echnical Review

Vo.m.l

E% Aprl 2002



—— REOFHE

ZHDIZBWN, F, AREZITHRCEN D RSN
HondalZi37=< S AHDET,
HETHECENHHGHED %
KUNZLTHELNEEZEZITVWET,
Honda®®WABALIZES>TA—T 2T T7—T
BHLAPTNHDTHDIENDH T A—T % -
Bl NWKCTEBRELTAE L, —

W TSR FE T
L




Technical Review
Vol.14 No.1




goon

OD0O0OO0O00O0O0O00O0OO0OO00DOO0ODOAquaTrax F-12/F-12X000

gogd

gbobobobooooooboon
gbooboooooboooboobo

O0O0O0O00O0OO0OO00DOO0MmBR225/20000 O O 00000OCOOOOOCOCCOOcCOODOODOOOOODOOOODO

goboboboboooooogoon

O000000000DDOOCRR450R0O OO 0000OCCOODOODOCOOD0O0OOCCOIDO DO OO OOoOODObOOoODO

gbobooogo

0000000000 HS1390i0 O O 0000000000000000000000000000000000000000iic o000 ooo

gbooooooo

OD0O0O0O00O0OO0OCivicHybrdlOOOOOODOOOD COOODOOOOCCOOo O OODOOOOoODOOboOoOoDo

gbooboooooooobobo

O CivicGXO 1.7LCNGO O 00D OO [O00000000CCO0000000CD0000000000000000boo0ic 00 boooooDnO

gbooboooooon

obooboooboobobob obboobboobbooobooobooobboootoottootttib oo boboboOoobooo
gboboobooooboobooboboooo

obooboboobobd boobboobboobbooobooobooobboooboooboo0ttttccc bbb ob oo oo oo

gbobobobooooooon

oboobooooboobob0oboboobon bbbooobboohboobboobtCiib oo obOobOoboOobon

HEN

gobooboobooboobobobobooboobobooboobob bbooobtooooooobooobbootcioc bbb

gobooboobooboobobobobooboobooobooboboboboon booobtootco b o O

gobooboobooboobdb 0bboobboobbooobooobooobbooobooobooobooo0Coottob bbb o O

gbobooogo

goboooboooooboobobobooboobooooooobobOobobooboooboon

gbooboooooooobooobo

gobooobooooboobobooboboobobobooooboobOoDb boooooCoobcoobcbobobooOoboo

oboooooooobo

OO00000000OpPbOOCCOCOOCOOOOCOOOO 0OOOOOOOOOOoooooooooooooooicCCCoboobooO

gbobooogo

0000000ooo0L

000b000oooo11

pooooooooo21

0ooooooooo31

000000000039

000000000049

0000000oons7

00000oooooe7

0ooooooooo Ty

0000000o0o8s

0000000ooo9s

poboooooo o7

00oboooooo117

000000000125

goooooooo13:



Honda R&D Technical Review Vol.14 No.1 (April 2002)

O

gbooboooooboobobobobobobooobobobob bbooobboobbooibc b ob 00000 O booobbooo141

gboobooooooobobobobobobooobob obooobboobbbbb b O0obO0obO0ObOO0O00 00O boooobooo49

gboob0ooooboobOobOobobobbO0nd 0ooooooboobbboobboobbonbboibc b o0 0O 0 00 O 0boooboooasy

ubobooooobobdobOoboof booobbooobooooooobboobboootooobooobtocc booobOoDbOo
00o0o0000DD 0oooooooo1es

bobooooobooboboboooooboonfd doobboobboobboobbooobooobtocc oo obOoDbOo
gbobobooon oobboootol7a

000000000000 DoobooooboobboooboonoCoooooooobonbtocc oo bbb boboobOoDbo
gbooboboo0oo0ooO0oo000bO obboobooois:

gboobooooobooboboboboboboooboob0ob0bO boobbooboooobc 0O O0O0O000 O booobbooo191

gb00ob00oo0oo0oo0Oob0bO0obOobon bobooobooboCooobooobbooobiibb0bobob 00000 O bboooboooa97

Optimisation of Transonic Gas Turbine Blades with Evolution Strategies

Markus OLHOFERO Toshiyuki ARIMAO Yaochu JIN

Toyotaka SONODAO Bernhard SENDHOFF 000000000203

gbooboooooobooboboboboboboooboob0obO0 boobbbibbb0bOobO0obOO0b00O00O0O booobbooo217

000000000000000000 0000000000000000000000000000000000000000 0000000 0 000000000223

gbobooooobOobOobobobobooboOooboobo bobbboobboobbooboCoobcocbcbbboboobOoDbo
gboobobooD 0obbooooo231

goobooooooooooboooobooooobo0oooo0ooooObO00Db bbb o000 DO D 0oooooooo237

O00000000000 00oooooiooiooobooboooonoboboooobobCoitoiib 00 b o000 O 000 D O Doooooooo 247

booooooboboboboooobon bbobobooobboobbooobooobooobtocc oo OobOoDbOo
g0Oo0obO00b0O00D0 00ooooooo2s7



CONTENTS

Introduction of new technologies
O Introduction of Personal Watercrafts AquaTrax F-12/F-12X Installing a 4-Stroke Engine
0000000000000000000 Hajime SHOGASE[D Takaharu KUROSAKIO Masahiko TSUCHIYA
Takao KOCHIO Mamoru URAKIC Noboru YOKOYA 000000000001

O Development of Honda Flagship Outboard Motof BF225/200"
000000000000000000000 Masaki TSUNODAO Masayuki OHSUMIO Makoto YONEZAWA
Kentaro FURUYAO Sadafumi SHIDARAD Ryuichi KIMATA 000000000011

O Introduction of CRF450R Equipped with 4-Stroke Engine
000000000000000000000000000000 Norio HOSHIO Yasuo SHIMURAO Takanori OKUMA
Akifumi NOMURAD Kazuhiko GOGO 000000000021

O Development of Hybrid HS1390i Snow Thrower 000000000000000 Jitsumi HANAFUSALD Tsutomu WAKITANI
000000000000000000000000000000000000000000 Takahiro YAMAMOTOO Tsutomu INUI 000000000031

O Development of a New Power Train for the Civic Hybrid
0000000000000000000 Masato MATSUKIO Teruo WAKASHIROO Toshihiro KAMIYAMA
Toshiyuki SATOO Toshiaki KAKUO Masahiro KANDA 000000000039

O Development of a 1.7L CNG Engine for the 2001 Civic GX 00000000000000 Takushi TODADO Masato MATSUKI
00000000000000000000000000000000000000000 Tadanobu OHMORIO Yuji YAMAMOTO 000000000049

O Research of Hydrostatic CVT for Passenger Vehicles 000000 Takashi IINOO Akihito OKUDAD Kazuaki SAKAI
000000000 Mikihiro TAKANOL Tetsushi ASANOO Koichi FUSHIMIO Masashi TANAKA 000000000057

O Development of a New Compact CVT for the Fit 000000 Makoto SUMIO Hisashi KUNIDO Shuichi FUJIMOTO
0000000000000000000000 Shuji ICHIIOO Takashi HASEGAWAD Yukihiko FUKUSHIMA 000000000067

O Development of Engineering BOM Data Management System
0000000000000000000000 Masataka YAMAMOTOUD Hideyuki TANAKAD Wataru FUJITA 000000000077

Technical papers
O Technology for Applying Solid Lubricant to the Piston Skirt of Internal Combustion Engine and Its Effects
0000000000000000000000000000000000000000000000000000000000000 Hidemi OGIHARA 000000000085

O Effects of Shape of the Exhaust Manifold for an In-line 4-Cylinder Engine on its Stiffness and Deformation
00000000000000000000000000000000000000000000000000000000000 Masaru ENOMOTO 000000000093

O Study of Simulation Technology for Limit Drivability 00000000 Takayuki TOYOSHIMAO Yasuhiro MIYATANI
0000000000000000000000000000000000000000000000000000000 Yuji SATOO Shinta ARAI 000000000107

O Establishment of a Development Method of Water Jet Pump for 4 Stroke Personal Watercrafts
000000000000000000000 Masahiko TSUCHIYAD Tomohiro FUSED Takashi WATANABE 000000000117

O Development of an Off-Throttle-Steer System for Personal Watercraft 00000 Takao KOCHIO Goro YAMASAKI
0000000000000000000000000000000000000000000000000000000000000 Mamoru URAKIO Hajime SHOGASE 000000000125

O Reliability of Lead-free solder for Automotive Electronic Devices and Its Applications
000000000000000000000000000000000000000000000000000000000000 Tsunehisa HATADO Junichi OHMURA
Masato MORIYAMAO Tomoo WATANABE 000000000131



Honda R&D Technical Review Vol.14 No.1 (April 2002)

O Development of Pb-free Free-cutting Steel Enabled to Omit Normalizing for Crankshafts
0000000D0D000000000000000000000000000000000000 Atsushi AMATAKAO Satoru SUWA 000000000141

O Development of a Titanium Material by Utilizing Off-Grade Titanium Sponge
000000000000000000000000000 Yuji MARUID Toyotaka KINOSHITAO Kyo TAKAHASHI 000000000149

O Weight Reduction with Plastic Foam for Structural Components of Vehicle
000000000000000000000000000000000000000 Yasushi TOSHIMITSUO Akifumi SONODA 000000000157

O Development of New Pre-processor for Car Body Analysis
0000000000000000000000000000000000000000000 Fumio NAKANOO Atsushi IWAMOTO
Kenji TAKADAO Norikazu MATSUURA 000000000163

O Research for Vibration Analysis with Full-Vehicle model
000000000000000000000000000000000000000000000 Toshiya YOKOIO Kengo OKAMURA
Jiro NINOMIYAD Masaki NAGAHISA 000000000171

O Development of Metal Pushing V-Belt for Continuously Variable Transmission
000000000000000000000000000 Tooru YAGASAKID Hideaki AOYAMAUD Toshihiro SAITO
Kazuo ISHIIO Yoshinari OKADAO Mamoru ARIKAWA 000000000181

O Application of Metal Pushing V-Belt Stress Simulation with CVT pulley stiffness
0000000000000000000000000000000000000000000 Toshihiro SAITOO Takemasa OKANO 000000000191

O Development of a Spin Forming Procedure for CVT Pulley Covers
00000000000000000000000000 - Akihito OHASHIO Toshihiro SAITOO Toyoji HISATSUNE 000000000197

O Optimisation of Transonic Gas Turbine Blades with Evolution Strategies
0000000000000000000000000000000 Markus OLHOFERD Toshiyuki ARIMAD Yaochu JIN
Toyotaka SONODAO Bernhard SENDHOFF 000000000203

O Development of a Simple Model for Simulation of Engine Gas flow
000000000000000 Hiroshi KOBAYASHIO Satoshi YAMAGUCHIO Fumitomo KATAKURA 000000000217

O Prediction of Chain Load in Timing Chain System 00000000000000 Hiroshi TAKAGISHIO Hitoshi SUGAWARA 000000000223

O Development of Gear Train Behavioral Analysis Technology of Considering Non-Linear Elements
0000000000000000000000000000000000000000000000000 Shingo UEDAO Tatsuo SUZUKI
Mitsuyoshi KAMIYAD Tadashi NIINO 000000000231

O Quantification of Luxury and Sporty Car Interior Sounds Perceived by the General Public in Different Markets
0000000000000000000000000000000000000000000 Kousuke NOUMURAU Junji YOSHIDA 000000000237

O Research of Semi Solid Casting of Iron 000000000000 Masayuki TSUCHIYAO Hiroaki UENOD Isamu TAKAGI 000000000247

O Development of Sinter Diffusion Bonding for Rotor Core of Hybrid Car
0000000000000000000000000000000000000000 Toshiyasu KOMATSUDO Satoru SHINZAKI
Youichi NAKAHARAL Kazuo ASAKA 000000000257



https://doi.org/10.69239/hondatechnicalreview.2002 14 1 1

gogoo

Jododououououooooon
AquaTrax F-12/F-12X 10 0 [

Introduction of Personal Watercrafts AquaTrax F-12/F-12X Installing a 4-Stroke Engine

ooooooo-®
Hajime SHOGASE
ooooooo-®
Takao KOCHI

gpoooogoe
Takaharu KUROSAKI
gpoooogoe
Mamoru URAKI

ooooooo-®
Masahiko TSUCHIYA
ooooooo-®
Noboru YOKOYA

good

AquaTraxF-12/F-12X OO0 000O0OCODOOODOODO
gobobooooooooompwCcODOOoOooooOO
gbobooobobooobooooboobopwCchooboOonO
gobooobooobooboboobboobobooon
EPA2006 DO DOODOODOO CARB2004 DO OOOOOO
gbobooooooobobobobobobooboooo
U pPwCOODOOOOOOODOODODODODOODOOO
ugbooboooobooboobooboooooboboobooao
00000000 HondaOOOOOOODOOOODODOO
gbobooooooobobobobobobooboooo
gbobobobooooooooob pwcoogooono
god

ABSTRACT

The AquaTrax F-12 and F-12X of Personal
Watercraft (PWC) have been developed aiming at a
PWC that have an excellent driveability and lower
emission superior to the existing 2-stroke engine PWCs.
They installed 4-stroke engine and turbo charger for the
first time in PWCs. As a result, they passed the EPA
2006 emission regulation and the CARB 2004 emission
regulation for the first time in PWCs, and the driveability
that exceeded existing 2-stroke engine PWCs was
realized. The turn feeling like motorcycles were realized
by newly developed water jet pump suitable for
characteristic of 4-stroke engine and the hull bottom of
Honda's original shape. Thus, the level of existing PWCs
was changed completely.
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Fig.1 AquaTrax F-12
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F-12 : New Standard Entry Watercraft (Comfortable Sport Ride under Most Conditions)
F-12X: 3-Passengers, Muscle-Watercraft (Jet Feel Sport Ride, Flagship of PWCs)

Comfortable and sporty ergonomics Big capacity glove box

Multi function meter

Long stern deck for easy reboarding /

High performance jet pump /

with OTS function

Big capacity and easy
access front luggage

F-12 : Controllable low to mid power delivery with quiet sound
and silky feel
F-12X : Combined jet engine like acceleration performance and
good controllability of power delivery with turbocharger

Deep V hull shape for predictable
turning performance, comfort ride
feel and static stability

Fig. 2 Development concepts and features for AquaTrax

Table 1 Major specifications of engines

Items AquaTrax F-12X AquaTrax F-12
Engine type 4-stroke inline 4 cylinder 4-stroke inline 4 cylinder
Valve train DOHC 16 valve DOHC 16 valve
Displacement (cmd) 1235 1235
Bore x stroke (mm) 79 x 63 79 x 63
Compression ratio 8.5 11
Cooling system Water cooled, open loop Water cooled, open loop
Lubricating system Dry sump Dry sump
Fuel supply system Programmed fuel injection Programmed fuel injection
Intake system Turbocharger and intercooler -
Balancer shaft Applied -
Maximum power (kW/ r/min) 121.4/6100 91.9/7000
Maximum torque (N-m/ r/min) 191.8 /5500 125.5 /7000

020
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Fig. 4 Cutaway drawing F-12X engine

030

130
120
110
100
90
80
70
60
50
40
30
20
10 |

0 L L L L L
2000 3000 4000 5000 6000 7000 8000

240
200

160
120
80

Engine output power (kW)
Torque (N-m)

Engine speed (r/min)

Fig. 5 F-12/F12X Engine performance

gooboboboooooooboobooooooooobooooog
O000O000 ACGUOOOOOODOOOOoDOoOooDO
gbobobobooooobooboobooboboboog
gboboooooooboooan
F22XOOoO0ooooooooooooomgo F12X
gboboboboobooobooooooboboboonog
oobooooooooooooboooooooboooo
O0000 Fig.6e DODOPWC ODOOODOOOODOO
oooooooooooooooooooooboooo
oo0oooooooOOoCOOo0O0oOooooDooOOCbOOdFg.7
ooobooooooooobz20000oooooboo
gboboooboz2o0ob00obooboboboboooboonog
oooooooboooooooooooboboooooooDo
gboboboboboooooobooobobobonbo
ooboO0oooobobboooossogooooooooon
gbobooooooobobo21aMPaOO0O0OO
oooooobooooobooooobooooboooobooobooo
gooobobooooobooobooooooooobooooog
oobooooboooooboooooboooooooooobooo
gboobooooooobooboboboooobooonog
goopwCchOOOOoOooooooOOODOoOooooDOO
O000D0DO0OO0OO000D0ODOOOAquaTrax F-12/F-12X0
O0Fg. 8000000000000 DOOOOOOCODOOO
gboboboboboooooooooboboboDbo
gboboboboboobooooboboobobobobo
gboboboboboooooooooboboboDbo
goooboboboooooooobobobooooooobobooboo
gboboboboboooobooooobobobobo
gbobobobobooboooboobooobobobobo
gboboboboboooooobooobobobooDbo
gbobobobobooooooobooboboboog



Honda R&D Technical Review Vol.14 No.1 (April 2002)

Turbine housing

Ceramic ball bearing
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Low inertia mixed-flow turbine wheel

Fig. 6 Layout of turbo charger for F-12X

Radial flow  Mixed flow

Turbine rotor weight ratio

Acceleration improvement
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Fig. 7 Improvement of acceleration
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Fig. 8 Engine breather system
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ABSTRACT

Honda has developed 225 and 200-horsepower
outboard motors powered by 3.5-liter V-type 6-cylinder
(V6) engines, the largest such outboard motors in the
world, as the flagship models in its 4-stroke outboard
motor series. The BF225/200 models are the first 4-
stroke outboard motors to use the VTEC variable valve
timing and lift electronic control system, a variable
intake system, and O, feedback system. The resulting
engine performance also makes them the world’s first
outboard motors in the 200-hp class to achieve emissions
levels that satisfy the final model year 2008 values for
marine engine exhaust emissions set by the California
Air Resources Board (CARB). At the same time, they
have achieved a highly balanced performance
improvement, with a maximum torque that is 10%
greater and fuel consumption that is approximately 15%
lower than previous models. The adoption of non-
chrome coating methods for exterior parts on these
motors has achieved both environmental compliance and
coating quality on a par with previous models. In terms
of comfort, their low vibration and low noise place them
at the top of their class. The out bank exhaust manifold
design with the same construction as V6 automotive
engines and the use of a plastic inlet manifold make
these models lightweight and compact enough to replace
conventional 2-stroke outboard motors without requiring
any modification to the boats. Honda has achieved these
performance levels while maintaining high reliability and
reducing cost by standardizing the basic specifications
and sharing parts with its automotive V6 engines.
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Table 1  Specifications

Fig. 1

External view of BF225
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Code name BF225 X-type
Overall length (mm) 920
Overall width (mm) 625
Overall height (mm) 1800
Transom height (mm) 635
Dry weight (kg) 272
Engine type 4 stroke 60°
V-type 6 cylinder
Displacement (cc) 3471
Bore (mm) x stroke (mm) 89 x 93
Compression ratio 9.4 :1
Valve train SOHC VTEC 24
valves
Valve number 4/cylinder
Maximum power (kW/rpm) 165 /5500
(225 hp / 5500 rpm)
Maximum torque (N-m) 295
Recommended engine rpm 5000 ~ 6 000
range
Fuel supply system Programmed Fuel
Injection
Ignition system Programmed Ignition
(with Plug Hole Coil)
Charge output (A) 60
Cooling system Water cooling
(with 2 thermostats)
Exhaust system Through propeller hub

Fig. 2 Cutaway view of BF225
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[ : New devices installed in BF225/200

: Devices unique to outboard marine engines
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| Crankshaft position sensor

| Top dead center sensor
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| Oxygen sensor

| Starter switch

| Throttle opening sensor
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conditions

| Manifold abs. pressure sensor
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Oil pressure switch 1 - 2

Water level sensor

Peripheral
conditions

Neutral gear position sensor
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| Battery voltage
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Others
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ABSTRACT

The first 4-stroke engine motocrosser CFR450R in
Honda was developed focussing the fastest motocrosser
all over the motocross races and to enable the riding
without stress according to rider’s intention. Targets in
the development were decided to get a linear
characteristic in torque and traction characteristic
controlled easily by adopting 4-stroke engine, and to
achieve the equivaent power-weight ratio to the 2-stroke
engine motocrosser of the same race class. Lightweight
piston with extremely short skirt, a valve train of SOHC
4-valve engine (UNICAM system), titanium inlet valves,
separated lubrication system for both the crankcase and
the transmission were adopted in the engine as means
to get a liner characteristic in torque and a high power.
As a result, 29.5kg of engine mass and 41kW of
maximum power were achieved. Engine startability by
using the kick-starter was also improved by adopting
newly developed auto-decompression system. 102 kg of
total vehicle mass was realized by lightening each part
of the frame by using such as a new shaped aluminum
frame and a titanium exhaust pipe.
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Fig. 1 External view of CRF450R

Table 1 Major specifications

ltems Specifications
Overall length (mm) 2187
Overall width (mm) 825
Overall height (mm) 1254
Wheelbase (mm) 1488
Seat height (mm) 945
Ground clearance (mm) 331
Vehicle dry mass (kg) 102

Liquid cooled 4-stroke

Engine type OHC single cylinder
Engine displacement (cm?3) 449

Bore x Stroke (mm) 96 x 62.1
Compression ratio 11.5:1

Valve train SOHC 4valve
Max.power (kW/r/min) 41/9000
Max.torque (Nm/r/min) 49.8/7 000
Carburetor type FCR40

Fuel capacity (L) 7.4

Clutch type Wet multi-plate type
Transmission 5 speed constant mesh
Caster angle 27° 50’

Trail length (mm) 114

Tire size Front 80/100-21 51M

Rear 110/90-19 62M

Single 240mm disc with
twin-piston caliper
Rear| Single 240mm disc

Brake system Front

Suspension Front Telescopic
Rear Pro-link
Frame type Aluminum twin-tube
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Fig. 8 External view of camshaft
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Fig. 30 External view of engine with titanium
exhaust pipe
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ABSTRACT

Honda has developed the HS1390i hybrid snow
thrower for general consumer use based on the key
concept of improved handling and operability. The snow
clearing system is driven by an engine that
simultaneously generates power for two drive motors.
Computer-controlled travel motion together with
automatic control of speed according to work load make
for smoothness of travel motion and work alike.
Operator load has been reduced significantly by
mounting the driving levers on the driving system frame
and placing the operating controls in a fixed location.
In addition, the use of an electric operating system
reduces the amount of force required to operate the
various controls. With fuel consumption per volume of
snow removed that is better than previous models, this
product will be strongly competitive in the market.
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Fig. 1 External view of HS1390i
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Table 1 Major specifications

ltems Specifications
Overall length (mm) 1650
Overall width (mm) 920
Overall height (mm) 1350
Dry weight (mm) 250
Engine model name Gx350

Air cooled, 4-stroke,

Engine type single cylinder

gasoline engine (OHV)
Maximum power (kW) 9.6
Snow-clearing wideth (mm) 920
Snow-clearing height (mm) 680
Maximum Snow-clearing (ton/h)

80
volume

Independent left and

Drive system right drive motors
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Comparison of operator posture concepts

Change in posture
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Table 2 Comparison of operation posture (Unit: mm)
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Table 3 Force required to operation control (Unit: N)

Lift height Handle height Speed Turn Driving
Auger (Max/Min) lever lever lever
HS1390i 220 830/830 HS1390i 11 16 15
Conventional 125 890/620 Conventional 41 46 43
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Table 4 Specifications of motor

Motor Rated power (VIW) 24/600
Armature (mm) @140 x 16 (31 slots)
Winding Wave class B

Sensor | Revolution 2-phase magnetic pickup
Temperature Thermistor

42. 0000000000

000000160 0000000000OdECW Electric
ControlUnittD 0000000000 0OODODOODOODO
gododdddoooooooooooooooo

goooOooooooooOoobooooo pTO OOO
0000000000000 ON/OFFODOO0ODDOO0ODO
0000odoOo0obOOo0oboooboboOoobOoonEecun
000o0o000oO0oO0oOoO0ODODODOODOODODOODOO

421. 00000000

FET Field Effect Transistor[lD D0 0 O0000O00O0OO
goooooooobooobobooooooooooooa
000000o0ooooooooooooooooooon
godddddooooooooooooooobecudd
000000o0ooooooooooooooooooon

Fig. 7 Drive unit

00000 PWNI Pulse Width ModulationtD OO0 0 OO0
000000000000 0DO0000o0o0ooooooo
00000 ECU D000 0O0O0OO0O0O0OOdFg. 70000
ooooooooo

4.2.2. ECU

(1) 000000000000ECU ODOOOCOOOCOO
0o0oooooooooooooooooooooooo
0o0o00ooooooooooooboooooooooo
O0@ooooooooomoooooooooooo
ooooopoooo

Fig.8 OO00ODOOODDOOODOOFRg.9OOODODO
oooooooooo

000000ooooooooooo lcoooooo
ooOooo0ooo0oooOoooooooooooo Pl
O Proportional Integral(D 000 00O OFig. 1000000
0ooooooooooooo

ooooU00oooUoooUoOoooUoooEeEcyDOOO
ooooo0ooooOooooOoooOoooooooooo
000000ooooooooooooooooooooo
oooo

a)J00D0000O0OODOOODOOODODObO
oooooooooooooooooooooooooon
00000o0ooooooooooooooooooooon
oooo

0000000000000 oooooooooooo
oo0oooooo0ooOoooOooooooooooooo
00000ooooooooooooooooooooo
ooooooooOoooOoooOoooooooooogoo
0000000000 ,0ooooooooooooon
ooooooog

b)OOODODOOOODOOOOOODOOOOooDooogoo
ooo0oOooooooooOoOooooooOoooooooo
000000o0oooooooooooooooooooon
oooooooooooooo

00o00ooooO0o0ooooO0oo0oooDoUoooDOon
oooooooooooooooooooooooooo
ooo

Sl
||

o - h e
1

Fig. 8 Control unit

0340



OO0000O0O00DOHS1390i0000

AC

* generator

Regulator

; Magnet b rake
Key switch ON > Right Motor
—>
) Motor pulse Electric brake
Key switcHSTart . Si i
v swl ) < Hole sensor <—— :Signal line
Motor temperature Temp. sensor ‘ - Power line
<
Speed volume Duty
> p| Drive
irecti unit
Right turn volume Direction CW/CCW Power
> Pl right
. relay
Left turn volume Fail signal <— right <—
> <
Power Relay A 5
attery
Run switch *
Fail signal Dri
rive
“i” control switch < i | Power [«
> C?Jrr\]ti:ol Direction CW/CCW un relay
left
; left
Magnet clutch switch Duty
Height motor switch
" +
Motor temperature
Left Motor
Engine pulse Motor pulse Electric brake
>
Hole sensor
Magnet brake Temp. sensor
g
< Indicator Warning Magnet clutch
>
Starter motor magnet
>
AC generator reference relay
>
Height up relay
- >
Serial interface (PC) )
< > Device relay
>
Fig. 9 Control system diagram
Directed number of revolutions
APQ—H Kp+Ki/s @ s 3
IS
=
Fig. 10 Speed control system “8’_ /
21
=
i
L]
codbdbOdbOoOooOobDOdbOoooooooooog 0 |
godboboobobooobboooboooboboooo 0 1 2 3

goboooooooooboooooooomooooom

gooooo

g 350

Straight speed (km/h)

Fig.

11 Turn control

Circle outside

Circle inside



Honda R&D Technical Review

Vol.14 No.1 (April 2002)

Side clutch
off
C ]
= Conventional HS1390i
‘!' Turning lever
Side clutch on
2 TF
—_— Reverse Snow clearing | a0 . Snow clearing
3" = e 1= ) ".-..-'  —
" ey . ; =
4 | X :,’m,___ t
Snow mound 4 E E . Snow mound
i
& o X H
Fig. 12 Outline of turn control
Fig. 110000000000 DO0O0ODODOO0OODODOO 100
Jododddododdddddkm/h 00000000 <
0000000000000 o0bo0D0m@Okm/hDO0O E
©
goddooooooooooooao o 50
(2]
Fig.12 00 0O00ODOOO0OOOOOO §
[&]
000000000 bOO0OO0DOOoOO0ooooOoooo a
OooNDOOOODODOOODODDOO00DDO0O000 10
goddddobooooooooboboooooooooon
2000 2400 3500

goooooobobooooboobooobooooboboo
gboooo
gboboobobobobooobooooooooboon
goboobobooobooobooboobooboobogn
Fig. 13 0000000000C000O0O 3500rpmO0O0O
goboobooobooooooobboooooooboobooooo
O 05km/h 00000COO 2400 pm O0O0C0O00ODDOO
000 005km/h OODOO
0000000Fg.140000000DDOOOODDOO
gboboooboooboooboobobobobobobooo
gobooooooooobooooooobooboooooon
gooooooooooogoooooooobo@mooog
gbobomob woocoboboboobooooo

Engine revolution (rpm)

Fig. 13 Speed control

e 0000O000DODOOO0ODOOOODODOOOOO
goooobooooooooboobobooooooooobnDoFF
gooboboooob boooobobooooboboooobooo
gobobooooooooooboooooooobooboobooboooog
gboboooooooboobobobobobooboooboo
gboboooooooboobobobobobooboooo
gboboboboooooobogon

Conceptual diagram of automatic setting of optimum speed

Concept
automati
optimum

Automatic s
to high speei
for low loads

Automatic setting
to medium speed
for medium loads*

to low speed

Automatic setting )
for high loads*

Fig. 14 Outline of speed control

0360



OO0000O0O00DOHS1390i0000

(UD000ooooUoOoUdEeECU ODOOOOOOOOO
oboboooboooooooboboobooboboboog
gbobooooboobooboboboboooooboo

)LD oO00oooobDoO0obDboOoUOooooOoooogo
goboobooobooobooboobooboobogon
gboboboooooobooboobobo ,booboooog
gbobooboooboo .ooboboboboooboooog
gooobooobooooooooboooooooboboooooo
gbobooboooobooobooooboboboboonoo

Self-Diagnosis monitor

. clutch switch
Engine Right-turn

GELS switch lever

i-control
switch

Left-turn
lever

Fig. 15 Control panel

Operation mode schematic

Conventional
model:

New Honda
snow thrower:

Fig. 16

1. Forward

v&tlon)

(snow-remo

1. Forward

vyuon The auger housmg is raised automatically. - -

(snow-remo

00000000000000000000000000
00000000000000000000000000
O0000O0OFig. 15000000000 ONOOOOO
00000000000000
(4 00000000000000000000000
00000000000000000000000000
O00D000O0DO0O0O0OO0OECU 00000000000
00000000000 ON/JOFF 000000
(50000000000
a000000000000000000000000
00000000000000000000000000
000000000000000000000000000
00000 O0OONDDDODODODONDNONOOOOOOOOO
00000000000000000000000000
000000O0O0O0OO0O0O0O0O0O0Fg. 1600000000
000000000000
by0DDOODOOOODOO0ODOO0ODOO00OD0O0O0OO
00000000000000000000000000
000000000D0000D000ECUDDNOOOOO
0000000000000000000000000
()0 000000000000 000000O00O000
000000000000000000000000000
00000000000000000000000000
00000000000000000000000000
000000000000000000000000

43. 000000

oooooooooooobooD 24v0o0oooDo
obobooobooooobooboobooboboboboonoog
oo2viO0DOoooooooooboooooooooboo
obobobobob 24a000b00b00b00oboboooog , o
OO0 24v40A DOOOODOO

3. Auger lift
(auger adjustmel

4. Reverse
(gear lever)
2. Reverse

(gear lever)

2. Neuti
(speed)

No operatlonswequned in this reglon

The auger housing
is lifted automatically.

Outline of HIT control

g 370



Honda R&D Technical Review Vol.14 No.1 (April 2002)

goood

gboboboboboboobooboooboooboooboan
000000D00O00D0O0O0DO HSs1390i DO0DOOOO
gbobooooobooo

ubmoobboobobooboobbooobooobobooobo
gboobooooobobobooobouoboboEecun
gobooobooobooobooobooboboooobo
gbobobobobobobobobobooobgoo
gboooooogan
gomoobooboboboboboboboboobooo
gboboboboboboboboboboban
gbobobobobobobobobobooobgoo
gboboooooboobobobooobooog
gomooboboboboboboboobobooobogoo
gboboboboboboboboboboboon
ooooogoo
gbomoobobobobobobobooboboobooon
oooooooo
gomooboboboboboboboobobooboon
gooooooboooooobooboooooogoo
goOtecugbooboooooooooboobobooooon
goboooooobooobooooooDo

goooboo

HS1390i OO0 O000D0OOO00DOOO0O0OoOoOoooDoOd
goboobooboooooooooooooooboobooooooo
gboboboboooobooboobobobocpPuboong
gboboooboooooboobobobobobooboooo
gboboooooobooboboobobobobooog
gooboobooooooooboooooooboooboooo
gboboboooooogo

gboboobobobobooboooooooooboan
goboboooooooobooboooooooboboooooo
gbobooooooobobobobobobooboooo
gooo

ogogao ogogao

gooo

0000000000000 00000000000000
O ML10000 O O O HONDA R&D Technical ReviewD
Vol.12, No.1, p.21-26 (2000)

g 380



https://doi.org/10.69239/hondatechnicalreview.2002 14 1 5

ggooo

D000 oooodCvicHybriddO OO O odododododn

Development of a New Power Train for the Civic Hybrid

gooooooe
Masato MATSUKI
gooooooe
Toshiyuki SATO

ooooooog-r
Teruo WAKASHIRO
ooooooog-r
Toshiaki KAKU

ooooooo?n
Toshihiro KAMIYAMA
ooooooo?n
Masahiro KANDA

good

gbobobobooboooobooobooobooobooobon
0000000000000 ODOOdOOCivie HybriddD O
00000000 00RttD0OO00O00DOOO13LSOHCO
oooOoOoogo-bsitcoboooooooOooooood
gboboobooobooboooboobooboboboboooo
obobobooovrecoooooobobooooog
0000 HondaIMAOODOOOOODOOODO DCOO
obobooboooooooboobooboboboboog
gboboboos3oooooboooboboboobooog
gbocvioooooooobooboboboooooo
OO000o0OO000OOoOoOwos oooooo 29.5km/L O
gbobobooooboobooboboboboooNoxod
gboboobooooooobooboobooboboboog
gbobooboooboobobobi1z0oboboooboooog
o000 ooomobobobobooomoo
gbomMAOOOOOOOOOODOODOODbOOOOOODOO
O00ooO0OoON-MHOOODOOOODOODOOODDO
000000000000 CivicrerioOOOOOODDOO
goobooogoogoo

ABSTRACT

The Civic Hybrid was developed as a compact
passenger hybrid car that achieves both low fuel
consumption and clean operation from the viewpoints of
preserving the global environment and conserving
resources. The engine has lean-burn countermeasures
added to the base of the i-DSI 4-cylinder 1.3-liter SOHC
2-plug engine mounted in the Fit. In addition, the
cylinder idling system has been adopted to increase the
regenerated energy during deceleration. The hybrid
system is based on the Honda IMA system, and the
maximum regenerative torque has been increased by
approximately 30% by improving the magnetic circuits
of a slim-type DC brushless motor and adopting a new
rotor manufacturing method. Fuel economy is improved
by a new hybrid power train incorporating a CVT that
further improves transfer efficiency, thus achieving the
low fuel consumption of 29.5 km/I in 10-15 mode. As
low emissions technologies, a new exhaust system with
a NOx adsorption reduction type three way catalyst and
air-fuel ratio control achieved 75% reduction from the
2000 emission standards in Japan. The power control
unit which is the IMA system control unit was
downsized and located behind the rear seat, thus ensuring
comparable trunk capacity to the base vehicle of the
Civic Ferio.
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Table 1 Engine specifications
Engine code LDA
Cylinder configuration In-line 4-cylinder
Bore x stroke (mm) 73 x 80
Displacement (cm?) 1339
Compression ratio 10.8:1
SOHC

Valve train

Cylinder Idling System (CIS)

Number of valves

2 per cylinder

Valve diameter (mm) Inlet 32
Exhaust 28
Ignition system Dua};ﬂ%sigg{‘ tial
Exhaust manifold Stainless steel
Under floor 2 bed
Catalytic converter Front: TWC
Rear: Lean NOx
Max. power (kW/rpm) | Without 63 /5700
Max. torque (N-m/rpm) | Motor assist 119/3300
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ABSTRACT

Honda has upgraded the natural gas Civic GX, which
has been in production since 1998, with a newly
developed CNG engine for the 2001 model. Based on
the gasoline engine in the 2001 model Civic, this CNG
engine was given larger displacement and an improved
air intake system for better torque at low to medium
speeds. A layout that integrates the air intake system
and the CNG regulator was adopted to make the power
plant more compact. The new Civic GX is the world’s
first vehicle to be certified as an AT P-ZEV by the
CARB. In order to satisfy the AT P-ZEV requirements,
the vehicle was given the capability for quick light-off
of the catalyst from a cold start, high-precision air-fuel
ratio control, and reduced exhaust emissions. It has
qualified for Japan ULEV status. This model also
achieved a 7% improvement in city driving fuel
economy over the 1998 model by changing the
transmission that is paired with the CNG engine from a
4AT to a CVT.

gooogd

00o00o00ooooooooooooooooooo
000000ooooooooooooooooooooon
oooooooooooooooooooooooooo
00000O00oo0oo0ooOO0ooooooooooooo
Ooo0o00CcH]OODOMOOO0000D000000 CNG
O Compressed Natural GasLD OO0 OO0 O0O0O0D0OO0OOODO0O
oooooooooooooooooooooooooo
oooooo

Honda OOOCNG ODOOOOOOOOOOOOOOO
0000oooooooooooooooooooooon
OO0D0O0OO0O0OD0CivieGXO 19980 0000000002001
OO0 Civic 0OOOOODOODOODOOOODOOOOOOO
oooodoooooooooooooooooooooo

gooooo

https://doi.org/10.69239/hondatechnicalreview.2002 14 1 6

ooooboooooobooooobooooooDceNGd
gbobooooooobobobooobooog

goobogooo

CNcOOOOoooooooooouooobooooooo
goooooooobbbbbbobooooooooo
ddddodooooooooooo
0omooooooooooo
ogoooooooooooooooooooooooo
O O AT P-ZEW Advanced Technology Partial-Zero Emission
VehicleD OO OOOOOOd

0do0odonD 120000 7500000000000
dodo0Mobobooooooboooobooooooooa
ddodouooooooo

0490



Honda R&D Technical Review

Vol.14 No.1 (April 2002)

oomoooobog
gbobobobooooboooooooooooooon
gbobooooboobobobobooo

gooogoo

3.1.0000

2001 OODOO Civic OOOODOOOOOOOOOOO
CNGUOODOODO0ODODOOOooooOo 198000000
0000oooooooo* e ooo0o0o0ooooogoog
goooom@ooooooooooo

000000000 oooooooooooooooon
oo000doD0o0oDoD0oooooooDOoooooooDoo
00o0Do00o0o0ooooooooDooooooooog
oooo

000000000 o00ooDoo0ooooooooooon
00ooOooDODOO0O00 cvDContinuously Variable
TransmissionfD 000000000 0OOOOODOOOOO
Joooooooooooooooo

CNGOUOODOOOODODO Table1OOOOOOO Fig.
1000000000 Fig.20000O

32.00000

CNGOOOODOOOODOOOOOO0DD00O0DNO0O0O0
Fig.3 0000

00000001998 00O00O0O0O0O0O0O00 100L
020MPal 00 20Nm0 000000000000000
00000000000000000000000000
00000000000000000000000000
00000000000000000000000000

Close couple
TWC

Yy

Table 1 Engine specifications
Engine code D17A
Cylinder configuration In-line 4-cylinder
Bore x stroke (mm) 75.0 x94.4
Displacement (cm?®) 1668
Compression ratio 12.5:1
Valve train SOHC
Number of valves 4 per cylinder
Valve diameter (mm) In. 30
Ex. 26
Fuel supply system Multi-point injection
Ignition system Programmed ignition
(Plug hole coil)
Max. power (KW/rpm) 74 /6100
Max. torque (N-m/rpm) 132/4000
80
60 140
[
§_ 40 120 ‘13-’_
= L2
2 5
> o
o 5
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20 100
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w2001 model
0 ‘ ‘ ‘ ‘ ‘

2

Fig

3 4 5 6
Engine speed ( x 10 rpm)

. 1 Engine performance

Air cleaner case

Intake manifold

CNG injector

Low pressure fuel filter

Under-floor TWC

Fig. 2 2001 model CNG engine
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Fig. 3 Overview of Civic GX CNG fuel supply system
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Table 2 USA emission values (in-house test result)

co | NMOG | NOx Hﬁgfw
P-ZEV standard 1.0 0.01 0.02 0.03
Achieved Value 0.088 0.001 0.008 0.011
(g/mile)

Table 3 Japan 10-15 mode emission values

(6]0) THC NMHC NOx

2001 Civic GX 0.06 0.01 0.01 0.01

J-ULEV standard 0.67 0.02 - 0.02

CNG standard 0.67 0.04 0.03 0.04
(g/km)

Table 4 Japan 11-mode emission values

(6]0) THC NMHC NOx
2001 Civic GX 0.3 0.4 0.1 0.1
J-ULEV standard 19.0 0.55 - 0.35
CNG standard 19.0 1.10 0.88 0.70

(g/test)
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Table 5 USA fuel economy (Label FE)

City Highway
2001 model 30 34
1998 model 28 34
(mile/GGE)

Table 6 Japan 10-15 mode fuel economy

10-15 mode
2001 model 18.8
1998 model 17.0
(km/Nm?)
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Hydraulic CVT have a large capacity for power
transmission and have achieved proven results in
industrial machines. Research was conducted on
hydraulic CVT as CVT for use in passenger cars with
large engine displacement, particularly in the areas of
fuel economy performance, high-speed performance and
quietness where passenger cars have higher demands
compared to industrial machines. An HMT (Hydro
Mechanical Transmission), which has the highest
efficiency of all hydraulic CVT, was adopted to improve
efficiency at cruising which greatly affects fuel economy
when cruising at high speeds. In addition, the lock-up
brake mechanism and the hydraulic pump and motor
portions were improved to reduce agitation, resulting in
a 6% improvement in efficiency when cruising at 50
mph. The hydraulic motor rotates at high speed during
high-speed cruising, but centrifugal force has little effect
and prospects for durability were obtained by adopting
a bowl type slipper and improving the cooling method.
A method for reducing noise was also derived by
focusing on fluctuations of swash plate movement which
are correlated with noise.
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ABSTRACT

Honda has developed a new continuously variable
transmission (CVT) for use with new-generation power
plants, and this compact, lightweight CVT, known as the
Multimatic S, has been installed on the Fit. The
redesigned flywheel, oil pump, clutch, and transmission
case used in this CVT reduce the number of parts by
15% while simultaneously lowering friction and
improving transmission efficiency by 5% over the 1999
model Logo. The new electronic control also provides
creep control optimized for cruising conditions and
automated switching of the shift schedule. These have
yielded both improved fuel economy and a feeling of
responsiveness to a wide range of driver demands.
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Table 1 CVT Specification
2002 model 1999 model
Fit Logo
Engine Type 1.3L 2VLV 1.3L 2VLV
Speciﬁcation Max. power
(KW/rpm) 63/5700 49/5500
Max. torque
(N-m/rpm) 119/2800 103/2500
Ratio Low 2.367 2.466
¢ l l
oD 0.407 0.449
Secondary 1.333 (52/39) | 1.333 (52/39)
Final (2WD) | 4.333 (65/15)
Final (4WD) | 4.714 (66/14) 4.357 (61714)
Reverse 4.226~2.367 2.466
Dimension
Overall
length (mm) 349 372
Pulley axis
length (mm) 143 155
Weight
(Wet) 2WD (kg) 74.5 80.4

Hydraulic circuits

0680

gooobooo0oooobbe20000O0ODOOO
o0 73000000ooooc0ooboooon 7o00dOess
oogwsoooooo00Fe. 30 0000D0DOOODOOO
goobooooogoo

Fig. 40000 MMOoO0moooooboooooooog

A 0 L 80.4kg
15% 7.3%
655 \ 74.5kg v
T T T T
o | o
A previous Fit A previous Fit
model model
Parts unit Weight

Fig. 3 Comparison of complete parts unit and weight

Profile of a previous model

Fig. 4 View of CVT for Fit

gooood

41. 0000000000000

41.1.0000

gboobooboboboboooboooooooooboon
gobooooooooboooooobboooooooboo
gboboooooooboobobobobobooboooo

120

€ Single pinion planetary (Fit)
2 100 N Lo
= / Engine speed
3 at reverse idle
S 80
é_ No rattling
£ 60 [ NOISE ZONE +++rwrarenrmrarsrsssere s gy r s
5 ..
Y
§ No rattling l ---- % -
© 20 o noise zone /
=} Double pinion [
L planetary (previous model)

0 ! n h h

400 500 600 700 800 900 1000 1100

Engine speed (rpm)

Fig. 5 Rattling noise zone chart



gbooooooooobo

gboboobooooboooboobooboboboboooo
oboboobooooooobooboboboboooboooo
gboboobooooobooobooboobobobobooo
gboboobooooooobobooboboboboog
ooooooooooooboo0o0oooooooDFrg. 50
oboboobooooooobooboobobobobooog
gbobooooooogn

41.2. 0000

gbobobobooboboooboooboooboooboooan
gooooobooooooobooooooobobooobooooo
gbobogobobooobooobooooboobobobono
0000003000000 2000000000Fig.6
gboboooooooboboboobooooo

Mass ring

O-rings |

Friction disk
Driven plate

Drive plate

g

Rivets

Qil seal

Ring gear Torsion springs

Spring holder Plates

Fig. 6 Structure of single mass flywheel

ooo0o0og Fig.7000000000DOOO0ODDOO
obobobobobooboobuobobobo=x 250000
gooo27NmOO0O000C0OO0O0OOOODOOOD

gboboobooboboboooboooooooooo
gbobooboooooooboobooboboboboonoo
gboboboobooi1oobobobobooboooog
gbobooobooooboooboobooboboboboooog
goobooooogoo

— Single mass flywheel:
-300 . . (Flt);

Torsional angle (deg)

Fig. 7 Torsion characteristics

413.NvOOOO0ODO

gboobobobooboobooboooooooooboo
gbobooboooobooobooooboobobobooo
gooboooooooooobooooooboboooooo
goooobooboooooooboboooooooooboooooo
b NvOOOoOooooo

Fig.8 OO0O0ODOOOO0ODOOOODOOOODOOOOO

Engine speed

Dual mass flywheel
(A previous model)

—— Single mass flywheel (Fit)
i i i i i

0 90 180 270 360 450 540 630 720
Crank angle (deg)

Fig. 8 Cycle irregularity

42. 0000000000000

421. 0000000000 0DO

gbobobobobooboooboooboooboooboooan
gooocviooooooooooooooooooboo
gbobogoboobooboooooobooobobobobo
gooo

gboooooooobooobooboboooboooboo
goboobooooboooboobooboobooboon

00000000000 Fg. 90000

422. 00000

gcvro 3sMPaO0 D ODOODOOOOOOOOODOODO
goboobobooboboobboooboooboooo
FEMOOOODOOOOODODODOOOOOoOOoboooogoo
gboboooboooooboobooboobobobobooonoo
obobobobooobooouobooobo

Fig. 100 FEMOODOOOODODO

gbooooboooooboooboobobooboooboo
gboboobooooobooboobooboboboboonoo
gbobooooooogo

423.0000

000000000 0D Fg.MOOO0ODOODOOODOO
9cc/revD 0 0000O0DOOOOOOODOODOOOOODOO
gboboboooogoogo

42400000000

gooooooobbbbboooooooooooon
gbobooobooooooobooboobooboboboonog
gbobobooooobooboboobobobobooo
gboboboboooboooooboon

g 690



Honda R&D Technical Review

Vol.14 No.1 (April 2002)

Input shaft

¥

Sprocket flange

Pump base

Bush

Pump body

Pump gear

Pump cover
Bearing

Driven sprocket

A previous model

Drive sprocket

Input shaft

Pump plate i) \‘3

Pump rotor

Pump body

Fit

Fig. 9 Oil pump structure

Fig. 10 Pump body stress analysis with FEM

80°C, 147MPa
60

50
Fit

20 e A previous
/ model
10 e

e

00 1000 2000 3000 4000 5000 6000

Amount of flow (L/min)
w
o
y

Pump speed (rpm)

Fig. 11 Oil pump delivery performance

gboboboboboboobooboooboooboooboan
goboboooooooooobooooooooboooooo
gboboooboooboooboobobooboboboboooo
goooo

Fig. 120 000000000000ODO

goooooooboobbboboboooooooooo
gbobooobooobooobooboboboboboboooo
oood

force

Input shaft

Trochoid pump for Fit Conventional trochoid pump

Fig. 12 Reduction of oil pump rotor friction

425 0000000

gboooobooooboooboobobooboooboo
gbobobooooobooboboboooo

goobooboobobobooboooooooooboo
gobooobooboboobboobbooobbooon
goooooooooooooboobobobobobbobobooo
gobobooooooooobooooooooboooooon
gobobooooooobooboboboboboboooog
gbobooooobooobobobobobobooboooo
0000000D0000Fg.1830000000000DOO

gbobooboboboooooboobooobooboooban
gobobooooooobooboboboboboooooo
gboboboooooboooboon

426.00000

(H)OooooooOOoUoOooOooOOoUoOoooOoOoOoo
goboooooooboooooobbooooooboo
gboboooobooboooboooobooboboboonoo
ooooooo

g 70



gbooooooooobo

Conical shape
groove

Flat shape
groove

Discharge
port groove

Discharge Inlet port

port

Fig. 13 Shape of discharge port notch

(20oo0oC0ooOocevrooooooooooOoOO
oboboobooooooobooboobooboboboonog
gboboooooobobobobooobooog

goobobobooooboboooooooooboooboo
goooboboooooooboboooooooboobooooo
obobobooobooboobobobobooooooo

43. 000000000

goocvibooooooooooooobooooboo
ooooooobooobobooboobobbbobboboooooo
goboobobooboboobbooboooboooo
gbobooooooooboan

Fig. 14000000000 O0OcvIOOOOODODOOO
gbobooboooobooobooboobobobobooo
obobooboooooooboobooboobobobooog
ooopoocviooooOooooooooooooDboo
oboboobooooooobooboobooboboboog

gbobooboooobobooboobooboboboboonoog
goboooooooooooboooooooobooooo
gboboobooooboooboooobooboboboonog
goobooooooobobobboooooooboobboonooo
gooooboooooooboobooboooooooobooooo
goboooooboooooooobooboooooooboooo
gboboobooooobooboooobobobobooo
ooooogo

gbobobobooboobooooboooooooboooon
goooooooobooboooobooooooobogoooo
gbooobo

4400000000000

441. 00000000

gbobobobooboobooobooooooobooobon
gooboooooooobbooooooboobboooooo
obobooooooobobobobooooon

gbobobobobooboooboobooobooboooboan
gbobooooogoon

Fig.150000000000000000000000

[ .

o — -— - 1 T

A previous model Fit

Fig. 15 Structure of start clutch

Linear solenoid valve

Ryvs. inhibitor valve

Fig. 14 Oil pan-less casing and valve body layout

g710



Honda R&D Technical Review

Vol.14 No.1 (April 2002)

442. 000000

gboboobobobobooboooooooooboon
goboobooboooboooboooboooboobooboon
gboboooooobooboboboboooo

gbobooboboboboooboooooooooboon
O0D00OFig.160000000000DOOO0O0OOOFig.
17000000000 DO0DOOOCOCOOOODOODO
ogono

A previous Fit
model

Fig. 16 Magnified disc surface

ud/us
Good |

—

A previous Fit A previous Fit
model model

Low High
Temp.

Fig. 17 Disc characteristic

45. 000000
gboboobobobobooboooooooooon
goooooomcevroooomoooooooooo
goboboooooooooboooooooboobooooo
gobooooboooooooooobooboocevrooogooo
gobobooooooooobooooooooooboooooo
gooobooobooobooobooobobooooooboooo
gbooobooboooboooboobooooobooon
oooooooooo
gboboooooo
gobooooooooobooobooooooo
gbobobobooooboooooboon
gobooooooboboooboooooboooooooo
gomoog
oomooogoo
gbomoooooooog
oooogo
gboooboobobobobooboooooooooon
gooomooobooooooooomoobooooooo
gbobooooooobooboboboobooobooobooon
goboooooooobooboooooobobooooooboo

g 720

GRADE CAL

ENG TRQ CAL

v

ROAD LOAD CAL

Slipping (cree

O
~

Slipping of
start clutch

Not slip

A

Drive force cal Drive force cal
by ENG TRQ by Start clutch command

<& I

<

A 4

Grade cal
by Drive force & Road Load

End

Fig. 18 Flow chart of grade calculation

gbobooooooobooboooobooboboboonoo
gbobobao
Fig. 180 0000D0OCO0DOOOODODOO
gbobobobobobooboooooboooboooboan
gobooooooooooobooooooboboobooooog
gboboooooobooboboooo

46.0000

46.1. 00000000
gboboomomooooomoooooobobo
ooooo""Oooo0oooooooooooooooo
gobooboooooooooobooooooooboooooon
gooooooboooboooooooooobobobooooog
gbobooooooobobobobobobooboooo
00000 Fig. 190

Full
o;e% Throﬂle
opening
angle
Close
Fast Slow
High
Fit ——
Engine A Pf?%’godu:i ——
Speed
Velocity —__==mmo
Low -

Time

Fig. 19 Kick down response



gbooooooooobo

462. 00000000

gooooobobobbbboooooouoooooo
gboboobooooboooboooobooboboboonoo
oooooooooooboboobobbobboboooooo
gobooboboobooobboobomooobo
oobobomoooboboo pioobogooobooooobo
gboboobooooooomooobooomoooog
oboboooboooooooboobooboboboboooog
gobooaobiobzoooobooooboooobooon
oboboobooooooobooboobooboboboog
goboooboooon

(1))b1 O00O0O0OODODOOOOOOODODOOODOO
gbobobooobooobooooboobobobonoog
gbobobooooobobobobooooog

gbobobobooboooooboobooobooobooobon
gboboooooooogo

(2yb2 00000O0OO0OOODODODOOOOOOCOO
gobooopibooobboooobooooboooooboo
gobooobooobooooobioobooooooo
ogboboobooooooobooboobooboboboog
goboooboooboboooboboooboo

Fig.20 O biO D2000CCOCOCCOCOCOCDOOO

.....................................................

Engine speed
\
\

= = = = D1 Shift schedule
"""" [ D2 Shift schedule

Velocity

Fig. 20 D1 and D2 shift schedule

462.0000000000DOOO

Fig.21 0O OOD0OO0OOO0O0OOOO0OO0OOOMOoODOO
goboooboooboooobao

goboboboboobooboobooooooooooo
gboboobooooboooboobooboboboboonoo
gooooobooooooboobooooooobobooooooo
gbobooboboooboooboooobooboboboono
obobooooooogo

Fig.220 0000000000 DOO0OOODODOOO
gboboboooooboboboboooog

gbobobooooooooboobooobooboooban
gopiooooooobooboobooboobo

Fully
open D2 Shift Schedule
o 3
2
g Busy & fast speed change,
£
[0
Q.
o
<
59 Drive along slow traffic__...-=*""
N TS Cruising throttle
................. g S Fre
D1 Shift schedule
Closed

Velocity
Fig. 21 Condition of shift schedule
Fully
open Y 7%
7\ : :
At \ o D1 schedule
L ] Mountainl A D2schedule |
< AL . ’ — Cruising load
=)} > 3
k= A
6 'y
Q
o
k)
°
=
=
A%y
N

Closed -
Velocity

Fig. 22 Throttle distribution chart by shift schedule

goboboboboboobboobooooooooooo
gboboboboboooooobooobobobobo
U bigboboboboooobooobogn

gbobooooboooooooboobobooboooboo
goooooooooboooooobooooobobooboooDn2
gboboboboooooooobooon

gbobobobooboooooboobooobooboban
ogboboobooooobooboobooboboboboonoo
gboboobooboboooooobooobobobonbo
obobooooooo

47.0000%00

gboboboboobooboooboooooooooboon
gooooboobobooooooboobobooooooooboooboooo
gboboboooooboobobobooooog

48.1.00000000C0O0ODOO

goboboboboboobooooooooooooo
gboboobooooboooboooobooboboboonoo
gbobogoooooooobobobobobooboooog
gbobooobooobooobooboobooboboboboooo
ob1rgbobooobooooboboboboooooog
gbobooooogoo

482. 00000000000 0DO0DOOOO

gboboboboboboooboooboooooboooboan
ogboboobooooooobooboobooboboboog

g 730



Honda R&D Technical Review

Vol.14 No.1 (April 2002)

gboboooboooboooboobobobobobooboooo
gbobooooooobobobobobobooboooo
gboboooboooboooboobobobobobooboooo
gbobobobooobogoboceviooboboooooo
gboboooboooboooboobobobobobobooo
goboooooooooooboooooooboboooooo
goboboooooooooboooooooboooooo
gbobooooooobooboboboboboboooo
gbobooobooobooobooboboboboboboooo
goooooOo@ooobooi3o™@ooooooooo
gbobooooboobobobooooon
Fig.2300000000000D0OOCO0ODOOOOOO

{-' Drive pulley rpm.
128 g ]
\\\ E
N\
|
Throttle
sensor
o =
..E."I_._.\.F or
T h Electronic +——
= Control Unit [
Shift position ﬂ e T
switch Y =
e
Q.
Drive pulley side S
pressure control .2 | | Driven pulley side
'i Q|| pressure control

Drive pulley
control valve “

Driven pulley
control value

Drive pulley
pressure control
solenoid valve

Driven pulley
pressure control
solenoid valve

Shift valve

High pressure
regulator value

A Line pressure

—

(¢ O}' control

.

Fig. 23 Pulley side-pressure direct control

483.000000DO0O0OOO
goboboobobobobooobooboooooooon
gboboboooooboobobo
gcevioo43.0doooooobobooooogon
gbobooobooooobooboboobobobooboooo
gboboboooooobooboboboooo
gboboobobobobooooooooooooon
gboboooooooboobobobobobooooo
goobooboobooooooobooooooooooboooooo
gbobooooooobooboboboboboooooo

gboboooooboooboobobobobobooboooo
goboboooooooooobooooooboboooooog
gboboooooooboboboboboboboooo
gooobooobooooboooooobooboooboooo
gooooooboobooobooobooobooobooooboon
gobobooooooobooooooooboboooooo
gboboboooboobooobooboboboboboni2o
omoooooboooomooonog

gbooboobobobobooboooooooooon
gboboboboooogoogonog

gbogo481. 00 3. 0000000000000OO0OO
odeockm/hD0OODDOOOOOOOOOODODOOCODOOO
god

Fig.24 DOOOOOOcvToOOOOOODOOOOOO

5%UP

Efficiency

A previous Fit

model

Fig. 24 Cruise efficiency at 60km/h

goodd

gboboboobooboboboobobobo evrt o
gbobobooobooobogoo
gomooooboobobobooboboboboboo

oooooboooooobobooe2000DOOO
oooboooo
gbomooooboobooboboobobobobobann
000000000000 O00O eokm/hOOOOOO
gboboboboboboboboboboban
gooooo
gbomooooooboobobobobobobooobogon
gboboboboboboboboboboobgoo
gbobooooooooan
oomoooooooobbboboooooooooooobo
gbobooboobooooboobobobooboors
gboobooooobogb 1s0goobo

g 740



gbooooooooobo

goobognd

goooooooboooo ecvoooooooooooo
bbbl bobobobobobobobobono
gboboobooooobooobooboobobobobooo
gboboobooooooobobooboboboboog
gbooboooooobogoo

gbobobobooboobooobooooooooooo
gbobooboooboobooobooooboboboboonoo
oboooooogo

godd

00oooooooooooooooooooooooog
JooDo0ooooooooooooooocevrtono
0 O HONDA R&D Technical Review, Vol.12, No.2, p.61-
70 (2000)

0ooooooooooooooooooDoooooog
CvTOOOO0ODOOOODOO Vol.54, No.4, p.48-54 (2000)

g 70



Honda R&D Technical Review Vol.14 No.1 (April 2002)

e 000Om

ugoogno gogao

gv70



https://doi.org/10.69239/hondatechnicalreview.2002 14 1 9

ggooo

bbbttt otgdbootodbn

Development of Engineering BOM Data Management System

oooooooe

Masataka YAMAMOTO Hideyuki TANAKA

oogoooooe goooooopoge

Wataru FUJITA

good

gooooobobboboobooooooooooooobo
oboboobooooooobobobobobooooog
gbobooboooobooobooooboboboboonoog
gbooobooooooobooboobobobobooog
ogboboobooboobooobooooboobobobono
gbooobooooooobooboobobobobooog
0000000000 O00DOO0OO00DOO00 Windows NT
oboboooooooooboobooboobobooooo
gboboobooooboooboobooboboboboonoo
gbobobooboobooobooooboobobobooo
gbobooboooooooboooobooboboboonoo
gboooooogn

ABSTRACT

A new engineering bill of material (BOM) system
was developed in order to shorten the development cycle
and improve BOM accuracy. This BOM can perform
integrated management of basic product information of
al vehicle models, all types, and combinations of frame,
engine, transmission, and so on. It also improves
drawing release efficiency and facilitates connection with
other systems. Based on a commercially available
product data management package, this system has a
three-tier system architecture for easier data linkage, and
it runs on the sophisticated Windows NT Server for
improved operation performance. This not only allows
management of basic product information for all vehicle
models, but also makes it possible to centrally manage
information sharing and drawing data from the initial
development stage through to mass production.
Significant improvements have been made in the
efficiency of design drawing release and reception work
flow as a result.
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Technology for Applying Solid Lubricant to the Piston Skirt of
Internal Combustion Engine and lts Effects
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ABSTRACT

A molybdenum disulfide piston manufacturing
technique was developed that uses the Wonder Process
Craft (WPC) processing method to apply high-purity
molybdenum disulfide onto the sliding surface of the
piston skirt for an internal combustion engine. This
technique is a first in the world, and the pistons
manufactured using it gained the full effect of durability
while also achieving significant reduction in sliding
resistance at a low cost because the coating process does
not require use of a binder. The technique is also
noteworthy for making manufacturing easier because it
does not alter the dimensions, shape, surface roughness,
and so on of the base material. In addition, this piston
manufacturing process uses only compressed air and
molybdenum disulfide powder, so that the molybdenum
disulfide that is discharged from the process can be
recycled. Thus the process realizes zero waste and
addresses the current need for environmentally-friendly
technology.
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Effects of Shape of the Exhaust Manifold for an In-line 4-Cylinder Engine
on its Stiffness and Deformation
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ABSTRACT

Investigations were conducted on a quasi quantitative
analysis method for exhaust manifold stiffness and
deformation that is useful when designing exhaust
manifolds for in-line 4 cylinder engines. This method
analyzes the exhaust manifold as a combination of
beams, making it possible to obtain the effects of the
dimensions and shapes of major parts of exhaust
manifold on stiffness and deformation. These results
clarified the effects of various exhaust manifold shape
characteristics (aspect ratio, branch ratio, offset ratio) on
non-dimensional stiffness, and also the effects of aspect
ratio on the non-dimensional warping quantity. In
addition, the effects of each of the aspect ratio, collective
part different angle, branch ratio and offset ratio on non-
dimensional stiffness and deformation when the
dimensions and shape of each exhaust manifold part are
changed could also be clarified by obtaining the degree
of effects of each factor. The proposed method is
effective for determining and investigating the validity
of major approximate dimensions, particularly when
designing new exhaust manifolds with limited outer
dimensions. Exhaust manifolds can be efficiently
developed by performing CAE calculations on exhaust
manifold shapes that have been determined using this
method.
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Using conventional technology, it used to be difficult
to calculate vehicle behavior in alimit handling situation
by mechanical system analysis and predict that behavior
with a high degree of accuracy. A method used tire
modeling based on Magic Formula has been developed
for tire optimization by improvement of weighted toward
limit and for representation of the characteristics of tire
deflection. In relation to vehicles, the method has been
applied to improvement of the suspension rate and
traction torque control. These measures have made it
possible to perform mechanical system analysis
calculation of vehicle handling behavior up to the limit.
As a result, it has become possible to attain a high
degree of accuracy in predicting vehicle limit behavior
in turn, which is one of the dynamic characteristics for
limit drivability.
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ABSTRACT

Honda’s first Water Jet Pump for Personal Watercraft
installed 4 stroke engine has been developed. In the
development, correlation of the calculation results with
the actual test results was verified, and design tools such
as an examination method of intake shape optimization,
a characteristic calculation method for various aerofoil
shapes, and a prediction method of Water Jet Pump
performance were established. Using these tools, two
Water Jet Pumps that matched each of 4 stroke engines
with different output power have been developed.

gooodd

oooooOooUoUoooomoooPwCcOOoOmonO
ooo0oOoO0oOooooOoOoOoOoOooooooOoOoooooo
ooooooobOo0oOoboooOoooboooonD pwe OO
0oooooooooooooooogooooooooo
0000000oo0oo0oooOoooOoooooooooo
ooo0oo0ooOooOooOooOooOooOoooooooon
PWQ AquaTrax F-12/AquaTrax F-12X( 0 0 0 0 0 Fig. 10
AquaTrax F-12X 0000000

Fig. 1 External view of AquaTrax F-12X

gooooo

AquaTrax F-120 000 1235ecm*000000000
AquaTrax F-12X O O0OOOO0OO0O0OO0OOOOOOOO
O00000o00o0ooO0o0ooOoU0ooDoOoooDOooo
PpwCOOOODODODOODUOOUOOOOooobooboDbboboDboO
gobobooobboooboboobbooboboooo
gobooboooboobtooobuouobboooo
gboboobooobobobobobooobobobo
goboooobbooobbooooboooboooo
gboobbobbobbobbobbobbobnoon
gooobooooo

uobooobooooooboan

PwC 000000000000 000000O0O0OO
oboooooobooo0oobobooobooboooo
gbobobobobooooooooobobobonbo
pwCODOOOOOooDoOOoOooooDOoOOooooooooo
gboboboboobooobooooboobobobonoo
gboboboboboooboooobooboboboobo
gboboboboboooooooooboboboDbo
gooOOOO0OO0OFg.2000000O0O0O0OODODODOO

0 1170



Honda R&D Technical Review

Vol.14 No.1 (April 2002)

Impeller housing Stator

-

Impeller

Jet nozzle

A 4
y

i

fmu...u r
Y

o,

N

Intake section

pump section

Fig. 2 Structure of developed water jet pump

21. 000000

gboboobobooooooooboooooooooon
goboooooooobooooboooboobooooooooo
gboboooooooboobobobobobooboooo
gbobooooooobooboboboboboboooo
gomobobooooooo@moooooooooooon
ooobomooooobboooooooboobobooog
goooo

22.0000

gbobobobooobooobooboooobooooobooon
goboooooomobooooboobomooooon
gobobooooooooooooooooboobooooo
goboooobooobooboboobboobbooo
ggodoooooooooooboboobobobobbooobooo
gbobooooooobooboboobomooboomo
gboboooooooboobooboobobobobooo
gobooboooooooobboooooobobobooooooo
gobooobooboobooboobooboonn
gboboooooooboboboboboboooooo
goboboooooooboooooooobobobooooon
goboooooooooooooooobobobooboooooo
gbobobooooboobooobooboboboooo

gooooooo

3.1.000000

gboboboboooboobooboooooooooon
gobooooooboooooobooooooboog
gbobooooooobobobobobobooobooon
gbobooooooobobobobobobooboooo
gooooooO0OoobooOobo0o0eE boo@momobood

googo
Pa+Po
g —7 —
Pa+2—ng;h|p2 0ooo

Po0 00000000
Pad 00O
Vshipd 0 O
g0ooooo

gbobobobooboobooooboooooooboooboon
gbobobobooboboobobobobobobooo
gbobooooooboobobobooobooog

gooooooobbobobooboboooooooooooo
O0O00D00O0OO0O000DOCOOO0O00DOD Computational
Fluid DynamicE D 0 OCFD O OO MM OOOOOOOOO
gbobobobooboooboobooboboboboonoo
gbooboooooboaoobo

32.00000000000

gbobomobomobooooooooogoogoon
gooobobobooooooboboboboooooooboooboooo
oocmooomcmoouonooooooooonon
ooooooobooooobooooooboooooooooo
goooooooooooooboooooooooboooooag
gbobobobooboooboooobooboboboono
gbobobobooboooooooboboboboonoog
gboboboboobooobooooboobobooboooo
bmboomoooboobobobooooog

gbobobobobobooobooooobooboooboan
goboooboobooboobooboobooobooo
gboboboboobooboooobobobobooo
gooooo

0 1180



gboboboooboooboooboobobooboobooooobobobobooboooboon

33.0000

gboboboboobobooobooboooooobooon
goobooooooooobboooooobobboog
gobooooooooooooooooooboobooooon
gbobobobooooobooog

gobooooboodgn
41. 0000000000000

0000000000000000O0e 0000000
EsO0Mmuomooooooog

Vs [@W]
29 ~ 29
Es g h g
W ooo
29

viOOOooooooo
vso Ooooooooo
g0ooooo

Fig.3 00 0O0O00OOOODOOOOOOOOOOOOO
goooooooooooooooooobooboboboooooo
goboooooooooboooooooobooboooooon
gboboooobooobobobobobobooboooo
gboobooooooobooboboboboboooooo
gboboooobooobobobobobobooboooo
gboboooooooboboboboboboboonoo
gboboooobooobobobobobobooboooo
gboboooooooboobobobobobooboooo
gboboobooooobobobobobobooboooo
O000O0O0D0OFRg.4 00000O0O0O0OFg. 50000
Oo0000000ooOoD0000dO0rg. 4000000C0ODOO
gbobooooooobooboobooboboboboooog
goboboooooooooooooooooboooooo
gboboooooooboboboboboboooooo
gobobooooooooobooooooooobobooooooo
gboboboooooobooboboobooooo

Fig. 3 1/2 scale model of intake

Pitot comb

I
o
[=}

Fig. 5 Measurement result of velocity distribution
inside intake duct

42. 00000000000

000 CPD DOOO0OO0OO0OO0DODOOOODOOODOO
gboboboboboooooooooboboboobo
gooobbooboooooooboboobooooooooobooon
O CFD OObOOobobobobobooboboboonbo
gbooooooooan

Fig.6 00 000O0O0O0O0OOFg.7 00000OO0OOO
goO00OC0O0OO0O0OOO0OO0OO0OOFg. 60 Fig.700000
gboboboboooooboobooboobobobooo
gbobobmbmooooboobobo

r=Vs/M oog

cFRDOO0DODOO0D0OOOO0O0ODOOO0ODOOO Fig. 80
00000000000 00000O000O0FRg. 90000
goboo0omr=2500000000DO000O0DOO0OMODr=00

0 1190



Honda R&D Technical Review

Vol.14 No.1 (April 2002)

Fig. 6 Flow pattern inside intake duct by CFD
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ABSTRACT

Personal Watercrafts (PWC) are vehicles, which
propel by water jet and steer by changing the direction
of the water jet. Because of decreasing of when the
throttle is fully closed during running, the steering force
also decreases. This phenomenon is different from that
of land vehicles. Therefore, in order to not giving
uncomfortable feeling to users of land vehicles, the Off-
Throttle-Steer (OTS) System has been developed as a
device to reduce a different sense of steering operation.
Basically, the system controls engine speeds using the
signal of full steering, and also uses a throttle opening,
arunning speed of PWC predicted by engine speed, and
atimer for determining of control timing as other control
signals. Thus, a natural steering characteristic was
obtained by balancing a turning characteristic at high
speed and controllability at low speed.
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ABSTRACT

Although an Sn-Pb alloy is generally used for solder
at present, environmental considerations have occasioned
a search for lead-free solder aloys. The present research
evaluated |lead-free solder to determine whether it could
replace Sn-Pb solder, beginning with evaluation of the
reliability of the solder joint. The evaluation examined
reliability under five degradation modes: Thermal
fatigue, intermetallic compound layer, creep, vibration
fatigue, and ionic migration. Lead-free Sn-Ag-Cu solder
showed the longest life under thermal fatigue, which is
the most crucial element in reliability, and it was
confirmed to have reliability superior to Sn-Pb solder in
the thermal environments encountered in ordinary use.
The Sn-Ag-Cu solder was then put into use as a product
in a keyless entry transmitter, where it was demonstrated
to satisfy product quality and endurance quality
requirements.
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Fig. 4 Tendency of chip resistor degradation
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Table 1 Results of thermal cycle test
Solder Mean life-cycle Internal
composition (50% crack) soundness
Sn-Pb 1800 OK
Sn-Ag-Cu 1750 OK

Sn-Bi 1000 OK
Sn-Zn 1650 OK
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4 To be possible to produce it by present equipment.

@ It has few parts.
» Guaranteed heat resistance for all parts.

@ As an independent part, it can be evaluated on its own.
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¢ |t is possible to be same cost as present product.

4 Urgent need to shift to Pb-free solder, partly for ease of
disposal as general waste.

4 Nature of the part makes it easy to use new materials.

Fig. 20 Reasons for selection of keyless entry (transmitter)
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Table 2 Results of model spec test

Test Item Result
Thermal cycle OK
Heat resistance OK
Switch endurance OK
Transmission performance OK
General performance OK
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ABSTRACT

Pb-free free-cutting steel for crankshaft which
simultaneously enabled to omit the normalizing process
was developed. In order to omit the normalizing process,
it is necessary that adequate hardness and fine
microstructure of the free-cutting steel by air-cooling
after hot forging are equal to that by normalizing. We,
therefore, solved the requirements by adjusting chemical
composition of steel. For the Pb-free free-cutting steel
developed based on Ca-S free-cutting steel, its
productivity equal to the conventional Pb-S free-cutting
steel was aimed. As a result of examination on a non-
metallic inclusion’s composition, volume, shape and
dispersion in steel, it was found that its shape and
dispersion contributed for an improvement of free-
cutting. By manufacturing a crankshaft with this steel,
the cost of normalizing process was eliminated and
reduction of Pb by 13g became possible for a motorcycle
equipped with 954cm? engine.
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Fig. 1 Production process for crankshaft

Fig. 2 Chips of sulfur free-cutting steel generated
by lathe turning
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Table 1 Target of chemical composition of developed steel

mass (%)
C Si Mn S Cr N Pb Ca
Developed steel 0.40 0.20 0.70 0.017 0.050 0.06 0.017 — 0.0020
Table 2 Chemical composition of developed and conventional steels
mass (%)
C Si Mn S Cr N Pb Ca
Developed steel 0.40 0.19 0.72 0.017 0.049 0.06 0.017 — 0.0022
Conventional steel 0.47 0.18 078 | 0025 | 0047 | 017 | 0010 | 0.07 —
S48CL1LS1 * : : : : : : : :
Comparison steel o
S40CS1U * 0.40 0.18 0.70 0.010 0.049 0.07 0.016 0.0017
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Table 3 Mechanical properties of developed and
conventional steels

TS | YP | EL |Impactvalue |Impact value
(MPa) | (MPa) | (%) (J/em2) Ratio C/L

Direction

Developed L 660 | 311 | 23.8 52.0
Vi
steel 0.35

C | 638|303 |10.9 18.4

L 699 | 455 | 28.6 76.0
Conventional 0.31

steel C | 704 | 448 | 146 23.6

Weight of chips (g)

1.0
Non-metallic inclusion index

Developed steel

Fig. 10 Influence of non-metallic inclusion index on weight of chips generated by lathe turning
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Table 4 Comparison of nitrocarburized properties
between developed and conventional

crankshafts
Normalized
Developed steel conventional steel
Compound layer
depth after lapping | ™M 0.008 0.008
Surface hardness Hmv 630 639
Practical case depth | mm 0.35 0.26

Test condition
6.5 Hz

Fig. 15 Bending fatigue test method for crankshaft
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ABSTRACT

A forging titanium alloy and a pure titanium material
for exhaust system that are both inexpensive have been
developed for the purpose of lightweight of motorcycle
frame and improvement of engine performance. A
feature of the material is use of off-grade titanium
sponge that includes a lot of impurities for the raw
material for titanium ingot. Stable characteristic has been
obtained by controlling oxygen equivalent after setting
the volume of tolerable impurities in consideration of
mechanical property and productivity. In spite of low-
cost, this material design provided the same design
strength compared to conventional material, and enabled
material productivity with existing equipment. Using this
new material and changing a manufacturing and a
surface treatment process enabled to provide titanium
parts at low-cost. This technology is a fundamental one
for producing a raw material of titanium for motorcycles
and automobiles, and it can be expected to apply for
other titanium alloys.

gooodd

gooooooobobobooboooooooooooooon
gobboooboooboobobooobooobooooo
O000o0ooOoooooOooOooeemsmegpoooon
goboooboobobooboboobboooboobooooo
gobooooboooboobobooobooobooooo
goboooboooboobobbooobooobooooo
goboobobooboboooboooboobobooobooo
goboooboooboobobbooobooobooooo
goooooooooooooooooooooooobon
goboooboooboobobbooobooobooooo
goooobbooooooooboobobobbooooooooo
gobooobompPCFDOOODOOODOOODOOOO
goboooboooboooboooboobobooooo
OO0ooOoooooooooooooooooogoreseeg

gooooo

0000O00O00O0DO0DoOoooo0oodoUooUooOoooo
000000000000 000000 Y30oooooo
00000000o0oDoDOoDooOooOooooooobDoon
000000200200 000000 FireBladeD OO OO
000000 CBRYS4RR DOOODOOOCODOOODDOO
00000 0OOH-TEV: Honda Titanium Exhaust Valve[1] O
OO0O0OCRFRSROODOOODOOODODOOOOOODOOO
000000000 Fg 1O2 0000

goobogooo

21. 00000000000

goooogoDi19ebUilleczton 00O O0OODODO
gdoooOoOoOoOoOoOoOoOoOoOoOoOoOOOoERPPQgoOoOoo
gboboboboboboooboooboobobobo
oooooomTic,moooooooooooooon

0 1490



Honda R&D

Technical

Review Vol.14 No.1 (April 2002)

Fig. 1

CBR954RR and titanium parts (Muffler, Exhaust pipes, H-TEV)

Fig. 2 CRF450R and titanium parts (Exhaust pipe, Inlet valves)
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Table 1 Chemical composition of HTPR

wt %

H (0] N Fe

HTPR 0.013 0.10 0.020 0.52

max max max max

JIS 0.013 0.20 0.050 0.25

TP340-C max max max max
Ti: Bal

Table 2 Chemical composition of Ti-64FE

wt %

Al \ Fe (0] N
. 5.50 ~ 3.50 ~ 1.0 0.21 0.05
Ti-64FE 6.75 450 | max max max
ASTM 5.50 ~ 3.50 ~ 0.4 0.20 0.05
Ti - 6AI-4V 6.75 4.50 max max max

Ti: Bal
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Table 3 Mechanical properties

o B (MPa) oY (MPa) EL (%)
@ Ti-64FE 1099~1102 1035 15.0~15.6
2
w Ti-6Al-4V ] i )
F | (ASTM SPEC) 895 min 825 min 10 min
. L. 500~510 333~343 29~30
1) direction
HTPR C
= direction || 810~519 402~412 33~35
o
o L
IS direction 353~363 206~216 37~40
Grade 2 C
- 372~382 235~245 39~40
direction

HTPR": Oeq Max condition
L: Rolled direction
C: Rolled perpendicular direction
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Table 5 Property of the formability of titanium s
®
1) Smallg0.2 / E Poor | Large spring back _g 0.4 oA g/{
Good | Easy sharp forming = N
2) Hard to carry out work Low limit of formi NN
hardoning, ow limit of forming 0.2 gegé
(n Value) Poor | Easy to come out of
sectional deformation
0.0 i i i i
L ) ) Good Excels as compared with -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6
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Table 6 Formability of HTPR
Val Val Erichsen Guided bend Punch stretch
n vValue rvalue cupping test test test
L C L C Erichsen Radius of ¢12 Hole
direction | direction | direction | direction Number bend expansion
HTPR 0.131 0.085 2.3 5.6 8.5 1.5t 83%
JIS Grade 1 0.141 0.074 1.9 9.9 13.0 Close contact 165%
JIS Grade 2 0.135 0.089 25 6.3 10.5 Close contact 140%
JIS Grade 4 0.100 0.083 1.0 5.5 5.7 2.5t 64%
SUS304 0.470 0.511 1.0 1.0 - - -

L: Rolled direction
C: Rolled perpendicular direction
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ABSTRACT

Focusing on absorbed energy of a vehicle side frame
as compressive deformation occurs on frontal impact, an
improvement in energy absorptance and a weight
reduction of the structural components of a body by
filling urethane foam are performed. Especially, it was
found that it is possible to achieve approximate 30%
weight reduction by filling urethane foam and modifying
cross-section structures with insuring flexural rigidity and
absorbed energy equal to a body frames. At the same
time efforts were also made to construct CAE technology
that enables to investigate a lightweight body frame
structure filled with plastic foam. Concretely, the
difference in absorbed energy between CAE simulations
and actual tests with an actual hybrid frame unit
consisting of aluminum piping (shell element) filled with
urethane foam (solid element) was approximately 10%
under the condition of 50% compressive deformation or
more.
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ABSTRACT

A new pre-processor was developed to shorten the
finite element modeling period and improve calculation
accuracy for car body analysis. The new pre-processor
made it possible to create high quality models efficiently
in a short time regardless of the skills and experience
of the modeler. This was achieved by automatically
identifying and correcting penetration and intersection
between elements after division of a body in white into
shell elements, automatically analyzing and converting
spots and other connection data into finite element data,
setting accurate material properties, automatically adding
mass and incorporating dummies and barriers by
compiling a material property, parts and mass database.
In addition, the pre-processor was also given simple
shape modification functions allowing model changes to
be made in a short time when investigating
specifications.
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Techniques of full vehicle analysis directed at all
suspension and body-related parts were combined with
test-based engineering and simulation techniques in a
two-sided approach intended to develop a technology for
reduction of floor and steering vibration. The test-based
engineering clarified the mechanism of vibration
initiation by means of full vehicle modal analysis,
operational deflection shape analysis, and transfer path
analysis implemented by excitation of the suspension.
Modifications were then made to an actual car based on
the results obtained from analysis. The simulation
techniques involved modeling of all the subject parts,
and the creation of a finite element model (160,000
nodes) that matched the actual car with a high degree
of accuracy. Sensitivity analysis was then applied to
analyze the weak points, and calculations were made to
implement modifications in the finite element model.
Both the test-based engineering and the simulation
techniques were confirmed to reduce vibration levels in
the actual car, thus substantiating the validity of these
analytical techniques.
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Table 2 Calculation conditions of sensitivity analysis

Objective function minimize XL Y5LG(f)
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Design variance shell thickness

G(f): FRFj Responsegainatf (i=1,2,..,nj=12, .., 6)
n: Number of evaluation frequencies W, Optimized weight
W,.i: Initial weight

FRF1

FRF6: Floor z
.

Sum of FRF6 response gains: gGe( f)

I FRF2: Steering wheel

n FRF1: Steering wheel x
Sum of FRF1 response gains: 2.Gy(f)
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ABSTRACT

Metal pushing V-belt is the core technology of CVT.
Uo to the present, only Van Doorne’'s Transmissie b. v.
has engaged in mass production. As a result of
knowledge obtained from ongoing analysis of the power
transmission mechanism, newly conducted measurements
of block compression force for slack string and
numerical analysis, Honda is the first automotive
manufacturer to have independently developed the metal
pushing V-belt to mass production stage. This newly
developed metal pushing V-belt features reduced pitch
diameter and increased power transmission, to achieve
compactness of the CVT and a wider ratio range.
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ABSTRACT

A simulation method was developed allowing
simultaneous evaluation of dynamic behavior and ring
stress for estimation of durability of metal pushing V-
belts for CVT. The high rotational speed range of the
CVT is simulated utilizing the finite element method
used in crash analysis. This paper focuses on dynamic
behavior of the pulley behavior, and the simulation
method is newly improved to allow the pulley stiffness
to be reflected. The pulley stiffness values are found by
applying static loading to the three-dimensional FEM
model. As aresult, it is found that the flexional stiffness
affects the ring impact stress at the pulley entrance and
exit. Furthermore, the mechanism of contact between the
ring edge and pulley surface or the element due to the
ring misalignment caused by the pulley flexion is
clarified. For the first time, these results make it possible
to obtain design guideline for the pulley stiffness that
includes consideration of belt durability.
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Fig. 3 Metal pushing V-belt Model
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ABSTRACT

The metal pushing V-belt type continuously variable
speed transmission (CVT) commonly has a hydraulic
chamber that is formed by fastening together the
movable pulley and pulley cover parts. The mechanism
by which damage occurred to the pulley cover in the
spin-formed fastening portion during development was
clarified. In order to understand the damage mechanism,
the area of the pulley cover subjected to spin forming
was examined with a scanning electronic microscope.
This revealed that voids had formed inside the examined
area, as expected under the theory of ductile fracture, and
it was confirmed that durability varied with the form of
the voids. Quantitative treatment of the damage was
made possible by numerical analysis of the mechanism
of void formation using McClintock’s equation for
damage evaluation. It was further confirmed that the
results of this numerical analysis agreed with the results
of durability tests of the pulley, verifying the validity of
the analytical values.
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Optimisation of Transonic Gas Turbine Blades with
Evolution Strategies

Markus OLHOFER"
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ABSTRACT

Evolution strategies belong to the class of
evolutionary algorithms which are direct pseudo-
stochastic search methods which mimic the principles of
Neo-Darwinian evolution. They are known to be
powerful optimisation techniques in particular for the
solution of multi-modal, noisy and non-differentiable
complex problems. For problems where a continuous
representation is “natural”, like the geometry of gas
turbine blades, evolution strategies are particularly
suitable. Besides the choice of the search operators, the
representation is one of the most crucial elements in
optimisation. The advantages and disadvantages of
different approaches are discussed in this work.
Furthermore, to evaluate different geometric alternatives
the fluid-dynamical properties of the blades have to be
estimated. We propose a framework in which a Navier-
Stokes solver and a neural network approximation model
are combined. In this way, the computationally expensive
evaluation of the fluid dynamics can be reduced while
guaranteeing correct convergence of the optimisation
algorithm. Finally, the optimisation results are discussed
and the performance of the optimised and the original
blades are compared both for the simulation method and
for the transonic windtunnel experiment. In both results
it can be seen, that a high performance increase is
achieved.
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1. Introduction

The application of optimisation methods to complex
systems in control, manufacturing and design has
significantly increased in recent years. This increase is
due to the development of new powerful optimisation
methods which can handle nonlinear, multi-modal, non
differentiable, dynamic, noisy and mixed combinatorial/
continuous optimisation problems. Furthermore, the
sharp increase of the available computing power makes

0 Honda R&D Europe (Germany) GmbH
dodooooooooooo
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extensive simulations like in computational fluid-
dynamics feasible even in an optimisation framework.
Evolutionary algorithms and the evolution strategy,
which is employed in this work for the problem of
design optimisation, are among the most powerful and
most versatile of these new optimisation methods.
Examples for the application of evolutionary algorithms
can be found in very different areas ranging from chip
design® and the optimisation of mechanical structures®
® to the generation of neural structures® @ and even to
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the optimisation of the aestethic of a design®. Applications
for the optimisation of aerodynamic properties can be
found in different areas of the aircraft design. Whereas
Obayashi et al.”” and Sobieszanski-Sobieski et al.'” focus
on the optimisation of the plane body, Vicini et al.'V,
Doorly"® and Jones et al."¥ target the optimisation of the
inner air flow in gas turbines.

Although a solid theoretical basis of this type of
optimisation algorithms is available, still constructive
methods on how the algorithm has to be adapted to a
particular problem and how the overall system has to be
designed are sparse. Particular attention has to be paid
to the representation of the optimisation problem, e.g. the
geometry of a gas turbine blade and the way in which
changes are inflicted on the representation in order to
obtain alternative solutions. Since the computational cost
of the fluid-dynamics simulations is very high, measures
have to be taken to reduce the number of evaluations of
alternative solutions. We approach this problem by
employing a specific strategy which exploits information
from past optimisation steps to minimise the necessary
number of calculations. Furthermore, another recently
developed method from computational intelligence, the
neural network is used as an approximation tool to learn
the fluid-dynamical properties of certain geometries.
Some geometries can then be evaluated without the use
of the computational fluid dynamics (CFD) solver.

In this paper, we will outline the set-up of a
successful optimisation project consisting of several
modules which address the questions raised in the
previous paragraph. The core modules are the
optimisation method and the CFD solver. The problem
of representation is discussed in the context of the design
of gas turbine blades and a framework for the integration
of neural networks as approximation tools into the
overall optimisation approach is described. In the last
sections, we discuss the results of the optimisation both
with regard to the results of the CFD calculations, as
well as, to physical measurements in a transonic
windtunnel.

2. Evolutionary Algorithms

2.1. Principles

Evolutionary algorithms are direct pseudo-stoch-
astic search methods which mimic the principles of
Neo-Darwinian evolution, see e.g. by Fogel!. A
population of possible solutions (e.g. a vector of
continuous parameters, the objective variables,
describing a blade geometry) is adapted to solve a
given problem (e.g. minimisation of pressure loss) over
several generations. The adaptation occurs by variation
of solutions contained in a population and by selection
of the best solutions for the next generation. The
variations can be classified as purely stochastic (usually
called mutation) and combinatoric/stochastic (usually
called recombination or in the context of genetic
algorithms crossover). Formally, an evolutionary
algorithm can be described as follows, schematically
the evolution cycle is shown in Fig. 1:

ALGORITHM
t:=0;
initialise Pg(0) : = {g1(0), ..., gu(0)}
decode and evaluate Pg(0) : ¥ (c ¢ (Pg(0)))
do
recombine Py (t) : = re, (Pg(t))

mutate P'g(f) : =moe, (Pg (1))
decode P'p(t):=cq (P'g(1)
evaluate P'p(t):=¥ (P'ph (1)
select Po(t+1):=5s6, (P'p(t) UQ)
code Pg(t+1) : = co. (Pp(t +1))
t:=t+1

until stop

NOMENCLATURE

Pg (1) genotype population, generation ¢

Pp (1) phenotype population, generation ¢

0 additional set of individuals, e.g. Pp(?)

gi(?) genotype of the first individual

b4 fitness function

u, A population size (parents, offspring)

Fe, recombination operator

moe, mutation operator

Ce., Se, coding and selection operator

In the formal description, the coding and decoding
processes have been explicitly included. They describe
the transition from the genotype, which is also called the
representation or the blueprint, to the phenotype, which
is evaluated. The representation is one of the most
important factors in the design of evolutionary
algorithms. Together with the search operators most of
the current algorithms can be classified with respect to
the representation they use, e.g. genetic algorithms,
evolution strategies, genetic programming and
evolutionary programming.

Code and Initialise (t=0)

|

Decode and Evaluate

|

Terminate

™

(Parent)
Recombine

Encode Mutate

(Offspring)
Select
Decode

Evaluate

Fig. 1 The evolution cycle.
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2.2. Evolution strategy

In the evolution strategy (ES) the essential variations
during the evolutionary search are mutations which are
realized by adding normal distributed random numbers
to the objective variables. In Fig. 2 different normal
distributions are shown; they determine the distribution
of the offspring around the parent. The variances ¢ of
the normal distribution are called the strategy parameters
of the search process and their values determine the
width of the search. The variances have to adapt during
the process to the local topology of the search space.
This process of self-adaptation is one of the key
principles of ES. It relies on a “second-order” or indirect
selection of the strategy parameters which are part of
each individual. In Fig. 3 a bird’s eye view of different
normal distributions N(ay, (o], 0})), N(a, (05, 03)) and
N(a;, (oy, 03)) is shown for a two dimensional
representation space. The “probability axis” would be
perpendicular to the paper and the circles (ellipse)
correspond to lines of equal probability (due to the
symmetry of the normal distribution). These lines are
also called iso-density lines. Thus, if the parent vector
is given by a;, ca. 46% of all offspring will lie within
the shown circle with radius o] (91% for radius 20,).

In the standard evolution strategy only a diagonal
covariance matrix is used, i.e. the mutation of the
objective x is carried out by adding N(0, o) distributed
random numbers z; to each component x;. The “step-
sizes” o; are also subject to mutations (log-normal
distributed) both for each component separately
(parameterised by 7) and overall (parameterised by 7°).
Thus, the individual consists of both the objective and
the step-size vector. Formally, the standard evolution
strategy with self-adaptation can be expressed as follows:
(see e.g. Schwefel!)

.

2
i
&
o z 1 z}
o f@= exp |- =5
£ H«/zm p( 207
Q.
K]
©

O,

%>
parent object parameter x;
location

Fig. 2 The normal distribution N(O, ¢®) for different
variances ¢®. For the n-dimentional case, f(2)
~ N(O, o®) is given.

o;(1)=0;(t—1) exp(7’z) exp (7 z;) (1)
X)) =x(t-1)+2 (2
z,Z2~N(0, 1), Z~ N0, 5(¢)% .

The selection in ES is typically deterministic, i.e.
from p parent individuals, A offsprings are produced and
from these the best u individuals are selected to form
the parent population of the next generation. This method
is usually abbreviated to (u, 4)-selection.

Evolution strategies are often used with some kind
of recombination operator (discrete or intermediate),
which is basically the same as the crossover operator in
genetic algorithms, however, it usually plays a minor
role for the search process and is completely omitted in
this work.

Covariance matrix adaptation The derandomized
Covariance Matrix Adaptation (CMA)"® differs from the
standard ES mainly in three respects:

* Instead of the variances (07), the full covariance

matrix of the probability density function

Adet(C™)

=" Gy

exp (—% ZI'c ‘1z)> . 3)
is adapted for the mutation of the objective
parameter vector. The (07) can only describe
probability distributions with the main axes parallel
to the coordinate axes. Using the full covariance
matrix C', rotated distributions, like the blue
ellipse in Fig. 3, can be represented. Since C! has
to be positive definite with det(C')>0, the different
matrix entries cannot be determined independently
and the detailed adaptation algorithm is a little
more involved.

* In order to reduce the stochastic influence on the
self-adaptation, one stochastic source for both the
adaptation of the objective and of the strategy
parameters is used. Note, that in eqs. (1) and (2),
the stochastic elements (z,z;) and Z are independent.
In the derandomized approach, the actual step

’
/
;
;. a
///a2

e
A

+” genotype space

object parameter 2

object parameter 1

Fig. 3 Iso-density lines for three different two
dimensional normal distributions.
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length in the objective parameter space is used to
adapt the strategy parameter.

e The second method is the introduction of the
cumulative step size adaptation. Whereas the
standard evolution strategy extracts the necessary
information for the adaptation of the strategy
parameters from the population, the cumulative step
size adaptation additionally relies on information
collected during successive generations. This leads
to a reduction of the necessary population size.

3. Overview of the gas turbine engine

3.1. A single gas turbine engine

The simplest gas turbine engine for an aircraft is a
turbojet. As shown in Fig. 4, the turbojet engine is
essentially designed for the purpose of producing high-
velocity gas at the jet nozzle. An axial flow compressor
is located in the forward section of the engine. The
compressor is followed by a combustion chamber.
Behind which is an axial flow turbine that produces the
power needed to drive the compressor. Lastly, there is
the jet nozzle. The compressor raises the pressure of the
incoming air before it enters the combustion chamber.
Fuel is sprayed through nozzles into the front of the
chamber. The resulting mixture of fuel and air is burned
and the expanding gas rushes into the turbine section,
causing the turbine rotors to rotate. On leaving the
turbine section, the gas is expelled to the outside air
through the jet nozzle. The power that the turbine rotors
extract from the gas is used to drive the compressor. The
turbine must produce sufficient power to turn the
compressor and yet leave enough energy in the exhaust
gas to generate a worthwhile amount of forward thrust.
Superior compressor and turbine combinations eventually
led to successful engines.

3.2. Axial flow compressor blades

The axial flow compressor consists of a multi-stage
unit comprising of a row of rotor blades followed by a
row of stator blades. As shown in Fig. 5 (a), the
absolute velocity is initially accelerated by the rotor
blades, and then decelerated in the stator blade passages
wherein the kinetic energy transferred in the rotor is

Axial flow turbine

Jet nozzle

Gas exit

red

‘ Axial flow compressor ‘ Combustion chamber ‘

Rotor blades

Air inlet

Rotor blades

Stator blades

Stator blades

Fig. 4 Schematic view of a typical single gas
turbine engine.

converted to the static pressure. The process is repeated
until the required pressure rise is achieved. The rotor and
stator blades consist of airfoil sections with the passage
between adjacent blades forming a divergent duct.
Therefore, the flow velocity relative to the rotor and
stator is decreased. The stage is usually designed to give
a pressure gradient along its length to ensure that the
fluid maintains a reasonably uniform axial velocity as the
density increases toward the downstream. That is why
there is a gradual reduction of the air annulus area in
the compressor meridional passage, see Fig. 4.

3.3. Axial flow turbine blades

As mentioned earlier, the turbine has the function of
providing the power to drive the compressor. To produce
the driving power, the turbine consists of fewer stages,
each stage comprising of a row of stator blades followed
by a row of rotor blades, as shown in Fig. 5 (b).
However, the passage between adjacent blades forms a
convergent duct. The flow is relatively stable due to a
negative pressure gradient, as compared with the positive
pressure gradient for the compressor blades. This is why
a single stage turbine can drive a large number of
compressor stages. When the gas expands in the
combustion process, it forces its way onto the turbine
stator blades where it is accelerated to about the speed
of sound due to the convergent shape of the blade. At
the same time the gas is swirled by the stator blades in
the direction of the rotation of the rotor blades. Due to
the impact of the gas on the rotor blades and due to the
subsequent flow of the gas through the rotor blades,
energy is absorbed which causes the rotor blades to
rotate at high speed and in turn provides the power for
driving the compressor.

3.4. Seeking a new design principle

In order to reduce the engine weight and the
manufacturing cost, it is very attractive to reduce
considerably the number of stages needed in the
compressor and/or turbine part of the engine while
maintaining the same level of efficiency. However, in
order to realize such a reduction, the aerodynamic
engineer has to uncover new design principles for very
highly loaded gas turbine blades. Many aerodynamic

Incoming flow

——» : Absolute
\\ ----» :Relative

/4\';' direction / ;
=\, P}

\ -~ & blades
Stator Rotation S
blades __ \ direction

(b) Turbine

Stator
blades

Rotation

(a) Compressor

Fig. 5 Comparison of typical forms of (a) the
compressor and (b) the turbine blades.
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properties have to be taken into account for the design
of very high loaded blades. The designer has to pay
attention to the steady pressure loss due to shock waves
themselves, due to an interaction of the shock waves with
boundary layers, due to the secondary flow and due to
the tip clearance flow. Furthermore, the designer has to
consider the effect of the Reynolds number on the
compressor and on the turbine. The Reynolds effect will
be a critical problem especially for a low-pressure
turbine in a twin-spool small turbofan engine. Other
potential sources of pressure losses are unsteady
phenomena, like an interaction of stator blades with rotor
blades.

By concentrating on conventional designs, the
“expert’s way of thinking” can be too restricted. In these
cases, stochastic optimisation methods like evolution
strategies can uncover new principles due to their
“inherently unbiased” approach.

4. Optimisation of gas turbine blades

In order to apply evolution strategies to the
optimisation of blade geometries, we have to define a
suitable representation. This set of objective variables
describes a blueprint for the construction of a blade and
is stored in the individual, see Fig. 10. Of course
different blueprints or blade models are possible, all with
specific drawbacks and merits. Examples of models
which have been used previously for the optimisation of
gas turbine blades are described in Section 4.1.

In order to evaluate the quality of a geometry,
computational fluid dynamic (CFD) calculations are used
which are described in more detail in Section 4.2 and
which allow an accurate prediction of the streaming
conditions around the blade for realistic transonic
constraints.

Due to the high computational demand of CFD
calculations, additionally an approximation model has
been used to speed up the estimation of the blade quality,
see Section 4.3. Finally, in Section 4.4. the overall
system architecture is described and in Section 4.5 some
results of the optimisation are given.

4.1. Representation of the blade geometry

In Figs. 6, 7 & 8, three blade models are described.
The main difference is the degree of freedom which they
allow in order to modify the geometry. A representation,
which allows a detailed description of the geometry, tends
to need a large number of parameters. On the other hand,
the number of parameters determines the dimension of the
search space and significantly influences the number of
iterations which the optimisation methods need to find an
optimal or near optimal solution. In general, an optimal
representation of a geometry is flexible enough to describe
any geometrical property, using only a minimal number
of parameters, i.e. it is compact and flexible. Compactness
of a blade model can be achieved by using expert
knowledge about the problem and about known solutions.

An example for such a kind of model defined for
sub-sonic stationary blades is given in Fig. 6. Only

0 2070

Fig. 6 Encoding of a compressor stator blade which
is strongly based on a priori knowledge.

trailing edge

4 c
=

leading edge

Fig. 7 Extended encoding for the suction and
pressure side of the blade.
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Fig. 8 Spline encoding of the compressor stator
blade with increased degree of freedom at
the cost of a higher dimensional search
space.
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parameters which are assumed to be very important for
both the flow conditions and the stability of the design
are included in the model. The curves describing the
suction and pressure side of the blade are defined by 3"
order Bézier splines. The splines are fixed by angles and
radii at the leading and trailing edge and by a defined
radius in the middle section of the blade which defines
for example the thicknesses and wedge angles. This
model allows a highly compact representation of the
design, however, the freedom for modifications of the
geometry is restricted. In turn this restricts the possible
outcome of the optimisation.

A more detailed description of the curves can be
achieved by increasing the degree of freedom at the
middle part of the blade. Such an extended model is
shown in Fig. 7 where the curves at the suction and
pressure side are defined by higher order polynomials
which are tangential to the circles at the leading and
trailing edge. In this case, a more detailed description
of the blade is realised at the cost of a higher
dimensional search space. This representation has been
successfully employed for the optimisation of gas turbine
blades with evolution strategies by Olhofer et al.!'”.

An even more flexible model describing the cross
section of a blade is shown in Fig. 8. The description
is based on a cyclic Non-uniform Rational B-spline
(NURBS). Besides elementary constraints like closeness,
continuity and differentiability only the number of
control points is predetermined, which influences the
smoothness of the spline and at the same time the degree
of details which can be represented. The degree of
freedom of this model can be increased or decreased by
inserting or removing control points in the spline
description. A priori knowledge can still be represented
by defining a suitable initialisation of the blade
geometry. This can be seen in Fig. 9, where the same
model is used to describe a rotating turbine blade. In
particular due to the changeable degree of freedom this
model is used in the optimisation discussed in the
remainder of this paper. In Fig. 10 the complete
representation of the blade and the strategy parameters,
which are contained in each individual, are shown.

4.2. Notes on the CFD calculations

In this section the flow solver used in this work and
its most important features will be described. The
performance of the solver was investigated in detail and
demonstrated by Arima et al.!'®

The basic equations governing the viscous flow
through blade rows are the three-dimensional, Reynolds-
averaged, Navier-Stokes equations. To complete the
system of governing equations, the Reynolds stress
tensor, which results from the Reynolds-average for the
Navier-Stokes equations, is evaluated using a low
Reynolds number (k—€) equation proposed by Chien et
al.1?,

The governing equations are solved using an implicit
time-marching finite-difference scheme to obtain a
steady-state solution. The implicit approximate factored
(IAF) scheme based on the diagonal alternating-

0.9 }
0.8 |
0.7 }
0.6 |
0.5
0.4
03}
0.2}
0.1 }

— spline
—e— control polygon
* knot point

-0.1 ¢}

-0.2 0 0.2 0.4 0.6 0.8 1
Fig. 9 Spline encoding of a turbine rotor blade using
the same model as in figure 8.

individual

representation
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c,.c,c.c....ccN p' P°pRP’... P
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control points knot points

strategy parameter

c o o...
L I I TP P T 1T 1]

G(2(2n)+1)

Fig. 10 Set-up of each individual, consisting of the
representation of the blade, which are the
control and knot vectors of the splines, and
the strategy parameters of the CMA
evolution strategy.

direction-implicit (ADI) scheme developed by Pulliam
and Chaussee®@” has been applied for the time
integration. The high-accuracy total-variation-diminishing
(TVD) formulation proposed by Chakravarthy and
Osher®" has been used for the inviscid terms. The
viscous terms have been evaluated using standard
second-order, central-difference formulae. The turbulence
quantities are obtained by lagging, once the mean flow
equations have been updated.

The boundary conditions are needed to calculate the
flow field in blade rows. Along the blade surfaces, the
no-slip condition is imposed on the velocities. The
pressure is extrapolated from the adjacent grid points and
the density is computed using the adiabatic wall
condition. The turbulent kinetic energy, x and the
isotropic dissipation rate, € are set to zero along the solid
boundaries.

At the inflow boundaries, the total pressure and
temperature profiles and two inlet-flow angles are
specified; and the static pressure is extrapolated from the
interior flow field domain. The turbulent kinetic energy
and dissipation rate imposed at the inflow boundary are
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derived from the specified free-stream turbulence
intensity and the unit eddy viscosity at the inflow
boundary. At the outflow boundaries, the static pressure
is specified. The density and velocity components, k and
€ are extrapolated from those at interior points. At the
periodic boundaries upstream of the leading edge and
downstream of the trailing edge, the values at two
corresponding points should be equal. The detailed
numerical procedures have been previously reported by
Arima et al.!"®,

4.3. Neural network models and evolution control

Since the computational cost of numerically solving
the Navier-Stokes equations is very high, it is important
in aerodynamic optimisation to reduce the number of
CFD simulations. One way to achieve this is to build an
approximate model with a priori knowledge from both
design engineers and previous design optimisation. To
this end, artificial neural network models, described for
example in Bishop®?, can be used.

Artificial neural networks are parallel computational
systems consisting of a large number of simple nonlinear
processing elements (known as neurons) connected by
weights. One of the most important features of neural
networks is their ability to learn from human knowledge
and experimental data like described e.g. by Jin et al.?®
by adjusting the structure of networks and the strength
of the weights. After the learning (also called training)
process has been completed, the neural network model
can be used to predict an unseen value for a given input.
In this work, neural networks are used to approximate
the task of a Navier-Stokes solver. Although the
applicability of the neural network will be restricted to
geometries which are similar to the ones it has learned
before, it can evaluate the different designs at a much
faster speed than the CFD method. In other words, given
the parametric description of the blade geometry, the
neural network is able to predict the performance of the
blade at a much lower computational cost than a Navier-
Stokes solver. Of course, it is assumed that the neural
network has been successfully trained.

Feedforword multi-layer perceptron (MLP) neural
network models are employed in this work. As discussed
in Section 4.1, Non-uniform Rational B-Splines
(NURBS) have been used to represent the blade
geometry. Therefore, the input-output relationship of the
neural network model can be described as

P = NN (CP), “)

where P is a vector of performance, such as pressure
loss and deviation angle, and CP is a vector of control
points of the NURBS. The structure of the neural
network model used in this work is illustrated in Fig.
11, where

CP:(-xl’ yl» ceey Xy yn) (5)

are the x and y coordinates of the control points of
the B-splines; P = (w, o) are the pressure loss and the
deviation angle.

It is unlikely that the neural network model will show

The neural network model.

Fig. 11

the same performance as the CFD solver. This is mainly
due to the limited a priori knowledge, sparse data
available for training, and the high dimensionality of the
input space, i.e. large n in eq. (5). For example, in our
work, 26 control points have been used to describe the
blade geometry. For a two-dimensional description of a
blade, the input space of the network is therefore 52
dimensional. On the other hand, the data is usually
limited because of the high computational cost for their
generation. As found by Jin et al.®¥, the evolutionary
algorithm may converge incorrectly when false minima
are present in the neural network model. This problem
can be addressed in two respects. Instead of a global
model, a local model should be used which approximates
only a part of the search space. In this way, it is much
easier to get a high quality model with limited training
data. Furthermore, the network model should not be used
to replace the CFD method, but to supplement it. This
approach has been called “evolution control” ?» and will
be introduced in the following.

Individual-based and generation-based evolution
control schemes have been suggested by Jin et al.®¥,
A key issue in evolution control is how often the
approximate model should be used, which is usually
called model management in optimisation. So far, this
has not received much attention in evolutionary
optimisation with approximate models. Either the
approximate model is assumed to be correct and no
evolution control is considered like in the work of
Redmond et al.?®, or the approximate model is used
at a fixed frequency like by Ratle et al.?®. To use the
neural network model more effectively, a framework
for model management in evolutionary optimisation
has been used here, see Fig. 12 and by Jin et al.®”.
The main idea behind the framework is that the better
the fidelity of the neural network model is, the more
frequently the model should be used. In other words,
the evolution control frequency is adjusted adaptively
during optimisation based on the model quality,
which can be estimated using the past data both from
the Navier-Stokes solver and from the neural
network model.
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' An evolution control cycle
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I:I Evolution with neural network model

D Evolution with CFD

Fig. 12 A framework for evolution control. In an
evolution cycle, there are & generations,
among which n generations use the CFD
solver, and (£ - 1) generations use the
neural network model for fitness
evaluation.

From Fig. 12, it can be seen that in an evolution
cycle, there are & generations in total, among which 7
generations use the CFD solver, and (€ — 1) generations
use the neural network model for fitness evaluation.
Once the CFD solver is used, new data become
available. The training data will be used both for the
estimation of the model quality and during on-line
learning (model update). Three steps are implemented
after each evolution control cycle. Firstly, the model
quality is estimated, which is achieved by comparing the
results from the CFD solver with the ones from the
neural network model. Secondly, the covariance matrix
of the CMA evolution strategy is exploited to assign a
weight to the new data samples for on-line learning. This
is useful because the covariance matrix contains
information on the search direction of the evolution
strategy. The more likely it is that the evolution strategy
will visit a particular region in search space in the next
steps, the larger the weights will be that are assigned to
the samples from this region. The larger the weight of
a sample the more important this sample will be during
on-line learning. Thirdly, the neural network model will
be updated using the new samples collected within the
last evolution control cycle. Suppose that in an evolution
control cycle, N new samples have been collected, then
the cost function for on-line neural network learning with
weighting is described as follows:

E= % ﬁ w(i) (@) — (OG))?, ©)

where @(7) is the i-th new sample calculated from the
CFD solver and @ (i) is the one predicted by the neural
network model for the same blade geometry; w(i) is the
weight for the i-th sample obtained in the following way:

wiiy = exp (L By (7 P4 ) @
P4 (i) = CP(i) - CPy(0).

where CP(i) is the input vector to the neural network
(the geometry) for the i-th sample, CPg(i) is a reference
vector, usually the best geometry in the last generation
in which the CFD solver has been used for fitness

evaluation, and C! is the covariance matrix of the
evolution strategy discussed in Section 2.

4.4. Overall system architecture

The overall system architecture is shown in Figure
13. All parts of the program including the optimisation
algorithm, as well as, the quality evaluation are realised
as modules which can easily be modified or exchanged
according to the needs of the optimisation task.

The algorithm is initialised with a known geometry,
which is the starting point for the optimisation. This
assures that basic properties and constraints are fulfilled
so that the flow can be calculated using the CFD method
described in Section 3. In particular for the optimisation
of the blade geometry in this work, a proper initialisation
is important, since non-stationary flow fields cannot be
evaluated.

After the initialisation of the algorithm the iteration
process — over different generations — starts with the
reproduction of the initial parent population.

Start
Initialisation

; \ j
Reproduction
Blade Design

Geometry Verification

Evaluation
Control
Unit

Grid Generator

Neural Network Flow Solver

Flow Evaluation

L

Selection

Termination

Stop

Fig. 13 The overall, modular system architecture.
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The representations of the geometries — the
blueprints, which are generated in the reproduction step,
are mutated according to the used method, see Section
2. Next, in the “design module” the blade models are
generated from the representations. In order to determine
the quality, different criteria have to be taken into
account. In addition to the flow conditions, constraints
concerning the mechanical and thermal stability have to
be evaluated in the “geometry verification” module.

Thereafter, two different modules are used to estimate
the fluid-dynamics properties of the blade. On the one
hand, the Navier-Stokes flow solver is used. The results
are in very good agreement with physical measurements,
however, at the drawback of a high calculation time.
Therefore, this part of the system is parallelised: the
quality of different geometries is evaluated in parallel on
different machines of a computing cluster which was
built for this purpose. In this work, the communication
between different processes has been organised with the
message passing library PVM described by Geist et
al.®®. On the other hand, a neural network model is used
to further increase the calculation speed. The frequency
with which the neural network model is used is
determined by the evolution control method, which was
outlined in the previous section.

After the evaluation of all geometries within the
actual population the best ones are selected and used as
parents in the next reproduction step — the next
generation. The algorithm is terminated after it has
converged to an optimised geometry or after a given time
limit has been reached.

4.5. Optimisation results

Firstly, we will present the results from optimisation
runs using the CMA evolution strategy, see Section 2,
without using the neural network module.

In a second part, the speed up due to the use of a
neural network is demonstrated by an example of an
optimisation of a transonic turbine blade.

pressure loss

pressure loss ®
~
[6)]

600 800 1000
calculations

(a)

0 200 400 1200

Fig. 15

In the last part, the comparison of the performance
of an optimised turbine blade with the previously
available blade geometry is shown. Additionally, results
from a physical measurement in the transonic wind
tunnel for plane cascades of the DLR (Deutsches
Zentrum fir Luft und Raumfahrt e.V / German
Aerospace Centre) Gottingen are presented in the figure
in order to allow a comparison of the simulation results
and the physical measurements both of the optimised and
the initial geometry.

Evolution strategy The presented results were
obtained with a (i, A)=(1,12) evolution strategy. The
population was initialised with an existing blade
geometry. In Fig. 14 the history of the overall quality
during the optimisation process is shown. The number
of quality evaluations (calculations) rather than
generations is shown on the x-axis of all plots. Figures
15 (a) & (b) show the development of the pressure loss
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o
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NN W
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Fig. 14 Blade Quality.
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(a) Total pressure loss and (b) outlet angle.
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o and the deviation angle ¢, during the optimisation,
which are the main criteria for the optimisation. The
outliers in Fig. 15 correspond to simulations which did
not converge mainly due to unstable non-stationary flow
conditions. These geometries were removed from the
population.

In order to generate valid geometries, we introduced
in the quality function a strong bias towards geometries
which fulfil all constraints. Therefore, during the first
generations mainly the deviation angle is adapted to the
desired value. Thereafter, the deviation angles of the
individuals fluctuate within the given tolerance range and
the optimisation focuses on the pressure loss.

In order to observe the self-adaptation of the strategy
parameters, the global step size 6 and the condition of
the covariance matrix during the optimisation are shown
in Figs. 16 (a) & (b). The condition of a matrix is the
relation between its largest and smallest eigenvalue. If

all eigenvalues are equal, i.e. the condition of the matrix
is one, the iso-density lines of the probability density
function for the mutation of the parameters are circles
and no adaptation of the strategy parameters has taken
place. The larger the difference between the eigenvalues
the more pronounced is the “cigar-shape” of the iso-
density lines and the more distinct is the preference to
one direction. The magnitude of the mutation is
controlled by the global step size. In these figures it can
be seen, that the global step size as well as the preferred
search direction, given by the covariance matrix of the
normal distribution, are adapted very early and
continuously during the optimisation to the local
structure of the quality function. To draw general
conclusions, e.g. on the nature of the search space, from
these observations which only rely on one particular
optimisation run is difficult. However, we can conclude
that a self-adaptation of the strategy parameters indeed

global stepsize condition
0.1 ‘ 10 r T T T T
0.09 [mrmer e e S
0.08 B[
z 007 /B
e 6
0.06 c
a §
o 0. T 5
L 0.05 g
T 0.04 © 4
©°
© 0.03 3
0.02 2
0.01 1
0 | | | | | O L L L L L
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200
calculations calculations
(a) (b)
Fig. 16 (a) Global step size of the CMA algorithm and (b) condition of the covariance matrix.
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Fig. 17 Optimisation without (a) and with (b) the neural network.

0 2120



Optimisation of Transonic Gas Turbine Blades with Evolution Strategies

occurs and that it is guiding the process of evolution to
regions of the search space where high quality
geometries can be identified.

Neural network approximation Due to the
extremely high computational cost of CFD simulations
it is beneficial to use approximation models for the
estimation of the quality of geometries. Besides being
universal approximators, neural networks are particularly
suitable for this application because they can be adapted
online to new search regions during the optimisation.

Even in case of a lower accuracy of the estimated
quality compared to CFD simulations the overall
calculation time for optimisations can be reduced often
by a factor of two. In Fig. 17 (a) the pressure loss of
generated geometries during an optimisation run is
shown without using a neural network. In Fig. 17 (b)
the result of the same optimisation is shown, but with
additional use of the approximation model. On the x-axis
of both figures the number of CFD evaluations is plotted.
Since this is the time consuming part in the optimisation,
this number is proportional to the overall computation
time. Therefore, using the approximation model, we can
increase the total number of evaluations while
maintaining a constant overall computation time. In the
example the quality which is reached after about 2000
CFD simulations can be reached with the help of an
approximation model after some hundred CFD
evaluations.

Physical measurement Besides high performance
at the design point, another aim of the optimisation of
turbine parts is good performance under variations of the
working conditions. In Fig. 18 the total pressure loss ®
for the optimised blade is plotted for different outlet
velocities m,. The variations of m, are a result of the
variations of the thrust in turbines used for the
propulsion of aircrafts. The design point which was the
target for the optimisation is at ca. m, = 1.136 mach
which is marked by the black vertical line in the figure.

14 oot
=== QOptimised Blade (calculated)
© Optimised Blade (measurement)
=== Qriginal Blade (calculated)
12 o —|_© Original Blade (measurement)
10 oo
8 U

Normalized total pressure loss (®)

0 L L

05 06 07 08 09 1 11 12 13
outlet Mach number (m,)

Fig. 18 CFD simulation and physical measurement
results for the initial and the optimised
blade geometry.

The green line shows the pressure loss for the initially
available, original turbine blade whereas the red line
shows the pressure loss for the optimised design.

In the simulation the total pressure loss at the design
point of the optimised blade geometry is ca. 20% less
compared to the original blade. The performance for
larger and smaller velocities around the design point is
also considerably improved, for smaller m, even to a
larger degree than at the design point. This tendency is
supported by the physical measurement at the DLR
transonic wind tunnel for plane cascades in Gottingen,
Germany; the data is shown as circles. Both the
measurements, as well as, the simulations are very
complicated and error-prone, therefore, slight variations
like at the design point are to be expected. In addition
to the substantial reduction in the pressure loss, the
optimised blades did also show unique and previously
unknown geometric properties, which exploited some
nonlinearities in the flow around the blade to minimise
the loss. The turbine experts were able to understand and
interpret the flow physics induced by these geometric
peculiarities and therefore, new design principles were
formulated as a result of the optimisation.

5. Discussion and Summary

In this paper, we outlined the optimisation of
transonic turbine blades, starting with the description of
the evolution strategy, the optimisation algorithm, which
we employed. When we choose the representation, we
usually have to face a trade-off between compactness and
flexibility. A compact representation allows us to operate
in a lower dimensional search space, however, we might
not be able to describe all geometrical variations. A
higher degree of flexibility gives us a higher degree of
freedom for the design, however, the optimisation task
will be harder. In order to overcome this problem,
recently, adaptive representations have been suggested
which aim at combining the best of both worlds, i.e.
starting with a compact representation and increasing the
flexibility only at specific parts of the geometry during
the optimisation, see Olhofer et al.®®.

CFD simulations are computationally expensive,
therefore, we proposed a framework in which
approximate models, in our case neural networks, can be
efficiently combined with the Navier-Stokes solver. The
framework takes the actual model fidelity into account
and thus, guarantees correct convergence while
minimising the number of necessary evaluations using
the CFD solver.

The results of the optimisation show that the
evolution strategy is able to adapt to the specific
topology of the search space. The pressure loss of the
optimised blade geometry is reduced by 20% compared
to the original, standard blade. Furthermore, it was
possible to associate properties of the optimised flow
field to geometric changes of the blade. Thus, new
design principles have been extracted besides of
generating one singular optimisation result.

The high quality of the simulation method was finally
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demonstrated by comparing the physical measurement in
a transonic windtunnel to the numerical results both for
the original and the optimised blade.

New, “intelligent” optimisation methods together with
the latest developments in numerical simulations of
system properties, e.g. fluid-dynamics, and processes,
e.g. controllers, are likely to play an increasing role in
the future of system engineering. Although much remains
to be learned from the biological principles of evolution,
the optimisation set-up outlined in this work already
provides a powerful framework for the solution of
complex problems.
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ABSTRACT

An engine model allowing real-time computation and
having a high degree of reusability was developed for
application as a system designing tool and as a hardware
in the loop system (HILS) for electronic control unit
(ECU) development.

A distinctive feature of this model is that it is
composed of simple models of engine parts. These parts
are units in which the gases that flow through the engine
are modeled by application of the law of energy and
mass conservation in light of the components of the
gases in each unit.

The model was installed in a rapid prototype system
and used to conduct comparison with an actual vehicle
while it was in operation. The results of the comparison
confirmed that the engine air inlet mass and the pressure
and temperature in the inlet and exhaust pipes were
generally at levels predictable by the model.
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ABSTRACT

A chain load prediction technique was established to
investigate timing chain durability under conditions of
a variable valve lift timing mechanism and a continuous
variable valve timing mechanism. Modeling a tensioner
with a relief valve and the valve train made it possible
to predict the chain load at different relief pressures and
valve timings. Furthermore, telemeter techniques were
also developed enabling direct measurement of the chain
load at high engine speeds, which was formerly
impossible, and the validity of the simulation was
verified using an actual engine. These developments
made it possible to predict the chain load up to high
engine speeds at different relief pressures and valve
timings.
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During modeling of a behavior calculation for gear
train system of motorcycle engine, it was confirmed that
a distortion and a radial clearance of gear bearing and
elastic deformation of a tooth influenced the rotation
behavior. They were converted into the rigidity element
of rotation direction, they were put in to the behavior
calculation, and analytical accuracy has been improved.
In addition, both behavior calculation models for the gear
train and the crankshaft were combined. Transient
response was calculated by using the time history
numerical integration for various rotative speed regions.
A jump phenomenon specific to non-linear response was
confirmed on the response behavior of driven gear.
Developed simulation technology will be useful for the
development of motorcycle engines because the
correlation between test result of actual engine and
simulation result is higher.

gooognd

gooboooobobooooobboooooocevrgg
gbobooboooboobooboboboboooooo

oobooooboo0oUbbDre 1t DOODOOODOO
obobooboooooooboobooboboboboonoo
gboboobooboooboobooboooboooboo
ogbobooobooooboobooboobooboooboo
gbobobobooboooooooboobobobonbo
gboboboboooooooobgon

gbobobobooboooooobooboooboobooban
obobooboooooooboobooboboboooboooo
gbobooboooboobooobooboobobobobooo
goooobooooooobooooooobobooobooooo

gobogo

gbobooobooooobooboobooboboboboooo
gbobooboooooboobobobobobobooo
goooboo
gboboboboboooooobooboooboobooban
gobooobooobooooboooboobooboobogoo
gboboobooooobooboobooboboboboonoo
gooooboooooobobooooooooobobooo
gooooboboooooooboooooooboboobooooo
gboboobooooooooooooobobobobo
gbobooboooboobooobooboobobobobooo
gpoooboo
gbobobobobobooobooboooboooboooboan
ogbobooooooooobobooboboboboog
gboboooboobooboboboooo

0 2310



Honda R&D

Technical Review

Vol.14 No.1 (April 2002)

Fig. 1 Example of gear train system for
a motorcycle engine
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ABSTRACT

Sensory evaluation tests were conducted to clarify
differences in how Japanese, Germans, and Americans
perceive car interior sounds. The results of statistical
analysis indicate that perceptions can be classified under
the two major measures of luxury and sporty, and that
car interior sounds can be represented by these two axes.
Further Analysis of the sensory evaluation tests showed
that sound preferences also consisted of these two
measures, so that even people with different preferences
perceived luxury and sporty sounds in the same way. A
sporty acceleration sound was most preferred by
Japanese, American, and German subjects, in that order,
showing a difference by country. A software program
was also developed that is capable of computing
objective values for luxury and sportiness.
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Table 2 Kinds of attribute for subjective testing

Japanese German American
1 000 laut Loud
2 ooono dréhnend Booming
3 oooo glatt Smooth
4 ooo scharf Sharp
5 0oood klingt solide Solid
6 ooo kraftvoll Powerful
7 ood lebendig Alive
8 ooo Exklusivitat Luxury
9 |DO0O0OoOooooo | SpaB am fahren Fun to drive
10 oooood sportlich Sporty
11 oo bevorzugen Sie Preference
12 ooo durchzugsstark |Engine extensibility

Table 1 Number of subjects
Japanese German American
Driving condition
Male | Female| Male | Female | Male | Female

Acceleration 23 7 25 5 18 12
Cruise 16 8 15 5 5 3

Idle 16 8 16 4 17 10
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Table 3 Standard of judgment for subjective testing

Score Japanese German American
0 oooooo keine von beiden Undecidable
1 goooooo trifft etwas zu Applicable to some extent
2 ooooo trifft zu Applicable
oooooooo trifft voll zu Applicable to the greatest degree

0 2380



gboboboooooobooboobobobooboboboooobobobo

wfla fnde

=

o

R4
-
=
F
&
.

Fig. 1 System for subjective testing

gbobooooooobobobobobobooboooo
gobooooooooooobooooooooboobooooo
gbobooooooobobobobobobooboooo
goooo

uoboooooobod

31. 0000000000000 0D0DoDmoooooO
ooo

0000000000000 oooooooooooo
oo0ooo0ooo0oooooOooooooooooooo
00o0oooooooooooooooooooooo
0oooo0oo0oooooo12oooooooooooon
oooooooospoooooooooooooooon
000000000 Table4OOOOOODOOOOOOO
005 JO00O0O0OO0O0OOODOODOOODOODO

00o00o0oooooooooooooooooooo
oooooooPegooog

000000000 TablesOOOOOOOOOOOOO
0000000000 ooooooooooooooo
O0000O0oOoogogoesinogs20o0877ooooon
0000oooooooooooooooooooooon
ooo

o0o0o0o0ooooOooooooOoooooooooooo
oo0oo0oooooooooOoooooooooogoon
oo0o00o0o0ooooooUoUooooooUoOoooooo
oooooooooooooooooooooooooo
00000O00oD0oo0ooO0o0o0oooooooooo
ooooomooooooOoooomoooooooo
O sportlichD ExklusivitattD O 0 0 0 O 0O O O OO Sportyd
OLuxurydOOOOOOOOOO

0000o0ooooOooooOo0oU0moooooooon
oo0oooooooooOoooOooooooooooooo
000000oooooooooooooooooooon
oooooooooooooooooooooooooo
0000000o0oo0oo0oooOoooooooooo
oooooooooooooooooooooooooo
oooooog

Table 4 Result of analysis of variance

(1) Japanese
Attribute Acceleration Cruise Idle
ooo 0.000 0.000 0.000
oooo 0.000 0.000 0.000
oooo 0.000 0.000 0.000
ooo 0.000 0.000 0.000
ooo 0.000 0.001 0.000
ooo 0.000 0.000 0.000
ooo 0.000 0.612 0.000
ooo 0.002 0.000 0.000
ooooooooo 0.000 0.000 0.000
oooooo 0.000 0.000 0.004
oo 0.000 0.000 0.000
ooo 0.000
(2) German
Attribute Acceleration Cruise Idle
laut 0.000 0.000 0.000
dréhnend 0.000 0.000 0.000
glatt 0.000 0.000 0.000
scharf 0.000 0.000 0.000
klingt solide 0.000 0.000 0.000
kraftvoll 0.000 0.000 0.000
lebendig 0.000 0.000 0.000
Exklusivitat 0.000 0.000 0.000
Spaf3 an fahren 0.000 0.660 0.149
sportlich 0.000 0.000 0.006
bevorzugen Sie 0.000 0.000 0.000
durchzugsstark 0.000
(3) American
Attribute Acceleration Cruise Idle
Loud 0.000 0.000 0.000
Booming 0.000 0.005 0.000
Smooth 0.000 0.000 0.000
Sharp 0.000 0.105 0.049
Solid 0.261 0.830 0.006
Powerful 0.000 0.033 0.185
Alive 0.000 0.003 0.000
Luxury 0.000 0.000 0.000
Fun to drive 0.000 0.350 0.069
Sporty 0.000 0.341 0.360
Preference 0.000 0.000 0.000
Engine extensibility 0.000
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gboboboobooooooooooooooooon
gooobboboooooobobooboooooboooboooog
gbobobobobooooooooobobobobo

02390




Honda R&D Technical Review Vol.14 No.1 (April 2002)

Table 5 Result of principle component analysis

(1) Japanese

Driving condition Acceleration Cruise Idle
. Factor Factor Factor Factor Factor Factor Factor Factor
Attribute loading 1 loading 2 loading 3 loading 1 loading 2 loading 1 loading 2 loading 3
ooo 0.740 —-0.522 -0.228 0.942 —0.250 0.928 -0.149 0.256
oooo -0.611 0.484 0.529 —-0.591 0.782 -0.072 0.936 0.037
oooo 0.055 0.944 0.037 -0.778 0.498 —0.891 —0.006 —-0.307
0ooo 0.881 -0.256 -0.297 0.947 -0.253 0.531 -0.597 -0.212
ooo —0.063 0.081 0.979 -0.100 0.976 0.465 0.753 0.357
ooo 0.877 —0.398 0.151 0.958 —0.143 0.909 0.253 0.269
ooo 0.779 0.330 —0.460 —0.786 —0.490 —0.033
ooao -0.325 0.865 0.079 -0.767 0.605 —0.905 0.196 0.133
oooooo 0.981 —0.088 -0.138 0.856 —0.306 0.174 0.194 0.952
ooo 0.952 —0.032 —0.006
Eigenvalue 5.057 2.494 1.640 4.987 2.419 4.455 2.202 1.332
Variance % 50.566 24.941 16.395 62.338 30.240 49.497 24.466 14.800
Cumulative % 50.566 75.506 91.902 62.338 92.577 49.497 73.962 88.763
(2) German
Driving condition Acceleration Cruise Idle
Attribute Fac_:tor Fac_:tor Fat_:tor Fac_:tor Fac_:tor Fac_:tor
loading 1 loading 2 loading 1 loading 2 loading 1 loading 2
laut 0.688 0.651 0.828 0.467 0.675 0.709
dréhnend 0.428 0.611 0.773 0.531 0.458 0.81
glatt —0.476 —-0.803 —-0.553 -0.814 —-0.832 -0.484
scharf 0.578 0.651 0.812 0.464 0.85 0.26
klingt solide —0.476 —0.802 —0.506 —0.857 —0.947 —0.042
kraftvoll 0.853 0.424 0.791 0.526 -0.215 0.946
lebendig 0.883 0.426 0.809 0.54 0.667 0.605
Exklusivitat -0.172 -0.974 -0.501 -0.85 —-0.965 -0.122
sportlich 0.889 0.389 0.805 0.49 0.521 0.74
durchzugsstark 0.941 0.26
Eigenvalue 4.657 4.037 4.684 3.645 4.671 3.285
Variance % 46.565 40.374 52.04 40.5 51.902 36.495
Cumulative % 46.565 86.939 52.04 92.54 51.902 88.397

(3) American

Driving condition Acceleration Cruise Idle
Attribute Fagtor Fagtor Fagtor Fagtor Fagtor Fa(_:tor
loading 1 loading 2 loading 1 loading 2 loading 1 loading 2
Loud 0.673 0.665 0.885 0.142 -0.724 0.648
Booming 0.622 0.664 0.136 0.976 -0.688 0.58
Smooth -0.314 -0.875 —0.903 -0.3 0.892 -0.284
Sharp 0.83 0.457 —0.053 0.92
Solid 0.882 0.122
Powerful 0.901 0.334 0.789 0.462
Alive 0.842 0.472 0.928 —-0.047 -0.823 0.348
Luxury -0.204 —-0.93 —-0.862 —-0.252 0.829 -0.528
Sporty 0.904 0.371
Engine extensibility 0.919 0.136
Eigenvalue 4.851 3.211 3.843 1.342 3.936 2.098
Variance % 53.901 35.681 64.045 22.363 56.236 29.972
Cumulative % 53.901 89.582 64.045 86.408 56.236 86.207
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Table 7 Result of sound perception as same or
different depends on different driving

conditions
gddodoobooobodobDoooooooooooo
Comprehensive Sound
goodooooboobooboooooooooobooo Country attribute perception AIC Result
Jo0000d0dodoooobooooooooooooooa Same —15.97 | Better
ooo
Table70 00000000 0ODOOOOOOOODOOOOO Japanese Different -12 -
0000000000000 0AICB 000000000 oooooo Same |- 6.745| Better
00D000MO00000000000000000nO Different |~ 6 -
o Same -16.126 | Better
Jddodooboooboooboooooooooooao Exklusivitat Differant >
German
goodoooobooboobooooooooooooo o Same _ 1.098| Better
Table8DODOODOOOO0OODOOO0OOOOOOOOOO sportlic Different 0 _
goooooobboooooooobooooooooooo . Same -16.076 | Better
American Luxury -
00000000000000000000000000 Different |12 -
Table 6 Result of multiple regression analysis
Comprehensive . " . .
Country attribute Driving condition Multiple regression formula
Acceleration = =040 xO0O0OO +0.55 xOOOO
ogdo Cruise = =022 xO0000O +0.78 xOOOO
Idle = =065 xO0O0O0O +0.21 xOOOO
Japanese
Acceleration = 062 xOOO +0.53 xO0 00O
gooooo Cruise = 0.80 xOODO
Idle = 1.31 xO0O0O +0.80 xO OO -0.55 xO00O0O
Acceleration = 0.41 xklingt solide  +0.51 x glatt
Exklusivitat Cruise = 0.98 x klingt solide
Idle = 0.77 xklingt solide  +0.22 x glatt
German
Acceleration = 0.77 x lebendig +0.23 x scharf
sportlich Cruise = 0.95 x lebendig
Idle = 0.41 x lebendig +0.51 x klingt solide —0.92 x glatt
Acceleration = -0.33 x Loud +0.55 x Smooth
) Luxury Cruise = -0.14 xLoud +0.82 x Smooth
American
Idle = -0.51 xLoud +0.49 x Smooth
Sporty Acceleration = 0.30 x Powerful +0.66 x Alive
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Table 8 Result of structural equation modeling (Equation)

Comprehensive

Country attribute

Driving condition

Multiple regression formula

Acceleration

Idle

ooo Cruise = =032 x000

+0.65 xOO OO

Japanese -
Acceleration

oooooo Cruise = 064 xOOO +0.52 xO0 OO

Idle

Acceleration

Idle

Exklusivitat Cruise = 0.77 xklingt solide  +0.21 x glatt

German -
Acceleration

sportlich Cruise = 0.82 x lebendig +0.17 x scharf

Idle

Acceleration

American
Idle

Luxury Cruise = —0.34 xLoud +0.63 x Smooth

Sporty Acceleration = 0.30 x Powerful +0.66 x Alive
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Table 9 Correlation of quury and SpOI’ty 0000000000000 0000Table11O0OO00ODO
Country Acceleration Cruise goooooOoOOo00oooooOoOooooobooboooo
Japanese -0.41 -0.81 goooboobooboooooobobobooooooboboooogo
German -0.53 -0.82 00000DOO0O0OD00OO0O000O Table 120 130 Fig. 411
American -0.54 obob0o0oboobouobOo4uooonoonoooonsrg
00O0bOOoDOOoDOOoDOOo0O0oOoO0oooOobOobOobOong
Table 10 Correlation of preference and each attribute (Japanese)
oogd gooooo go0o [pooojopbo|oobo (oo (oo (boo
All subjects | 0.36 0.50 0.15 | —0.04 | 0.65 0.31 | -0.22 0.24 | 0.68
Cluster 1 0.95 —-0.66 -0.76 0.74 | 090 | -0.72 0.21 | -0.72 | 0.24
Cluster 2 0.11 0.89 0.68 | —0.65 | 0.57 0.80 0.02 0.79 | 0.79
Table 11 Correlation of comprehensive attributes depends on
preference (Japanese)
Luxury favorite subjects Sporty favorite subjects
ogr “ogr
All subjects
R 0.15 0.73
Luxury favorite subjects Sporty favorite subjects
“ooo” “ogo”
All subjects 0.93 0.86
oo  Cluster 1: Luxury favorite subjects
O Cluster 2: Sporty favorite subjects
Luxury favorite subjects Sporty favorite subjects
— - ooooogr - boogoo” Fig. 3 Cluster of preference
subjects (Japanese)
bonooo 0.92 0.98
Table 12 Correlation of preference and each attribute (American)
Luxury | Sporty [ Loud Boom | Smooth | Sharp | Solid [Powerful| Alive
All subjects 0.51 0.27 | -0.10 | -0.11 0.42 0.21 0.36 0.25 0.22
Cluster 1 0.77 | -0.49 | -0.66 | —0.63 0.79 | -0.53 0.11 -0.44 | -0.48
Cluster 2 -0.17 0.86 0.61 0.57 | —-0.52 0.78 0.60 0.80 0.85

Table 13 Correlation of comprehensive attributes depends on
preference (American)

Luxury favorite subjects Sporty favorite subjects
“Preference” “Preference”
All j
All subjects 0.63 0.55
Preference
Luxury favorite subjects Sporty favorite subjects
“Luxury” “Luxury”
All subjects 0.93 0.93
Luxury O Cluster 1: Luxury favorite subjects
O Cluster 2: Sporty favorite subjects
Luxury favorite subjects Sporty favorite subjects
“Sporty” “Sporty” Fig. 4 Cluster of preference
AI‘! sub]ec”ts 0.96 0.96 (American)
Sporty
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Table 14 Correlation of preference and each attribute (German)

Exklusivitét | sportlich laut dréhnend | glatt scharf [klingt solide| kraftvoll | lebendig
All subjects 0.92 -0.45 -0.72 -0.65 0.75 -0.66 0.73 -0.53 -0.49
Cluster 1 0.95 -0.55 -0.76 -0.71 0.80 -0.69 0.76 -0.59 -0.56
Cluster 2 0.06 0.24 -0.25 0.13 -0.18 0.13 0.29 0.49 -0.01
Cluster 3 0.53 -0.08 -0.46 -0.06 -0.15 -0.58 0.15 0.32 0.44

Digital I/0

(AES/EBU) Dummy head microphone

Playback system

Calculating for psycho acoustics parameter
Loud g 1of psy P Calculating for attribute
Time d R > - Loudness (s_one) _ ““Luxury”
Ime domain signa - Fluctuation intensity (mon) —» . “Sporty”
- Loudness of pure tone (put) tp y
otc. . - efc...
'I:Ilgffiilltt:rr General analysis
) - Power spectrum
Order filter
P . Order tracking
- 1/N Octave
- etc...

Fig. 6 Sound quality evaluation system
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(1) “Luxury” and “Sporty” of Japanese
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Fig. 7 Objective evaluation value of sound in cabin
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ABSTRACT

One result of research on the semi solid casting of
iron is the development of parts having qualities that
combine the superior material properties of iron with the
dimensional accuracy characteristic of aluminum die-cast
parts. In addition, this manufacturing method also
improves the factory environment by eliminating the
need for sand molds, and the same equipment and
facilities can be shared with Al-thixo casting. To
establish this technology, research was conducted on
material composition of iron-carbon-silicon, molding
methods using optimal billet heating speeds and copper
die materials, and methods for the continuous casting of
raw material billets for Fe-thixo casting. This
manufacturing method was studied with an oil pump
cover in which the oil pump is directly driven by the
engine crank shaft, and the same dimensional accuracy
was obtained as the conventional aluminum die-cast
product. Furthermore, improvement in the volume
efficiency of the oil pump was also confirmed due to the
stiffness improvement and clearance reduction effects.
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a: Load a billet in pallet
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b: Induction heating

_c: Carry it in semi-solid state

e: Take out a product
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d: Oben a die after forming

Fig. 5 Fe-thixo casting
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Table 1 Chemical compositions of Fe-thixo casting (wt%)

C Si Mn P S Ni Cr
2.30/2.40 1.95/2.05 0.60/0.70 <0.035 <0.04 0.50/1.00 0.00/0.50
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Table 2 Heat treatment

Tensile
strength Heat-treatment (Hardness HB)
i : Furnace cooling (HB 150-200)
950°C x 60min.
500 ~
700MPa Cooling rate
=0.05 ~ 0.10°C/sec.
ii : Annealing/Annealing (two steps)
(HB 200-350)
1000°C x 60min.
600 ~ T°C xtmin.
900MPa ! R
N
1
Air cooling : Air cooling
AY
\ i L}
1
Cooling rate = 2.0°C/sec.
iii : Heat refining/ﬁgs_te_z@ge_r (HB 250-350)
1000°C x 60min.
I
800~ : T °C x t min.
1300MPa !
L] _]_T:°Cx60min.
1
Oil quench Air cooling
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Table 3 Calculated maximum filling time

Fe-thixo ADC12
K cal/s -cm - °C 0.099 0.23
ga cal/g 55 94
c callg - °C 0.166 0.26
p g/cm?® 71 24
tm °C 1200 650
ts °C 1150 520
td °C 200 200
X cm 0.3 0.3
Filling time sec 0.21 0.14
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Fig. 12 Filling area of Fe-thixo

gbobooobobao

goboooobbooobooobobooboboooboo
gboboobooooobooboobooboboboboonoo
ooooooooooobooobzeonbbOOOObOOOn
gbobobooobooooobooooboobobobono
gooooooooboobooooboooboooooboooooo
goooooooooooboooooooobooobooooo
goboobobooboboooboooboooboooboon
Fig. 13000 0000CO000DOOO0DOOOOOOOOO0
gooo

gboboomooooomoooooooooogn
gboboobooobooobooboobobobobobooo
goboooboooooobooooboobooboobooon
oooooOoOoooosmmbOO0OCmFrig.14MOOO0O
goooooooooooboooboooooooboooooo
gboboobooobooboboobooboobobobobooo
gooooboooboobooboobooboooboooo

Tundish

Molten metal

Cooling Water jacket

<=

Casting bar

Mold
Temperature control

Fig. 13 Horizontal continuous casting

0 2530



Honda R&D Technical Review

Vol.14 No.1 (April 2002)

Fig. 14 Continuous casting bar

gbobobobooooooobobo smmOoOoOoooOonQ
gboboooboooboooboobobobobobooboooo
gboboooooooboboboboboboooooo
gboboobooooobooboboboobooooo

ggboboooooogn

gboboboboboboobooboooboooboooboan
00000000O0000O00 Fig.t5 00000000
Fig. 160 000000000 OOOO0ODOOOOOOOOO
gbobooooooobooboboboboboboooo
gboboooooobobobooboboboboooo
goboboooboooooooboooooooboobooog
gbobooooooboobobooboboboboonoo
gboboooooooboobobobobobooboooo
gboboooooooboobobobobobooooo
gboboooboooboooboobobobobobooboooo
gboboooooooboobobobobobooboooo
gboboooboooooboobooboobobobobooo

Fig. 15 As-cast oil pump cover

Feed volume

Qil pump body

Suction volume

Fig. 16  Structure of engine oil pump directly driven
by crank shaft

gbobooooobooobobobobobobooboooo
gogo

Fig. 1770 00000000D00OO0O0ODOOOODOO
gobooooooooooobooooooobooboooooo
gobobooobooooooobooooooooboobooooo
gobobooooooobooboboboboboooooo
gboboobo

goboooobobooobooobobooobobooooboo

Toil=120°C Poil=3kg/cm?
\ \
Volume efficiency

90 —_—

80 / /\k\
N X\
60 // \
Oil quantity / —

Vi

50
40 / N /

W/

/ Pump efficiency — ]
20 —% \
10

/ Fe-thixo cover

Conv. Al-DC cover

I

Q (/min) nv (%) np (%)

0 2000 4000 6000 8000

Pump revolution (rpm)

Fig. 17 Difference in oil pump efficiency
between Fe-thixo and Al-DC cover

0 2540



gbooooooooobo

Table 4 Accuracy of Fe-thixo cover (mm)

Size range ~30 (mm) [50-80(mm)
Fe-thixo .
cover Deviation 30 0.16 0.31
General Al die-cast +0.25 +0.35
tolerance 1st
class of JIS Steel forging +0.4 +0.6
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ABSTRACT

This research focused on composite technology to
bond materials for rotor cores, which require both
magnetic properties and mechanical properties at once,
and analyzed diffusion bonding of sintered material and
the bonding area as a factor affecting it. It was
determined, as a result, that the strength of the bonding
zone depends on the bonding area, and diffusion bonding
was verified as a technique for bonding magnetic
material and structural material, which are different
materials. This report describes the establishment of a
sinter diffusion bonding technique that provides
satisfactory bonding strength. This was accomplished by
improving the bonding area through application of
pressure by press fitting of the inner and outer
components, which was in addition to the difference in
thermal expansion of the sintered material. Application
of the developed material to rotor cores for use in hybrid
cars has made it possible to achieve both functionality
and strength, to significantly improve productivity, and
to reduce costs by 50%.
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Table 1 Mechanical and magnetic properties

ltem Inner Outer
Tensile strength (MPa) 318 200
Yield strength (MPa) 260 _
(0.2% Yield point)
Rotating bending strength 190 _
(MPa)

Magnetic flux density (T) - 1.04
Coercive force (A/m) - 350
Resistivity (1« Q - cm) - 16.4

Density (g/cc) 6.4 min 6.9 min
Apparent hardness HRB 50 min | HRF 50 min

Table 2 Chemical composition

Chemical Composition (wt%)
Fe C Cu Ni
Inner Bal. 0.6 1.5 2.7
Outer 100.0 - - -
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Fig. 5 Heat expansion test specimen

33.000000o00n

goooooobobbbboooooouoooooo
gooooooooobobooboobbbbooooooooo
O0OFig.600000000CO00O0DOOOOODOOO
gooooooooooboobobbbbboboooooo
ooooooooooobooobbobbboboooooo
gooooooobooobobbbbboboboooooooo
oooooooooooboboobobbbboboooooog
goooooooooobooobobbbbbbooooo

OrsOO0O0O

Quter @

(I _k))))
Probe Inner

|

Bonding area

A}

Device for supersonic flaw detecting: Canon M-500A

Fig. 6 Device for supersonic flaw detecting

34000000

oooobooO0o0ddFrg. 70000000000 Fig.8
gooooooboooobobooobooooooooooo
gooboooooooobomomuoooobooooooo
oobompsb00b@momoooboobomsma
bmomooboooomePmooon

Outer Inner Area of test specimen

v [ I

. -

Iy b
(24.25)
3 . Y (48.5)

—_—

P154.5
P74.4 o
| i
T
Test specimen

i Y
H
H
|

Fig. 7 Diffusion bonding test specimen

0 2590



Honda R&D Technical Review

Vol.14 No.1 (April 2002)

Quter

7 .ﬁ:{ﬁ{g :;.
N mﬁ\,,

:lg 3mm
+

Test specimen

Fig. 8 Measurement method of diffusion bonding

strength
Ps= Pt/ St ooo
S=AJ(Rs/100) oog
P=Ps1S goo
sOoopbooooog 0O mm20
AODOoOooon O mm20

rRsODOODOODOO DOO
PpsO0000000O0O0O0OOOON/ mm2O
ptO0O0OO0O0OOO0O ONO
ss000o0oooo0 Ommd
pObOObOOOOO O NDO

good

41.00000

Fig.9 0 Fe OO EO O Fe-Cu-Ni-C OO ENK
gmooobooooooboooooobobboboooooasoo
gbobooboobooboobooboobooooobn Fe-
CuNi-COODOOOOODDOOODOOOcuDOOOOoDO

Fe
(EOAB6.7g/cm?®)
20 Fe-Cu-Ni-C .
ENK6.5g/cm?) s pme
_ 16 ( gem) AN
2 / ;
= Ao 7 / | \
2 i
g 08 / Fe i
. I
X / (EOA7.0g/cm?®) i
S 04 o i
% // | Isothermal
o - X
0.0 |- Heating !heatlng
!
-0.4 L
0 200 400 600 800 1000 1130
Temp (°C)

Fig. 9 Characteristic of expansion

10830 0000000DO0O00ODO FeOODOOOO FeCu-
Ni-COOODOOOOOOoOoOoooooboooooood
gboboobooboboobooboboboobdred
0000000000 000OD000D0D00 FeCu-Ni-COO
gbobobooobooboobooboboboooo

42. 0000000000

FeOODODOODODO FPeCuNi-COODOODOODOODOODO
gbobooooobooobooboboboboboboooo
gbooboooogo

42.1. 00000

gooboobooboboboobooooooooooo
gboboooooooboboboboboboboooo
Fig.100 000000000 0ODOOOO0DOOOOODODOO

90

80

70 | *— —

60

50

—&— Lower
40 composition

Rate of diffusion bonding area (%)

30
6.35 6.4 6.45 6.5 6.55 6.6 6.65

Inner density (g/cm?)

Lower composition
Outer density: 6.9g/cm?®
Sintering temperature: 1120°C

Fig. 10 Relationship between inner density and rate
of diffusion bonding area

90 -
Q Underneath lower
3\; 80 composition 1
(]
g 70 O Undern(-.)a'lth lower
o composition 2
5 60 —@—Middle
[]
£ 50
c
kel
ﬁ 40
%
« 30
o
s -
= 20

10

6.85 6.9 6.95 7 7.05

Outer density (g/cm?®)
Inner density: 6.6g/cm?
Sintering temperature: 1130°C
Fig. 11 Relationship between outer density and rate

of diffusion bonding area

0 2600



gboboboooooboobooboboooon

OO0 640 66g/cm* 000000000 OOOOOOO
gooooboooooobooboooooooboboooooo
o000 Fig. 11 DOODOOODOOODOOODOO
gobobooooboobooboboboboooobooo

gboboboboobooooobooboooboobooban
gooooboooooobooooooooboboooooo
gbobooboobooobooobooooboobobobono
gooooobooooooobobooooooboboobooooo
gboboobooooboooboooobobobooboooo
obobooboooooooboobooboboboboog
gboboooooogoog

422. 0000000

Fig. 12000 000000DOOOOODOOOODOO
obobooboooooooboboobobobooboooog
gboboboooono 1o 0o0ooooboobobob
goboooboooooobooboobooboobogoo
gboboboobooooooooboon

423.0000000

gboboboboobobooboooooooboooboon
oboboooooooooboboobobobobooog
gboboobooboobooobooooboobobobono
goooooooooobobooooooobobooboooog
0000000000 0O0DOOCTable3OODOOOO Cul
OO0O0OCOOO0OO0OO0O0O00Fg.130O0O0O0O0OOOOO
gooooboooooooboboooooooboboobooooo
gbobooboooboobooobooboobooboboboonoo
goooobooooooobooooooooboboobooooo
gbobooooboobobobobobooooooon

gbobobobooboobooooooboooooboooboon
gbobooboobooboboobooboobobobobooo
oooooboooooooobooooooooobooboooon

80 —«&— Upper composition
—@— Middle
—— Lower composition
g 70 B —B— Lower composition
©
S 60
©
g . 3\
T 50 | Outer density 6.9g/cm
§ Inner density 6.4g/cm3 ~H
5
S 40
2
T 3 Outer density 7.0g/cm?| |
© e Inner density 6.6g/cm®
2 '§§ T
T 20 e~
10

1115 1120 1125 1130 1135 1140 1145

Sintering temperature (°C)

Fig. 12 Relationship between sintering temperature
and rate of diffusion bonding area

Table 3 Inner chemical composition of decreasing Cu
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Table 4 Condition of diffusion bonding

Density Outer 6.9~7.0
3
(g/em’) Inner 6.4 ~ 6.6
Sintering temperature (°C) 1120 ~ 1140
Inner part diameter over 0.975 ~ 0.335

sized by (mm)
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