbulence. There are two aspects to this analysis. First, the mean flow is computed by 
numerically solving the partial differential equations that describe the conservation of mass, 
momentum, and energy within a flow field. Additionally, since the flow is chemically reacting, 
equations are solved that describe the rate of reaction of air. In this case, five chemical species are 
included (molecular nitrogen and oxygen, and the reaction products nitric oxide and atomic nitrogen 
and oxygen). The second part of the analysis uses linear stability theory to determine how small 
amplitude disturbances are amplified or damped as they pass through the computed flow field. The 
effects of the finite-rate chemical reactions are included in this portion of the analysis as well. These 
models provide an accurate description of the hypersonic flow field and can be used to predict the point 
at which the boundary layer becomes turbulent.

The computational methods have been used to simulate some recent experiments in a high-energy 
shock tunnel at the California Institute of Technology. The tunnel is capable of simulating important 
aspects of flight conditions, including the chemical reactions that occur in the flow field. The 
experiments indicate that increasing flight speeds, and therefore increasing rates of chemical reactions, 
stabilize the boundary layer and delay transition. If this effect can be verified, it would have important 
implications in the design of new hypersonic vehicles because the thermal protection system weight 
could be reduced. The computations reproduce this effect, although the predicted transition locations 
are consistently larger than the experimental data. This is likely a result of the noisy flow environment 
in the wind tunnel.

The figure illustrates the effect that the flow field chemical reactions have on the stability of the 
boundary layer. If the chemical reactions are not included in the stability analysis, i.e., if the flow is 
treated as nonreacting, the amplification rate is about 150/m. If the reactions absorb energy, i.e., if they 
are treated as endothermic, as they are in a realistic air boundary layer, the amplification rate is reduced 
significantly and the boundary layer is stabilized. Finally, if the reactions release energy, i.e., if they are 
exothermic, the amplification rate is increased. Therefore, endothermic reactions absorb the fluctuation 
energy and increase the boundary layer stability. Further work is under way to fully understand this 
interaction so that it can be used to reduce the thermal protection requirements of future hypersonic 
vehicles.

Figure 1

Amplification rate as a function of disturbance frequency in a hypersonic boundary 
layer. Nonreacting indicates that the effects of chemical reactions are not included 
in the analysis; endothermic includes the realistic air reactions that absorb energy; 
exothermic uses chemical reactions that release energy. Increased amplification 
rate implies a more unstable boundary layer that transitions to turbulence more 
easily. 



Supercomputing Institute Acquires Silicon Graphics/Cray 
Research Origin 2000 

Systems Administrator Erik Jacobson prepares to 
install the new Origin 2000

As part of its current process of diversifying 
the high-performance computing resources available to the 
University of Minnesota research community, the Supercomputing 
Institute recently announced the acquisition of a Silicon 
Graphics/Cray Research Origin 2000. 

This symmetric-multiple-processor (SMP) machine, which will be 
available to researchers in late-summer 1997, has 32 processors with 8 gigabytes of memory and is 
upgradeable to 128 processors. The per processor performance level for this machine is 390 megaflops 
and the memory bandwidth is 0.8 gigabytes per second. This machine features:

• a cache coherent, shared-memory, single-system architecture which is scalable to 128 CMOS 
MIPS RISC R-1000 processors 

• tools for the development of shared-memory, data parallel, and message-passing applications 

The acquisition of this state-of-the-art machine, which is housed at the Supercomputing Institute in 
Minneapolis, is the culmination of a six-month effort on the part of the Institute’s SMP Initiative 
Steering Committee. This committee is chaired by Vipin Kumar, Computer Sciences, and includes 
Graham Candler, Aerospace Engineering and Mechanics; Christopher Cramer, Chemistry; John 
Lowengrub, Mathematics; Yousef Saad, Computer Science; and David Yuen, Geology and Geophysics.

The acquisition of this machine also reflects a significant effort on the part of Silicon Graphics/Cray 
Research to become a partner in the Institute’s SMP initiative. The Institute would like to thank 
Thomas Stanley, Diane Gibson, and Keith Elzia of Silicon Graphics/Cray Research for their help and 
commitment to furthering the research objectives of the Institute. In addition, the Institute would like to 
thank Karen Triplett, Director of Purchasing at the University of Minnesota, for her help and guidance.

– Michael Olesen 

Seminar Synopses
April 16, 1997

J. Iwan Alexander
Center for Microgravity and Materials Research and 
Department of Physics
University of Alabama at Huntsville

Time-Dependent and Chaotic Flow and Transport Due to 
Vibrational Thermal Convection and G-Jitter
The rationale for many fluids and crystal growth experiments conducted in low gravity has been that 
the near absence of an effective gravitational acceleration would result in the elimination or 



suppression of buoyancy driven convection and, thus, allow the study of these systems under purely 
diffusive conditions. However, spacecraft vibration, gravity gradient, and atmospheric drag generally 
result in relative accelerations (g-jitter) that can result in significant convective motion–which can be 
detrimental to certain experiments. As a result, experiment sensitivity to g-jitter has received 
considerable attention. Related studies of thermo-vibrational convection, including and beyond the 
amplitude and frequency range normally associated with g-jitter, have yielded a variety of results, 
including parametric instability and chaotic behavior. Two investigations were discussed, which 
represented extremes of the response of a differentially heated fluid to vibrations and g-jitter. The 
discussion included the subject of numerical simulations (and experimental results) concerning the 
influence of impulse type accelerations (typically associated with thruster jet firings used to control 
spacecraft attitude) on the transport of solute during the solidification of a dilute binary alloy under 
low-gravity conditions.

The second investigation discussed dealt with work motivated by the possibility of vibrational control 
of convection, and concerned the time-dependent and chaotic flows that can occur depending on the 
nature of the vibration. These flows arise due to thermovibrational convective motion caused by 
oscillatory horizontal displacements of a closed, differentially heated rigid-walled cavity containing a 
Boussinesq fluid. In the absence of vibration a steady (intermediate Rayleigh number), buoyancy-
driven flow occurs. The combined effect of vibration and the steady Rayleigh number yields four 
recognizable flow regimes: quasi-static, oscillatory, asymptotic, and a fourth “unstable” regime. This 
region is characterized by two-periodic, sub-harmonic cascades and chaotic behavior.

April 30, 1997

Mark Lundstrom
School of Electrical and Computer Engineering, Purdue 
University
West Lafayette, Indiana

Simulation of Charged Particle Flows in Semiconductors 
by a “Scattering Approach”
Computer tools now play a crucial role in semiconductor device research and technology development. 
The central problem is to treat the flow of charged particles in their self-consistent electric field. Not 
surprisingly, this boils down to solving the Boltzmann transport equation (BTE), which is done by 
taking moments of the BTE by Monte Carlo/molecular dynamics approaches or by treating velocity 
space by spectral methods. After reviewing the semiconductor problem and standard approaches, the 
talk described an alternative approach based on scattering theory. This approach offers a simple, 
physical view of complex phenomena as well as a convenient mathematical formalism that is readily 
related to the more standard approaches.

In addition to describing a physical problem and its solution by a nonstandard method, the talk also 
reflected on a “disconnect” seen developing between semiconductor computationalists and technology 
developers. Computationalists are developing increasingly sophisticated simulations and tend to view 
the simple models used by technologists as overly simplified and without physical content. 
Technologists, on the other hand, have found these simple models to be remarkable reliable guides to 



future technology. In fact, simple transport models turn out to apply far beyond their commonly 
supposed limits, and detailed simulations can be used to explain why. The talk concluded with thoughts 
on how computational science can avoid becoming too inward-looking, and therefore lose its relevance 
to the larger community it serves.

May 7, 1997

Olaf Lubeck
Scientific Computing Group, Los Alamos National 
Laboratory
Los Alamos, New Mexico

Performance and Scalability of Scientific Programs: 
Challenges from the DOE’s ASCI Program
Dr. Lubeck discussed how the goals of the Accelerated Strategic Computing Initiative cannot be met 
without significantly stretching the boundaries of high performance computing. Full-physics 
simulations in asymmetrical 3-D geometries with approximately a billion computational cells will be 
required. To meet these needs, computational platforms capable of 10 T-flops performance with T-bytes 
of memory are being developed in collaboration with vendors. 

Architectures, problem solving environments, and algorithms must all be advanced to provide new 
levels of performance and scalability on highly parallel machines. The discussion covered some of the 
challenges facing this program.

May 14, 1997

David Case
Department of Molecular Biology, The Scripps Research 
Institute
La Jolla, California

Incorporating Solvation Effects into Density Functional 
Electronic Structure Calculations
>An approach to the calculation of molecular electronic structures, solvation energies, and pKa values 
in condensed phases was described. The electronic structure of the solute is described by density 
functional quantum mechanics, and electrostatic features of environmental effects are modeled through 
external charge distributions and continuum dielectrics. The reaction potential produced by atom-
centered point-charge and dipole fits to the molecular charge distribution and is computed via finite-
difference solutions to the Poisson-Boltzmann equation. The coupling of the reaction potential into the 
molecular Hamiltonian is achieved through numerical integration and the entire system is iterated to 
self-consistency. Sample calculations of solvation energies, solvated dipole moments and absolute pKa 
values were provided for a variety of small organic molecules to illustrate applications of the method. 
This approach should be readily extensible to more complex systems such as proteins because it is 



straightforward enough to include counter-ion effects and multiple dielectric regions in the formulation. 
The same procedure can also be used to estimate redox potentials.

May 28, 1997
Chung-wen Lan, National Central University, Taiwan
Dr. Lan discussed the quality of substrate crystals, which is critical to the performance of devices used 
in electronic and optoelectronic applications. Because of the complicated transport processes involved, 
the growth of these high quality substrate crystals is quite challenging. Numerical simulation is a useful 
tool to better understand the transport phenomena and to obtain a better crystal growth strategy.

However, these transport processes are coupled with a free or moving boundary and are often three-
dimensional and time-dependent in nature. Hence, their simulation is also a great challenge. In this talk, 
numerical approaches used in Lan’s laboratory were presented through their applications in bulk crystal 
growth processes, such as floating-zone and Bridgman methods. The finite volume method with a 
global Newton iteration scheme is found effective in most two-dimensional problems, but its 
applications to three-dimensional ones are very limited, due to memory and robustness problems. With 
a decoupled SIMPLE iteration approach, such problems are partially solved, and the targeted problems 
can be much larger, but the convergence is too slow to get a convincing result. To amend this, multigrid 
acceleration is adopted, and it has proven to be promising. 


