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In this project, we chose four important subprojects-turbulence simulation, internal flow computation for turbomachinery,
analysis of heat transfer in a gas turbine, protein simulation, and nanoscale simulations—as representative topics from the fields
of engineering, life science, and nanotechnology and achieved the following results.

In the vehicle aerodynamics simulation, we have developed a numerical method designed to predict unsteady aerodynamics
of road vehicles based on the High-Performance Computing Large-Eddy Simulation (HPC-LES) technique. The method has
been applied to a formula car subjected to sudden crosswinds, and unsteady aerodynamic forces were investigated in the con-
text of the flow structures around the vehicle.

In the internal flow computation for turbomachinery, LES of internal flows of a mixed-flow pump was performed. The test
pump had open impeller blades and diffuser vanes. The objective of this research was to verify the accuracy of the pump per-
formance prediction by LES with a particular emphasis placed on instability characteristics. The LES successfully predicted
instability characteristics. We can investigate the detailed mechanism causing instability characteristics by analyzing comput-
ed flow fields.

In the protein simulation, we improved the ab initio fragment molecular orbital method program, ABINIT-MP, to treat the
electronic state calculations of a protein in solution using the explicit water model on the Earth Simulator. The limit of the
number of fragments has been increased by a factor of ten from 1,000 fragments to 10,000 fragments.

In the nanoscale simulation, we have investigated fundamental issues in developing next-generation silicon-based devises

and researched chemical reactions closely related with construction of bio-nanodevice architectures.

Keywords: large eddy simulation, aerodynamic force, formula car, mixed-flow pump, FMO, solvation effects,
First-principles calculation, First-principles molecular dynamics, Silicon devices, Bio-nanodevices, DNA,

Cisplatin complex

1. Unsteady Aerodynamics of Formula Car in Wind  accuracy, is its capability of characterizing such unsteady
Gust forces, which will contribute to aerodynamic design innova-
In vehicle aerodynamics, greater attention is being paid to tions in the automotive industry. We have conducted one of

unsteady aerodynamic forces generated from sudden steer- the world's largest large eddy simulation (LES) studies of air

ing action, overtaking, or cross-wind conditions. Measuring flow around a formula car with 120 million numerical ele-
such unsteady aerodynamics by conventional wind tunnel ments by optimizing the unstructured finite-volume LES

tests or RANS (Reynolds-Averaged Navier-Stokes) models code FrontFlow/red for execution on the Earth Simulator [1].

is difficult. The advantage of LES, in addition to its high Thereby, the objective of this study is to develop a numerical
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Fig. 1 Time history record of aerodynamic forces on the vehicle subjected to sudden crosswind (left: forces, right: moments).

Shaded area indicates when the vehicle is in the crosswind region.

method, which predicts transient aerodynamic forces acting
on a road vehicle.

We focused on gusty crosswinds as a typical case in
which unsteady aerodynamics are expected to be crucial, and
an innovative boundary condition for the side-wall of the
computational domain was developed [2] to model a wind
gust. The method was applied to a formula car and unsteady
aerodynamics forces and flow structures were investigated.
The time history record of the aerodynamic forces acting on
the vehicle in a wind gust are illustrated in Fig. 1. Generally,
the roll and yaw moments decrease, and the pitch moment

increases under the crosswind condition, while serious

undershoot is identified in the yaw moment during the tran-

Fig. 2 Snapshots of streamwise velocity at T = 0.14 (above) and 0.20

(below) sec.
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sient process. The roll moment also shows a slight over-
shoot. These unsteady, nonlinear processes of aerodynamic
forces that occur when the vehicle is subjected to sudden
crosswinds are quite difficult to estimate by the conventional
wind tunnel measurements, and our results clearly show the
validity of CFD (Computational Fluid Dynamics) for study-
ing such aerodynamic phenomena (Fig. 1).

Snapshots of the streamwise velocity and surface pressure
distribution on the vehicle rushing into the crosswind region
are shown in Figs. 2 and 3. At T = 0.14 sec right before the

1.5
0.0
-1.5

Fig. 3 Snapshots of surface pressure coefficient Cp on car body at T = 0.14
(above) and 0.20 (below) sec.



crosswind, the wake structure of the vehicle is almost sym-
metric with respect to the vehicle centerline. At T = 0.2 just
after the entire body is subjected to the crosswind, the wake
of the front wheel declines to about 30° with respect to the
vehicle centerline, while the vehicle wake is not strongly
affected by the crosswind. The coexistence of the declined
wake created by the front wheels and the wake along the x
direction created by the rear wheels are especially remark-
able at T = 0.2 sec, which will contribute to nonlinear tran-
sient aerodynamic forces during this process.

As a result, we have demonstrated that HPC-LES can be a
dominant aerodynamic assessment tool especially for
unsteady aerodynamics, which would contribute to innova-
tive aerodynamic design in the near future. As an ongoing
study, we are now installing vehicle motion equations to
estimate the vehicle behavior when the vehicle is subjected

to unsteady aerodynamic forces.

2. Internal flow computation for turbomachinery

We performed LES of internal flows of a mixed-flow pump
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to achieve accurate predictions of pump performance for full
flow-rate range. We especially focused on the flow rate where
instability characteristics appear, which is about 50% — 60% of
the designed flow rate. A mixed-flow pump with an open
impeller and diffuser vanes was used as a test pump in
this research. We used our original parallel LES code,
FrontFlow/blue, to predict unsteady flows in the test pump.
This code is based on the finite element method (FEM) with
hexahedral elements and has second-order accuracy in both
time and space [3] [4] [5]. For the LES, we prepared a coarse
mesh composed of about 8 million elements and a fine one
composed of 80 million elements. We intend to resolve the tur-
bulent boundary layer on the blades of a pump by the fine
mesh. Surface-limited streamlines of time-averaged flow on
blade surfaces at 55% are shown in Fig. 4. Performance curves
of the pump predicted by coarse and fine LES are shown in
Fig. 5. They agree with the measured one. In particular, the
performance curve predicted by the fine LES agrees well meas-
ured one. We will analyze flow computed by the fine LES to

understand the mechanism of instability characteristics.

Fig. 4 Surface-limited streamlines of time-averaged flow on impeller blade surfaces at 55% flow rate [6].
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Fig. 5 Performance curve of pump predicted by LES [6].
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3. Protein simulation

In the protein simulation, we improved the ab initio frag-
ment molecular orbital method program, ABINIT-MP, to
treat the electronic state calculations of a protein in solution
using the explicit water model on the Earth Simulator.
The limit of number of fragments has been improved by a
factor of ten from 1,000 fragments to 10,000 fragments.
Demonstrative calculations were performed using water

droplet models (Fig. 6).

4. Nanoscale Simulation
4.1 Nanostructures of silicon (110) surface

We investigated the five-member ring structure on the
Si(110) surface by first-principles calculations based on the
density functional theory (DFT). The scanning tunneling
microscope (STM) image of the proposed model [7] is
shown in Fig. 7. We found that the proposed structure is
metastable, and hence, consider that more stable structures

would exist.

4.2 Silicon monovacancy

An ultrasonic determination suggested that there are high-
symmetry (T,) monovacancies in silicon wafers with very
low impurity concentrations [8]. We studied the silicon
monovacancy formation using large-scale first-principles
calculations to examine this hypothesis. Simulations were
carried out on three cubic cells at the sides of 10.86, 16.29,
and 27.15A including 63, 215, and 999 atoms, respectively.
In the high vacancy concentration case (63-atom cell), the
vacancy formation energy at the T, symmetry is smaller than
at the other symmetries D, and C, . However, we found that
the formation energy at the D,, symmetry decreases with
increasing vacancy concentration and is the lowest in the

largest simulation cell. This result confirms that the monova-

Fig. 6 Graphic representation of water droplet model (R = 42.0A,

10,189 water molecules).

cancy structure is distorted due to the Jahn-Teller effect and

suggests that other vacancy structures would exist.

4.3 Reactions between DNA and metal complexes

We consider that the reactions between DNA and metal
complexes are useful for construction of bio-nanodevices and
studied related chemical reactions using first-principles meth-
ods. We checked the hydration reaction of the cisplatin com-

plex and the optimized structure of the cisplatin-guanine com-

Fig. 7 Scanning tunneling microscope image of proposed model of

five-member ring structure on Si(110) surface [7].

o pe

Fig. 8 First-principles molecular dynamics of cisplatin complex in
aqueous solution.



plex. We found the results are in good agreement with ones
obtained by DFT-level chemical methods. We also imple-
mented the metadynamics method [9] into the PHASE code to
efficiently simulate rare events in a chemical reaction. This
method was applied to the analysis of the substitution reaction
between a water molecule and a chlorine atom of the cisplatin
complex in aqueous solutions, as shown in Fig. 8.

4.4 Reactions of DNA on solid surfaces

The self-assembly of DNA on solid surfaces is a key phe-
nomenon of bio-nanostructure fabrications. We simulated
the adsorption and self-assembled structures of adenine on
Cu(110) surfaces. The simulated STM image of self-assem-
bled structures agrees with the experimental one [10]. We
also implemented the van der Waals interaction correction in
the PHASE code to simulate the reaction of DNA strands on
solid surfaces accurately. The correction makes the distance
between the stacked DNA base pair (A-T) agree with ones
obtained by a high-accuracy chemical method.
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