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Numerical analysis of dislocation density and residual
strain
strain in multicrystalline silicon for solar cells
using experimental verification
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(Received January 7, 2016)

Abstract
A three-dimensional (3D) Haasen-Alexander-Sumino model (HAS model) has been developed to study the
dislocation density and residual strain in the crystal. We compared the difference between calculation results and
experimental results. The results show that the HAS model can evaluate the dislocation density and residual strain in
the crystal semiquantitatively. And the residual strain for a multicrystal is lower than that for a mono-like crystal,
while the dislocation density for the multicrystal is higher than that for the mono-like crystal. In the case of
mono-like crystal, the dislocation generation is small and the thermal stress cannot relax easily, then residual strain is
high. In the case of the multicrystal, the dislocation generation is large and there are so many grains, then the thermal
stress can relax easily and residual strain is low.
Keywords
Keywords : Silicon, Solar cell, Directional solidification, Dislocation, Strain

1. Introduction
In recent years, photovoltaic energy is essential to
solve the energy issues and environmental problems
which we confront. For widespread utilization of the
photovoltaic application in the world, it is important to
fulfill the demand of cost reduction and improvement of
conversion efficiency. The directional solidification
method is important and most prevailing method for
growing multicrystalline silicon (mc-Si) ingots for
photovoltaic materials. Major advantages of this method
are low cost and high throughput for photovoltaic
production. However, seeded directional solidification
method (seed-cast) 1-3) has been a focus of constant
attention. Mono-like Si ingots are grown from seed
crystals, which are putted at the bottom of the crucible
using the directional solidification method. These days,
the conversion efficiency of mono-like Si is about the
same that of monocrystalline Si, which is grown by the
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Czochralski (CZ) method4) . For mc-Si or mono-like Si,
which is grown by the directional solidification method,
it is widely known that high dislocation density is main
problem to decrease conversion efficiency5, 6), while
residual stress can cause the crystals to fracture 7, 8). For
increasing both conversion efficiency and yield rate of
solar cells, the dislocation density and residual stress in
the crystal needs to be improved.
For experimental method, it is important to evaluate
the quality of crystals 9-12), but this cannot be estimated
how to generate dislocation and residual stress during
the growth process. Numerical simulation is a powerful
tool to provide us a valuable perception by analyzing
calculation results of the crystal during the growth
process. Therefore, we can improve the furnace design
and optimize the growth condition, which are effective
to the quality of the crystal, by numerical simulation.
A 3D Haasen-Alexander-Sumino model (HAS
model) has been developed 13-17) to study the behavior of
dislocation and residual strain during the growth process.
We assumed the silicon crystal was isotropic, crystal
anisotropy was neglected. In this study, we pay attention
to the HAS model can be used to calculate dislocation
density and residual strain for mono-like Si and mc-Si
even we assumed the silicon crystal was isotropic. And
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we analyzed the relationship between the dislocation
density and residual strain using this model.

2.

v0 = 5000m / s , τ 0 = 1MPa , m = 1 ,
23)
,
U = 2.2eV
kb = 8.617 ×10−5 eVK −1 . The effective
stress is given by:
where

Computation Method

τ eff(α ) = τ (α ) − τ i(α ) − τ b(α )

The directional solidification furnace consisted of a
silicon melt, a crystal, crucibles, pedestals, heat shields,
and heaters. The crystal had a height of 75 mm and a
diameter of 105 mm.
A transient global model was developed for the
directional solidification process to investigate the
global heat transfer in the entire furnace as a function of
time. Global heat transfer in the entire furnace included
the convective heat transfer of the silicon melt, the
conductive heat transfer in all of the solid components,
and the radiative heat transfer in all of the diffusive
surfaces of the furnace. A dynamic interface tracking
method was also included to obtain the shape of the
solid–liquid interface. Details of the calculations have
already been reported elsewhere18-20).
A 3D HAS model was also investigated using the
temperature distributions in the crystal which we
calculated. A brief explanation of the formulas as
follows. Details of the calculations can be found
elsewhere13-17).
A silicon crystal has twelve slip directions because
of its fcc structure17, 21) . The resolved shear stress τ(α) in
the α slip direction can be obtained using the tensor
transformation technique21) . The creep strain rate is
obtained by Orowan’s relationship as follows 22):

dε

(α )
pl

dt

= N m(α ) v (α )b

(1)

where Nm is the mobile dislocation density, b is
Burger’s vector, and v is the slip velocity of the
dislocation.
The rate of the mobile dislocation density in the α
slip direction is given as follows:

dN m(α )
(α )
= KN m(α ) v (α )τ eff
dt
(α )
+ K * N m(α ) v (α )τ eff
∑ fαβ N m( β ) − 2rc N m(α ) N m(α )v(α )

(2)

where τeff is the effective stress for dislocation
multiplication, K and
K* are
multiplication
15-17)
constants
, and rc is the effective dipole half
width15-17). The fαβ coefficients are given either as one or
zero.
The slip velocity of the dislocation v is given by:

τ eff(α ) m
U
) exp( −
)
τ0
kbT

v (α ) = v0 (

where τ (α ) is the resolved shear stress, τ i(α ) is the
stress for overcoming short-range obstacles, and τ b(α )
is the internal long-range elastic stress which is caused
by mobile dislocations15-17, 23).
The short-range and long-range interactions are
given as follows23) :

τ i(α ) = µb

(3)

∑β aαβ ( N β

( )
m

+ Ni( β ) )

τ b(α ) = µb∑ Aαβ Nm( β )

(5)

(6)

β

where aαβ and
are
Aαβ the
interaction
coefficients23).
Because the dislocation densities and creep strains
for all of the slip directions are obtained, the total
dislocation density and total creep strain can be
expressed as:
12

N m = ∑ N m (α )

(7)

α =1

12

ε pl = ∑ ε (plα )
α =1

1 (α )
(n ⊗ m(α )
2

(8)

+m(α ) ⊗ n (α ) ) sign(τ (α ) )
where n (α ) is the normal unit vector of the slip
plane and m (α ) is the unit vector of the slip direction.
The following assumptions were made: (1) the
boundary condition at the solid–liquid interface was a no
traction boundary, and (2) the boundary conditions at the
crystal-crucible wall interfaces were also no traction
boundaries because a coating was used between the
silicon melt and the quartz crucible in order to reduce
the effect of the crucible.

3.

β ≠α

(4)

Results and discussion

We used one of major crystal growth methods based
on the directional solidification process; the traveling
heater method. In the traveling heater method, the
heaters were moved upward in order to grow the crystal,
while the heater power was held constant until
completion of the solidification process, at which point
it was decreased.
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Two mono-like crystals (Crystal 1 and Crystal 2)
were grown by the traveling heater method using
(001)-oriented seed crystals10, 11) . Figure 1 shows the
growth recipe of heater temperature and crucible
position for the experiment 11) . We conformed to the
melting and solidification process for two crystals and
only changed the cooling rate during the cooling process
below 900 °C. The cooling rate for Crystal 1 was about
12 °C/min, whereas that for Crystal 2 was about
5 °C/min below 900 °C. Figures 2 (a) and 2(b) are the
optical images of Crystal 1 and Crystal 2. Two ingots
were cut 1.5 mm thickness at vertical direction with
(110) surface to measure the dislocation density and
residual strain in the ingot. Crystal 1 has a large area of
mono crystal which grew from the seed crystal; however
Crystal 2 has a large area of multicrystal which
originated from the side wall. The measurement of
residual strain was performed using a scanning infrared
polariscope (SIRP). Details of the SIRP measurement
can be found in publications24, 25). We also calculate
temperature distribution in the crystal with following
parameters. The cooling rate for Crystal 1 was about
6.1 °C/min, whereas that for Crystal 2 was about
2.2 °C/min below 900 °C. The cooling rate between
experiment and calculation is different; however, we can
verify the effect of the cooling rate below 900 °C
qualitatively.

3

Figure 3 shows the distribution of dislocation density
in the periphery of the crystals with respect to the ingot
height in the calculation results and experimental results.
The previous 2D calculation results are different from
the experimental results by one order of magnitude.
However, our new 3D calculation results are very close
to the experimental results. The calculation results for
Crystal 1 and Crystal 2 are almost the same because the
dislocations
were
mainly
generated
at
the
high-temperature region in the HAS model and because
our calculations did not take into account for the
dislocation propagation and movement. Therefore, the
distribution of dislocation density for Crystal 1 and
Crystal 2 is almost the same because the cooling rate
changed at 900 °C, which is not a high-temperature
region.

Fig. 3 The distribution of dislocation density in the
periphery of the crystal with respect to the ingot
height in the calculations and the experiments.

Fig. 1 The growth recipe of heater temperature and
crucible position for the experiment.

(a)

(b)

Fig. 2 Optical images of (a) Crystal 1 and (b)
Crystal 2.

Figures 4(a) and 4(b) show SIRP images of Crystal 1
and Crystal 210, 11). Figures 5(a) and 5(b) show the
distribution of residual strain of Crystal 1 and Crystal 2
for calculation results. From Fig. 4(a) and Fig. 5(a), both
residual strain distributions are symmetric distribution
and quite similar. And the higher strain in the crystal is
periphery and lower strain is in the center. These results
suggest that the peripheries in the crystal are the areas of
high temperature gradients and therefore the high
thermal stresses are in those areas. From Fig. 2(b), 4(b)
and 5(b), even multicrystal area in the ingot is large, the
distribution of residual strain for calculation result is
close to that for experimental result.
Figures 6(a) and 6(b) show an optical image and
SIRP image of multicrystalline silicon ingot10). The
solidification and cooling process is the same as Crystal
1. Even there are so many grains, the distribution of
residual strain as shown in Fig. 5(a) is close to the SIRP
image as shown in Fig. 6(b). Figures 7(a) and 7(b) show
the distribution of residual strain in the center and
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(a)

(b)

Fig. 4 SIRP images of (a) Crystal 1 and (b) Crystal
2.

(a)

(a)

(b)

Fig. 5 The distribution of residual strain in (a)
Crystal 1 and (b) Crystal 2 in the calculations.

(a)

(b)

Fig. 6 (a) Optical image and (b) SIRP image of the
multicrystalline silicon ingot.
periphery of the crystal with respect to the ingot height
for the calculation and experimental results. The
distribution of residual strain for Crystal 1 and Crystal 2
in calculation result is close to that for experimental
result. And the difference of residual strain between
Crystal 1 and Crystal 2 is small. The distribution of
residual strain for multicrystal ingot is also close to that
for calculation results. And residual strain for
multicrystal ingot is lower than that for mono-like ingot
Crystal 1 and Crystal 2. The average dislocation density
in whole of the crystal for Crystal 1, Crystal 2 and
multicrystal is 0.5x10 5, 1.1x105, and 1.5x10 5 cm-2
respectively26). The average dislocation density for
multicrystal is higher than that for mono-like Crystal 1
and 2. This phenomenon is owing to the relationship
between the dislocation density and the residual strain in
the crystal. For the mono-like crystal, because
dislocation generation is small, thermal stress cannot
easily relax and the residual strain is high. In contrast,
for the multicrystal, because dislocation generation is
large and there are many grains, the thermal stress can
easily relax, and therefore the residual strain is low. In
case of increasing the size of crystal, difference of

(b)
Fig. 7 The distribution of residual strain in the (a)
center and (b) periphery of crystal with respect to
the ingot height in the calculations and experiments.
residual strain between mono-like crystal and
multicrystal could be increased. Therefore, we can
expect the difference of residual strain could be more
effective to dislocation density. Thus, even multicrystal
area in the ingot is large, HAS model is very useful to
expect the distribution of dislocation density and
residual strain semiquantitatively.

4.

Conclusion
Conclusion

A 3D Haasen-Alexander-Sumino model has been
developed and compared with experimental results
performed in mono-like and multicrystal silicon ingots
to study the relationship between dislocation density and
residual strain in the crystal. The calculation results are
good agreement with the experimental results even
crystal has large multicrystal area. From these results,
the HAS model is very useful model to evaluate
dislocation density and residual strain in the crystal
semiquantitatively. And we verified the relationship
between dislocation density and residual strain in the
crystal using numerical analysis in comparison with
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experimental results.
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Compilation of bathymetric data of the East China Sea
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Abstract
One arc-minute resolution grid bathymetry of the East China Sea has been developed by compiling a large number
of sounding data derived from various sources. The dataset was found to retain advantages of two existing grid
bathymetries: representing basic bottom features found in navigational charts as in skkutopo1m dataset, while it
resolves detailed bottom features observed in gebco2014 gridded bathymetry. Through comparisons between new and
nine existing datasets, spurious bottom features in previous datasets were identified in near-coast regions and in areas
where the source data were sparsely distributed. The verification also has clarified the regions where additional
sounding records are required to improve the data quality.
Keywords : Bathymetry, East China Sea, Digital Terrain Model, continental shelf

1.

Introduction

Even though bathymetry is one of the most important
properties which regulate the dynamics of coastal seas,
uncertainty still exists in our knowledge on the depth of
shallow marginal seas. It is partly because typical spatial
scales of bottom features in shallow seas are so small that the
features may often slip through the networks of satellite and
in-situ survey lines. The amount and quality of available
sounding data have been much less than those required to map
the whole sea area.
The situation, however, has greatly improved in the last
decade. Many countries in East and Southeast Asia have
initiated intensive sounding surveys for mapping purpose, and
increasing number of detailed navigational charts have newly
published especially in the last several years. Furthermore,
recent scientific surveys using multi-beam soundings also
have provided detailed bathymetric information.
This study compiles a gridded bathymetry of the East
China Sea (ECS) including the Bohai and Yellow seas by
utilizing a large number of sounding data, many of which have
been published recently. The aim of this study is to produce a
bathymetric map of the ECS which can resolve features having
a spatial scale of 5-10 km, and to evaluate the reliability of
bathymetric data of the ECS. Similar grid bathymetry of the
South China Sea is presented in another article1).

2.

Materials and methods

*1 Research Institute for Applied Mechanics, Kyushu Univ.

2.1 Existing bathymetric datasets
Table 1 is a list of gridded bathymetric datasets covering
the East China Sea (ECS) which provide depths at data points
defined on a longitude-latitude grid. The existing datasets fall
into three streams.
Etopo series are global grid data distributed by U.S.
National Centers for Environmental Information (NCEI). The
first etopo product published in 1988, etopo52), has a spatial
resolution of 5 minutes (1/12 degrees) and was superseded by
etopo23) (2 min resolution) in 2001 and further by etopo14) (1
min resolution) in 2009. While etopo5 referred to in-situ
sounding records, etopo2 and etopo1 rely mostly on satellite
altimetry techniques5) which have greatly improved the quality
of water depths in deep oceans. In this study, the revised
edition of etopo5 issued in 19906), the first3) and second7)

Table 1 List of bathymetric datasets covering ECS
Name
etopo5
etopo2
etopo1
gebco00
gebco81
gebco08
gebco2014
skkutopo1m
tecs

Res
5min
2min
1min
1min
1min
0.5min
0.5min
1min
1min

Released
19882) (19906))
20013) (20067))
20094)
20038)
20089)
200910)
201411)
200212)
2016

Coverage
global
global
global
global
global
global
global
East Asia
ECS
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(issued in 2006) edition of etopo2 and the grid-registered
version of etopo14) were examined.
Gebco (General Bathymetric Chart of the Oceans) gridded
bathymetries have been distributed by British Oceanographic
Data Centre (BODC). In this study, we verified gebco
centenary edition issued in 20038) (1 min res; referred to as
gebco00 hereafter), gebco one minute grid last updated in Nov.
20089) (1 min res; gebco81), gebco_08 version 2010092710)
(0.5 min res, first release appeared in Jan. 2009; gebco08) and
gebco_2014 version 2015032511) (0.5 min res, initial version
published in Nov. 2014; gebco2014).
A dataset that belongs to the third stream is
SKKUtopo1m12) (1 min res, published in 2002) compiled from
in-situ sounding data. Unlike etopo and gebco global datasets,
its geographical coverage is limited to East Asia (117°E143°E and 24°N-52°N).
We did not use two Japanese gridded datasets, i.e.,
JEGG50013) issued by Japan Oceanographic Data Center
(JODC) covering the southern and southwestern ECS (122°E132°E and 24°N-30°N; 128°E-144°E and 30°N-38°N)
in a resolution of 500 m and JTOPO30v214) published
by Marine Information Research Center (MIRC),
Japan Hydrographic Association (JHA) which covers
120°E-150°E and 18°N-48°N in 0.5-minute interval. It
was because the former was supplied in spatiallysmoothed form and did not conform with some raw
sounding data, while the latter was focused mainly on
deep oceans adjacent to Japanese waters so that only
a limited number of sounding records were used to
map the main shallow portion of the ECS.

2.2 Tecs bathymetry
The regional bathymetry compiled in this study, tecs,
provides heights over an area ranging 116°E-131°E and
24°N-42°N in a resolution of 1 minute. Tecs covers the
whole ECS and the westernmost part of the Japan Sea.
For an area west of 125°E and south of 27°N, the
dataset is compatible with the South China Sea
bathymetry, tscs1).
The dataset focuses mainly on the continental shelf
shallower than 200m, which comprises more than 70% of the
ECS area and an effort was made to resolve bottom features
having a spatial scale of 5-10 km, a typical width of submarine
linear sand ridges found at various locations in the ECS.
Compilation of the dataset was made under two concepts.
In contrast to other global datasets keeping a universal quality
standard over a wide area by applying a spatial filter, tecs was
compiled on a best-effort basis, i.e., pursuing the best quality
at each locality by utilizing as many source data as possible.
Furthermore, a care was taken to avoid generating spurious
depth values, which was accomplished by adopting a
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conservative interpolation scheme and by excluding extreme
sounding values, e.g., depth at the top of a small and isolated
seamounts which does not represent the water depth of the
region.

2.3 Data source
In this study, only in-situ sounding data were used to
compile the sea portion of tecs. The primary source of the
sounding data was electronic and paper charts issued by local
countries (China, South Korea, Japan and Russia), electronic
charts by U.K. and paper charts by U.S. As for Chinese and
Korean waters, we used substantially all the electronic charts
categorized as Harbour, Approach and Coastal scales (1:10k
to 1:300k) available at Dec. 2015 and adopted the version
issued at around Feb. 2012 when available to retain the
consistency among the charts. Paper charts were scanned and
converted into WGS84 coordinates if necessary.
In addition, a large number of single-beam sounding
records in Japanese waters collected by Japan Coast Guard, as
well as multi-beam sounding data at regions east of Taiwan
and in the Japan Sea south of 38°N were used to generate
the dataset. The multi-beam data were converted into
grid-point data having a spacing of 0.2 minutes
because the original resolution was too high for the
current purpose.
For the land portion, we used GLOBE dataset15), a
global gridded topography dataset provided in 0.5minute interval.
Fig.1 illustrates the number of source data that
fall into 5 minute bins. Aside from nearshore regions,
the sounding data were densely distributed in areas
west and southwest of Korean Peninsula, west of
Taiwan and in the southern part of the Japan Sea. It
is to be noted that many of the data found in these
area have been originated from electronic charts and
multi-beam products published in the last five years.

2.4 Data processing
All the paper and electronic charts were displayed
on a computer screen and the depth points were
digitized into xyz (longitude, latitude and depth)
format. The obtained data were compared with other
sounding records supplied in digital form.
It is to be noted that not all the depths indicated in
the charts were adopted for the data compilation.
Incorporating all the depths indicated in electronic
charts, which was conducted in a pilot study, resulted
in a generation of a grid bathymetry having depths
shallower than those observed. It was because
navigational charts tend to indicate the shallowest
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Uehara: East China Sea bathymetric data

(a)

(b)

Fig. 1 Histogram showing the number of sounding data
used for compilation included in 5 min bins. Bins
without any sounding data are indicated in white
colors. Note the number of data in a bin is not limited
to 25 and may exceed 1000.

Fig. 2 Bathymetric relief off the west coast of Kyushu
Island created (a) with and (b) without using singlebeam sounding depths along survey lines indicated
in red dots. Depth values and a navigational chart
(Japanese chart W180) are overlain for reference.

depth in a specific area than depths representing a
certain region. A care was taken to adopt depth values
representing the area especially at places where
sounding data were sparsely distributed.
Depth contours were not digitized unless contours
(1) mark the location of a steep slope where the depth
changes greatly or (2) represent the extent of
elongated shoals or trenches where depths vary in
anisotropic manner, because the contours generally
differ among charts.
Single-beam sounding records were verified by
comparing with other depth data. Some of the records
obtained from several particular cruises were not
adopted in this study because they show depths
systematically different from those observed at
surrounding locations and inclusion of such dataset
may often produce artificial features (Fig. 2).
Some of the multi-beam records also indicate
erroneous values especially at shallow regions and
along the edge of a swath band. It was therefore
necessary to verify the data carefully before being
used as a part of the source data.
The gridded land data were introduced to fill
hollow areas devoid of input data, which helped
generating realistic bathymetries around land
features such as promontories and islands where

coastlines were intricate or were closed.
All the sounding records and the topographic grids
were combined together and converted into a grid data
having a spacing of 1 minutes which was made by
applying Natural Neighbor interpolation scheme of
Surfer 13 application (Golden Software). This scheme
does not generate values beyond the range of the
actual dataset. In this study, we have chosen this
conservative interpolation method to avoid generating
spurious features, with the cost of losing some
information contained in the original sounding data.

3.

Results

Fig. 3 shows the bathymetry of the ECS derived from the
existing and newly developed datasets. Here we focus on
shallow regions and depths between 0 m and 150 m are drawn
with a separate color scale.
It was found that all datasets show depth pattern slightly
different among each other in the shallow portion of the ECS.
An exception is the bathymetry of gebco08 and gebco2014
(Figs. 3g and 3h) which differ only in a deep area south of
Ryukyu Islands. Another exception is etopo2 (v1) bathymetry
(Fig. 3b): depths in some regions deviates largely from those
found in other datasets, e.g., depth exceeding 200 m in the
central Bohai Sea, the northern Yellow Sea and Haizhou Bay,
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(a) etopo5 (v2)

(e) gebco00

(i) skkutopo1m

(b) etopo2 (v1)

(f) gebco81

(c) etopo2 (v2)

(d) etopo1

(g) gebco08

(h) gebco2014
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(j) tecs (v01b)

Fig. 3 Depth distribution around the ECS derived from ten different bathymetric datasets (the list of the datasets is found in
Table 1). Depth contours were drawn for every 10 m from 10 to 100 m, 120 m, 150 m and 200 m depth. The color scale
in the left hand side applies to depth range 0-150 m, whereas the scale in the right is used in other heights/depths.

while depths being too shallow along the western and southern
coasts of Korea. These apparent errors found in etopo2 (v1)
were modified in the second version (Fig. 3c).
Etopo5 (v2) bathymetry (Fig. 3a) based on in-situ
sounding data showed depth pattern somewhat similar to those
found in navigational charts, except in area off Jiangsu coasts
where an extensive inner shelf was not existent and in the

Yangtze Shoal where the depth seems to be shallower than
observed. These discrepancies may have caused because
detailed depth information around two areas were not
available at the time the dataset was published.
In etopo2 (v2) and etopo1 (Figs. 3c and 3d), the extent of
nearshore region shallower than 20 m and the representation
of water depths in the Yangtze Shoal seems to have improved
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(a) etopo1

(b) gebco2014

(c) skkutopo1m

(d) tecs (v01b)

Fig. 4 Depth distribution off southwest Korea for (a) etopo1, (b) gebco2014, (c) skkutopo1m and (d) tecs bathymetries. Contour
lines are drawn for every 20 m and lines indicated in a light green color denote depths greater than 100 m. Note that a
color scale is different from the one used in Fig. 3.
when compared to etopo5 (Fig. 3a). On the other hand, these
new datasets do not seem to represent areas deeper than 40 m
properly. In addition, a spurious shoal has emerged in an area
south of Jiaozhou Bay in etopo2 (v2) and etopo1.
Though etopo1 implies many small-scale structures
compare to etopo2, it was not clear whether these features are
realistic ones. An apparent jump of 50 m contour across
latitude 30°N off Hangzhou Bay found in etopo1 is probably
related to the northern limit of a Japanese gridded bathymetry
used in etopo1 which did not have enough accuracy outside
Japanese waters.
While the depth patterns of gebco00 (Fig. 3e) were
virtually the same with that of etopo2 (v2) (Fig. 3c), those in
the Korean side of the Yellow Sea were modified in its revised

edition, gebco81 (Fig. 3f). The contour pattern of gebco81 in
the modified area resembles more to that of etopo5 than to
etopo2 (v2).
Gebco08 and gebco2014 bathymetries (Figs. 3g and 3h)
generally show more realistic contour patterns, in terms of the
similarity with those presented in navigational charts,
compared to etopo and previous gebco bathymetries. A
significant improvement was observed for the bathymetry in
the Bohai Sea and the overall shape of the Yangtze Shoal.
These 1/2-minute resolution datasets were also capable of
resolving some detailed features such as radial sand ridges off
the Jiangsu coast. As in the case of etopo1, however, we could
not confirm whether a large number of small-scale features
indicated in gebco08 and gebco2014 are real features. For the
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(a) skkutopo1m
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to process large data.

4.

Discussion

4.1 Data validation

(b) gebco2014

Fig. 5 Bathymetry of the western Bohai Sea created by
using (a) skkutopo1m and (b) gebco2014 datasets.
Thin line denotes 20 m isobath contour whereas
thick line indicates coastline derived from GSHHS
shoreline database18).
land portion, the northern Jiangsu coast was not presented
correctly, due to the error inherent in SRTM30 topographic
data15) used in the datasets.
Skkutopo1m and tecs bathymetries (Figs. 3i and 3j),
regional products based solely on in-situ sounding data, were
found to show similar contour patterns which basically follow
features presented in navigational charts. In addition, both
datasets do not indicate unrealistic depths indicated in etopo
and gebco datasets, e.g., a deep hole exceeding 100 m in the
Yangtze Shoal in gebco2014 (Fig.3h). These two datasets
therefore seem to represent consistent regional bathymetry in
the sense showing generic features properly without having
unrealistic extreme values.
Difference between skkutopo1m and tecs was found in the
representation of small scale features, e.g., radial sand ridges
off the Jiangsu coast was not well resolved in the former
dataset. Such discrepancy may be ascribed to difference in the
number of sounding data available at the time of data
compilation, and also to the difference in the computer power

To examine the characteristics of the bathymetric datasets
more in detail, enlarged bathymetry maps of four major
datasets, etopo1, gebco2014, skkutopo1m and tecs, are shown
in Fig. 4 for region off the southwest Korea. It is found that all
four dataset show common basic feature that a trench deeper
than 60 m transverse the area from southeast to northwest.
It was found that generic contour pattern observed in
etopo1 (Fig. 4a) were quite similar to those in gebco2014 (Fig.
4b), e.g., distribution of 60 m contour including those
bounding deep trenches in the northernmost area which were
not observed in skkutopo1m or tecs (Figs. 4c and 4d). Pattern
of 40 m contour in the southwestern portion also resembles
with each other.
On the other hand, gebco2014 seems to represent smallscale features found in the Korean side of the Yellow Sea more
in detail. For example, linear sand ridges in the northeastern
area were discernible only in gebco2014 and tecs. An isolated
island northwest of Cheju Island (Soheuksando), eastern and
western sides of which are bounded by trenches deeper than
100 m, seems to have represented in proper size in gebco2014
and tecs.
Small-scale features in the southwestern part of Fig. 4 were
observed only in gebco2014 (Fig. 4b). Though the feature
might be reflecting actual deep and shallow depths sampled
from a sequence of submerged valleys observed in this region,
it probably requires more sounding data to resolve the feature
in more realistic manner.
A lattice-like feature ca. 70 m deep found in the
northwestern area of etopo1 and gebco2014 (Figs. 4a and 4b)
were originated from an inclusion of single-beam sounding
data not adopted in tecs (Fig. 4d). Depth contour of tecs, in
contrast, does not show detailed structure compared to etopo1
and gebco2014 in this area because there was not enough
sounding data available in the mid-Yellow Sea.
In etopo1, gebco2014 and tecs, a series of circular ridgeand-hollow features were found at a region west of Cheju
Island, which seems to have caused by insufficient sampling
interval of the source sounding data compared to the spatial
scale of bottom features. This result suggests that the number
of sounding data is still insufficient to resolve bottom features
at some regions.
In summary, it was suggested that tecs dataset provides
consistent bathymetry patterns as in skkutopo1m, while the
dataset also resolves detailed small-scale features at area
where sounding data are densely distributed.

12

Uehara: East China Sea bathymetric data

Fig. 6 Bathymetric contours (5 m interval) in region west of Cheju Island derived from skkutopo1m dataset (red lines) and
from bathymetric chart based on acoustic sounding issued by Korean Institute of Geology, Mining and Materials in
1993 (blue lines), which were overlain by U.K. chart 3480. The location of the area is indicated in the map in the right
hand side created from skkutopo1m bathymetry.

4.2 Spurious coastal features in gebco2014
Though previous analyses have shown that gebco2014 has
high potential to represent bottom features in the ECS, its
depth value seems to contain systematic error along some
coastlines.
Fig. 5 compares the depth distribution of the western Bohai
Sea derived from skkutopo1m with that from gebco2014.
Unlike skkutopo1m (Fig. 5a), sea area presented in gebco2014
bathymetry has extended further landward from the actual
position and depths along the inundated coastal zone exceeded
30 m (Fig. 5b), which is a spurious feature because many of
the deep areas are supposed to be lowlands such as intertidal
zones or shallow salt pans.
It is speculated that this spurious feature is related to the
specification of gebco bathymetries not using 0 m height (or
depth) to avoid problems when connecting land and sea data.
Large area without having any height or depth might have
produced the spurious values.
Fig. 5 shows another issue specific to the ECS where
coastline has changed greatly in the past several decades. The
coastline around the Yellow River Delta indicated in
skkutopo1m (Fig. 5a) and gebco2014 (Fig. 5b) bathymetries
resembles with actual coastlines observed in 1960s and 1950s,
respectively. The coastline shown in Fig. 5 derived from
GSHHS database17) also reflects the status of 1960s. As
changes in the coastline have modified the tidal range in the
Bohai Sea for more than 20 cm18), it might be necessary to
incorporate latest coastlines to the bathymetric dataset when
studying resent status of the ECS.

4.3 Impact of sounding data distribution
Red lines indicated in Fig. 6 denote the depth contour of
skkutopo1m at the entrance of the Yellow Sea. Comparison

with depth contours derived from more detailed bathymetric
chart, shown in blue lines, suggests that a north-south shoal
west of Cheju Island was a spurious feature generated by
connecting depths on top of some ridges found in elongated
ridge-and-swale features aligned in ESE-WNW direction.
This example shows that the usage of insufficient number
of data compared to the spatial scale of bottom features may
give rise to a spurious bathymetry.
The distribution of sounding data currently available (Fig.
1) shows that the in-situ data is lacking especially in the central
Yellow Sea, the northern Japan Sea and the outer shelf area of
the East China Sea. In addition, many depth data indicated in
charts covering central Liaodong Gulf and North Korean
waters are measured in more than half century ago and needs
to be replaced. Additional sounding data are required to
improve the quality of the bathymetric data in the ECS.

5. Summary and conclusion
New grid bathymetric data of the ECS has developed,
which was found to possess the consistency of overall patterns
as in skkutopo1m bathymetry and also was found to resolve
some small-scale features as in gebco2014 dataset.
Differences in bottom features found in existing
bathymetric datasets suggests the importance of choosing
appropriate dataset. Aside from the new bathymetry compiled
in this study, it might be safe to use skkutopo1m bathymetry
or gebco2014 bathymetry (after revising spurious features) for
the purpose of a regional study.
The current study also has shown that a sufficient number
of sounding data compared to the spatial scale of bottom
features are necessary to avoid the emergence of spurious
bathymetry. Though the situation has improved greatly in the
last decade, additional sounding data covering the ECS is
necessary to improve the data quality.
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Abstract
Heterogeneous processes play an important role in changing the chemical, physical, optical, and radiative
characters of dust particles at regional and global scales, especially in East Asia, where both the emissions of mineral
dust and anthropogenic pollutants are huge. To investigate the chemical and physical impacts of heterogeneous
reactions on dust particles, three dust and/or air pollution episodes were observed and simulated in Beijing, China
and Fukuoka, Japan during 27 March and 2 April, 2015. The results confirmed that heterogeneous reactions were the
major mechanisms producing coarse mode nitrate and sulfate in the presence of dust particles, with the
concentrations of coarse mode nitrate reaching 19 μg/m3 in Beijing and 4 μg/m3 in Fukuoka. We also found that
heterogeneous processes and subsequent hygroscopic growth significantly changed the mixing state and size of dust
particles. As a result of the internal mixing of nitrate, sulfate, and aerosol liquid water, the volume concentration of
dust doubled when the relative humidity (RH) was relatively high (> 80%), and the dust particles tended to be
spherical when the volume fraction of dust coatings reached 20%.
Keywords : Dust, heterogeneous reaction, hygroscopic growth, mixing state, particle size, depolarization,
sphericity

1. Introduction
A large amount of mineral dust particles are
mobilized into the atmosphere by strong surface winds
over arid terrain in Asia, and can be transported long
distances (e.g., to the northern Pacific, North America,
and even one full circuit around the globe) 1). This
enhances the heterogeneous chemistry of the atmosphere
2)
, and influences the climate by scattering and absorbing
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University, Japan
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*4 University of Yamanashi, Yamanashi, Japan
*5 National Institute for Environmental Studies, Tsukuba,
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incoming solar radiation 3). Compared with pure
secondary anthropogenic sulfate and nitrate, sulfate and
nitrate carried on dust can be transported over much
longer distances. When aged by water soluble aerosol
components during transportation, the size, shape, and
hygroscopicity of mineral particles may be altered. As a
result, the coated dust particles will change their optical
properties, and become more efficient cloud
condensation nuclei (CCN), which will consequently
change both the direct and indirect climate effects of
dust particles at regional and global scales.
Calcium (Ca) in Asian dust accounts for 39% of the
total of seven crustal elements (Si, Al, Mg, Ca, Na, and
K), in contrast with Saharan dust particles where Ca
only comprises up to 17% 4). Calcium-rich Asian dust
particles readily react with anthropogenic acidic species,
such as sulfuric and nitric acid. Meanwhile, dust
particles may also directly take up high levels of sulfur
dioxide (SO2) and nitrogen dioxide (NO2) 5), leading to
the formation of water-soluble sulfate and nitrate in
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large quantities. Therefore, the mixing of Asian mineral
dust with anthropogenic pollutants is a critical issue in
understanding the problem of ‘polluted dust’.
Beijing, China is very close to the source region of
dust particles (about 200 km away), and its surrounding
area has a larger emission intensity of anthropogenic
pollutants than other regions of China, or even the world.
In general, during blowing dust events, a strong
northwest wind usually carries dust particles through
Beijing quickly and directly, and the concentration of
anthropogenic pollutants in Beijing decreases
significantly due to the high wind speed and dilution.
Therefore, almost no sulfate is formed and nitrate is only
formed in small quantities on the surface of dust
particles during their transport from source areas to
Beijing 6). Transmission electron microscopy (TEM)
observations in Beijing have indicated that only 5% are
covered by visible coatings in the dust sample 7).
However, during 29 March to 1 April of 2015, high
concentrations of suspended dust and anthropogenic
pollutants were trapped in the Beijing area, which
provided a good opportunity to observe and simulate the
impacts
of
heterogeneous
reactions
on
the
chemico-physical properties of dust particles.
In this study, we used a polarization optical particle
counter (POPC) to observe the mixing and sphericity of
particles of different sizes in Beijing, China for the first
time, and we also made POPC observations in Fukuoka,
Japan. Filter samples of PM2.5 (particulate matter [PM]
with an aerodynamic diameter less than or equal to 2.5
μm) and PM10 (PM with an aerodynamic diameter less
than or equal to 10 μm) were collected twice a day in
Beijing and analyzed by ion chromatography (IC). In
Fukuoka, a continuous dichotomous aerosol chemical
speciation analyzer (ACSA) was used to observe the
chemical composition of PM2.5 and PM10. The Nested
Air Quality Prediction Modeling System (NAQPMS)
was also used to simulate the mixing of dust particles
with anthropogenic pollutants. Based on the
observations and model results, the impacts of
heterogeneous
chemical
reactions
on
the
chemico-physical properties (e.g., chemical composition,
particle size, hygroscopicity, and sphericity) of dust
particles during severe dust events over East Asia in
2015 was studied in detail.

2.

Experimental

2.1 Observations
Online observation of the light-polarization property
of single particles was performed using a POPC (YGK
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Corp., Yamanashi, Japan) at the Institute of Atmospheric
Physics (IAP: 116.4˚E, 39.9˚N), Beijing and Kyushu
University (130.5˚E, 33.5˚N), Fukuoka, during the
spring of 2015. Beijing is located in the downstream
region of dust sources (about 200 km away), while
Fukuoka is located more than 1,500 km away from the
major dust source regions (Fig. 1). POPCs were
previously used successfully for dust monitoring in
Korea 8) and Japan 9), however, this is the first time it
was used for dust monitoring in China. A POPC
measures the intensity of the forward scattering signal
and two depolarized components (s-polarized,
p-polarized) of the backward scattering signal for each
single particle illuminated by a linearly polarized laser at
a wavelength of 780 nm 10). The intensity of forward
scattering was used to determine the size of individual
particles. The depolarization ratio (DR), denoted as the
ratio of the intensity of the s-polarized component to the
backward scattering signal [S/(S+P)], was an indicator of
the non-sphericity of the particle. Supermicron particles
with a DR > 0.2 and submicron particles with a DR > 0.5
were regarded as being “non-spherical” (e.g., dust).
Supermicron particles with a DR < 0.2 had a spherical
structure (e.g., anthropogenic pollutants or sea salt) 10).
POPCs have been used to investigate the time-resolved
mixing state of mineral dust and anthropogenic aerosols
8, 9)
.
PM2.5 and PM10 were collected on Teflon filters at
the IAP at 12 h intervals from March 27 to April 12,
2015. For the extraction of water-soluble components
from the aerosol filter sample (diameter of 2 cm), 10 mL
of ultra-pure water was added to the sample vial, and
then ion-chromatography (ICS-1600 for anions and
ICS-1100 for cations; Thermo Fisher Scientific,
Waltham, MA, USA) was used to analyze the aerosol
ion concentration.
The mass concentrations of anthropogenic aerosols
in both PM2.5 and PM10 were concurrently measured
using a continuous dichotomous ACSA (ACSA-12,
Kimoto Electric Co., Ltd., Osaka, Japan) at 1 h time
intervals at Kyushu University, Fukuoka 9). The
ACSA-12 determines PM, black carbon (BC), sulfate,
and nitrate on the basis of β ray absorption, near-infrared
light scattering, a BaSO4-based turbid metric, and a UV
spectrophotometric method, respectively, with an
uncertainty of ~10% 11).
A dual-wavelength (1,064 nm, 532 nm)
depolarization Lidar developed by the National Institute
for Environmental Studies (NIES) 12) was used to
continuously observe aerosols below 6 km at 15 minute
intervals at the IAP, Beijing 13). The Lidar employs a
flash lamp-pumped Nd:YAG laser with a second
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harmonics generator. The scattered light is received with
a 20 cm Schmidt-Cassegrain telescope, and is then
collimated and directed to a dichroic mirror to separate
received light at 532 and 1,064 nm. The 1,064 nm signal
is detected with an avalanche photodiode (APD). The
532 nm wavelength corresponds to depolarization and
the light is directed to a polarizer. The polarization
components are detected with two photomultiplier tubes
(PMTs). The Fernald inversion method is applied to
derive the extinction coefficient with S1 set to 50 sr in
the inversion process.

2.2 Numerical Models
The NAQPMS 14) was used to simulate the dust and
air pollution processes. The model has been used
previously to simulate the heterogeneous reactions
occurring on dust and BC 15, 16). NAQPMS was
configured with the same horizontal resolution and
domain as the Weather Research and Forecasting (WRF)
model (Fig. 1), and with 20 vertical layers in a sigma
coordinate.

The dust source factor (E) represents the uplifting
capability of the land surface, and reflects the impact of
land use categories, vegetation fractions, and snow/ice
cover on dust fluxes. In the desert, without vegetation
and snow cover, dust particles are easily uplifted to the
boundary layer, and E is set to 1.0. In contrast, E is set to
0.0 in evergreen forest. ∗ and ∗ are the friction and
threshold friction velocities. ∗ is related to soil type,
mineral particle size distribution, surface roughness, and
soil moisture. RH and RH0 represent relative humidity
and its threshold value, respectively. In this study, ∗
was set to 0.45, 0.35, 0.6, and 0.4 m s−1 in the Gobi,
China Loess, Hunshandak deserts, and other dust source
regions, respectively, while RH0 was set to 40 %,
following Li et al. 16). The dust particle size was
separated into four size bins covering the range of
0.43–10 μm (0.43–1 μm; 1–2.5 μm; 2.5–5 μm, and 5–10
μm) in diameter.
The anthropogenic emissions (e.g., SO2, NOx, NH3,
CO, BC, OC, and VOCs) were from the MIX (mosaic
Asian anthropogenic emission inventory for Model
Inter-Comparison Study [MICS]-Asia and Hemispheric
Transport of Air Pollution [HTAP] projects,
http://meicmodel.org/dataset-mix.html) with base year
2010 prepared by Li et al. 18).
To simulate the mixing of aerosols with pollutant
gases, 28 heterogeneous reactions on sulfate, soot, dust
and seasalt particles have been included by Li et al. 16).
The first-order rate constant (k) of each reaction is
calculated by uptake coefficient ( ) and surface area
density of particles (A) using the following equation
suggested by Jacob 19):
(2)

Fig.1 Model domain and spatial distributions of dust
emissions (unit: ton/km2) during 27 March to 1
April, 2015. The white square and circle
indicate the locations of Beijing and Fukuoka,
respectively.

where r is the dust particle mean radius, Dg is the gas
phase diffusion coefficient, c is the mean molecular
speed of the gas,

is the uptake coefficient, and A is

the surface area density of the particles. Among the 28
heterogeneous reactions, the 12 reactions on dust

Dust emissions were computed online using a
modified size-segregated dust deflation module 16, 17).
The mineral dust emission intensity (F), considering soil
categories, vegetation fraction percentages, and snow/ice
cover, was determined using the following equation:
∙

∙

∙

∗

1

∗
∗

∙ 1

∗
∗

∙ 1

(1)

where F is the dust flux (kg m−2 s−1). The constant C1 is
set to 1.0 × 10−5, and
(kg m−3) and g (m2 s−2) are the
air density and acceleration due to gravity, respectively.

particles and their uptake coefficients are listed in Table
1.
The WRF (version 3.7.1) model was used to
investigate the detailed meteorological conditions over
East Asia. The model was configured with a horizontal
resolution of 45 km (Fig. 1) and 30 vertical layers.
National Centers for Environmental Prediction (NCEP)
operational global final analysis (FNL) data (1° × 1°,
http://dss.ucar.edu/datasets/ds083.2/) were used as the
initial and boundary conditions.

Reports of Research Institute for Applied Mechanics, Kyushu University No.150 March 2016

17

Table 1. Heterogeneous reactions on dust particles and
reactive uptake coefficients
Heterogeneous Reactions
O3 +dust→products
HNO3+dust→NO

2.7 × 10-5
1

RH

c RH
1
1

c

RH

0.018 c

NO2 +dust→0.5HONO+0.5HNO3

2.1 × 10-6

NO3 +dust→HNO3

1.0 × 10-3

N2 O5 +dust→2HNO3

3.0 × 10-2

OH+dust→products

1.0 × 10-1

HO2 +dust→0.5H2 O2

2.0 × 10-1

H2 O2 +dust→products

12 × RH-2 - 5.95 × RH + 4.08

SO2 +dust→SO

1.0 × 10-4

CH3 COOH+dust→products

1.0 × 10-3

CH3 OH+dust→products

1.0 × 10-5

HCHO+dust→products

1.0 × 10-5

8

The back and forward trajectories of air masses are
calculated by a Hybrid Single-Particle Lagrangian
Integrated Trajectory (HYSPLIT; version 4) model
(http://ready.arl.noaa.gov/HYSPLIT.php) during the
dust period based on NCEP GDAS global assimilation
data (ftp://arlftp.arlhq.noaa.gov/pub/archives/gdas0p5)
with 0.5 degree resolution every 3 hours.

3.

Results and Discussion

3.1 The Dust and Air Pollution Episodes and
Model Evaluation in Beijing Region
Three high PM concentration episodes with
meteorological parameters were well observed and
simulated in Beijing during March 27 to April 1, 2015,
as shown in Fig. 2. PM2.5 was observed by tapered
element oscillating microbalance (TEOM), while PM2.5-5
(PM with diameter larger than 2.5 μm yet less than 5
μm) and PM5-10 (PM with diameter larger than 5 μm yet
less than 10 μm) were constructed by POPC using a
density of 1.8 g/cm3. Comparisons of the observed and
simulated time series of meteorological parameters
(wind vector, wind speed and RH) in Fig. 2 (a–c) also
indicated that the model simulation showed a good
consistency with observations.
The first high PM concentration episode is classified
as an anthropogenic air pollution episode on March 27
(Episode A). During this episode, wind speed was less
than 5 m/s, and wind direction was south (Fig. 2a and
2b), which is the typical meteorological condition for
heavy air pollution processes in Beijing. Fine particles
(PM2.5) was dominate with a concentration larger than
100 μg/m3 (Fig. 2d), while PM2.5-5 and PM5-10
concentrations were both less than 50 μg/m3 (Fig. 2e and

Fig.2 Time series of observed and simulated
meteorological parameters (a, wind vector; b,
wind speed; c, relative humidity) and
particulate matter (PM) (d, PM2.5; e, PM2.5-5; f,
PM5-10) concentrations in Beijing. Black
dashed lines in (d–f) indicate simulated dust
PM, while blue lines indicate total PM (=
anthropogenic + dust).
2f). From the simulated anthropogenic PM and dust
concentration, it is clearly shown that PM2.5 was mostly
anthropogenic particles, while PM2.5-5 and PM5-10 were
mostly dust.
The second high PM concentration episode is a pure
dust episode, on March 28 (Episode B). This pure dust
episode is a blowing dust process with a strong
northwest wind higher than 10 m/s, lasting for only
about 5 hours. During this episode, the PM2.5
concentration was less than 103 μg/m3; however, PM2.5-5
and PM5-10 concentrations increased significantly with
maximum values of 382 μg/m3 and 314 μg/m3,
respectively.
The third high PM concentration episode is a mineral
dust mixing with anthropogenic air pollution episode
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during March 29 to March 31 (Episode C). This mixing
dust episode was a floating dust process with a weaker
south wind less than 5 m/s, different from typical dust
processes with a strong north wind. During this episode,
the PM2.5 concentration increased gradually to a
maximum of about 200 μg/m3, while the PM2.5-5 and
PM5-10 concentration decreased gradually from a
maximum of about 200 μg/m3 and 150 μg/m3, and dust
particles were mixing with anthropogenic pollutants.
Figure 3a and 3b shows the dust transport pattern on
March 28 03:00 UTC (Episode B) and March 29 12:00
UTC (Episode C), while Figs 3c and 3d are backward
and forward trajectory from Beijing ending at the same

time with Fig. 3a and 3b, respectively. Dust particles
were mainly emitted from Mongolia and Inner Mongolia
province of China (Fig. 1), and arrived at Beijing rapidly
(within half a day) following the strong northwest wind
(> 10 m/s) on March 28 (Fig. 3a and 3c), and stayed in
Beijing for only about 5 hours (Episode B). Then, the
dust was quickly transported to about 500 km southeast
of Beijing (i.e., Hebei and Shandong province).
However, the dust cloud once swept out from the Beijing
region, and was transported back to Beijing again under
the south wind over North China on March 29 (Fig. 3b
and 3d); the high PM concentration in Beijing then
continued for about 2 days (Episode C) (Fig. 2).

Fig.3 Horizontal distribution of dust concentration (unit: μg/m3) and wind vector (unit: m/s) on March 28 03:00
UTC (a) and 29 12:00 UTC (b). (c) and (d) are backward (Red) and forward (blue) trajectory from Beijing at
the same time with (a) and (b).
Figure 4a and 4c present time-height indications of
the extinction coefficients of non-spherical aerosols
(mostly mineral dust) and spherical aerosols (mostly
anthropogenic
particles)
derived
from
Lidar
measurements using a method based on the assumption
of external mixing between two types of particles with
different particle DRs 12). The NAQPMS model
simulated results are also shown in Fig. 4b and 4d. The
vertical distributions of aerosol during the three episodes
were quite different. On March 27 (Episode A), the
aerosol extinction coefficient was mainly caused by the

anthropogenic aerosol, and it reached heights less than
1,500 m. However, on March 28 (Episode B), the dust
extinction coefficient was dominant, and it reached as
high as 4 km, and lasted for about 5 hours. During
March 29 to 31 (Episode C), both dust and
anthropogenic aerosols reached about 2 km, less than the
height during Episode B, indicating that only the dust in
the lower layer went back. The model results were in
close agreement with the Lidar retrieval for both the
timing and vertical distribution of high concentration
events.
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Fig.5 Time series of PM10 concentration (a), volume
size distributions (b) and mode depolarization
ratios (MDRs) (c) of ambient particles at
Beijing.

Fig.4 Lidar-observed (a, c) and model-simulated (b,
d) time-height indications of anthropogenic (a,
b) and dust (c, d) extinction coefficients.
Time series of PM10 concentration, volume size
distributions and mode DRs of ambient particles
observed by POPC at Beijing are shown in Fig. 5, and
the PM10 concentration observed by TEOM is also
shown in Fig. 5a. The constructed PM10 mass
concentration by POPC is also consistent with the online
measurement of PM10 by TEOM. From Fig. 5b, we can
see that the volume concentrations of ambient particles
generally had two significant peaks in the submicron
and/or coarse mode size ranges, representing
anthropogenic particles and mineral dust particles.
During Episode A (March 27) submicron particles had a
larger volume concentration; while coarse mode
particles were dominate during Episode B (March 28);
however, during Episode C (from March 29 to March
30), coarse mode particles decreased gradually and
mixed with the increasing submicron particles. To reveal
the sphericity of coarse and submicron particles, the DRs
of particles at each size range as a function of time are
shown in Fig. 5c. Because the DR value of any size
range particles was always characterized by a skewness
of the distribution, a mode DR (MDR) value was used to
represent their typical depolarization property. As shown
in Fig. 5c, particles with diameter larger than 2 μm had
larger DR values, indicating that they were more
non-spherical, and DR values were higher during dust

periods (Episodes B and C) compared to non-dust
periods.

3.2 Transport of Dust and Pollution to
Fukuoka
Figure 6 compares the observed and simulated time
series of PM concentrations with different bin size at
Fukuoka. In general, PM concentrations were
underestimated by the model during March 27 to 29;
however, the model captured the peak of PM
concentration on March 30 and showed a similar
magnitude ( about 40 μg/m3 for PM2.5 and PM2.5-5, 60
μg/m3 for PM5-10). Similar to Beijing, PM2.5 in Fukuoka
was mostly anthropogenic particles, while almost all the
PM2.5-5 and PM5-10 were mineral dust.
Similar to Fig. 5, POPC observations at Fukuoka are
shown in Fig. 6 (d–f). The constructed PM10 by POPC
are also consistent with the PM10 observed by ACSA
(Fig. 6d). The PM10 concentration of Fukuoka reached
about 107 μg/m3 in March 30, and consisted mostly of
coarse particles with diameter larger than 2 μm (Fig. 6e),
but with more submicron particles compared to the pure
dust Episode B of Beijing. As shown in Fig. 6f, on
March 30, DR values of the particles with diameters
larger than 2 μm increased significantly, as they were
affected by non-spherical dust particles, while DR
values of submicron particles were still low. By
comparison of the Fukuoka dust episode with Episode B
of Beijing, it is indicated that the dust particles were
mixed with anthropogenic aerosols gradually during the
transportation from China to Japan.
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Fig.7 Backward trajectory from Fukuoka ending on
March 30 at 12:00 UTC.

3.3 Impacts of Heterogeneous Reactions on
Aerosol Mixing State and Chemical
Composition

Fig.6 Time series of observed and simulated PM
concentrations at Fukuoka: (a) PM2.5; (b)
PM2.5-5; (c) PM5-10; and PM10 concentration
(d), volume size distributions (e) and MDRs
(f) of ambient particles measured by a
polarization optical particle counter (POPC) at
Fukuoka. Black dashed lines in (a–c) indicate
simulated dust PM, while blue lines indicate
total PM.
Figure 7 presents the backward trajectory from
Fukuoka ending on March 30 at 12:00 UTC. From the
trajectory plot, it is shown that the high-concentration
dust on March 30 was transported from the northeast
part of the Beijing-Tianjin-Hebei area from March 28, at
the same time as with Episode B in Beijing, which
indicates that the dust of Fukuoka on March 30, and of
Episode B in Beijing, were the same dust plume.
However, different to the trajectory in Fig. 3c and 3d,
this trajectory went straight to Kyushu Island after it
passed north Hebei without turning back, because the
heights of air masses along the trajectories in Figs. 3 and
7 were different on March 28. The air mass on March 28
in Fig. 3 was in the atmospheric boundary layer ( <
1,500 m), while the air mass on March 28 in Fig. 7 was
in the middle troposphere (about 5,000 m).

To identify the aerosol mixing state of the different
episodes, volume concentrations as a function of particle
size and DR for anthropogenic aerosols (Episode A),
mineral dust (Episode B), and mixing particles (Episode
C) in Beijing are shown in Fig. 8a, 8b and 8c,
respectively; concentrations during the dust episode in
Fukuoka are also shown. It can be seen that
anthropogenic aerosols were mostly in the submicron
range, with DR values < 0.2 (Fig. 8a). Mineral dust had
a larger diameter (Dp > 3 μm) and a non-spherical
morphology associated with larger DR values (0.2–0.4);
the fraction of calcium ions mass concentration relative
to the total mass concentration of sulfate, nitrate,
ammonium and calcium reached 40% in both PM2.5 and
PM10 (Fig. 8b). During Episode C (Fig. 8c), both
anthropogenic aerosols with small diameters and DR
values and dust particles with large diameters and DR
values shown to be present in a large volume, indicating
they were mixing together during this period. The mass
fraction of calcium ions was only 3% in PM2.5 and 11%
in PM10 , indicating that the mineral dust decreased
significantly compared to Episode B, because of
deposition and diffusion of dust particles and formation
of secondary inorganic aerosols during the transportation.
From Episode B to Episode C, the fine mode calcium
fraction decreased, from 40% to 3%, more rapidly than
for the coarse mode (from 40% to 11%), because of
more anthropogenic secondary inorganic aerosols
formation in fine mode than in coarse mode. As the dust
of Fukuoka on March 30 was transported from Episode
B of the Beijing region, by comparison of Fig. 8b and 8d,
it is clearly seen that there were more fine mode
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Fig.8 Volume concentrations as a function of particle size and DR during (a) anthropogenic pollution, (b) mineral
dust, (c) mixed dust episode in Beijing, and (d) mixed dust episode in Fukuoka. The red, blue, green, and
yellow colors in the pie charts indicate the mass fraction of sulfate, nitrate, ammonium and calcium ions in
PM2.5 and PM10.
particles, and DR became smaller in Fukuoka than in
Beijing, which indicated that the dust particles were
mixed with anthropogenic aerosols during the
transportation.
Figure 9 shows the observed and simulated fine and
coarse mode aerosol chemical composition in Beijing.
The simulated fine mode concentrations of ammonium,
nitrate and sulfate, with maximum values of 27 μg/m3,
61 μg/m3 and 44 μg/m3, respectively, were in good
agreement with the observed fine mode concentrations.
The simulated fine mode concentrations of ammonium,
nitrate and sulfate were mainly due to anthropogenic
pollutants, with no dust ammonium and less than 5
μg/m3 of dust nitrate and sulfate. The simulated coarse
mode concentrations of calcium, nitrate and sulfate had
maximum values of 9 μg/m3, 19 μg/m3 and 7 μg/m3,
respectively, and were products of heterogeneous
reactions on dust; this is also in good agreement with
observed coarse mode concentrations. Furthermore, both
observation and model results showed that the coarse
mode concentrations of nitrate, sulfate and calcium ions
were low during the air pollution episode, but high
during the mixing dust episode; meanwhile, the coarse
mode ammonium concentration was always low. These

results confirmed that heterogeneous reactions were
major sources of coarse mode nitrate and sulfate in the
presence of dust particles.

Fig.9 Observed and simulated fine and coarse mode
chemical composition in Beijing.
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Observed and simulated coarse mode nitrate levels in
Fukuoka are also shown in Fig. 10. Observed coarse
mode nitrate in Fukuoka was usually less than 1 μg/m3,
but increased significantly and reached 4 μg/m3 during
the dust period. The model generally captured this
variation and showed a similar peak magnitude. The
simulated coarse mode nitrate was nearly zero during the
non-dust period, because NAQPMS supposed that all the
anthropogenic nitrate was in the fine mode.

series of the volume concentration (a) and volume
fraction (b) of dust, secondary inorganic aerosol and
aerosol water content, and also (c) the time series of DR.
The maximum volume of nitrate and sulfate coatings
reached about 10 ppbV and 20% of the dry coated dust
particles; meanwhile, the aerosol liquid water reached 10
to 20 ppbV due to hygroscopic growth (Fig. 11a), and
made the dust particles become larger by a factor of 2 on
March 31 and April 1 (Fig. 11b) when the RH was
relatively high (> 80 %, Fig. 2e). As a result of internal
mixing of nitrate, sulfate and aerosol liquid water, the
DR decreased significantly (Fig. 11c), and the dust
particles became spherical (DR < 0.1) when the volume
fraction of dust coatings reached to 20% (Fig. 11d).
The relationship between aerosol DR and volume
percentage of coatings to coated dust particles can be
expressed as (Fig. 11d):
.

DR

Fig.10 Observed and simulated coarse mode
nitrate in Fukuoka.

3.4 Impacts
of
internal
mixing
on
hygroscopic growth and sphericity of
dust particles
Since the heterogeneous reactions had changed the
chemical composition of dust particles, the secondary
inorganic coatings and their hygroscopic growth
significantly changed the mixing state, the size and the
sphericity of dust particles. Figure 11 shows the time

(3)
0.12
where
is the total volume of coatings,
is the volume of secondary aerosol coatings on the
dust surface, and
is the volume of aerosol liquid
water content due to the hygroscopic growth of
.
is the volume of coated dust particles.
is the volume of dust cores. The volume of aerosol
liquid water content
was calculated based on
Shamjad et al. 20):
(4)
where

∑

/∑

is the hygroscopicity of

Fig.11 Time series of (a) volume concentration and (b) volume fraction of Nested Air Quality Prediction
Modeling System (NAQPMS) simulated dust, secondary inorganic aerosol and aerosol water content; (c)
time series of Lidar-observed DR averaged between 60 m and 200 m and (d) relationship of
Lidar-observed DR and NAQPMS-simulated volume percentage of coatings.
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coatings on the dust particles, and
and
are the
volume concentration and hygroscopicity of each
individual species coating on the dust particle surface.
Based on formulas (3) and (4), the relationship
between DR with RH and the volume concentration of
the dust core and coatings can be expressed as:
DR

0.12

exp

2.25

1

(5)

From formula (5), we can clearly see that, when Va
and/or RH become larger, the DR will become smaller.
It is indicated that for specific dust particles, the more
secondary inorganic coatings it has, the more spherical it
will likely tend to be; meanwhile, the higher ambient air
RH is, the more spherical dust particles tend to be. Good
agreement shown in Fig. 11(d) confirms that the
NAQPMS heterogeneous reaction and its hydroscopic
growth processes well explain the Lidar observation
results.

4.

Summary

We investigated the impacts of heterogeneous
reactions on the chemico-physical properties of dust
particles during severe dust events over East Asia in
2015, based on observation and model results. We found
the following: (1) heterogeneous reactions were major
mechanism for coarse mode nitrate and sulfate in the
presence of dust particles in East Asia, and the
concentration of coarse mode nitrate was increased to
about 20 μg/m3 in Beijing and 4 μg/m3 in Fukuoka. As a
result of internal mixing of nitrate, sulfate and aerosol
liquid water, (2) the volume of dust particles grew
significantly, and even doubled when the RH was
relatively high (> 80 %), and (3) the DR decreased with
the increasing of coatings, and the dust particles became
spherical when the volume fraction of dust coatings
reached 20%.

Acknowledgments
This work was partly supported by a Grant-in-Aid for
Scientific Research (25220101) from the Japan Society
for the Promotion of Science (JSPS). Zhe WANG is
also supported by National Natural Science Foundation
of China (Grant No. 41505115).

References
1)

2)

Uno, I., K. Eguchi, K. Yumimoto, T. Takemura, A.
Shimizu, M. Uematsu, Z. Liu, Z. Wang, Y. Hara,
and N. Sugimoto, Asian dust transported one full
circuit around the globe. Nature Geoscience. 2(8): p.
557-560, 2009
Fairlie, T.D., D.J. Jacob, J.E. Dibb, B. Alexander,
M.A. Avery, A. van Donkelaar, and L. Zhang,

23

Impact of mineral dust on nitrate, sulfate, and ozone
in transpacific Asian pollution plumes. Atmospheric
Chemistry and Physics. 10(8): p. 3999-4012, 2010
3) Bauer, S.E., M.I. Mishchenko, A.A. Lacis, S. Zhang,
J. Perlwitz, and S.M. Metzger, Do sulfate and
nitrate coatings on mineral dust have important
effects on radiative properties and climate modeling?
Journal of Geophysical Research-Atmospheres.
112(D6), 2007
4) Krueger, B.J., V.H. Grassian, J.P. Cowin, and A.
Laskin, Heterogeneous chemistry of individual
mineral dust particles from different dust source
regions: the importance of particle mineralogy.
Atmospheric Environment. 38(36): p. 6253-6261,
2004
5) He, H., Y. Wang, Q. Ma, J. Ma, B. Chu, D. Ji, G.
Tang, C. Liu, H. Zhang, and J. Hao, Mineral dust
and NOx promote the conversion of SO2 to sulfate
in heavy pollution days. Scientific Reports. 4, 2014
6) Zhang, D.Z. and Y. Iwasaka, Nitrate and sulfate in
individual Asian dust-storm particles in Beijing,
China in spring of 1995 and 1996. Atmospheric
Environment. 33(19): p. 3213-3223, 1999
7) Li, W.J. and L.Y. Shao, Observation of nitrate
coatings on atmospheric mineral dust particles.
Atmospheric Chemistry and Physics. 9(6): p.
1863-1871, 2009
8) Sugimoto, N., T. Nishizawa, A. Shimizu, I. Matsui,
and H. Kobayashi, Detection of internally mixed
Asian dust with air pollution aerosols using a
polarization optical particle counter and a
polarization-sensitive two-wavelength lidar. Journal
of Quantitative Spectroscopy and Radiative
Transfer. 150: p. 107-113, 2015
9) Pan, X., I. Uno, Y. Hara, M. Kuribayashi, H.
Kobayashi, N. Sugimoto, S. Yamamoto, T.
Shimohara, and Z. Wang, Observation of the
simultaneous transport of Asian mineral dust
aerosols with anthropogenic pollutants using a
POPC during a long-lasting dust event in late spring
2014. Geophysical Research Letters. 42(5): p.
1593-1598, 2015
10) Kobayashi, H., M. Hayashi, K. Shiraishi, Y. Nakura,
T. Enomoto, K. Miura, H. Takahashi, Y. Igarashi, H.
Naoe, and N. Kaneyasu, Development of a
polarization optical particle counter capable of
aerosol
type
classification.
Atmospheric
Environment. p. 486-492, 2014
11) Kimoto, H., A. Ueda, K. Tsujimoto, Y. Mitani, Y.
Toyazaki, and T. Kimoto, Development of a
continuous
dichotomous
aerosol
chemical
speciation analyzer. Clean Technology. 23: p. 49-52,

24

Wang et al.: Impacts of heterogeneous reactions on the chemico-physical properties of dust particles

2013
12) Shimizu, A., N. Sugimoto, I. Matsui, K. Arao, I.
Uno, T. Murayama, N. Kagawa, K. Aoki, A.
Uchiyama, and A. Yamazaki, Continuous
observations of Asian dust and other aerosols by
polarization lidars in China and Japan during
ACE-Asia. Journal of Geophysical ResearchAtmospheres. 109(D19), 2004
13) Yang, T., Z. Wang, B. Zhang, X. Wang, W. Wang, A.
Gbauidi, and Y. Gong, Evaluation of the effect of
air pollution control during the Beijing 2008
Olympic Games using Lidar data. Chinese Science
Bulletin. 55(13): p. 1311-1316, 2010
14) Wang, Z.F., T. Maeda, M. Hayashi, L.F. Hsiao, and
K.Y. Liu, A nested air quality prediction modeling
system for urban and regional scales: Application
for high-ozone episode in Taiwan. Water Air and
Soil Pollution. 130(1-4): p. 391-396, 2001
15) Li, J., H.B. Dong, L.M. Zeng, Y.H. Zhang, M. Shao,
Z.F. Wang, Y.L. Sun, and P.Q. Fu, Exploring
Possible Missing Sinks of Nitrate and Its Precursors
in Current Air Quality Models —A Case Simulation
in the Pearl River Delta, China, Using an
Observation-Based Box Model. SOLA. 11: p.
124-128, 2015
16) Li, J., Z.F. Wang, G. Zhuang, G. Luo, Y. Sun, and Q.
Wang, Mixing of Asian mineral dust with

17)

18)

19)

20)

anthropogenic pollutants over East Asia: a model
case study of a super-duststorm in March 2010.
Atmospheric Chemistry and Physics. 12(16): p.
7591-7607, 2012
Wang, Z.F., H. Ueda, and M.Y. Huang, A deflation
module for use in modeling long-range transport of
yellow sand over East Asia. Journal of Geophysical
Research-Atmospheres. 105(D22): p. 26947-26959,
2000
Li, M., Q. Zhang, J. Kurokawa, J.H. Woo, K.B. He,
Z. Lu, T. Ohara, Y. Song, D.G. Streets, G.R.
Carmichael, Y.F. Cheng, C.P. Hong, H. Huo, X.J.
Jiang, S.C. Kang, F. Liu, H. Su, and B. Zheng, MIX:
a mosaic Asian anthropogenic emission inventory
for the MICS-Asia and the HTAP projects. Atmos.
Chem. Phys. Discuss. 15(23): p. 34813-34869, 2015
Jacob, D.J., Heterogeneous chemistry and
tropospheric ozone. Atmospheric Environment.
34(12-14): p. 2131-2159, 2000
Shamjad, P.M., S.N. Tripathi, S.G. Aggarwal, S.K.
Mishra, M. Joshi, A. Khan, B.K. Sapra, and K. Ram,
Comparison of Experimental and Modeled
Absorption Enhancement by Black Carbon (BC)
Cored Polydisperse Aerosols under Hygroscopic
Conditions. Environmental Science & Technology.
46(15): p. 8082-8089, 2012

九州大学応用力学研究所所報 第150号 (25-33) 2016年3月

風車ウエイクの「ゆらぎ」に関する
アクチュエータラインモデルを用いた高解像度LES
内田 孝紀*
(2016年1月29日受理)

High-Resolution LES of Undulating Motions behind the Wind Turbine
Using the Actuator Line Technique
Takanori UCHIDA
E-mail of corresponding author: takanori@riam.kyushu-u.ac.jp

Abstract

A high-resolution large-eddy simulation (LES) is conducted using an actuator line technique in
the present study. This report investigates the undulating motion behind the wind turbine generator
operated at the optimal tip speed ratio.
Key words : High-resolution LES, Wind turbine wake, Actuator line technique, Undulating motion

1．緒言
日本のオンショア（陸上）風力発電では，複数台の
大型風車を山岳地域に集中的に建設せざるを得ない
状況になりつつある．そのため，風車相互の干渉でウ
インドファーム全体の発電電力量が低下しないよう，
風車の離隔距離を適切に決定可能なウエイクモデル
の開発が最重要な検討課題となっている．
一方，今後ますます注目を集めることが予想される
オフショア（洋上）風力発電においても，風車の離隔
距離の問題，すなわち，風車の最適配置問題は顕在
化してくると考えられる．
上記のような状況を受けて，本研究の最終目的は
高精度なウエイクモデルを構築し，これを数値風況予
測技術RIAM-COMPACT®に実装することである1-5)．
本報では，最適周速比(最大発電出力時の周速比)で
稼動する風車単体を対象にし，アクチュエータライン
モデルを用いた高解像度LESを行った．特に風車遠
方におけるウエイクの「ゆらぎ」に注目した．

2．数値計算手法
本研究ではデカルト座標系の不等間隔スタガード
格子に基づき，数値計算手法には(有限)差分法を用
いる．LESのSGSモデルには，計算安定性に優れ，か
つ壁面減衰関数を必要としない混合時間スケールモ
デルを採用する．陽的フィルタ操作にはシンプソン則
* 九州大学応用力学研究所

を適用する．速度場と圧力場のカップリングアルゴリズ
ムには，オイラー陽解法を基礎とした部分段階法を採
用する．圧力に関するポアッソン方程式はSOR法によ
り緩和計算して算出する．空間項の離散化に関して，
対流項は補間法による4次精度中心差分を基礎とし，
4階微分の数値粘性項を付加した修正3次精度風上
差分を用いる．ここで，数値粘性項の重みは0.5とし，
その影響は十分に小さくした．一般に使用される3次
精度風上差分の河村-桑原スキームの値は3.0である．
残りの全ての空間項には，2次精度中心差分を適用し
た．
回転する風車(ブレード)に関して，そのモデル化に
は翼素理論に基づいたアクチュエータラインモデル6)
を用いた．アクチュエータラインモデルでは，ブレード
が回転することで発生する接線力とスラスト力を，流体
が受ける主流方向および回転方向の反力として，ナビ
エ・ストークス方程式に外力項として付加する．つまり，
物体としての壁面境界条件は無い．このモデル化の
最大の利点は，風車が存在することによる単なる抵抗
体としての減速効果だけではなく，ブレードの回転に
起因した旋回効果を考慮できる点にある．また，任意
の半径位置(翼根からの距離)での翼弦長，揚力係数，
抗力係数，迎角のデータさえ入力すれば，任意の風
車背後に形成されるウエイクを再現できる．使用した
翼形状は，MEL翼をベースに翼根を厚翼に修正した
ものである．本風車の性能曲線を図1に示す．本研究
では，最適周速比4.0を計算対象とした(図1の矢印)．
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ブロッケージの影響を
避けるため，風洞側壁
および上壁を取り外した．
出力係数Cp=P/(0.5ρAU3)
周速比λ=(2πRn)/U
P：パワー
ρ：空気密度
A：受風面積

U=8(m/s)

U：流入風速
R：風車半径

計算対象
最適周速比4
(回転数611rpm)

n：風車回転数

ブレード直径

D(=1,000mm)

D=1,000mm
(ハブ比13％)
Re(=UD/ν)
≒5×105

図2 本研究で使用した風車模型の概観図
図1 本研究で対象にした風車の周速比と
出力係数の関係，風洞実験の結果

5D (i=575)

3.5D

10D (i=1,075)

15D (i=1,575)

20D (i=2,075)

25D (i=2,575)

30D (i=3,075)

風車
(ブレード直径D)
5D

30D

2.5D

図3 本研究における計算領域
ディスクの
厚み：0.02D
(i=39～43)

ディスクの領域：
● j=21～151
● k=11～141

D

正面から見た
場合のブレード幅：
0.09D

原点：風車中心位置
(i=41, j=86, k=76)

図4 風車近傍における計算格子の様子
図2には，風洞実験で使用した風車模型の概観図
を示す．図3には，本研究における計算領域を示す．
風車遠方におけるウエイクの「ゆらぎ」を再現するため，
風車の受風面から30D(但し，Dはブレード直径)の領

域を設定した．風洞実験の条件設定を数値シミュレー
ションで忠実に再現するため，スピナ，ナセル，タワー
の形状を矩形格子近似法で全て再現した(図4参照)．
風車近傍での格子解像度は⊿x=⊿y=⊿z=0.005D
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平均値：0.27

助走計算(スピンアップ)

本計算(統計量の評価)

図5 出力係数の時間変化

0.35

0.27

図6 出力係数の比較(ライン：実験，シンボル：計算)
である．総格子点数は約8,500万点(3,075(x)×171(y)
×161(z))である．風車下流におけるx方向の格子解像
度は全て等しく⊿x=0.01Dとした．
速度の境界条件に関して，流入境界断面には高度
方向(z)に変化しない一様な速度プロファイルを与えた．
上方境界面と側方境界面には滑り条件，地面上には
非滑り条件(粘着条件)，流出境界面には対流型流出
条件を課した．スピナ，ナセル，タワーに関しては，そ
こに含まれる全ての格子点に速度ゼロの条件を与え
た．圧力の境界条件は全ての境界面でノイマン条件と
した．ブレード直径Dと一様流入速度Uに基づいた
Reynolds数はRe(=UD/ν)=2×104とした．時間刻みは
Δt=5×10-4 (D/U)とした．なお，本計算ではt=0～
200(D/U)の時間積分を実施した．

3．計算結果および考察
図5には，出力係数の時間変化を示す．図6には，
図5においてt=100～200(D/U)で評価した出力係数の
平均値(0.27)と風洞実験の結果の比較を示す．また．
参考のため，アクチュエータディスクモデルの結果
(0.35)も併せて示す．LESによる数値シミュレーションと

風洞実験は良好な一致を得た．
図7～図9には，t=100(D/U)における主流方向速度
成分の分布図を示す．特に図7および図8に注目する
と，風車遠方(x=10Dより下流，Dはブレード直径)にお
いて，ウエイクの「ゆらぎ」が明確に観察される．これは，
図13に示す時系列データからも見て取れる．このウエ
イクの「ゆらぎ」は，図14に示すカルマン渦列の再配置
問題と同様，風車遠方における速度シアーの不安定
性に起因して発生していると推測される．
図10には，t=100～200(D/U)における時間平均場
(フレーム平均場)に関して，風車中心(z=0)における主
流方向速度成分の分布を示す．このグラフを観察する
と，x=30Dにおいても流入風速<u>/U=1に対して1割
程度の速度欠損が存在している．
図11には，t=100～200(D/U)における時間平均場
(フレーム平均場)に関して，風車下流(x=5D, 10D,
15D, 20D, 25D, 30D, Dはブレード直径)における乱流
諸量の鉛直分布を示す．図12には，風車下流(x=5D,
30D, Dはブレード直径)の乱流諸量の鉛直分布を示
す．特に図12では，各方向の標準偏差の値がほぼ同
程度の大きさを有しているのは非常に興味深い．

4．結言
本研究では，最適周速比(最大発電出力時の周速
比)で稼動する風車単体を対象にし，アクチュエータラ
インモデルを用いた高解像度LESを行った．特に風車
遠方におけるウエイクの「ゆらぎ」に注目した．
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析）」の支援を受けて実施されました．ここに記して，
感謝の意を表します．
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図7 風車中心(y=0)における主流方向速度成分の分布，計算領域全体，瞬間場，無次元時間t=100，Side view
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図8 風車中心(z=0)における主流方向速度成分の分布，計算領域全体，瞬間場，無次元時間t=100，Top view
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Flow

風車
(ブレード直径D)

5D (i=575)
10D (i=1,075)
15D (i=1,575)
20D (i=2,075)
25D (i=2,575)
30D (i=3,075)

図9 風車下流における主流方向速度成分の分布，計算領域全体，瞬間場，無次元時間t=100，Rear view

風車内部(i=28～106)

図10 風車中心(z=0)における主流方向速度成分の分布，
無次元時間t=100～200における時間平均場(フレーム平均場)
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風車(ブレード直径D)

ブレード
直径D

ブレード
直径D

ブレード
直径D

ブレード
直径D

図11 風車下流における乱流諸量の鉛直分布，Dはブレード直径，
無次元時間t=100～200における時間平均場(フレーム平均場)
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(a) x=5D

(b) x=30D

ブレード
直径D

ブレード
直径D

図12 風車下流(x=5Dおよび30D)における乱流諸量の鉛直分布
5D (i=575, j=86, k=141)

30D (i=3,075, j=86, k=141)

風車(ブレード直径D)

図13 風車下流(x=5Dおよび30D)における主流方向速度成分の時間変化，但し，高度方向はブレード先端位置
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図14 カルマン渦列の再配置問題，正方形角柱，Re=200
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市販CFDソフトウエアによる実地形を対象とした
年間平均風速および年間発電電量の予測
内田 孝紀*，青柳 達郎**，渡邊 文人**，見上 伸**
(2016年1月29日受理)
Analysis of the Airflow Field over Real Terrain with Commercially-Available CFD Software
Takanori UCHIDA, Tatuso AOYAGI, Fumihito WATANABE and Shin MIKAMI
E-mail of corresponding author: takanori@riam.kyushu-u.ac.jp

Abstract

The present study compared the prediction accuracy of three CFD software packages for
simulating a airflow over real terrain: 1) Meteodyn WT (turbulence model: k-L RANS), 2) WindSim
(turbulence model: RNG k-ε RANS) and 3) RIAM-COMPACT® (turbulence model: the standard
Smagorinsky LES), which has been developed by the lead author of the present paper. The results
from the simulation with RIAM-COMPACT® were compared to those from two commercially-available CFD
software packages (Meteodyn WT and WindSim) and were found to be in good agreement.

Key words : Commercially-available CFD software, Meteodyn WT, WindSim, RIAM-COMPACT®, Real terrain

1．緒言

2．計算手法，計算結果および考察

第一著者は，LES乱流モデルに基づいたRIAMCOMPACT®1) (リアムコンパクト)と称する数値風況診
断技術の開発を進めている．RIAM-COMPACT®は，
九州大学発ベンチャー企業の(株)リアムコンパクト
(http://www.riam-compact.com/)が，(株)産学連携機
構九州から独占的ライセンス使用許諾を受けている．
主に国内の風力業界(民間の風力事業者，自治体，
風車メーカーなど)に対して普及に努めている．
一方で，海外においてもRANS系乱流モデルを採
用した風力資源アセスメントに特化したCFDソフトウエ
アが開発され，各国に流通している．代表的なものに
フランスのMeteodyn社（http://meteodyn.com/)が開
発 し て い る Meteodyn WT2) ， お よ び ， ノ ル ウ ェ イ の
WindSim AS社（https://www.windsim.com/)が開発し
ているWindSim3)がある．
本報では，前報4, 5)で対象とした急峻な傾斜角度を
有する3次元孤立峰に続き，実地形(平坦地形と複雑
地 形 ) を 対 象 と し て LES 系 乱 流 モ デ ル に 基 づ い た
RIAM-COMPACT®ソフトウエアと，RANS乱流モデル
に基づいたMeteoDynソフトウエア，WindSimソフトウエ
アの計算結果(年間平均風速(m/s)，年間発電電力量
(kWh))の比較を実施した．

本研究では，図1に示すように，平坦地形として静
岡 県 某 発 電 所 ( 風 車 8 基 ， 定 格 出 力 1,990kW or
2,000kW，ロータ直径82m，風車ハブ高さ78m)を，複
雑地形として秋田県某発電所(風車5基，定格出力
1,990kW，ロータ直径82m，風車ハブ高さ78m)を対象
として数値風況シミュレーションを実施し，MeteoDyn，
WindSim，RIAM-COMPACT®の三種類の計算結果を
比較した．表1には，各ソフトウエアにおける計算手法
などを整理した表を示す．
全てのソフトウエアともに，同じ期間(1年間)を対象と
し，風車の最寄り位置に存在する野外風況観測デー
タ(1時間間隔の時系列データ)との相関を考慮するこ
とで，風車ハブ高さ位置における年間平均風速(m/s)
および年間発電電力量(kWh)を算出している．平坦地
形の静岡県某発電所では，地上高50mの野外風況観
測データ(期間：2010年1月1日～2010年12月31日)を，
複雑地形の秋田県某発電所では，地上高30mの野外
風況観測データ(期間：2005年6月1日～2006年5月31
日)を対象とした．全てのソフトウエアともに風車の相互
干渉(ウエイクロス)を考慮している．なお，
RIAM-COMPACT®における実風速への変換方法は
文献6)を参照して頂きたい．

* 九州大学応用力学研究所
**(株)日立パワーソリューションズ
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No.0
No.4

No.5

No.3

No.2

No.1

(a) 平坦地形：静岡県某発電所(風車8基，定格出力1,990kW or 2,000kW，ロータ直径82m，風車ハブ高さ78m)

No.1

Mast

No.2
No.3

No.4

No.5

(b) 複雑地形：秋田県某発電所(風車5基，定格出力1,990kW，ロータ直径82m，風車ハブ高さ78m)
図1 本研究で対象とした実地形(風力発電所)
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(a) 平坦地形：静岡県某発電所

(b) 複雑地形：秋田県某発電所
表1 各ソフトウエアにおける数値計算手法および計算パラメータなどの比較
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(a) 平坦地形：静岡県某発電所

(b) 複雑地形：秋田県某発電所
図2 風車ハブ高さ位置における年間平均風速(m/s)の比較，地上高78m
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(a) 平坦地形：静岡県某発電所

(b) 複雑地形：秋田県某発電所
図3 風車ハブ高さ位置における年間発電電力量(kWh)の比較，地上高78m
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図2には，風車ハブ高さ位置における年間平均風
速(m/s)の比較を示す．図3には，風車ハブ高さ位置
における年間発電電力量(kWh)の比較を示す．得ら
れた結果を吟味すると，平坦地形の静岡県某発電所
および複雑地形の秋田県某発電所の両ケースともに，
MeteoDyn ， WindSim ， RIAM-COMPACT® の 三 種 類
の計算結果はほぼ同様な傾向を示すことが示された．

3．結言
本報では，実地形(平坦地形と複雑地形)を対象とし
てLES系乱流モデルに基づいたRIAM-COMPACT®
ソ フ ト ウ エ ア と ， RANS 乱 流 モ デ ル に 基 づ い た
MeteoDynソフトウエア，WindSimソフトウエアの計算結
果(年間平均風速(m/s)，年間発電電力量(kWh))の比
較を実施した．ここで，全てのソフトウエアともに風車
の相互干渉(ウエイクロス)を考慮した．その結果，三種
類の計算結果はほぼ同様な傾向を示すことが示され
た．紙面図の都合上，ここでは示さなかったが，各ソフ
トウエアともに図に4に示すような局所風況マップ(合成
風況図)を作詞し，風況の空間的な分布を議論するこ
とも可能である．
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「みなと100年公園」において
2014年12月1日に発生した
小型風車の破損事故に関する風況調査
内田 孝紀*
(2016年1月29日受理)

Wind Conditions Investigation about a Small Wind Turbine Accident
Takanori UCHIDA
E-mail of corresponding author: takanori@riam.kyushu-u.ac.jp

Abstract

A damage accident in a small wind turbine occurred in Minato Hyakunen Park on December 1,
2014. This report investigates the wind conditions in an accident based on the weather GPV data
such as MSM and LFM, the actual measurement data (observed data) and the meso-scale
atmospheric model WRF-ARW.
Key words : Small wind turbine, Accident, Wind conditions

1．緒言
2014年12月1日の午後3時半頃，福岡市東区の「み
なと100年公園(福岡市東区香椎浜ふ頭１丁目)」に設
置されていた「旧型風レンズ風車（全高約13.4m，つば
を含めた最大直径直径3.4m，出力3kW，2009年11月
に設置工事完了）」の羽根等が破損して落下し，破片
の一部が近くの駐車場の車に当たる事故が発生した．
この事故で人的被害は発生しなかった(福岡市環境局
エネルギー政策課の資料より引用)．
本報では，上記の事故が発生した当時の局所的な
風況場に着目して，著者の研究室が実施した調査結
果を報告する．

2．風車事故の状況
図1には，著者が12月3日に撮影した事故後の風車
の写真を示す．
図2には，風車周辺に飛散していたブレード等の破
片の写真を示す(これも12月3日に撮影)．
図3には，図2に示すような破片を地図上にプロット
した結果を示す．図3の作成方法は以下に示す通りで
あ る ． ア ッ プ ル 製 iPhone に ESRI 社 の ア プ リ で あ る
Collector for ArcGIS (http://doc.arcgis.com/ja
/collector/)をインストールし，破片をiPhoneのカメラで
撮影する．これらをESRI社のクラウドサービスである
* 九州大学応用力学研究所

ArcGIS Online (http://www.esrij.com/products/
arcgis-online/)上のデータベースに登録すると，リアル
タイムにWebブラウザで閲覧可能となる．図3から，飛
散物は風車の東側に集中的に存在しているのが分か
る．その範囲は，風車を中心に100mくらいにまで及ぶ．
飛散物の状況から，事故当時は西寄りの風が吹いて
いたことが推測された．

3．メソ気象モデルWRF-ARWによる
風況場の再現
図3から，風車の事故当時には，おおよそ西寄りの
風が吹いていたことが推測されたことから，メソ気象モ
デルWRF-ARW1)を用いて事故当時の風況場の再現
を試みた．
図4には，メソ気象モデルWRF-ARWにおける計算
領域等を示す．本計算では，4段階のネストシステムを
用いた．
図5には，メソ気象モデルWRF-ARWから得られた
結果(地上高10m位置での風速分布)を示す．可視化
を行った時刻は，風車の事故が発生したとされる2014
年12月1日午後3時である．みなと100年公園を含む図
中の赤色の点線内に注目すると，西寄りの風(風速
10m/s程度)が吹いていたことが明確に示された．
次章では，気象GPVデータ等を用いて定量的な考
察を行う．
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図1 著者が2014年12月3日に撮影した事故後の風車(※)の様子
※旧型の風レンズ風車：全高13.4m，つばを含めた最大直径3.4m
出力3kW，2009年11月に設置

図2 著者が2014年12月3日に撮影した飛散物(風車ブレード等の破片)の様子
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N

図3 風車の飛散物を地図上にプロットした様子
■計算領域
d01 : 50
d02 : 70
d03 : 121
d04 : 49

x
x
x
x

75点
70点
121点
55点

(水平解像度9km)
(水平解像度3km)
(水平解像度1km)
(水平解像度333.33m)

鉛直層 45点
■計算期間
2014年11月30日00時
～2014年12月02日00時 (UTC)
■標高データ
GTOPO30(1/64ﾟメッシュ～空間解像度約1km)
■土地利用データ
国土数値情報細分メッシュ(空間解像度約100m)

N
d01

図4 メソ気象モデルWRF-ARWにおける計算領域等
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N
志賀島(しかのしま)

風速(m/s)

図5 メソ気象モデルWRF-ARWの計算結果，地上高10m位置での風速分布，2014年12月1日午後3時
博多湾浮体(洋上)：新型風車(レンズ風車)

約3.7km
LFM

みなと100年公園(陸上)：旧型風車(風レンズ風車)

LFM

約0.8km

2km
MSM

MSM

5km

志賀島(しかのしま)
2km

N

図6 気象GPVデータの取得位置および風車位置
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1号機

博多湾浮体(洋上) 新型風車(レンズ風車)：
出力3kW，ハブ高さ7.79m，つばを含めた最大直径3.4m

2号機
1号機

風速計
6.75m
風向計
4.95m
1.8m

図7 博多湾浮体とレンズ風車に取り付けられた風向・風速計，著者が2013年8月7日に撮影

1秒生データ

1分平均データ

図8 博多湾浮体に設置されたレンズ風車2号機位置での実測データ(時間解像度)の比較

事故発生

図9 気象GPVデータおよびレンズ風車2号機位置での実測データの比較
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4．気象GPVデータ等による
事故発生当時の風速推定
図3および図5の両者から，風車の事故が発生した
とされる2014年12月1日午後3時頃には，西寄りの強
風(風速10m/s程度)が吹いていたことが示された．
この章では，みなと100年公園の周辺に位置する最
寄の気象GPVデータ，また博多湾に設置されている
新型レンズ風車(九州大学 応用力学研究所 風工学
分野から技術支援を受け，株式会社リアムウィンドが
製品化)の実測データ，その周辺における気象GPVデ
ータを用いて，旧型風レンズ風車の事故が発生した
時刻の風速を推定する2, 3)．なお，旧型風レンズ風車
には，風向・風速計が設置されており，事故当日も実
測データが記録されていたはずである．しかしながら，
旧型風レンズ風車を設置した業者(株式会社ウィンドレ
ンズ)により，データロガー内の記録媒体は既に回収さ
れており，その後も入手は不可能であった．
図6には，気象GPVデータ(水平空間解像度5kmの
MSM-S，水平空間解像度2kmのLFM-S，但し，両者と
もに地上高10m位置)，博多湾に設置されている新型
レンズ風車，今回事故が発生した旧型風レンズ風車
(みなと100年公園)の位置関係を示す．

図10 著者が2015年2月3日に撮影した様子，
みなと100年公園，3kW×1機

図11 著者が2015年12月29日に撮影した様子，シーサイドももち海浜公園，3kW×3機
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③「もーもーらんど油山牧場(南区大字柏原字西山田
710-2)，出力5kW×1機，2011年12月に設置工事完
了」の合計5機になる．なお，総事業費は①②につい
ては29,000,000円，③は約7,500,000円である．②「シ
ーサイドももち海浜公園」および③「もーもーらんど油
山牧場」の最近の様子も図11と図12に示す．両サイト
ともに，風車ブレードは撤去されていた．

5．結言
本報では，2014年12月1日の午後3時半頃，福岡市
東区の「みなと100年公園(福岡市東区香椎浜ふ頭１
丁目)」で発生した「旧型風レンズ風車（全高約13.4m，
つばを含めた最大直径直径3.4m，出力3kW，2009年
11月に設置工事完了）」の事故に関して，著者の研究
室が実施した調査結果を報告した．その結果，事故が
発生した時刻付近では，10m/s程度の西寄りの強風
が吹いていたと推測された．
2015年12月，福岡市は「みなと100年公園」で発生
した事故を受けて，2015年度限りで実証実験からは撤
退し，5機すべての風車を撤去する方針を示した．そ
の一方で，RKB毎日放送の取材により，風車ブレード
が飛んだ事故が起きる1年以上前に，風車の問題点を
指摘し，風車ブレードの交換を促す文書が福岡市に
届いていたことが明らかになった(2016年1月26日の
TV報道)．

図12 著者が2016年2月5日に撮影した様子，
もーもーらんど油山牧場，5kW×1機
図7には，博多湾に設置されている新型レンズ風車
と風向・風速計の写真を示す．本報告では，2号機の
レンズ風車に設置されている風向・風速計から取得し
たデータを用いた．実測データは1秒間隔で記録され
ているが，1分平均して用いた(図8を参照)．
図9には，今回取得したすべての風速データの時
系列データをプロットした結果を示す．図中には，事
故が発生したとされる時刻を赤矢印にに示す．これら
の結果を吟味すると，事故が発生した時刻では，図5
でも述べたように10m/s程度の強風が吹いていたと推
測される．
図10には，著者が2015年2月3日に撮影した様子を
示す．風車ブレードと集風構造体(風レンズ)はすべて
撤去されていた．これまでに福岡市が推進・設置して
きた旧型風レンズ風車は，①「みなと100年公園」に加
えて，②「シーサイドももち海浜公園（早良区百道浜地
区），出力3kW×3機，2009年11月に設置工事完了」，
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Reproducibility of Complex Turbulent Flow
Using Commercially-Available CFD Software
―Report 1: For the Case of a Three-Dimensional Isolated-Hill With Steep Slopes―
Takanori UCHIDA*1
E-mail of corresponding author: takanori@riam.kyushu-u.ac.jp
(Received January 29, 2016)
Abstract
Selecting a high-quality site for wind turbine installation is frequently challenging in Japan because the majority
of the topography of Japan is steep complex terrain and the spatial distribution of the wind speed is quite complex
over such terrain. To address this issue, an unsteady CFD model called RIAM-COMPACT® has been developed.
RIAM-COMPACT® is based on an LES turbulence model. In the present paper, to assess the accuracy of
RIAM-COMPACT®, we performed a numerical simulation of uniform, non-stratified airflow past a
three-dimensional isolated-hill. Attention is focused on airflow characteristics in the wake region. The results of
RIAM-COMPACT® using the LES model were in good agreement with those of another commercially-available
CFD software (STAR-CCM+) using LES models.
Key words: Commercially-available CFD software, STAR-CCM+, RIAM-COMPACT®, LES, RANS, Isolated-hill

and also with GPGPU (General Purpose computing on GPU),

1．Introduction
The author’s research group has developed the numerical
wind

synopsis

COMPACT®1,

prediction
2)

.

The

technique

core

named

technology

of

RIAMRIAM-

COMPACT® is under continuous development at the
Research Institute for Applied Mechanics, Kyushu University.
An exclusive license of the core technology has been granted
by Kyushu TLO Co., Ltd. (Kyushu University TLO) to
RIAM-COMPACT Co., Ltd. (http://www.riam-compact.
com/), a venture corporation which was founded by the
author and originated at Kyushu University in 2006. A
trademark, RIAM-COMPACT®, and a utility model patent
were granted to RIAM-COMPACT Co., Ltd. in the same

which has drastically reduced the computation time, leaving
no appreciable problems in terms of the practical use of the
RIAM-COMPACT® software.
In the present study, simulation results of airflow over an
isolated-hill with steep slopes obtained from the RIAMCOMPACT® software are compared to those from another
commercially-available

CFD

(Computational

Fluid

Dynamics) software. The results from this comparison are
reported.

2. Summary of Commercially-Available
CFD Software

year. In the meantime, a software package has been

Commercially-available CFD software has developed

developed based on the above-mentioned technique and is

mainly as an engineering tool primarily in the automobile and

named the RIAM-COMPACT® natural terrain version

aviation industries until the present time. The following is a

software. Efforts have been made to promote this software as

list of the major CFD software packages available on the

a standard model in the wind power industry.

market:

Some of the major corporations, which have adopted the
RIAM-COMPACT® software, are Eurus Energy Holdings
Corporation,

Electric

Power

Development

Co.,

Ltd.

(J-POWER), Japan Wind Development Co., Ltd., and
EcoPower Co., Ltd. etc.
Computation time had been an issue of concern for the

General-purpose CFD thermal fluid analysis software
■STAR-CCM+
http://www.cd-adapco.co.jp/products/star_ccm_plus/index.
html

RIAM-COMPACT® software, which focuses on unsteady

■ANSYS (CFD, Fluent, CFX)

turbulence simulations (LES, Large-Eddy Simulation). The

http://ansys.jp/solutions/analysis/fluid/index.html

present fluid simulation solver is compatible with multi-core

■SCRYU/Tetra

CPUs (Central Processing Units) such as the Intel Core i7

http://www.cradle.co.jp/products/scryutetra/

*1 Research Institute for Applied Mechanics, Kyushu University
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■STREAM

■METEODYN

http://www.cradle.co.jp/products/stream/index.html

http://meteodyn.com/

■CFD2000

In the present study, the simulation results from the
RIAM-COMPACT® software are compared to those from
STAR-CCM+, one of the leading commercially-available
CFD software packages. The results of the comparison are
discussed.

http://www.cae-sc.jp/docs/cfd2000/index.htm
■PHOENICS
http://www.phoenics.co.jp/
■Autodesk Simulation CFD
http://www.cfdesign.com/
■CFD++

3. Summary of STAR-CCM+ Software
In this section, a summary of STAR-CCM+, a general-

http://bakuhatsu.jp/software/cfd/

purpose thermal fluid analysis software package distributed

■CFD-ACE+

by CD-adapco will be provided. The version of the software

http://www.wavefront.co.jp/CAE/cfd-ace-plus/

package used in the present study is 6.02.007 (for 64-bit

■AcuSolve
http://acusolve.jsol.co.jp/index.html

Windows).
STAR-CCM+ uses a single GUI (Graphical User
Interface) for computational mesh generation, execution of

■FLOW-3D

fluid analyses, and data post-processing. In the present study,

http://www.terrabyte.co.jp/FLOW-3D/flow3d.htm

a three-dimensional model of an isolated-hill (IGES format)

■FloEFD

is created using CATIA, a three-dimensional CAD software

http://www.sbd.jp/product/netsu/floefd3cad.shtml

package developed by Dassault Systèmes. After reading in

■Flow Designer

the created three-dimensional CAD data on STAR-CCM+,

http://www.akl.co.jp/
■PowerFLOW
http://www.exajapan.jp/pages/products/pflow_main.html
■KeyFlow
http://www.kagiken.co.jp/product/keyflow/index.shtml

the mesh type, the mesh spacing, the turbulence model
(details to be described later), the time-step interval, the
boundary

conditions,

Subsequently,

and

other

pre-processing,

variables

fluid

are

analyses,

set.
and

post-processing are performed.
The mesh generation method in STAR-CCM+ is

■OpenFOAM

distinctive. In STAR-CCM+, both a polyhedral mesh and a

http://www.cae-sc.jp/docs/FOAM/

prism layer mesh can be used (see Fig.1). The polyhedral

■FrontFlow
http://www.advancesoft.jp/product/advance_frontflow_red/
The wind power industry has on its own developed and
distributed CFD software designed for selecting sites
appropriate for the installation of wind power generators (see
the listing below). Recently, some of the above-mentioned
general-purpose thermal fluid analysis software has started

mesh is a new type of mesh offered by CD-adapco and
consists of polyhedral cells which possess 10 to 15 faces on
average. The use of this cell type makes it possible to
dramatically reduce the number of mesh cells required to
obtain analysis results equivalent to those that can be
obtained using a conventional tetrahedral mesh and 2) the
memory required by the solver. With the use of this cell type,
the computational stability improves significantly, and the

being adopted in the wind power industry.

time required to obtain convergent solutions also decreases.

CFD software designed for the wind power industry (wind

the behavior of the boundary layer developed over an object.

farm design tools)

In this type of mesh, layers of thin mesh cells are distributed

■RIAM-COMPACT®
http://www.riam-compact.com/

The prism layer mesh is a refined mesh designed to capture

regularly over the object. Since the thickness and the number
of layers in the normal direction with respect to the object
surface can be freely adjusted, the behavior of the boundary

■MASCOT

layer in the vicinity of a wall can be captured with high

http://aquanet21.ddo.jp/mascot/

accuracy. However, when the number of the prism layer

■WindSim

mesh cells is very large, the computation time increases

http://www.windsim.com/

significantly.
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Numerical simulations are based on FVM (Finite-
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modeled on the physical considerations of the SGS stress.

Volume Method), and the Navier-Stokes equation is used as

For the governing equations of the flow, a spatially-filtered

the governing equation. Iterative calculations are performed

continuity equation for incompressible fluid (Eq.(1)) and a

for the velocity and pressure fields using an AMG (Algebraic

spatially filtered Navier-Stokes equation (Eq.(2)) are used:

Multi-Grid) linear solver. For the time marching method, a
first-order implicit method is used. For the convective term, a
second-order upwind scheme is adopted for the case of
RANS (Reynolds Averaged Navier-Stokes Simulation)
models. For the case of LES models, a BCD (Bounded
Central Differencing) scheme is employed.

ui
0
x i

-(1)

ij
ui
ui
p
1 2 ui
 uj



t
x j
x i Re x jx j x j

-(2)

Supporting equations are given in Eqs.(3) - (8):
Region filled with fluid

Prism layer

SGS   Cs fs   S
2



S  2SijSij
Object surface

Object

Fig.1 Polyhedral mesh and prism layer mesh

1 ' '
u k u k ij  2SGS Sij
3

ij  u 'i u 'j 

Sij 

1/2



fs  1  exp  z  / 25



-(4)



1  u i u j 



2  x j x i 

  hx h yhz



1/3

-(3)

-(5)
-(6)



-(7)
-(8)

Because mean wind speeds of 6.0 m/s or higher are
considered in the RIAM-COMPACT® software , the effect

4. Summary of RIAM-COMPACT® Software
In this section, a summary of the RIAM-COMPACT®
natural terrain version software is provided. The RIAMCOMPACT® natural terrain version software uses collocated
grids in a general curvilinear coordinate system in order to
numerically predict local airflows over complex terrain with
high accuracy while avoiding numerical instability. In these
collocated grids, the velocity components and pressure are
defined at the mesh cell centers, and variables which result
from the contravariant velocity components multiplied by the
Jacobian are defined at the cell faces. As for the simulation
technique, the FDM (Finite-Difference Method) is adopted,
and an LES model is used for the turbulence model. In LES, a
spatial filter is applied to the flow field to separate eddies of
various scales into GS (Grid Scale) components, which are
larger than the computational grid cells, and SGS (Sub-Grid
Scale) components, which are smaller than the computational
grid cells. Large-scale eddies, i.e., the GS components of
turbulence eddies, are directly numerically simulated without
relying on the use of a physically simplified model. On the
other hand, the main effect of small-scale eddies, i.e., the SGS
components, is to dissipate energy, and this dissipation is

of vertical thermal stratification (density stratification), which
is generally present in the atmosphere, is neglected.
Furthermore, the effect of surface roughness is included by
reconstructing the irregularities of the terrain surface in high
resolution.
The computational algorithm and the time marching
method are based on a FS (Fractional Step) method and the
Euler explicit method, respectively. The Poisson’s equation
for pressure is solved by the SOR (Successive OverRelaxation) method. For discretization of all the spatial terms
in Eq.(2) except for the convective term, a second-order
central difference scheme is applied. For the convective term,
a third-order upwind difference scheme is applied. An
interpolation technique based on four-point differencing and
four-point interpolation by Kajishima is used for the
fourth-order central differencing that appears in the
discretized form of the convective term. For the weighting of
the numerical diffusion term in the convective term
discretized by third-order upwind differencing, α = 3.0 is
commonly applied in the Kawamura-Kuwahara Scheme.
However, α = 0.5 is used in the present study to minimize the
influence of numerical diffusion. For LES sub-grid scale
modeling, the commonly used Smagorinsky model is adopted.
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A wall-damping function is used with a model coefficient of
0.1.

5. Flow Field and Simulation Set-up
In this section, the flow field investigated and the
coordinate system and simulation set-up adopted in the

h
α  40

a=2h

present study are described. The dimensions of the
computational domain are 13h (x) × 9h (y) × 10h (z), where x,

Fig.3 Structured computational mesh used in the vicinity of the

y, and z are the streamwise, spanwise, and vertical directions,

isolated-hill in the RIAM-COMPACT® simulation.

respectively, and h is the height of the isolated-hill (see Fig.2).

The cross-section shown is for the central plane (y = 0).

The geometry of the isolated-hill is represented by the
following function:
z (r) = 0.5h × ｛1 + cos (πr / a)｝，r = (x2 + y2)1/2，a = 2h

-(9)

where a is the radius of the isolated-hill at its base.
Regarding

the

boundary

conditions,

uniform

inflow

conditions are applied at the inflow boundary, slip conditions
are applied at the side and upper boundaries, and convective
outflow conditions are applied at the outflow boundary. At the
ground surface, non-slip boundary conditions are imposed. The
Reynolds number is set to Re (= Uh / ν) = 104, where h is the
isolated-hill height and U is the wind speed at height h at the
inflow boundary. The time steps are set to Δt = 2 × 10-3 (h / U)
and Δt = 1 × 10-2 (h / U) in the simulations with RIAM-

(a) Side view (y = 0)

COMPACT® and STAR-CCM+, respectively.
Inflow boundary:
uniform inflow conditions
Outflow boundary:
convective outflow
conditions

9h
Upper boundary &
Side boundaries:
slip condition

Flow

U

3h

(b) Top view (z = 0.5h)
Three-dimensional
isolated-hill model
(height h)

10h

Ground surface:
non-slip conditions

Fig.4 Side and top cross-sectional views of the computational
mesh (unstructured mesh) distributed over the entire
computational domain for the STAR-CCM+ simulations.
Fig.3 shows the computational mesh (structured mesh)
which is used in RIAM-COMPACT® in the vicinity of the
isolated-hill for the present simulation. The numbers of

10h

mesh points in the x-, y-, and z-directions are 326×226×67
points, respectively (approximately five million points in

Fig.2 Computational domain, coordinate system,
and boundary conditions

total). The mesh points in the x- and y-directions are spaced
at an even interval of 0.04h while the mesh points in the

Reports of Research Institute for Applied Mechanics, Kyushu University No.150 March 2016
z-direction are spaced unevenly (from 0.003h to 0.6h).
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Flow

Fig.4 shows the computational mesh (unstructured mesh)
used in the present STAR-CCM+ simulations. The total
number of mesh points is approximately one million (i.e.,
approximately 1/5 of that used in the RIAM-COMPACT®
simulation). In the STAR-CCM+ simulations, the mesh

(a) Wind tunnel experiment, smoke-wire technique

resolution in the vicinity of the isolated-hill is set to be
nearly identical to that in the RIAM-COMPACT®
simulation.
Tables 1 and 2 summarize all of the turbulence models
(RANS, LES) adopted in the present comparative study. For
convenience, simulations performed with the use of each of

(b) Numerical simulation (RIAM-COMPACT®),

the models are referred to as Cases 1 to 5. In Case 4, i.e., the

passive particle tracking method

WALE model, the eddy viscosity coefficient becomes zero
near the wall without the use of a wall damping function.

Fig.5 Visualization of the flow field

Furthermore, this model has been designed in such a way

in the vicinity of an isolated-hill; instantaneous field

that the eddy viscosity coefficient is not calculated for
laminar shear layers.

Figs.6 to 12 illustrate comparisons of simulation results. In
these figures, the time-averaged flow fields and turbulence
Spalart-Allmaras single equation

statistics were evaluated from the fully-developed flow field,

eddy-viscosity turbulence model,

specifically from the time interval of t = 100 – 200 (h / U).

RANS

steady RANS

Examinations of these figures (Figs.6 to 10) reveal that the

models

SST k-ω two-equation eddy

trends of the simulation results from STAR-CCM+ with the

-viscosity model, unsteady RANS

use of the RANS models (steady and unsteady) are similar to

(URANS)

each other. In addition, the three sets of simulation results

Case 1

Case 2
LES

Case 3

Smagorinsky model, LES

from STAR-CCM+ and RIAM-COMPACT® with the use of

models

Case 4

WALE model, LES

the LES models (i.e., STAR-CCM+ with the standard

Table 1 Turbulence models used in the present

Smagorinsky model and the WALE model and RIAM-

STAR-CCM+ simulations

COMPACT® with the standard Smagorinsky model)
resemble one another very closely with no distinction

LES model

Case 5

Smagorinsky model, LES

between the use of STAR-CCM+ and the use of RIAM-

Table 2 Turbulence model used in the present

COMPACT®. It should be noted that a clear vortex center is

RIAM-COMPACT® simulation

simulated downstream of the isolated-hill in the simulations
with the LES models, however, not in the simulations with

6. Simulation Results and Discussions
First, the flow patterns which form in the vicinity of the
isolated-hill are examined (see Fig.5). The qualitative
behaviors of the flows numerically simulated by RIAMCOMPACT® and observed in a wind tunnel experiment
resemble each other quite closely. More specifically, a shear
layer separates in the vicinity of the top of the isolated-hill
and rolls up into isolated-eddies, forming large eddies.
Subsequently, these eddies are periodically shed downstream
of the isolated-hill. Refer to Uchida et al.1) for a detailed
comparison between the simulation results from RIAMCOMPACT® and those from the wind tunnel experiment.

the RANS models.
Subsequently, the vertical profiles of turbulence statistics
(the mean and standard deviation of the streamwise (x)
velocity component), shown in Figs.11 and 12, are examined.
The turbulence statistics were evaluated at a total of four
points, specifically, at x / h = -2, 0, +2, and +6 as shown in
Fig.10. In the mean velocity profiles, no significant
differences are found at any of the points given by x / h = -2,
0, and +2 (Fig.11). At the top of the isolated-hill, which is
located at x / h = 0, locally occurring increased wind velocity
is evident. Immediately downstream of the isolated-hill, that
is at x / h = +2, a region of reversed flow is present. At x/ h
= +6, the trends of the wind velocity profiles differ between
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Flow

(a) Spalart-Allmaras single equation eddy-viscosity turbulence model, steady RANS

(b) SST k-ω two-equation eddy-viscosity model, unsteady RANS (URANS), time-averaged field
Fig.6 Distribution of the streamwise (x) velocity component; simulation results from STAR-CCM+ with the use of RANS
turbulence models. The cross-sections shown are for the central plane (y = 0) aligned with the streamwise direction (x).
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Flow

(a) Standard Smagorinsky model, LES

(b) WALE model, LES
Fig.7 Distribution of the time-averaged streamwise (x) velocity component; simulation results from STAR-CCM+ with the use of
LES turbulence models. The cross-sections shown are for the central plane (y = 0) aligned with the streamwise direction (x).

54

Uchida : Reproducibility of Complex Turbulent Flow Using Commercially-Available CFD Software, Report 1

Flow

The vortex region is not simulated clearly.

(a) Spalart-Allmaras single equation eddy-viscosity turbulence model, steady RANS

The vortex region is not simulated clearly.

(b) SST k-ω two-equation eddy-viscosity model, unsteady RANS (URANS), time-averaged field
Fig.8 Distribution of velocity vectors; simulation results from STAR-CCM+ with the use of RANS turbulence models.
The cross-sections shown are for the central plane (y = 0) aligned with the streamwise direction (x).
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Flow

Vortex center

(a) Standard Smagorinsky model, LES

Vortex center

(b) WALE model, LES
Fig.9 Distribution of time-averaged velocity vectors; simulation results from STAR-CCM+ with the use of LES turbulence
models. The cross-sections shown are for the central plane (y = 0) aligned with the streamwise direction (x).
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Flow

-2h

0h

+2h

+6h

height h

(a) Distribution of the streamwise (x) velocity component

-2h

0h

+2h

+6h

Vortex center

height h

(b) Distribution of velocity vectors
Fig.10 Time-averaged results from RIAM-COMPACT® with the use of the standard Smagorinsky LES model.
The cross-sections shown are for the central plane (y = 0) aligned with the streamwise direction (x).
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STAR-CCM+
RIAM-COMPACT®

x=0h

x=-2h
No significant differences
among the values

x=+2h

No significant differences
among the values

Locally occurring
increased velocity

x=+6h
RANS results
↓
The trend is
different from
LES results.

Fig.11 Comparisons of profiles of the mean streamwise (x) velocity component
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STAR-CCM+
RIAM-COMPACT®

x=0h

x=-2h

Only values close to
zero were output in
simulations with RANS
models.

Similar trends are found
among values output by
LES models.

Similar trends are found
among values output by
LES models.

x=+2h
Only values close to
zero were output in
simulations with RANS
models.

Similar trends are found
among values output by
LES models.

x=+6h
Only values close to
zero were output in
simulations with
RANS models.

Fig.12 Comparisons of profiles of the standard deviation of the streamwise (x) wind velocity component
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the simulation results from RANS models and those from

were nearly the same. In addition, the center of the vortex

LES models.

(region of reversed flow) downstream of the isolated-hill

From the point of view of predicting the airflow field over

which was evident in the LES simulations, was not

complex terrain, these errors in the simulation results from

adequately simulated by STAR-CCM+ using the RANS

the RANS models would significantly affect assessments of

turbulence models.
In the present study, the vertical profiles of turbulence

the power to be generated and other variables.
In the vertical profiles of the standard deviation of the

statistics (the mean and standard deviation of the streamwise

streamwise (x) wind velocity component predicted by the

(x) wind velocity component) were evaluated and compared

RANS models, no significant differences are found at any of

at four points, x / h = -2, 0, +2, and +6. The comparisons

the four examined points (Fig.12). Similarly, it can be said

revealed the following. No significant difference was found

that the trends of the profiles from simulations which used

among the mean velocity profiles obtained from all the

the LES models, i.e., simulations by STAR-CCM+ with both

turbulence models at x / h = -2, 0, and +2. At the top of the

the standard Smagorinsky model and the WALE model and

isolated-hill, which was located at x/h = 0, locally occurring

the simulation by RIAM-COMPACT®, are nearly identical.

increased velocity was identified. At x / h = +2, which was

In the simulations performed in the present study, the

immediately downstream of the isolated-hill, an area of

number of mesh points used in RIAM-COMPACT®

negative velocity was found, indicating the presence of a

(structured mesh, approx. five million mesh points) is

region of reversed flow. At x / h = +6, the trends of the

approximately five times that used in STAR-CCM+

results differed between the simulations which used the

(unstructured mesh, approx. one million mesh points).

RANS models and those which used the LES models.

Nonetheless, it has been confirmed that the simulation by

From the perspective of predicting the airflow field over

RIAM-COMPACT® completes approximately ten times

complex terrain, the prediction errors in the mean wind

faster than those by STAR-CCM+.

velocity in the RANS model simulations would greatly affect
the assessments of the power to be generated and other

7. Conclusions
In the present paper, the airflow field in the vicinity of an
isolated-hill with steep slopes was simulated by one of the
leading, commercially-available CFD packages, STARCCM+ as well as by RIAM-COMPACT® (turbulence model:
LES based on the standard Smagorinsky model). The
simulation results were compared to examine the prediction
accuracy of RIAM-COMPACT®. In STAR-CCM+, two
types of RANS turbulence models were selected: the
Spalart-Allmaras single equation eddy-viscosity turbulence
model (steady RANS) and the SST k-ω two-equation

variables.
In the simulations which used the RANS turbulence
models, the values of the standard deviation were not
significantly different from zero throughout the profiles at all
the examined points. In the simulations which used the LES
models, i.e., STAR-CCM+ with the standard Smagorinsky
model and the WALE model and RIAM-COMPACT® with
the standard Smagorinsky model, the trends of the profiles of
the mean and standard deviation of the wind velocity
resembled one another quite closely as was the case for the
trends of the visualized flow field.

eddy-viscosity model (unsteady RANS). In addition, for LES
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―Report 2: For the Case of a Two-Dimensional Ridge With Steep Slopes―
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Abstract
Choosing appropriate sites for wind turbines is extremely important in Japan because the spatial distribution of wind
speed is highly complex over steep complex terrain, which is abundant in Japan. The author's research group has been
developing an unsteady CFD software package called RIAM-COMPACT®. This package is based on an LES
turbulence model. In this paper, to examine the accuracy of RIAM-COMPACT®, numerical simulations of uniform,
non-stratified airflow over a two-dimensional ridge were performed. The analysis primarily focused on airflow
characteristics in the wake region. The results from the simulation with RIAM-COMPACT® were compared to those
from a commercially-available CFD software package (STAR-CCM+), and no significant differences were found
among these results.
Key words: Commercially-available CFD software, STAR-CCM+, RIAM-COMPACT®, Ridge model

1. Introduction
The author's research group has developed the numerical
wind diagnosis technique named RIAM-COMPACT®

1, 2)

2. Summary of Commercially-Available
CFD Software

.

Commercially-available computational fluid dynamics

The core technology of RIAM-COMPACT® is under

(CFD) software packages have been developed and used

continuous development at the Research Institute for Applied

mainly as design tools primarily in the automobile and

Mechanics, Kyushu University, Japan. An exclusive license

aviation industries up to the present time. The following is a

of the core technology has been granted by Kyushu TLO Co.,

list of the major CFD software packages available on the

Ltd. (Kyushu University TLO) to RIAM-COMPACT Co.,

market:

Ltd. (http://www.riam-compact.com/), a venture corporation
which was founded by the author and originated at Kyushu

General-purpose CFD thermal fluid analysis software

University in 2006. A trademark, RIAM-COMPACT®, and a

packages

utility model patent were granted to RIAM-COMPACT Co.,
Ltd. in the same year. In the meantime, a software package

■STAR-CCM+

has been developed based on the above-mentioned technique

http://www.cd-adapco.co.jp/products/star_ccm_plus/index.

and is named the RIAM-COMPACT® natural terrain version

html

software. Efforts have been made to promote this software as
a standard software package in the wind power industry.
In the previous paper2), a numerical simulation was

■ANSYS(CFD, Fluent, CFX)
http://ansys.jp/solutions/analysis/fluid/index.html

performed for airflow around an isolated-hill with a steep

■SCRYU/Tetra

slope angle using RIAM-COMPACT® natural terrain

http://www.cradle.co.jp/products/scryutetra/

version, and the results were compared to those from

■STREAM

numerical

http://www.cradle.co.jp/products/stream/index.html

simulations

performed

using

another

commercially-available CFD software package. In the present
paper, a similar study is conducted for airflow over a ridge,
the shape of which is identical to the shape created by
extending the central cross-section of the isolated-hill from
the previous paper2) continuously in the spanwise (y)
direction. The results of the comparisons are discussed.
*1 Research Institute for Applied Mechanics, Kyushu University

■CFD2000
http://www.cae-sc.jp/docs/cfd2000/index.htm
■PHOENICS
http://www.phoenics.co.jp/
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■Autodesk Simulation CFD

available CFD software packages. The results of the

http://www.cfdesign.com/

comparison are discussed.

■CFD++
http://bakuhatsu.jp/software/cfd/
■CFD-ACE+
http://www.wavefront.co.jp/CAE/cfd-ace-plus/
■AcuSolve
http://acusolve.jsol.co.jp/index.html
■FLOW-3D

3. Summary of STAR-CCM+ Software
In this section, a summary of STAR-CCM+, a generalpurpose thermal fluid analysis software package distributed
by CD-adapco is provided (see Table 1). The version of the
software package used in the present study is 8.02.008 (for
64-bit Windows).
STAR-CCM+ uses a single graphical user interface (GUI)

http://www.terrabyte.co.jp/FLOW-3D/flow3d.htm

for computational grid generation, execution of fluid

■FloEFD

analyses, and data post-processing. The grid generation

http://www.sbd.jp/product/netsu/floefd3cad.shtml

method in STAR-CCM+ is distinctive. In STAR-CCM+,

■Flow Designer

both a polyhedral grid and a prism layer grid can be used (for

http://www.akl.co.jp/

example, see Fig.3). The polyhedral grid is a new type of

■PowerFLOW
http://www.exajapan.jp/pages/products/pflow_main.html

grid offered and promoted by CD-adapco and consists of
polyhedral cells which possess 10 to 15 faces on average.
The use of this cell type makes it possible to dramatically

■KeyFlow

reduce 1) the number of grid cells required to obtain analysis

http://www.kagiken.co.jp/product/keyflow/index.shtml

results equivalent to those that can be obtained using a

■OpenFOAM

conventional tetrahedral grid and 2) the memory required by

http://www.cae-sc.jp/docs/FOAM/

the solver. With the use of this cell type, the computational

■FrontFlow
http://www.advancesoft.jp/product/advance_frontflow_red/
The wind power industry has independently developed and
distributed CFD software designed for selecting sites
appropriate for the installation of wind turbines (see the list
below). Recently, some of the above-listed general-purpose
thermal fluid analysis software packages have also started
being adopted in the wind power industry.

stability improves significantly, and the time required to
obtain convergent solutions also decreases. The prism layer
grid is a refined grid designed to capture the behavior of the
boundary layer that develops over the surface of an object. In
this type of grid, layers of thin grid cells are distributed
regularly over the object. Since the thickness and number of
layers in the normal direction with respect to the object
surface can be freely adjusted, the behavior of the boundary
layer in the vicinity of a wall can be captured with high
accuracy. However, when the number of prism layer grid

CFD software packages designed for the wind power industry

cells is very large, the computation time increases

(wind farm design tools)

significantly.
Numerical simulations are based on the finite-volume

■RIAM-COMPACT®

method (FVM), and the Navier-Stokes equation is used as

http://www.riam-compact.com/

the governing equation. Iterative calculations are performed

■MASCOT
http://aquanet21.ddo.jp/mascot/

for the velocity and pressure fields using an algebraic
multi-grid (AMG) linear solver. For the time marching
method, a first-order implicit method is used. STAR-CCM+

■WindSim

can be run either with a Reynolds-averaged Navier-Stokes

http://www.windsim.com/

(RANS) turbulence model or a large-eddy simulation (LES)

■METEODYN

turbulence model. For the convective term in the

http://meteodyn.com/

RANS models, a second-order upwind scheme is adopted.
For the convective term in the LES models, a bounded

In the present paper, the simulation results from RIAM-

central differencing (BCD) scheme is employed. Table 1

COMPACT® natural terrain version are compared to those

shows an overview of the computational techniques,

from STAR-CCM+, one of the leading commercially-
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parameters, and simulation set-up used for one of the

group, will be described. In this software package, a

simulations performed with STAR-CCM+ in the present

collocated grid in a general curvilinear coordinate system is

study, namely the simulation with a steady RANS turbulence

adopted in order to numerically predict local wind flow over

model, as an example.

complex terrain with high accuracy while avoiding
numerical instability. In this collocated grid, the velocity

Simulation code
Governing equation

STAR-CCM+ v.8.02.008

components and pressure are defined at the grid cell centers,

Three-dimensional unsteady

and variables that result from multiplying the contravariant

Navier-Stokes equation

velocity components by the Jacobian are defined at the cell

Steady RANS
Turbulence model

Time marching

on

the

filter is applied to the flow field to separate eddies of various

1. First-order implicit

scales into grid-scale (GS) components, which are larger

unsteady analysis

than the computational grid cells, and sub-grid scale (SGS)

2. Steady analysis
(The steady-state solution is
obtained by specifying the
number of time steps.)

components, which are smaller than the computational grid

in non-dimensional time)

2. Spin-up: 0 – 2000

upwind scheme
Discretization of the

(No options available

convective term

other than first-order and
second-order
upwind schemes)

Gas

Constant density

Density ρ

1.0 [kg/m3]

Coefficient of viscosity μ

1.0 × 10-5 [Pa•s]

Ridge model height h

0.1 [m]

Inflow wind velocity U

1.0 [m/s]

∆ｔ = (∆t U) / h

based

turbulence model)

A second-order

Number of grid cells

is

adopted for the turbulence model. In LES models, a spatial

in time step number
(Time averaging: 2000 4000 in time step number)

Non-dimensional time step

technique

(Spalart-Allmaras

(Time averaging: 100 – 200s

= U h (ρ / μ) = U h / ν

numerical

one-equation eddy-viscosity

in non-dimensional time

Reynolds number

The

finite-difference method (FDM), and an LES model is

1. Spin-up: 0 – 100s

Duration of simulation

faces.

cells. Large-scale eddies, i.e., the GS components of
turbulence eddies, are directly numerically simulated
without the use of a physically simplified model. In contrast,
dissipation of energy, which is the main effect of small-scale
eddies, i.e., the SGS components, is modeled according to a
physics-based analysis of the SGS stress.
For the governing equations of the flow, a spatially-filtered
continuity equation for incompressible fluid (Eq.(1)) and a
spatially-filtered Navier-Stokes equation (Eq.(2)) are used.

ui
0
x i

ij
ui
ui
p
1 2 ui
 uj



t
x j
x i Re x jx j x j

Approx. 1.5 million

Table 1 Overview of STAR-CCM+, for the case of the
simulation using a steady RANS model in the present study

1 ' '
u k u k ij  2SGS Sij
3
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SGS   Cs fs   S
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S  2SijSij

1.0 × 10４
2.5 × 10-2
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1/2
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  hx h yhz



1/3

-(3)

-(4)



fs  1  exp  z  / 25

-(2)

-(6)



-(7)
-(8)

4. Summary of RIAM-COMPACT® Software
In this section, a summary of RIAM-COMPACT®
natural terrain version, developed by the author's research

For the computational algorithm, a method similar to a
fractional step (FS) method is used, and a time marching
method based on the Euler explicit method is adopted. The
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Upper and lateral boundaries:
free-slip condition

Inflow boundary:
uniform inflow condition

Outflow
boundary:
convective
Origin of coordinate
system

Ground surface:
no-slip condition

Fig.1 Computational domain, coordinate system, boundary conditions, and other related information
Poisson’s equation for pressure is solved by the successive

outflow boundaries, respectively. At the ground surface,

over-relaxation (SOR) method. For discretization of all the

non-slip boundary conditions are imposed. The Reynolds

spatial terms except for the convective term in Eq.(2), a

number is set to Re (= Uh / ν) = 104, where h is the ridge

second-order central difference scheme is applied. For the

height and U is the wind speed at height h at the inflow

convective term, a third-order upwind difference scheme is

boundary. The time steps are set to Δt = 2 × 10-3 (h / U) and

applied. An interpolation technique based on four-point

Δt = 2.5 × 10-2 (h / U) in the simulations with RIAM-

differencing and four-point interpolation by Kajishima is used

COMPACT® and STAR-CCM+, respectively.

for the fourth-order central differencing that appears in the

Fig.2 shows the computational grid (structured grid) used

discretized form of the convective term. For the weighting of

for the simulation with RIAM-COMPACT®. The number of

the numerical diffusion term in the convective term

grid points used for this simulation is 326 (x) × 226 (y) × 67

discretized by third-order upwind differencing, α = 3.0 is

(z) (approximately 5 million points in total). The grid points

commonly applied in the Kawamura-Kuwahara scheme.

in the x- and y-directions are spaced at an even interval of

However, α = 0.5 is used in the present study to minimize the

0.04h, and the grid points in the z-direction are spaced at

influence of numerical diffusion. For LES subgrid-scale

uneven intervals ranging from 0.003h to 0.6h.

modeling, the standard Smagorinsky model is adopted with a

For comparison, Fig.3 shows the computational grid

model coefficient of 0.1 in conjunction with a wall-damping

(unstructured grid) used for the simulation with STAR-

function.

5. Flow Field and Simulation-setup
Considered in the Present Study
In this section, the flow field, coordinate system, and
simulation-setup considered for the present study are
described (Fig.1). The streamwise (x) cross-section of the

h
α ≈ 40º

a = 2h

ridge is identical to the central cross-section of the hill from
the previous study2) .
Regarding the boundary conditions, uniform inflow
conditions, free-slip conditions, and convective outflow
conditions are applied at the inflow, lateral and upper, and

Fig.2 Computational grid in the vicinity of the ridge from the
simulation with RIAM-COMPACT®, structured grid,
central plane (y = 0) normal to the spanwise (y) axis
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the use of a wall damping function and 2) the eddy viscosity
coefficient is not calculated for laminar shear flow.
Spalart-Allmaras one-equation
Case 1

eddy-viscosity turbulence model:

RANS

steady RANS

models

SST k-ω two-equation eddy
Case 2

-viscosity model: unsteady RANS
(URANS)

(a) Side view (y = 0), overall view

LES model

Case 3
Case 4

Standard Smagorinsky model:
LES
WALE model: LES

Table 2 Turbulence models used in the simulations with
STAR-CCM+
Prism layer setting
thickness
h×8%
number of
25
layers

LES model

Case 5

Standard Smagorinsky model:
LES

Table 3 Turbulence model used in the simulation with
RIAM-COMPACT®

(b) Side view (y = 0), enlarged view

6. Simulation Results and Discussion
First, flow patterns generated in the vicinity of the ridge
considered in the present study are described (Fig.4). The
qualitative behaviors of the flows numerically simulated by
RIAM-COMPACT® and observed in a wind tunnel
experiment resemble each other quite closely. As was the
case in the previous study2), the shear layer which separated
from the vicinity of the ridge top rolls up into isolated
vortices (indicated by arrows in Fig.4 (b)). These isolated
(c) Top view (z = 0.5h), overall view
Fig.3 Computational grid used for the simulation with
STAR-CCM+, unstructured grid

vortices then form into large-scale vortices, which are
periodically shed downstream of the ridge. Refer to Uchida et
al.2) for detailed comparisons between the results of the

CCM+. The total number of grid points is approximately 1.5
million (1/3 of that used for the simulation with RIAMCOMPACT®). The grid resolution in the vicinity of the ridge
in the simulation with STAR-CCM+ is set to be nearly
identical to that with RIAM-COMPACT®.

(a) Wind tunnel experiment, smoke-wire method
Flow

Tables 2 and 3 list the turbulence models (RANS and LES
models) considered in the present comparative study. For
convenience, simulations performed with the use of each of
the models are referred to as Cases 1 to 5. The models
considered in the present study are the same as those from the
previous study2). A brief description of the WALE model
used in Case 4 is as follows: the WALE model has been

(b) Numerical simulation (RIAM-COMPACT®),
passive particle tracking

designed in such a way that 1) the eddy viscosity coefficient

Fig.4 Visualization of the flow field

becomes zero in the vicinity of the ground surface without

in the vicinity of the ridge; instantaneous field
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simulation with RIAM-COMPACT® and those from the

for the vertical profiles of the standard deviation of the

wind tunnel experiment.

streamwise (x) wind velocity component (not shown).

Due to space limitations, Figs.5 and 6 compare the

Regarding the computational time, although the number

simulation results only from Case 1 (STAR-CCM+ with the

of grid points used for the simulation with RIAM-

steady RANS model; a steady simulation in which the

COMPACT® (structured grid, approximately 5 million grid

steady-state solution is obtained by using the number of time

points) was approximately three times as large as that used

steps specified in Table 1 for time marching) and Case 5

for the simulations with STAR-CCM+ (unstructured grid,

(RIAM-COMPACT® with the LES model) here as an

approximately 1.5 million grid points), the simulation with

example. Fig.7 compares the vertical profiles of the mean

RIAM-COMPACT® completed much faster than those with

streamwise (x) velocity from all the cases (Cases 1 to 5). In

STAR-CCM+, as was the case in the previous study2).

Figs.5 to 7, the time-averaged flow field and turbulence
statistics for Case 5 (RIAM-COMPACT® with the LES
model) were evaluated from the time period t = 100 - 200

7. Conclusion

(h/U), An examination of Figs. 5 to 7 reveals, in contrast to

In the previous study2), the simulation results from

the previous study2), no significant difference between the

RIAM-COMPACT® natural terrain version of airflow

results from the simulation which used the steady RANS

around an isolated-hill with a steep slope angle were

model (Case 1) and those from the RIAM-COMPACT®

compared to those from another commercially-available

simulation, which used the Smagorinsky LES model (Case 5),

CFD software package (STAR-CCM+).

indicating that the overall trends of the flow field are similar
between the two cases.

In the present paper, in order to examine the prediction
accuracy of RIAM- COMPACT® (turbulence model: the

The previous study2) investigated airflow around a

standard Smagorinsky LES model), developed by the

three-dimensional isolated-hill, and thus, the investigated

author's research group, simulations were performed with

flow field was complex with the co-existence of various

RIAM-COMPACT® and STAR-CCM+ for airflow over a

kinds of airflow including flow over the hill and flow around

ridge. The shape of the ridge is identical to the shape created

the hill. Probably because of this complex flow field,

by extending the central cross-section of the isolated-hill

significant differences arose between the results from the

from the previous study2) continuously in the spanwise (y)

simulations which used the RANS models (i.e., the steady

direction. The simulation results were then compared.

and unsteady RANS models) and those from the simulations

For the simulations with STAR-CCM+, both RANS and

which used the LES models (i.e., the standard Smagorinsky

LES turbulence models were adopted. Specifically, for the

and WALE models).

RANS turbulence model, two such models were selected for

Since numerical simulations performed in the wind power

use: the Spalart-Allmaras one-equation eddy-viscosity

industry are frequently for three-dimensional complex

model (steady RANS) and the SST k-ω two-equation

turbulent flow fields, the errors in the mean wind velocity

eddy-viscosity model (unsteady RANS). Similarly, for the

predicted using the RANS models in the previous study2)

LES turbulence model (SGS model), two such models were

would greatly affect assessments of the power to be generated

selected for use: the standard Smagorinsky model and the

and other related variables. Therefore, it can be claimed that

WALE model.

the use of the LES models is effective for simulating highly
three-dimensional complex turbulent flow fields.

The comparisons of the simulation results revealed the
following findings. The significant differences which were

Although not shown here, as was the case in the previous

found for certain flow characteristics between the results of

study2), the vertical profiles of the standard deviation of the

simulations with the RANS models (the steady and unsteady

streamwise (x) wind velocity component evaluated from the

RANS models) and those with the LES models (the

results of the simulations in the present study which used the

Smagorinsky and WALE models) in the previous study2)

RANS models (i.e., the steady and unsteady RANS models)

were not found in the present study. The flow fields

showed no significant non-zero values at any position. As for

simulated with the use of the RANS models and those

the results of the simulations which used the LES models,

simulated with the use of the LES models showed similar

those from STAR-CCM+ (the standard Smagorinsky and

overall trends.

WALE models) and those from RIAM-COMPACT® (the

The previous study 2) investigated airflow around a

standard Smagorinsky model) showed nearly identical trends

three-dimensional isolated-hill, and thus, the investigated
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Flow

(a) Case 1, Simulation results from STAR-CCM+ with the use of the steady RANS model,
Spalart-Allmaras one-equation eddy-viscosity turbulence model

-2h

0h

+4h

+8h

Height h

(b) Case 5, Simulation results from RIAM-COMPACT® with the use of the LES model,
the standard Smagorinsky model, time-averaged field
Fig.5 Comparison of the streamwise (x) velocity component distribution,
central plane (y = 0) normal to the spanwise (y) axis.
Here, the velocity component is normalized by the magnitude of the uniform inflow wind velocity.
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Flow

(a) Case 1, Simulation results from STAR-CCM+ with the use of the steady RANS model,
Spalart-Allmaras one-equation eddy-viscosity turbulence model

-2h

0h

+4h

+8h

Height h

(b) Case 5, Smulation results from RIAM-COMPACT® with the use of the LES model,
the standard Smagorinsky model, time-averaged field
Fig. 6 Comparison of velocity vectors, central plane (y = 0) normal to the spanwise (y) axis.
Here, the velocity components are normalized by the magnitude of the uniform inflow wind velocity.
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STAR-CCM+
RIAM-COMPACT®

x=-2h

x=0h

Nearly the same values

Local increase in velocity

x=+4h
Similar trends between the
profiles from the simulations
with RANS and those with LES

x=+8h
Similar trends between the
profiles from the simulations
with RANS and those with LES

Reverse flow region

Fig. 7 Comparison of the mean streamwise (x) velocity profiles. Here, the velocity component is normalized
by the mean upper-air streamwise (x) velocity above the location of each profile evaluation.

Reports of Research Institute for Applied Mechanics, Kyushu University, No.150 March 2016

69

flow field was a complex turbulent flow field with the

COMPACT® was approximately three times as large

co-existence of various kinds of airflow including flow over

(structured grid, approximately 5 million grid points) as that

the hill and flow around the hill. Probably for this reason,

used for the simulations with STAR-CCM+ (unstructured

significant differences arose between the results from the

grid, approximately 1.5 million grid points), the simulation

simulations which used the RANS models and the results

with RIAM-COMPACT® completed much faster than those

from the simulations which used the LES models in the

with STAR-CCM+, as was the case in the previous study2).

2)

previous study . Since numerical simulations in the wind

References

power industry are frequently performed for threedimensional, complex turbulent flow fields, the errors in the
mean wind velocity predicted using the RANS models in the

1)

Takanori

UCHIDA,

Validation

Testing

of

the

previous study2) would greatly affect assessments of the

Prediction Accuracy of the Numerical Wind Synopsis

power to be generated and other related variables. Therefore,

Prediction Technique RIAM-COMPACT for the Case

it can be claimed that the use of the LES models is effective

of the Bolund Experiment –Comparison against a

for simulating highly three-dimensional complex turbulent

Wind-Tunnel Experiment–, Reports of RIAM, Kyushu

flow fields.

University, No.147, pp.7-14, 2014
2)

As was the case in the previous study , the vertical profiles

2)

Takanori UCHIDA, Reproducibility of Complex

of the standard deviation of the streamwise (x) wind velocity

Turbulent Flow Using Commercially-Available CFD

component evaluated from the simulations which used the

Software –Report 1: For the Case of a Three-

RANS models (i.e., the steady and unsteady RANS models)

Dimensional Isolated-Hill With Steep Slopes–, Reports

showed no significant non-zero values at any position in the

of RIAM, Kyushu University, No.150, in press, 2016

present study. As for the results of the simulations which
used the LES models, the trends of this variable from
STAR-CCM+ (the standard Smagorinsky and WALE
models) and those from RIAM-COMPACT® (the standard
Smagorinsky model) were nearly identical.
Regarding the computational time, although the number
of grid points used for the simulation with RIAM-

Appendix
In this appendix, comparisons are made between the results of the simulation with RIAM-COMPACT® (turbulence model: the
standard Smagorinsky LES model) from the present study and those from the wind tunnel experiment performed by the author
previously. In both Figs.8 and 9, the variables on the horizontal and vertical axes are normalized by the mean upper-air
streamwise (x) velocity, Uref, above the location of each profile evaluation and the height of the ridge, h, respectively. The
variable z* on the vertical axis represents the height above the flat surface.
The simulations in the present study are performed for airflow over a ridge, the shape of which is identical to the shape created
by extending the central cross-section of the isolated-hill from the previous study2) continuously in the spanwise (y) direction.
Therefore, both the simulation and wind tunnel results are more subject to the effect of the blockage ratio than those in the
previous study. Specifically, at the ridge top (Fig.8(b)), the wind speed-up ratio for the simulation is significantly overestimated
with respect to that for the wind tunnel. As a result, differences in the flow field arise between the two results, including a
difference in the size of the vortex region downstream of the ridge (Figs.8(c), 8(d), 9(c), and 9(d)). Although the
above-mentioned differences in the flow fields exist, the overall trends of the flow fields are in agreement between the simulated
and wind-tunnel flows in Figs.8 and 9.
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(a) x=-2h

(b) x=0h

(c) x=+4h

(d) x=+8h

Fig.8 Comparison of the mean streamwise (x) velocity profiles,
filled circle: wind tunnel experiment, line: simulation with RIAM-COMPACT® (turbulence model: LES)

(a) x=-2h

(b) x=0h

(c) x=+4h

(d) x=+8h

Fig.9 Comparison of the standard deviation of the streamwise (x) velocity,
filled circle: wind tunnel experiment, line: simulation with RIAM-COMPACT® (turbulence model: LES)
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Reproducibility of Complex Turbulent Flow
Using Commercially-Available CFD Software
―Report 3: For the Case of a Three-dimensional Cube―
Takanori UCHIDA*1
E-mail of corresponding author: takanori@riam.kyushu-u.ac.jp
(Received January 29, 2016)
Abstract
Choosing appropriate sites for wind turbines is extremely important in Japan because the spatial distribution of wind
speed is highly complex over steep complex terrain, which is abundant in Japan. The author's research group has been
developing an unsteady CFD software package called RIAM-COMPACT®. This package is based on an LES
turbulence model. In this paper, to examine the accuracy of RIAM-COMPACT®, numerical simulations of uniform,
non-stratified airflow past a three-dimensional cube were performed. The analysis primarily focused on airflow
characteristics in the wake region. The results from the simulation with RIAM-COMPACT® were compared to those
from a commercially-available CFD software package (STAR-CCM+) and were found to be in good agreement.
Key words: Commercially-available CFD software, STAR-CCM+, RIAM-COMPACT®, Cube model

1. Introduction
The author's research group has developed the numerical
1, 2)

2. Summary of Commercially-Available
CFD Software

.

Commercially-available computational fluid dynamics

The core technology of RIAM-COMPACT® is under

(CFD) software packages have been developed and used

continuous development at the Research Institute for Applied

mainly as design tools primarily in the automobile and

Mechanics, Kyushu University, Japan. An exclusive license

aviation industries up to the present time. The following is a

wind diagnosis technique named RIAM-COMPACT®

of the core technology has been granted by Kyushu TLO Co.,
Ltd. (Kyushu University TLO) to RIAM-COMPACT Co.,
Ltd. (http://www.riam-compact.com/), a venture corporation

list of the major CFD software packages available on the
market:

which was founded by the author and originated at Kyushu
University in 2006. A trademark, RIAM-COMPACT®, and a

General-purpose CFD thermal fluid analysis software

utility model patent were granted to RIAM-COMPACT Co.,

packages

Ltd. in the same year. In the meantime, a software package
has been developed based on the above-mentioned technique

■STAR-CCM+

and is named the RIAM-COMPACT® natural terrain version

http://www.cd-adapco.co.jp/products/star_ccm_plus/index.

software. Efforts have been made to promote this software as

html

a standard software package in the wind power industry.
In the previous paper

1, 2)

, a numerical simulation was

performed for airflow around an isolated-hill with a steep

■ANSYS(CFD, Fluent, CFX)
http://ansys.jp/solutions/analysis/fluid/index.html

slope angle using RIAM-COMPACT® natural terrain

version, and the results were compared to those from
numerical simulations performed using another
commercially-available CFD software package.
In the present paper, a similar study is conducted for
airflow around a three-dimensional cube, and the
results of the comparisons are discussed.

■SCRYU/Tetra
http://www.cradle.co.jp/products/scryutetra/
■STREAM
http://www.cradle.co.jp/products/stream/index.html
■CFD2000
http://www.cae-sc.jp/docs/cfd2000/index.htm

*1 Research Institute for Applied Mechanics, Kyushu University
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■PHOENICS

■MASCOT

http://www.phoenics.co.jp/

http://aquanet21.ddo.jp/mascot/

■Autodesk Simulation CFD

■WindSim

http://www.cfdesign.com/

http://www.windsim.com/

■CFD++

■METEODYN

http://bakuhatsu.jp/software/cfd/

http://meteodyn.com/

■CFD-ACE+
http://www.wavefront.co.jp/CAE/cfd-ace-plus/

In the present paper, the simulation results from
RIAM-COMPACT® natural terrain version are compared to
those from STAR-CCM+, one of the leading commercially-

■AcuSolve

available CFD software packages. The results of the

http://acusolve.jsol.co.jp/index.html

comparison are discussed.

■FLOW-3D

3. Summary of STAR-CCM+ Software

http://www.terrabyte.co.jp/FLOW-3D/flow3d.htm
■FloEFD
http://www.sbd.jp/product/netsu/floefd3cad.shtml
■Flow Designer
http://www.akl.co.jp/
■PowerFLOW
http://www.exajapan.jp/pages/products/pflow_main.html
■KeyFlow
http://www.kagiken.co.jp/product/keyflow/index.shtml
■OpenFOAM
http://www.cae-sc.jp/docs/FOAM/
■FrontFlow
http://www.advancesoft.jp/product/advance_frontflow_red/
The wind power industry has independently developed and
distributed CFD software designed for selecting sites
appropriate for the installation of wind turbines (see the list
below). Recently, some of the above-listed general-purpose
thermal fluid analysis software packages have also started
being adopted in the wind power industry.
CFD software packages designed for the wind power industry
(wind farm design tools)
■RIAM-COMPACT®
http://www.riam-compact.com/

In this section, a summary of STAR-CCM+, a
general-purpose thermal fluid analysis software package
distributed by CD-adapco is provided (see Table 1). The
version of the software package used in the present study is
8.02.008 (for 64-bit Windows).
STAR-CCM+ uses a single graphical user interface (GUI)
for computational grid generation, execution of fluid
analyses, and data post-processing. The grid generation
method in STAR-CCM+ is distinctive. In STAR-CCM+,
both a polyhedral grid and a prism layer grid can be used
(for example, see Fig.3). The polyhedral grid is a new type
of grid offered and promoted by CD-adapco and consists of
polyhedral cells which possess 10 to 15 faces on average.
The use of this cell type makes it possible to dramatically
reduce 1) the number of grid cells required to obtain
analysis results equivalent to those that can be obtained
using a conventional tetrahedral grid and 2) the memory
required by the solver. With the use of this cell type, the
computational stability improves significantly, and the time
required to obtain convergent solutions also decreases. The
prism layer grid is a refined grid designed to capture the
behavior of the boundary layer that develops over the
surface of an object. In this type of grid, layers of thin grid
cells are distributed regularly over the object. Since the
thickness and number of layers in the normal direction with
respect to the object surface can be freely adjusted, the
behavior of the boundary layer in the vicinity of a wall can
be captured with high accuracy. However, when the number
of prism layer grid cells is very large, the computation time
increases significantly.
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1.0 × 10-5 [Pa•s]

method (FVM), and the Navier-Stokes equation is used as

Cube model height h

0.1 [m]

the governing equation. Iterative calculations are performed

Inflow wind velocity U

1.0 [m/s]

for the velocity and pressure fields using an algebraic

Reynolds number

multi-grid (AMG) linear solver. For the time marching

= U h (ρ / μ) = U h / ν

method, a first-order implicit method is used. STAR-CCM+

Non-dimensional time step

can be run either with a Reynolds-averaged Navier-Stokes

∆ｔ = (∆t U) / h

(RANS) turbulence model or a large-eddy simulation (LES)

Number of grid cells

1.0 × 10４
2.5 × 10-2
Approx. 1.06 million

turbulence model. For the convective term in the

Table 1 Overview of STAR-CCM+, for the case of the

RANS models, a second-order upwind scheme is adopted.

simulation using a steady RANS model in the present study

For the convective term in the LES models, a bounded
central differencing (BCD) scheme is employed. Table 1
shows an overview of the computational techniques,

4. Summary of RIAM-COMPACT® Software

parameters, and simulation set-up used for one of the

In this section, a summary of RIAM-COMPACT® natural

simulations performed with STAR-CCM+ in the present

terrain version, developed by the author's research group, will

study, namely the simulation with a steady RANS

be described. In this software package, a collocated grid in a

turbulence model, as an example.

general curvilinear coordinate system is adopted in order to
numerically predict local wind flow over complex terrain with
high accuracy while avoiding numerical instability. In this

Simulation code
Governing equation

STAR-CCM+ v.8.02.008
Three-dimensional unsteady
Navier-Stokes equation
Steady RANS

Turbulence model

(Spalart-Allmaras
one-equation eddy-viscosity
turbulence model)
1. First-order implicit
unsteady analysis

Time marching

2. Steady analysis
(The steady-state solution is
obtained by specifying the
number of time steps.)
1. Spin-up: 0 - 100s
in non-dimensional time
(Time averaging: 100 - 200s

Duration of simulation

in non-dimensional time)
2. Spin-up: 0 - 2000
in time step number
(Time averaging: 2000 4000 in time step number)
A second-order upwind
scheme

Discretization of the

(No options available

convective term

other than first-order and
second-order upwind
schemes)

Gas

Constant density

Density ρ

1.0 [kg/m3]

collocated grid, the velocity components and pressure are
defined at the grid cell centers, and variables that result from
multiplying the contravariant velocity components by the
Jacobian are defined at the cell faces. The numerical technique
is based on the finite-difference method (FDM), and an LES
model is adopted for the turbulence model. In the LES model,
a spatial filter is applied to the flow field to separate eddies of
various scales into grid-scale (GS) components, which are
larger than the computational grid cells, and sub-grid scale
(SGS) components, which are smaller than the computational
grid cells. Large-scale eddies, i.e., the GS components of
turbulence eddies, are directly numerically simulated without
the use of a physically simplified model. In contrast,
dissipation of energy, which is the main effect of small-scale
eddies, i.e., the SGS components, is modeled according to a
physics-based analysis of the SGS stress.
For the governing equations of the flow, a spatially-filtered
continuity equation for incompressible fluid (Eq.(1)) and a
spatially-filtered Navier-Stokes equation (Eq.(2)) are used.
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Upper and lateral boundaries: free-slip condition

Inflow boundary:
uniform inflow condition

Ground surface:
no-slip condition

Outflow boundary:
convective outflow condition

Fig.1 Computational domain, coordinate system, boundary conditions, and other related information
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modeling, the standard Smagorinsky model is adopted with a
model coefficient of 0.1 in conjunction with a wall-damping



fs  1  exp  z  / 25



-(4)

-(6)

5. Flow Field and Simulation-setup
Considered in the Present Study
In this section, the flow field, coordinate system, and



-(7)

simulation-setup considered for the present study are
described (Fig.1).

-(8)

For the computational algorithm, a method similar to a
fractional step (FS) method is used, and a time marching
method based on the Euler explicit method is adopted. The
Poisson’s equation for pressure is solved by the successive
over-relaxation (SOR) method. For discretization of all the
spatial terms except for the convective term in Eq.(2), a

For the boundary conditions, uniform inflow conditions,
free-slip conditions, and convective outflow conditions are
applied at the inflow, lateral and upper, and outflow boundaries,
respectively. On the surfaces of the cube and the ground
surface, no-slip conditions are imposed. In the present study,
the Reynolds number is Re (=Uh / ν) = 104, where h is the
length of a side of the cube (height) and U is the wind speed at
height h at the inflow boundary. The time step is set to Δt = 2.0

second-order central difference scheme is applied. For the
convective term, a third-order upwind difference scheme is
applied. An interpolation technique based on four-point

h

differencing and four-point interpolation by Kajishima is used
for the fourth-order central differencing that appears in the
discretized form of the convective term. For the weighting of
the numerical diffusion term in the convective term

h

discretized by third-order upwind differencing, α = 3.0 is
commonly applied in the Kawamura-Kuwahara scheme.
However, α = 0.5 is used in the present study to minimize the
influence of numerical diffusion. For LES subgrid-scale

Fig.2 Computational grid in the vicinity of the cube
from the simulation with RIAM-COMPACT®, structured
grid, central plane (y = 0) normal to the spanwise (y) axis
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(c) Top view (z = 0.5h), overall view
(a) Side view (y = 0), overall view

h
h
(d) Top view (z = 0.5h), enlarged view

(b) Side view (y = 0), enlarged view

Fig.3 Computational grid used for the simulation with STAR-CCM+, unstructured grid
models are referred to as Cases 1 to 5. The models
× 10-3 (h / U) for the simulation with RIAM-COMPACT®. In

considered in the present study are the same as those from

contrast, the time step is set to Δt = 2.5 × 10-2 (h / U) for the

the previous study1, 2). A brief description of the WALE

simulation with STAR-CCM+.

model in Case 4 is as follows: the WALE model has been

Fig.2 shows the computational grid (structured grid) used for
the simulation with RIAM-COMPACT®. The number of grid

Spalart-Allmaras one-equation

points used for this simulation are 326 (x) × 226 (y) × 67 (z)

Case 1

eddy-viscosity turbulence model:

points (approximately 5 million points in total). The grid points

RANS

steady RANS

in the x- and y-directions are spaced at an even interval of

models

SST k-ω two-equation eddy

0.04h, and the grid points in the z-direction are spaced at

Case 2

uneven intervals ranging from 0.003h to 0.6h.

(URANS)

For comparison, Fig.3 shows the computational grid
(unstructured grid) used for the simulation with STAR-CCM+.

LES

The total number of grid points is approximately 1.5 million

models

Case 3
Case 4

(1/3 of that used for the simulation with RIAM-COMPACT®).
The grid resolution in the vicinity of the cube in the simulation
with STAR-CCM+ is set to be nearly identical to that with

models) considered in the present comparative study. For
convenience, simulations performed with the use of each of the

Standard Smagorinsky model:
LES
WALE model: LES

Table 2 Turbulence models
used in the simulations with STAR-CCM+

RIAM-COMPACT®.
Tables 2 and 3 list the turbulence models (RANS and LES

-viscosity model: unsteady RANS

LES model

Case 5

Standard Smagorinsky model:
LES

Table 3 Turbulence model
used in the simulation with RIAM-COMPACT®
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figures compare only the simulation results from Case 1
(STAR-CCM+ with the steady RANS model; a steady
simulation in which the steady-state solution is obtained by
using the number of time steps specified in Table 1 for time
marching) and Case 5 (RIAM-COMPACT® with the LES
model) as an example. An examination of Figs.5 and 6
reveals the following result: although a complex turbulent
flow field is generated in the vicinity of the cube as was
(a) Side view (y = 0)

described for Fig.4, no significant difference exists between
the results from the simulation which uses the RANS model
(steady) and those from the simulation which uses the LES
model (the standard Smagorinsky model). That is, the overall
trends of the results are nearly the same between the two
cases.
Figs.7 and 8 show comparisons of various turbulence
statistics acquired with the use of the turbulence models
considered for comparisons in the present study (RANS and
LES models) (Tables 2 and 3). The turbulence statistics were

(b) Top view (z = 0.5h), where h is the height of the cube
Fig.4 Wind tunnel experiment, flow visualization
by the smoke-wire method, instantaneous field
designed in such a way that 1) the eddy viscosity coefficient
becomes zero in the vicinity of the ground surface without
the use of a wall damping function and 2) the eddy viscosity
coefficient is not calculated for laminar shear flow.

6. Simulation Results and Discussions

evaluated at the positions x = -1h, 0h, +1h, and +3h. The
figures also include the turbulence statistics acquired from a
wind tunnel experiment previously conducted by the author.
Comparisons of the profiles of the mean streamwise (x)
velocity (Fig.7) reveal that the profiles vary at x = +3h in
association with the use of different turbulence models,
however, they generally resemble one another at the other
positions (x = -1h, 0h, and +1h), independent of the
turbulence model used. Comparisons of the standard
deviation of the streamwise (x) velocity (Fig.8) show that no
significant non-zero values were output at any of the

First, flow patterns generated in the vicinity of the cube

positions when using the RANS models, as was the case in

considered in the present study are described based on

the previous study 1, 2). In contrast, the simulations with the

photographs acquired during a wind tunnel experiment

LES models reveal similar trends for the standard deviation

(smoke-wire method) (Fig.4). Both the vertical and horizontal

of the streamwise (x) velocity for both the simulations with

cross-sections of the flow field (Figs.4(a) and 4(b),

STAR- CCM+ (the standard Smagorinsky model and the

respectively) show that the shear layer which separates from

WALE model) and with RIAM-COMPACT® (the standard

the upstream, upper corners of the cube rolls up into isolated

Smagorinsky model).

vortices. These isolated vortices then form into large-scale

Regarding the computational time, although the number of

vortices, which are periodically shed downstream of the cube

grid points used for the simulation with RIAM-COMPACT®

and then advance downstream. As a result, a three-

(structured grid, approximately 5 million points) was

dimensional, complex turbulent flow field is generated in the

approximately three times as large as that used for the

vicinity of the cube.

simulations

with

STAR-CCM+

(unstructured

grid,

Figs.5 to 8 show comparisons of the simulation results.

approximately 1.5 million points), the simulation with

The time-averaged flow field and the turbulence statistics for

RIAM-COMPACT® completed much faster than those with

Case 5 in these figures (RIAM-COMPACT® with the LES

STAR-CCM+, as was the case in the previous study 1, 2).

model) were evaluated from the time period t = 100 - 200 (h /
U), during which the flow field was fully developed.
Subsequently, comparisons of the visualized flow fields in
Figs.5 and 6 are discussed. Due to space limitations, these
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(a) Case 1, Simulation results from STAR-CCM+ with the use of the steady RANS model,
Spalart-Allmaras one-equation eddy-viscosity turbulence model

-1h

0h

+1h

+3h

height h

(b) Case 5, Simulation results from RIAM-COMPACT® with the use of the LES model,
standard Smagorinsky model, time-averaged field
Fig.5 Comparison of the streamwise (x) velocity component distribution,
central plane (y = 0) normal to the spanwise (y) axis.
Here, the velocity component is normalized by the magnitude of the uniform inflow wind velocity.
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(a) Case 1, Simulation results from STAR-CCM+ with the use of the steady RANS model,
Spalart-Allmaras one-equation eddy-viscosity turbulence model

-1h

0h

+1h

+3h

height h

(b) Case 5, Simulation results from RIAM-COMPACT® with the use of the LES model,
standard Smagorinsky model, time-averaged field
Fig.6 Comparison of velocity vectors, central plane (y = 0) normal to the spanwise (y) axis.
Here, the velocity component is normalized by the magnitude of the uniform inflow wind velocity.
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STAR-CCM+
RIAM-COMPACT®

x=-1h

x=0h
Local increase in velocity

Nearly the same
values

x=+1h

x=+3h
Variations in profiles associated
with the use of different
turbulence models

Similar trends between the
profiles from the simulations
with RANS and those with LES
Reverse flow region

Fig. 7 Comparison of the mean streamwise (x) velocity profiles.
Here, the velocity component is normalized by the upper-air wind velocity above the location of each profile evaluation.
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STAR-CCM+
RIAM-COMPACT®

x=0h

x=-1h

Occurrence of maxima
Nearly the same
values (zero)

x=+1h

Similar profile
trends among
the simulations
with LES models

x=+3h

Similar profile
trends among
the simulations
with LES models

Fig.8 Comparison of the standard deviation of the streamwise (x) velocity.
Here, the velocity component is normalized by the upper-air wind velocity above the location of each profile evaluation.
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7. Conclusion
In the previous paper

81

the use of different turbulence models. However, at other
1, 2)

, the simulation results from

RIAM-COMPACT® natural terrain version of airflow
around an isolated-hill with a steep slope angle were
compared to those from another commercially available
CFD software.
In the present paper, in order to examine the prediction
accuracy of RIAM-COMPACT® (turbulence model: the
standard Smagorinsky LES model), developed by the
author's research group, the simulation results from RIAMCOMPACT® of airflow around a three-dimensional cube
were compared to those from one of the leading software
packages, STAR-CCM+. For the simulations with STARCCM+, both RANS and LES turbulence models were
adopted. Specifically, for the RANS turbulence model, two
such models were selected for use: the Spalart-Allmaras
one-equation eddy-viscosity model (steady RANS) and the
SST k-ω two-equation eddy-viscosity model (unsteady
RANS). Similarly, for the LES turbulence model, two such
models were selected for use: the standard Smagorinsky

positions (x = -1h, 0h, and +1h), the velocity profiles
generally resembled one another, independent of the
turbulence model used in each simulation. As for the standard
deviation of the streamwise (x) velocity, no significant
non-zero values were output with the use of the RANS
models at any of the positions, as was the case in the previous
study 1, 2). The simulations with the LES models revealed that
the trends of this variable were similar among the simulations
with STAR-CCM+ (the standard Smagorinsky model and the
WALE model) and RIAM-COMPACT® (the standard
Smagorinsky model).
Regarding the computational time, although the number
of grid points used for the simulation with RIAMCOMPACT® was approximately three times as large
(structured grid, approximately 5 million grid points) as that
used for the simulations with STAR-CCM+ (unstructured
grid, approximately 1.5 million grid points), the simulation
with RIAM-COMPACT® completed much faster than those
with STAR-CCM+, as was the case in the previous study
1,2 )

.

model and the WALE model.
The comparisons of the simulation results from the use of
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Appendix
In order to compare the results of the simulation with RIAM-COMPACT® (turbulence model: the standard Smagorinsky LES
model) and those from the wind tunnel experiment previously conducted by the author more closely, an additional simulation
was performed with RIAM-COMPACT®, in which the computational domain upstream of the cube was extended. Fig.9 shows
the computational domain used in this simulation. Figs.10 - 12 show the simulation results. Both Figs.11 and 12 indicate that
RIAM-COMPACT® (turbulence model: the standard Smagorinsky LES model), with the use of the extended computational
domain, successfully reproduced the flow field from the wind tunnel experiment..

10h

h
h
9h
Flow
(Uniform flow)

9h

free-slip condition

6h

no-slip condition

7.5h
7.5h

■Number of computational grid points
221×121×101 (approx. 2.7 million)
■Computational grid cell width
x-direction: 0.025 - 0.5h
y-direction: 0.025 - 0.3h
z-direction: 0.025 - 0.6h

Fig.9 Computational domain geometrically similar to the set-up from the wind tunnel experiment,
boundary conditions identical to those in Fig.1 except as shown for the ground surface.
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-1h

Flow

0h

+1h

+3h

height h
Fig.10 Case 5, simulation results from RIAM-COMPACT®
with the use of the LES model,
the standard Smagorinsky model, time-averaged field

(a)x=-1h

(b)x=0h

(c)x=+1h

(d)x=+3h

Fig.11 Comparison of the mean streamwise (x) velocity profiles,
filled circle: wind tunnel experiment, line: simulation with RIAM-COMPACT® (turbulence model: LES)

(a)x=-1h

(b)x=0h

(c)x=+1h

(d)x=+3h

Fig.12 Comparison of the standard deviation of the streamwise (x) velocity,
filled circle: wind tunnel experiment, line: simulation with RIAM-COMPACT® (turbulence model: LES)
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