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Figure 13.32: The simulation conditions of the standard shape.

Figure 13.36 shows the results of the visualization result of the streamline with the contour of the velocity
magnitude. The result shows that with the convex at the left side of the piston in shape2, the velocity will be
decreased. On the other hand, shape1 and 3 still keep strong tumble. However, at the left side of the engine,
the tumble in shape3 becomes very weak. Overall speaking, shape1 obtain the strongest tumble.

Figure 13.37 shows the results at CA270 (Crank angle at 270 degrees). The result shows the same trend as
Fig. 5 that shape1 is the best shape. However, with the convex shape, the swirl will be enhanced because the
flow field will not be symmetric anymore. The flow field in shape3 is not only in vertical direction but also in
horizontal direction so the swirl structure can be confirmed.

The results show that the current framework can be a useful tool for the engine design by giving a detail
insight of the flow mechanism. However, the calculation condition is still under the cold flow condition. In next
step, we are planning to model the combustion inside the engine and conduct direct evaluation of combustion
energy efficiency. And also we have started to provide this framework to the industrial user for the evaluation
of the usability of the framework. We will continue to improve practicality through the consortium activities.
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Figure 13.33: The comparison of the density, pressure and temperature.

Figure 13.34: Engine cycle condition and piston shapes.

Figure 13.36: The streamline with the contour of the velocity magnitude at BDC.
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Figure 13.35: Engine simulation conditions.

Figure 13.37: The streamline with the contour of the velocity magnitude at CA270.

13.3.5.2 Numerical simulation of flow in a fuel-injector of an aircraft engine

As a first step of the development of the combustion system test bed, the flow simulation of the jet engine
combustor was performed. An investigation of grid sensitivity on local mesh refinement of numerical simulation
of cold-flow in a fuel-injector of an aircraft engine was performed. In the case of an aircraft engine, a critical
variable that governs emission, efficiency, and reliability is the equivalence ratio inside the combustion chamber.
This value is transported by swirling turbulent flow from fuel-injector to the combustion chamber. Therefore,
prior to precise prediction and appropriate control of the combustion characteristics of the engine, as a first step,
the transport characteristics of flow through fuel-injector can be investigated through cold flow simulations. A
complete evaluation of flow characteristics of the engine requires numerical simulation with the entire annular
combustor geometry, which demands massive computational resources. Thus, an optimization strategy to
minimize the computational cost through mesh optimization is warranted.

The cold flow simulations were carried out using CUBE, which is developed through this research. CUBE
is a multiphysics simulation framework designed for large scale industrial simulations. A hierarchical meshing
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(a) (b)

Figure 13.38: (a) The PIV measurement setup, (b) Numerical mesh and boundary condition

technique known as building cube method (BCM) is the foundation of CUBE over which numerical solvers
are built. Even with the use of BCM for meshing the fuel-injector geometry, using a same near wall spacing
mesh over the entire geometry results in excessively large numerical mesh. Consequently, relevant geometric
components of the injector that strongly influence the flow have to identified for mesh refinement while coarser
mesh can be used for rest of the geometry. Then it is important to investigate the dependence of flow on the
refined mesh and to minimize the total mesh size while ensuring accuracy. The governing equations used in this
study are same as previous section. This is fully compressible flow approach. A 2D PIV measurement of air
flow in a fuel-injector was conducted by Kawasaki Heavy Industries. The detail flow field results were compared
with the measurement result. The experimental setup and the measurement window are shown in Fig. 13.38.
In order to validate the accuracy, a very high-resolution mesh was used. The geometry used in the simulation
is highlighted as the fuel injector in Fig. 13.38. The boundary conditions and the mesh are also shown in
Fig. 13.38. The wall boundary condition, which means the boundary condition on the surface of geometry, was
set as adiabatic condition. The inflow mass flow rate was set as the same value of PIV measurement and the
ambient pressure 101,300 Pa, ambient temperature 288 K was set. The finest mesh resolution was 0.05 mm and
the number of calculation mesh was 500 million. The 2048 nodes of K-computer was used and the calculation
time was 48 hours to obtain the physical solution time of 2.7 s.

(a) (b)

Figure 13.39: (a) Time averaged velocity magnitude high-resolution simulation, (b)Time averaged velocity
magnitude 2D PIV data

Velocity magnitude contours on a mid-sectional plane from the PIV measurement and the numerical sim-
ulation are shown in Fig. 13.39. Four distinct identifiable flow signatures, in the exit plane are identified in
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Fig. 13.40. The flow signatures are termed as A, B, C and D, in the PIV result, and A’, B’, C’ and D’ in the
simulation result. First, A (and A’) is the primary jet emanating out of the injector. A’ shows greater velocity
magnitude than A. In both cases, the flow gradually decelerates as it heads downstream. The flow signature B
is the formed by the flows from the pilot region and air-silt nozzle. It is observed that B is separated from A
and forms vortex. On the other hand, B’ does not form any vortex but just joins into A’, supplying momentum
to A’. It is hypothesized that intrinsically, B’ is just sucked into A’ because of the large velocity magnitude
in the exit-vicinity region of A’. Meanwhile, C’ is more widely distributed although C is localized in narrow
region. It is regarded that the absence of vortex in B and the intensity difference primary jet (A-A’) may affect
the distribution. Furthermore, the velocity magnitude of the flow in C’ greater than the flow in C and it is
likely that this is due to the difference in intensity of the primary jet, i.e. A-A’, which induces C-C’. Finally,
D’ stretches longer than D up to the exit of the injector. It can be considered that the greater intensity in the
region C’ and the absence of vortex in B’ assists the flow in D’ stretching it longer than its PIV counterpart D.

Figure 13.40: A comparision of the simulation and PIV results: 4 prominent features can be identified in each
case.

To sum up, the overall difference of the velocity magnitude is due to that PIV data does not contain the
depth component. Meanwhile, it is regarded that the local differences are mainly affected by the difference
between B and B’ induced by overestimation of A’. Therefore, this is the sole qualitative difference between the
simulation and the PIV data. It can be inferred that the simulation qualitatively resolves the injector flow. In
the next step, we are planning to develop the fuel spraying model and the combustion model which is specifically
designed for the real engine combustors. We will continue to develop the functionality to reproduce the real
state of engine combustion through the consortium activities.

13.3.5.3 Construction of surrogate model by aerodynamic multipurpose shape optimization
analysis and machine learning

In this study, we have developed a multipurpose optimization analysis framework using CUBE for the purpose of
efficiently optimizing aerodynamic performance at the initial design stages. This framework provides CHEETAH
[5], a multipurpose evolution optimization software, in collaboration with the Japan Aerospace Exploration
Agency. CUBE has a data structure with a hierarchical Cartesian grid, and MeshWorks [6] is applied, which
is a shape morphing software by Detroit Engineered Products, Inc. It is a method that can be shared with a
single calculation grid for a plurality of changing vehicle shapes, and can avoid problems related to calculation
grid generation and morphing.

Continuing from last year, we performed genetic-evolutionary computation up to the 12th generation with
a 4-objective function with the aim of obtaining an index of robustness against changes in the wind direction
of sedan-type automobile models. The population size was 18, and a total of 252 cases of 36 + 18 + 18 × 12
generations including individuals in the L36 orthogonal table for generating the initial generation population.
And 2 wind directions for each needed to be calculated. Each case was calculated with 367 nodes of “K-
computer” with 14 hours, and the total amount of calculation was about 2.6 million node-hours (including the
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amount used last year). Figure 13.41 shows the Pareto solution for the difference between the aerodynamic
resistance value (Cd) and the resistance to the wind direction (∆Cd). The tendency of the objective function
value similar to the knowledge obtained in the actual design was reproduced, and the validity of the framework
could be confirmed.

Figure 13.41: The geometry deformation parameters (left) and optimized results of Pareto solution on 12th
generation (right).

In this physcal year, we tried to build a surrogate model by machine learning utilizing these results as
training-data. For neural networks constructed using Sony’s Neural Network Console [7], 18 individuals × 1
to 6 generations = 108 models were used for training-data, and 18 individuals × 7 to 12 generations = 108
models were used for evaluation-data. The input was 9 design variables, and Cd and ∆Cd were targets. Figure
13.42 shows the aerodynamic drag obtained by calculation and the predicted result by machine learning. The
Cd value was predicted almost accurately, and it could be confirmed that the constructed neural network was
appropriate. It has also been confirmed that the Pareto solution based on this prediction result shows the same
tendency as the solution obtained by the actual CFD calculation. This suggests that machine learning can be
a powerful design tool in the future if appropriate design variables can be selected. However, there are some
models whose prediction results are different with respect to the difference in aerodynamic drag, and there are
also subtle differences in the obtained sedan-type optimum body shape. We are proceeding with consideration
including investigation of the factors causing it. In the future, we plan to introduce design variables that
reproduce more detailed shapes and improve the degree of freedom, which will lead to the creation of results in
“Fugaku”.

Figure 13.42: The prediction results using machine learning (left) drag (right) drag difference between 0 and -3
yawing angle.
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13.3.5.4 Wind resistant design of building structures – fluid structure coupled analysis of high-
rise towers

As an issue of the architectural consortium, verification analysis of a test bed based on a unique fluid structure
coupled analysis method was performed. In recent years, with the increase in the height of buildings and the
reduction in the weight of construction materials, there have been increasing cases of construction of high-rise
buildings and large-scale structures having roofs using light materials. Since the design of these structures
requires low attenuation due to weight reduction, it is necessary to examine the wind resistance as well as the
seismic resistance for earthquake. In particular, unstable aerodynamic vibrations caused by the interaction
between the vibrations of the building itself and the flow field around the building due to the turbulence of
the wind have a risk of causing a large amplitude leading to collapse of the building. Generally, a building is
heavy and hard to be deformed as compared with a bridge or other structure. Therefore, conventionally, there
has been no problem with dynamic vibration, and it has been a problem to secure the building resistance to a
static wind load. However, with the emergence of such high-rise buildings, it has become important to study
the problem of vibration when the buildings are subject to strong winds. Thus, it is important to grasp the
structural characteristics in wind load evaluation. Figure 9 shows the mechanism of the generation of unstable
vibration generated by the interaction between wind turbulence and the vibration of the building itself. Vigorous
research has been conducted on the unstable vibration phenomenon of buildings in the past, however there are
still many unknowns about the mechanism of occurrence and the influence of the interaction between them, and
aerodynamic instability. It has been pointed out that when studying unstable phenomena such as vibration, the
phenomena cannot be reproduced unless the structure and the surrounding flow field are treated as a strongly
coupled problem. There is few software that can achieve this. In this project, we have developed a unique
fluid-structure strong coupled unified solution that combines marker particles with the Euler-type structural
analysis method. In order to prove the validity of the method, detailed verification analysis was performed
using basic tower structure.

Figure 13.43: Unstable vibration phenomenon of high-rise building.

In order to verify the validity of this method, first, a fluid-structure interaction analysis with a rigid structure
was performed. The structural shape is a quadrangular prism of 0.1 × 0.1 × 0.1m. We compare it with the
results of previous experiments. The calculation conditions, analysis mesh and inflow fluctuation wind are as
follows.

Figure 13.48 shows a comparison with the results of previous wind tunnel experiments. The black line
represents the result of the calculation by this method, and the blue line represents the result of the previous
experiment, and it can be confirmed that the values agreed well.

Considering the introduction of this method to architectural structures, numerical stability was examined
by performing analysis with various conditions of prismatic structures. Four cases were prepared in which the
Reynolds number was fixed at 10, the mass density difference between the solid and the fluid, and the shear
modulus of the solid has been changed. The analysis results are shown in Fig. 13.49-13.50. From these results,
it was found that numerical instability occurred near the prisms in all models due to the numerical calculation
method of solid strain. In the next step, we plan to introduce a method that can stably calculate the solid strain
without depending on the velocity field. We will continue to develop the functionality to produce the practically
useful framework for the strong-coupling fluid-structure interaction through the consortium activities.



13.3. RESEARCH RESULTS AND ACHIEVEMENTS 155

Figure 13.44: Calculation conditions.

Figure 13.45: CUBE mesh.

Figure 13.49: Mises stress distribution of
CASE-D.

Figure 13.50: Comparison of calculation sta-
bility of each case.

Finally in this fiscal year, we conducted a simulation of wind resistance analysis of the dome roof of a stadium
structure as an application to practical problems. The flow condition is 10 m/s of air wind, the Reynolds number
is approximately 273 million, and the soft material property is set as 33,300 Pa of elastic modulus, 300kg/m3

of the mass density of solid. The number of the cell was approximately 17 million, and the calculation time was
10 hours using 256 nodes of K-computer. Figure 13.51 shows a typical flow field coupled with the soft material
deformation of the stadium roof. We cannot say anything about the validity of this result or its physics yet.
However, this result may be the world’s first example of solving FSI problems at a high Reynolds number over
hundred million by an Eulerian FSI method. At least, we did not observe the unphysical deformation of the
roof region (sponge) induced by wind force. In the next step, we plan to increase the resolution of calculation
mesh to try to capture smaller flow structures and deformation modes. We will continue to contribute to help
users to apply this method into the practical cases through the consortium activities.
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Figure 13.46: Inflow fluctuating wind profile.
Figure 13.47: X-direction velocity distribu-
tion in vertical section of prism.

Figure 13.48: Horizontal mean wind pressure coefficient distribution of prism: comparison with previous exper-
imental results.

Figure 13.51: Example of flow and stress results on deformable roof analysis for a stadium structure.

13.3.5.5 Topology optimization using Eulerian structure analysis

Topology optimization [8] is a method to determine the arrangement of materials and components, including
the voids, to maximize or minimize the objective function using a limited material volume in the design space.
In recent years, industrial applications of topology optimization have been increasing as it provides effective
suggestions to designers. On the other hand, when considering the application to a real product, the volume of
the actual product material is usually less than 1% of the design area expected by the designer. In addition to
this, the preparation of design-domain shape modeling, which includes many cases and trials in the upstream
of the design process, requires a lot of time and effort. In this study, we are developing an original unified fluid-
structure analysis method based on Eulerian methods combined with the Lagrangian marker particle method
to solve a large-scale structural analysis problem which is difficult to be solved by conventional methods. The
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marker particle method is one of the most promising methods to solve the topology optimization challenges
mentioned above, because it is easy to achieve high parallelization efficiency and to reduce the time and effort
of mesh generation in a massively parallel computing environment. In this year, we have developed a topology
optimization framework using Eulerian structural analysis method. To verify the validity of the topology
optimization, the optimization of the maximum amount of energy absorbed by a two-dimensional structure
with a circular hole in the center of the design region under enforced velocity loading in the direction of shear
was carried out. The results are comparable to those obtained by the finite element method, even when CUBE
is used. In addition, the quantitative value of the objective function also approaches that of FEM by increasing
the spatial resolution.

(a)
(b)

Figure 13.52: Optimal shape as a result of topology optimization to maximize absorption energy by shear
enforced velocity load (left), and its objective function history (right).

Figure 13.53: Design area which surrounds a conventional white body frame (left) and optimal shape as a result
of topology optimization subject to torsional enforced velocity load (right).

Using this framework, we performed optimization trials for a car body frame with 10 million design variables,
which is somewhat difficult to do with existing topology software (Fig. 2). A design domain was set up over the
white body frame of an existing published body model (TOYOTA, Yaris 2010, [9]), and forced-velocity loads
were applied to the design domain to maximize the amount of energy absorbed by the body torsion. As a result,
a frame structure close to the intended white body frame was obtained. In the future, we will continue to carry
out various basic verification examples and optimization verifications for a large number of load cases that are
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assumed to be real problems, as well as to improve the optimization performance through collaboration with
industry.

13.3.5.6 Implementation of aerodynamic body motion coupled analysis framework

In recent years, it has become clear that the evaluation of unsteady aerodynamic force that reproduced in the
actual running state is indispensable for the aerodynamics parts design, since it affects the evaluation of steering
stability of automobiles. In general, it is difficult to accurately capture the flow field around a vehicle during
actual driving motion and to measure changes in vehicle attitude. And the actual driving test is affected by
atmospheric disturbances, so the same situation should be reproduced. Additionaly, it is difficult to evaluate the
steering stability by quantitative evaluation depending on the driver’s experience. Therefore, in this research,
we constructed an analysis framework that can reproduce the actual driving state by combining aerodynamic
analysis with vehicle motion on a supercomputer, which includes suspension, steering mechanism and driver’s
operation reaction, etc.

This framework adopts the implementation of the open source multibody dynamics analysis software, named
Project Chrono [10], into the CUBE. It is possible to use commercial vehicle motion analysis software, but in
order to operate it on a supercomputer, we have experienced problems such as binary support, license handling,
and external communication of calculation nodes. So an open source framework is powerful solution, the
significance of being able to do it is high rather than other researchers think. In this year, we succeeded in
constructing this framework and implemented a practical example of vehicle motion analysis.

A hatchback type real vehicle shape model was used for the analysis. The model also reproduces detailed
shapes such as underfloor and auxiliary equipment inside the engine room. We are comparing steering stability
with and without aero parts mounted on the side of the vehicle. In this case, the suspension and steering
mechanism of the same type as the actual vehicle could be used. Assuming a lane change movement to the
overtaking lane-chage maneuvering on the highway, the steering stability was evaluated for the movement to
the right side 3 m at 100 km/h.

Figure 13.54 shows an example of visualization results of flow field and motion analysis. A correlation
has been shown between the sensory evaluation of steering stability and the roll motion of the vehicle. When
evaluated by focusing on the roll motion and the steering input by the driver (Fig. 13.55), both the angular
velocity and the angular jerk (time change of acceleration) showed a decrease in peak and amplitude when the
roll motion in the first half converged. Results consistent with the report were obtained in the driver’s sensory
test. In the future, we plan to make improvements to create results on “Fugaku” while conducting higher
resolution analysis and improving versatility.

Figure 13.54: Analysis example of lane change maneuver (upper: CUBE result, lower: motion analysis visual-
ization result).
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Figure 13.55: Results of roll angular velocity of vehicle motion.
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13.4 Schedule and Future Plan

In the research and development of unified simulation framework ’CUBE’ from 2012, the following goals has
been achieved:

1. Construction and development of the simulation technology for bringing out the performance of K-
computer

2. Validation and practical usage of industrial applications such as vehicle aerodynamics, aeroacoustics,
unsteady motion aerodynamics, engine combustion, city area wind environment analysys, sport CFD, and
structure analysis

3. Preparation of the simulation technologies of HPC toward EXA-scale

In the long-term objectives, the following target is considered:

1. Establishment of the research and development center for industrial simulation technology

2. Contribution to computer science by expanding the developed simulation technology to different fields

In terms of using Cartesian grids, the problems that the analysis accuracy in the vicinity of the wall surface
decreases due to the limitation of immersed boundary method is becoming clear. In the future, through the
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deployment of CUBE to the industrial applications, the introduction of higher order schemes, wall modeling
and advance sophisticated research of immersed boundary method are planning.

In terms of structure analysis, to avoid this numerical oscillation even when the spatial resolution is low, we
are going to introduce a calculation method for solid deformation tensors that does not require velocity gradient
calculation and we continue to work on development to improve analysis accuracy.

In terms of using Hierarchical grid system, the problems that the interface communication in each halo of
cubes will spoil the performance on future supercomputers is becoming clear. In the future, the enhancement
to the current communication / calculation overwrapping technique, or tuning for the interface communication,
introduction of adaptive refinement scheme are planning.

From collaboratetive companies, including companies through the activities of the “Consortium for Next
Generation Automotive CAE using HPC” and “Consortium for Next Generation Combustion CAE using HPC”
organized by RIKEN, voices of surprises and expectation for software development have been received. We are
planning to continue development for practical application in near future.
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