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弾性流体潤滑解析(既存手法の問題点)
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軸受

シャフト

荷重

潤滑油のくさび効果により、
シャフトは軸受から浮く。

レイノルズ方程式

構造解析

油膜厚さ

圧力分布

計算量:O(n2)~	O(n3)

計算量が膨大、並列計算に向かない。
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本研究の成果
世界初 完全陽解法とPosition	Based	Dynamicsによる
1600億自由度のstiffな流体構造連成動解析を実現
従来ソルバ(AVL	EXCITE 数千自由度)の一億倍の自由度
最薄油膜厚さ 0.1μm、数nmでの厚さ変化 0.1μsでの動解析

1. 高い並列性能 並列度100%
2. 計算量の抑制 O(n)<<O(n3)

クラウド型スパコンによる超大規模流体構造連成動解析サービス
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流体構造連成
動解析 構造静解析

超大規模
流体構造連成
動解析

1000億 1兆 10兆
100万 演算性能とモデル規模10億

新規開拓
4兆円

1000万

既存ソフト
0.5兆円

（自由度）

演
算
性
能

クラウド型スパコンによる超大規模流体構造連成動解析サービス

従来技法との解析規模の比較



クラウド型スパコンによる超大規模流体構造連成動解析サービス
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従来の有限要素法ではスパコンに対応できない。

理由
1. ハードウェアのトレンドの変化
高並列化、B/F値の低下

2. スパコンに向かないアルゴリズム
LU分解、SpMv
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 1970  1980  1990  2000  2010  2020

Year

40 Years of Microprocessor Trend Data

Number of
Logical Cores

Frequency (MHz)

Single-Thread
Performance
(SpecINT x 103)

Transistors
(thousands)

Typical Power
(Watts)

Original data up to the year 2010 collected and plotted by M. Horowitz, F. Labonte, O. Shacham, K. Olukotun, L. Hammond, and C. Batten

New plot and data collected for 2010-2015 by K. Rupp

E7-8890v4 24コア
0.84 TeraFLOPS

V100 5120コア
7.5 TeraFLOPS

本技術の優位性と独自性



完全陽解法
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［長所］
高い並列性 → 大規模問題にも対応可能

アルゴリズムがシンプル
非線形問題もシンプルに扱える。
計算速度が速い。

ρ,u,e

Time	
step

ρ,u,eρ,u,e ρ,u,e

Present	time

Previous	instant	time

［短所］
不揃いなメッシュサイズでは安定しない

→ 解が発散

短い時間刻み〜(サイズ)２
→ 莫大な計算時間



流体の運動方程式
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質量保存速

Navier–Stokes	方程式
𝑔� 	≡ det 𝑔()

�
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𝑢( ≡ 𝑔6(𝑢6

Structured grids of a journal bearing 流体軸受の構造格子
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p
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青：軸受
赤：軸
黃：油膜



圧力と密度の式
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P =
5.9×108 × ρ − ρ0( )
1.34×ρ0 − ρ

(ρ − ρ0 ≥ 0)

0 (ρ − ρ0 < 0)

⎧

⎨
⎪⎪

⎩
⎪
⎪

Cavitation

シャフトの直径 :	30	mm
ベアリングの長さ :	20	mm
半径隙間 :	30	μm
最小油膜厚さ :	1.5	μm
偏心率 :	0.95
粘性 :	10	mPa・s
オイルの密度 : 1000	kg/m3

回転速度 :	1000	rpm	
時間刻み :	0.1	μs

7.5ms後の圧力分布と密度分布



計算精度の検証
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Reynolds 方程式とNavier-Stokes方程式
との比較 (計算結果の一致)

Reynolds	方程式
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centerline of dimple cells for both the results. It can be seen that
there is about 6% difference between the two results. The error in
current calculation is assumed to be due to the simplification made
by the Reynolds equation. Both results show the same trend in
pressure amplitude change along dimple cells centerline. The re-
sults of the simulations indicate that if the flow in dimple were not
cavitating, the Reynolds equation and the CFD package that solve
the Navier–Stokes directly yield similar results. The results are
also conform with the claim of Dobrica and Fillon !23" that the
Reynolds equation is valid in textured sliders when the dimple
length to depth ratio #30 in the current simulation$ is sufficiently
large and the Reynolds number #10 in the current simulation$ is
sufficiently small.

5.2 Cavitating Journal Bearing Case. In this case, we di-
rectly test the validity of the algorithm developed for the case of a
journal bearing in which cavitation occurs. For the purpose of
validation, the program runs to simulate an example given in El-
rod’s paper !12". It is an infinite long journal bearing with an L /D
ratio of 10. Two grooves are positioned to be 60 deg and 240 deg
apart from the smallest film thickness location for lubricant refill.
The input parameters are given in Table 3.

The current result is compared with those reported by Elrod
!12". Figure 9#b$ shows the current pressure distribution and film
content parameter result. The pressure plot of current result is
almost identical to that obtained by Elrod #Fig. 9#a$$. To avoid
possible numerical instability in the areas near the grooves caused
by the algorithm, the actual groove pressure used in the present
calculation is 99999.999 Pa instead of 1!105 Pa listed in the
Table 3.

5.3 Single Cell and Multiple Cells Comparison. To find out
whether dimple-to-dimple effect in radial direction has any influ-
ence on the overall load-carrying capacity, a numerical experiment
is performed. Two configurations are used for this purpose: one
with four dimples in a column, the other is a single dimple cell.
Their common parameters are listed in Table 4. The specific pa-
rameters used in the simulations are listed in Table 5. Here, to
minimize the ambient pressure effects, the ambient pressures are
chosen to be the same for both inner and outer radii.

Figure 10#a$ shows the pressure contour plot for the four-cell
dimple configuration. Each dimple cell shows similar pressure
distribution with the maximum on the downstream rim and the
minimum on the upstream rim. Each dimple behaves similarly to
that of a single dimple cell configuration shown in Fig. 10#b$. The
average load-carrying capacity for one dimple cell is 0.007 N in

Fig. 7 Single dimple pressure distribution

Fig. 8 Pressure distribution on the top surface centerline from
two simulation results

Table 3 Validation case 2 Parameter

Shaft
diameter

#mm$ L /D "

Nominal
film

thickness
##m$

Groove
pressure

#Pa$

Fluid
viscosity

#Pa s$

Surface
velocity

#m/s$

Cavitation
pressure

#Pa$

Groove
number

and
location

$
#Pa$

62.8 10 0.8 55 1!105 0.0035 19.7 1!105 2 #60 deg, 240 deg$ 1!108

041702-6 / Vol. 131, OCTOBER 2009 Transactions of the ASME

Downloaded 01 Oct 2011 to 133.5.72.48. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm

Pressure	distributions	from	two	simulations	result
cf.	Y.	Qiu and		M.	M.	Khonsar,	2009	

A	commercial
simulator:
CFD-ACE+	

Reynolds	equation



弾性変形の支配方程式
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運動量保存則

歪の式

フックの法則

where

𝜕+ + ℒ𝒖 𝑒() =
A
B
𝑔(J

KLM

KNO
+ 𝑔J)

KLM

KNP
+	A
B
	𝜕+𝑔()

u1

u0

eii

e02 e20
u2

e01
e10

e12	
e21	

𝜕+ 𝑔� 𝜌𝑢( + 𝑔� 𝛻) 𝜌𝑢(𝑢) − 𝜕)𝜅(
) =0

• Young率 E : 211.4 GPa.
• Poisson比 ν :	0.293
• 鉄の密度 𝜌RS :7800kg/m3

𝜅)( = 	
𝐸

1 + 𝜈
𝑒)( +

𝜈
1 − 2𝜈

𝑒JJ𝛿)(

𝑒(
) ≡ 𝑒(J𝑔J)	



弾性変形(Position	Based Dynamics)
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P =
5.9×108 × ρ − ρ0( )
1.34×ρ0 − ρ

(ρ − ρ0 ≥ 0)

0 (ρ − ρ0 < 0)

⎧

⎨
⎪⎪

⎩
⎪
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𝑃W = 𝜅SS = 	
𝐸

1 + 𝜈
𝑒SS +

𝜈
1 − 2𝜈

𝑒SS + 𝑒AA + 𝑒BB𝛲W

𝑃

軸受

油膜

シャフト

弾性を考慮した場合と
しなかった場合の
圧力の比較および軸受の変形量



まとめ
• 完全陽解法とPosition	Based	Dynamicsを
組み合わせることで、計算量の抑制と
100%の並列化率を実現した。

• 高い計算精度を
実現した。
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