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ART for Human Possibilities
il F=

By responding to diversifying values, expanding, and supporting our human potential, Yamaha Motor has
a long-term vision for its ART for Human Possibilities to help provide people around the world with more
fulfilling lives and excitement.

On the other hand, the world is currently facing a major turning point, with various events such as CASE,
carbon neutrality, pandemics, and an increase in natural disasters abounding, and it has been called a
once-in-a-century period of change. I think that all our co-workers are exposed to this type of news every
day and directly feel it. Under such circumstances, how should we think and work to realize our goals in
ART for Human Possibilities?

When I talk with people on a daily basis, many are not sure about the direction of the company’s
technological developments, whether the company is sufficiently responding to the trends of the world,
and whether the company’s core technologies will no longer be applicable. Many of our co-workers are
worried about the type of future we are headed for. I think it is very important to keep an eye on world
trends and to have such anxieties = sense of crisis in order not to become what’s known as the frog being
slowly boiled. However, what is more important for us engineers is to analyze this anxiety properly, put it
into technical issues, and take action to solve it. And in this way, we can expect that the answer will not
only solve the problem but also move the situation in a better direction. In other words, it's about making
the negative even more positive, not zero. I think that is one of the required forms of our ART initiative.
For example, in terms of carbon neutrality, as was mentioned it in the new goals of the environmental
plan 2050, we will continue to pursue the possibilities of various technologies, not limited to BEVs*?,
in order to achieve the targets in our overall corporate activities. As well as reductions in product usage,
we will also explore negative carbon technology that adsorbs COZ2. In that challenge, there is a need for
fun mobility that is close to people and how to create businesses that help to further enrich the world.
In addition, many new technological developments are required to realize ART for Human Possibilities.
While these new technologies may replace some core technologies of the past, they also expand our
technology areas as add-ons.

There is an argument that all internal combustion engine vehicles will be replaced by BEVs and FCVs**
around 2030, but the energy mix is different between developed and emerging countries, and global
resource allocation is possible. Considering this, regional differences and the sense of urgency should
differ greatly. In the future, as a global company, we believe that it will be extremely important to be able
to provide optimal solutions to customers in each region.

On the other hand, as our resources are limited, I think open innovation will become even more important.
This is a collaboration with other companies, universities, governments, etc. with technologies in different
fields. Unfortunately, we are still behind in this area and I feel that we all have a lot to do. From a
different point of view however, there are still many possibilities and a lot more room for growth.

Let’s solve the problems of the world in a way that is uniquely Yamaha, and further develop robotics and
mobility technologies to provide new value as we work towards realizing better lives for everyone.

To that end, it is important to continue to challenge new technological fields with an open mind.

%1 Environmental Plan 2050: Yamaha Motor Co., Ltd. Corporate Site (Yamaha Motor Group Environmental Plan 2050/
Overview-Corporate Site) https://global.yamaha-motor.com/about/csr/the_environment/plan-2050/

%2 BEV: Battery Electric Vehicle - The motor is driven from electrical power from the battery

%3 FCV: Fuel Cell Vehicle - Generates electricity from a fuel cell to drive a motor

YAMAHA MOTOR TECHNICAL REVIEW
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Abstract

NMAX has been revered by many customers all over the world since its first generation, but five years have passed

since its introduction and the model has undergone a complete renewal in accordance with exhaust gas regulations.

This is a global model popular around the world with minimal changes in specifications for each destination, but it

takes on many varied roles in each country. In Europe, there is a high percentage of beginners who purchase

motorcycles for the first time, along with a high percentage of women. On the other hand, in the ASEAN region, as a

step up from the existing AT model, there are many men with relatively high incomes. What is common in all of this

is that they are used daily for commuting to work and school. This model has been developed in pursuit of improved

usability by enhancing the functions and equipment as a means of transport for daily use.
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Development of the Smartest Commuting Way “TRICITY300”
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Abstract

In recent years, the speed of changes in the environments surrounding societies has rapidly increased. Under these

circumstances, we have set “Transforming Mobility” as one of our focus areas in the long-term vision “ART for Human

Possibilities” as we head toward 2030. LMW (Leaning Multi-Wheel) is one of the technologies that embodies
“Transforming Mobility.” Starting with “TRICITY 125" in 2014, “TRICITY 155" and “NIKEN” models have inspired a

new appeal and a novel style that brings a more balanced feeling of stability and a sporty ride unique to front two-

wheeled motorcycles. The “TRICITY 300" was developed as a commuter model for the LMW and as a high-end model

of the “TRICITY series.” This report introduces the development concept of the “TRICITY 3007, as well as its product

features and technical topics.
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AR Development of the new vessel maneuvering system “Helm Master EX”
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Abstract

Boating culture has taken root in North America and Europe, and it is not uncommon to see people enjoying marine
leisure activities such as boating and yachting in their leisure time. There are various ways to enjoy marine activities,
such as using a small boat with one engine for one person or a family to enjoy fishing and boating casually, or
enjoying professional offshore (open sea) fishing with larger boats with multiple engines etc. On the other hand, as a
common issue for boats, it can be difficult for operators in docking and undocking their vessels, this does not only
effect inexperienced boat operators but also skilled ones. As a solution, each outboard motor manufacturer, including
Yamaha Motor, have provided a joystick maneuvering system that allows vessels to be moved back and forth, left and
right, and turned around using a single joystick. However, the conventional joystick maneuvering system has been
introduced only to multi-engine boats because it is necessary to combine the thrusts of multiple outboard motors in
order to move in the lateral direction, where docking and undocking remains an issue for many operators of
single-engine boats.

In addition, existing systems need to be introduced at the time of boat manufacturing, making it difficult to add at the
dealership post-manufacture. This has been a factor that hinders the spread of this highly convenient system.

Also, unlike automobiles, most offshore boats are equipped with autopilot systems that automatically steer the vessels
toward their destinations, however Yamaha Motor has not yet been able to provide products in this area, and as a
system supplier, this has been an obstacle for our evolution.

Against the background of the issues detailed here, Yamaha Motor has developed the “Helm Master EX” as a
next-generation boat maneuvering system that can be applied to any vessel. Operators can freely select their favorite

functions, and can adopt a range of convenient maneuvering functions along with highly advanced features.
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Development of the new vessel maneuvering system “Helm Master EX”
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Development of the Dual Suspension eMTB
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Abstract

The PAS (Power Assist System) is a bicycle that assists the peddling power of people with an electric motor. Yamaha
Motor Co., Ltd. (hereinafter referred to as “the Company”) developed and sold it as a new product across the world
from 1993. The domestic electrically power assisted bicycle market, which initially started with PAS, has expanded to
more than 700,000 units, and in 2015, in anticipation of further demand creation, as a pioneer in the Japanese sports
electrically power assisted bicycle (hereinafter, E-Bike) market, the “YPJ” brand was launched and expanded to the US
market in 2018, with a total of 6 models(7 models for the US)from on-road to off-road scenes by last year.

The Yamaha E-Bike is an electrically assisted bicycle, however by embodying the original enjoyment of riding a
bicycle, we aim to shift the value from “electric assist for an easy ride” to “electric assist for more enjoyment.” It has
become established in the Japanese E-Bike market as a product designed to enjoy.

This Yamaha E-Bike series has a new full suspension electric assist MTB (hereinafter, eMTB), which has been
introduced as the “YPJ-MT Pro” for Japan, and the “YDX-MORO Pro/YDX-MORO" for the United States. This report

introduces the overview of the models.
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“RCX-Studio 2020” industrial robot support software introduction
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Abstract

The Yamaha Motor Ltd. Robotics Division (hereinafter referred to as “The Company”)has been providing PC software
(hereinafter referred to as “support software”) that enables customers to easily program, operate, and monitor the
status of their robots during the start-up and subsequent operation of production facilities using Yamaha Motor
industrial robots.

In recent years, there has been fierce competition in the industrial robot market, and usability has become more
emphasized when selecting a robot, in addition to the functions and performance of the robot itself. The pros and
cons of support software that customers use for a large amount of time is directly linked to usability, and the software
must be more intuitive.

This paper introduces the support software “RCX-Studio 2020” that is designed to improved usability through
incorporating new functions that contribute to reducing the man-hours required to set up production equipment for

customers.
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Multi-purpose Autonomous Orchard Vehicles, Tree-shaping for Labor Saving,
and Vehicle Management loT System
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Abstract

SHE

Our company conducted verification tests for labor saving options at 17 locations nationwide, including commercial

orchards, using seven golf cart-based multi-purpose autonomous vehicles. Here we will introduce representative

examples and the mechanism for autonomous driving. Additionally, we will introduce testing that applies our vehicle

management [oT system, which consists of on-board communication equipment and cloud servers.
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Abstract

Fun master of Super Sport [YZF-R7 DBI%

Fun master of Super Sport “YZF-R7” development

SH RH BA R ER Fth WEREEE

HMEEE ATHRE

Platforms (hereinafter referred to as PF) using the CP2 engine have been expanded to various categories such as the
“MT-07” (naked) , “TRACER700” (tourer) , “XSR700” (neo-retro) , and “Tenere700” (on/off) . On the other hand, in the
super sports (SSP) category where CP2 engine PF’s have not been developed, there is a significant difference in
performance and price between models “YZF-R25/YZF-R3” and “YZF-R6/YZF-R1.” Therefore, the market is looking for

a SSP model that could fill the gap.

Under these circumstances, the “YZF-R7” is an SSP model developed based on the naked (NK) model “MT-07" with the
aim of expanding the PF development of the CP2 engine and enhancing the SSP category.
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Abstract

Ténéré 700D %

Ténéré 700 Development

BfA £1X8B Stefano Galimberti

Stefano Sarti Paolo Barlaam Leon Oosterhof

Under the condition of adventure category expansion globally, we decided to start development of all new middle-class

adventure motorcycle with CP2 PF engine in YMRE under the brand “Ténéré”. In parallel, its manufacturing sites were

decided as both MBK in France and YMC in Japan to be as close as possible to main markets.

For YMRE, it was very first time to develop such a global model with high development rank. Though we faced a lot

of difficulties, we accomplished it together with all the related divisions and companies, and as a result, this

motorcycle has been very well appreciated in the global market after its launch.
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1DYMRE: Yamaha Motor Research & Development Europe s.r.l.
2)YME: Yamaha Motor Europe N.V.
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Abstract

The Rodeo Master 'MT-09/SP
Multirole fighter of the Motorcycle 'TRACER 9 GT

Continuing from its first generation as a new model in 2013, and its successive second generation with a renewed

appearance, we have newly developed the third generation “MT-09,” with completely redesigned engine, body, and

electrical components while maintaining the role of an image leader for the “Master of Torque,” used as the overall

slogan for the “MT series.” In addition, the Versatile model “Tracer 9 GT,” which has both high mobility and

functionality, has also evolved into its third generation.

These two models use a common platform (hereinafter referred to as PF)such as the engine and mainframe, but while

the PF aims for class-leading performance and weight reduction, the details have been crafted to achieve the extremes

of the two models’ concepts. This paper introduces initiatives used in the development of these models.
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= AR A ﬂ Development of the “F/FL300F” outboard motor
EHF - WE X
Abstract

In recent years, the needs of boat users have changed, and the move to bigger boats is accelerating. At the same time,
even for large boats, where inboard motors and sterndrive motors have traditionally been the mainstream, outboard
motors have had their field expanded due to reasons such as maintainability and superiority in utilizing inboard space,
and the usage areas for these models have also increased in line with their demand.

In addition, due to the influence of the COVID-19 pandemic that is rampant all over the world at present, boating has
come into the limelight as a means of staycation that avoids close contact with others. Not only those who have the
special operational skills to enjoy marine leisure on a daily basis, but also the number of users who are inexperienced,
such as beginners with little experience, and users who have switched to larger vessels, are increasing. There is also
a growing need for improvement in line with this trend.

The “F/FL300F” developed is a product designed with the aim of allowing more users to enjoy boating more

comfortably and safely.
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Pleasure boat “AX220”

2R RE

Abstract

Yamaha Motor Co., Ltd. (hereinafter referred to as “the Company”) has introduced new entry models such as the
“SRV-20” and “AS-21” that support various ways of playing as multi-purpose models from successive generations in
order to expand demand from the general public, targeting new entrants to the market. In recent years, social media
and other digital devices have permeated every scene, and people’s lifestyles have changed significantly with the
further spreading of diverse values. It has been expected that sharing types, which emphasize “experience” rather than
“ownership”, will emerge, and that these customers will play a leading role in the new generation entry class and
become the basis of new business in the sector. At the same time, the social background has further increased the
interest and demand for outdoor leisure. Under these circumstances, the company has newly developed and
introduced the entry model “AX220” [1] targeting new entrants, which is compatible with multi-purpose type styles,
so that even beginners can easily maneuver allowing them to have a comfortable and enjoyable boating experience

without limiting how they use it.
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Abstract

Principally in North America, the ROV (Recreational Off-Highway Vehicle) market enjoys high demand with its wide
range of uses from agricultural and dairy farming work to recreational uses such as hunting and trail driving, as well
as for sports driving and racing. Demand is expected to increase further in the future. To cover this wide range of uses,
since 2013 Yamaha Motor has developed and launched the VIKING, the WOLVERINE, and the YXZ series of models.
The WOLVERINE, which is a model mainly targeted for recreational use, follows the 4-seater WOLVERINE X4
equipped with a 2-cylinder 847 cm3 engine (see Yamaha Motor Technical Report No. 53 2018 model ROV
WOLVERINE X4) . The model lineup has been expanded by introducing the two-seater 2019 model WOLVERINE X2
with a dump bed structure.

Here, as a high-end model, we introduce the simultaneously developed WOLVERINE RMAX2/RMAX4 (hereinafter
referred to as this model) equipped with a 2-cylinder 999 cm3 engine for enjoyment driving in a range of areas more

comfortably and with greater confidence.
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Abstract

In North America, which is the largest market for the LLV (Low Speed & Light Vehicle) business, the quiet vehicle
“Drive 2 QuieTech EFI” was first introduced in 2016. While its power source is an engine, it was as quiet as an
electric vehicle (EL model). As a result, Yamaha succeeded in differentiating itself from competitors and solidified its
position as the No. 1 gasoline engine vehicle (GAS model) manufacturer. However, the implementation of Yamaha
Motor EL models has been lagging behind the introduction of other products that differentiate it from competitors.
Normally, in addition to the high proportion of EL models in the golf car market, we would have expected to see even
more EL models coming to the market in the future due to changes in the external environment, as well as the
introduction of more competitive EL models becoming a priority for manufacturers.

Therefore, with the model concept of ““Boost” Enhance electric business,” we worked on increasing profitability by
reducing costs while retaining our existing models strengths. In addition, by adopting the rear independent suspension
developed in “QuieTech”, the ride quality improved and the model achieved its distinction from its competitors.
Moreover, in order to compete with other models equipped with lithium-ion batteries, a maintenance-free AGM battery
(described later) with a good balance of price and performance has been set as an option for this model. As a result,
we are able to introduce the “Drive2 PowerTech AC,” a model that can compete with other models in terms of price,

function, and performance. This paper introduces the model.
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Bi-functional Headlight Module Development
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Abstract

In recent trends, riders are looking for motorcycle headlights to have a freer and more unique look. This paper

introduces a newly developed compact and lightweight headlight module that realizes an attractive design while

ensuring its function as a headlight [1].

This module was developed with the aim of expanding the light distribution performance that can be deployed in

global platform models and increasing the degree of freedom in design layout by downsizing of the lamp body itself.

Here, we introduce technical topics related to this concept. This module was jointly developed with lighting equipment

supplier, FIEM INDUSTRIES LTD.
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Bi-functional Headlight Module Development

4-4. KRResett

LY RORHE L REE A TANOHE LT SRz,
KR 2 A E 70, INERIE AR ZHOER A >~ +
AL LR WDz & Tz,

IRIAVET IVADERIZREL, 2 ESIal—a v &
HOURZHEIL, — B IS B E 2 92 TRErED B %
P2 REE LTz (#90~55°, LY XHifi6~21mm: ¥ 7).,
MEL Y AB LU T A =2 & W TREERA > b OFE
Blxolz,

. RUEREE G

X7 ST RIERR

GRS

ifg90°, Lo Ao mm, FFPHXIRIE4A0°COLKMITIN
T —RERHER O 2R (PP : 85°C, ABS: 79°C) % [-[m1%
107°COEBNIMNBH -T2 (X8),

ESESS FK L

X8 HARAMER

R DD B L IR E AR E 5 2 lic kb B
V7 %3D F—Z{b L. B2 — VIO T A Eiffe
LTIRRTER(X9),



INTT792a Ny RS M EI21—IVDRH

M9 TF—RELIEXAREEN

B3 e

5-1. /DB -BE(L

FSDHZETTNETIO Y TRHISED H B 5 M\ K
FAMET 2V IR UTAE R 2 FRITRT (K3),

THA 2 O/INURIC RS TS IE H YA R, BEF i)V
W LEIT0% /N2 2 U Tz, BRSO W TR, Lo - Hi
C— LO21EHE% Kb T 5T THRIB0% DI RAL A K L
7o

#®3 MRMLEBHER

Bi-functional Headlight Module Development

A BIREELDLLE (Lo E— L)

Hbylc

SR UIENY RIA BTV 2a—)UE MT 2V —R7% W)
LI BEBOETIVICERHEN TR T2 A AT A 22k
HHFTLICEHBL TV S (X12),

E—Z—YA7ICHBT BRI L RERER T H
BT W TV A OB DN BN TH
%, Z DIz BT AV ORMUCEHIRTE 2 X55%E X
BB B D TV ETZ L,

11

BT BRI
: > 27%1 1,257 MT-25/03
1Y A A [mm?] (T0%2%3) 4,225 |_|
o2 282
it g] (30%4%>) 400

R B 2col REE L a- AT ] i1
K21\ RTA MDY 2— VBT DB WU BRI T 7 VI i
Wit 9 B0k,

5-2. BeS ST

PRLHETHAE LI E—2—Y A ZILET VDNV RS
A MO B EICAD G TS A NEHHZRE L, Th
il 3 A MEREZ MR L7z (K10, 11),

X10 EHEIRDRE

MT-09 SP

E12 MT 2)—XTAANDHA

WESE X
[1]1CQ kR AL i 73U —LED O T 7 =v
(2008)

mEE

(]2 =P Fim HEHRE
Takahiro Yamada Jun Hoshiba Takehiro Inoue
PF 1=y k PF 1=y k PF 1=y k

PF H G PF H G PF H G

PEREE Y 21— VBRFEHR

BEREE Y 21— ) VBIFEHD

YAMAHA MOTOR TECHNICAL REVIEW 78

PEREE Y 21— VBIFEHD



RELECENREEMERNTS.
YAMAHA SPINFORGED WHEEL

YAMAHA SPINFORGED WHEEL achieves the industry’s lightest class with
its optimum construction method
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Abstract

Yamaha Motor has played a role as a pioneer in the history of aluminum alloy cast wheel adoption in motorcycles.
While being involved in the establishment of quality standards, the company has contributed to the expansion of their
adoption, and while establishing its own evaluation methods, it has completed high-quality, high-performance cast
wheels made of aluminum alloy unique to Yamaha Motor.

Furthermore, cast wheels use in-house manufacturing technology for important parts that characterize product
performance, and while developing manufacturing methods in gravity and die type casting, the company has worked
to expand its manufacturing bases both in Japan and overseas.

On the other hand, Yamaha Motor has a history of, and is actively adopting new technologies related to raw materials,
such as CF die-cast frames(Controlled Filling Die Casting)and Mg die-cast wheels, in order to improve product appeal
by integrating development, materials, and construction methods.

The “YAMAHA SPINFORGED WHEEL” introduced here is a new lightweight technology realized by a development
system that adopts wheel manufacturing and material technologies, as well as new construction methods that the
company has cultivated to date. This is a new lightweight technology and is the world’s first technology for

motorcycle wheels using a double-sided design.
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YAMAHA SPINFORGED WHEEL achieves the industry’s lightest class with
its optimum construction method
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Development of challenging new generation aluminum DC framing using
technological theory values
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Abstract

As aluminum has a lower specific density than steel it is an indispensable material for reducing the weight of
transportation equipment. Moreover, as the material has great corrosion resistance, it can also be applied to parts with
stringent appearance requirements. For our large motorcycle frame parts where there is a lot of external exposure,
“CF aluminum die-cast” 1) is used, which has excellent shape transferability and can realize complicated shapes with
thin walls in order to achieve lower cost, light weight, and greater designs.

Starting with “FZ6” in 2004, the application of this technology to the front frame has expanded to “TMAX,” “MT-01,”
“MT-09,” and has contributed to the improvement of product presence with lightweight and high design.

Here, we introduce the fact that we were able to achieve further thinning by adopting the latest analysis method and
gate design based on the technical theoretical values.

DCF die casting = Controlled Filling Die Casting
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1) CF 213+ A= Controlled Filling Die Casting (llffl7e#% 1 Fv A1)
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Evaluation of the applicability for an exhaust gas catalyst for motorcycles
made of Rh alternative alloy materials
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Abstract

In recent years, from the viewpoint of protecting the global environment and preventing health hazards, a reduction
of harmful substances in the atmosphere has been called for. Therefore, as higher environmental performance is now
also required from motorcycles, emission regulations are being further tightened each year.

Currently, platinum(Pt), palladium(Pd), and rhodium (Rh)are used as active substances in the exhaust gas purification
catalysts for automobiles and motorcycles. CO, HC, and NOx, which are subject to emission regulations, come into
contact with these active substances and are converted into harmless H;0, CO,, and N; by the simultaneous oxidation
reaction of CO and HC and the NOx reduction reaction. Of the active substances Pt, Pd, and Rh, Rh is the only
substance that can efficiently promote the reduction reaction, so the use of Rh is indispensable in NOx purification.
However, the price of Rh has been subject to greater fluctuations than previously, and this therefore has a significant
effect on the cost of the catalyst itself. In particular, the price has risen sharply in recent years and as an example, the
price of 3,000 to 4,000 yen per gram in 2016 rose to nearly 80,000 yen in June 2021. Therefore, there is an urgent
need to develop technology to reduce the amount of Rh used in the exhaust gas purification catalyst.

Due to this, we have placed our focus on the “pseudo-rhodium alloy”[1][2] developed by the ACCEL program of the

Japan Science and Technology Agency as an alternative material for Rh, and have evaluated its application as a

catalyst for motorcycles.
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Development of racing yacht "International 470 Class Dinghy"

FRLGE BH X MRS ESE

Abstract

In Yamaha Motor’s aim to popularize marine sports, the company has been involved in world-class yacht racing as a

boat builder, such as in the Trance-Pacific-Okinawa Single-handed yacht race(1975), Melbourne-Osaka double-handed

yacht race (1990), Auckland-Fukuoka yacht race (1993), America’s Cup (1992) . In addition, since acquiring the

construction license of the world-famous “International 470 Class Dinghy” in 1975, the company has mainly

contributed to the spread and raising of the domestic sailing sports. After that, due to the slump in the domestic

economy after the collapse of the economic bubble, the company lost its involvement in yacht racing in 2002, but due

to the recent rise in global sailing sports, Yamaha Motor is returning to the world racing scene for the first time in

about 20 years. In order to do this, we decided to work on the development of the “International 470 Class Dinghy”,

which has a large number of participants both in Japan and overseas and has many technical challenges. This report

provides an overview of the development process.
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Introduction of Yamaha Motor’s forest measurement & analysis technology
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Abstract

As a company, Yamaha Motor has enjoyed benefits from developing products used in Japan’s mountains and forests
since its inception. Most of our products are based in this field, from utilizing wood processing machines, motorcycles
designed for mountain use, All-Terrain vehicles (ATV) for hunting, snowmobiles designed for snowcapped mountains,
and pleasure boats used in the waters that flow from these areas. Furthermore, the plants growing there absorb
carbon dioxide emitted by the models that use internal combustion engines. Now that the importance of SDGs has
become more eminent, and as a company that has declared that it is aiming for carbon neutrality, there is no doubt
that giving back to the forests that we have and will continue to enjoy the benefits of is an important mission as a
company that can be proud of its standing in the world today.

The company’s initiatives in the forest measurement business is one example of this commitment. In recent years, it
has become necessary to quantitatively understand forest resources as the first step in improving the forest
environment, which has become mandatory in Japan. Here we will introduce the measurement and analysis

technologies that support this new solution.
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Abstract

In this technical paper, we introduce Digital Transport Infrastructure (DTD systems using the Dynamic Map2.0
(DM2.0), which is being developed by Nagoya University. These systems supports low-speed automated driving
systems by providing other road user information and traffic signal information.

Yamaha Motor is working on research and development of low-speed automated driving systems based on golf carts
and control servers for centralized fleet management. The future aim is to provide mobility services for the public,
covering a radius of several kilometers in depopulated areas, urban areas or resorts.

As there are always other road users and no dedicated roads available, multiple vehicles can be arbitrated by the
control server, making smoother operations at intersections or junctions are possible. In environments where other
vehicles that cannot be managed by the control server are running, it is effective to use DTI at such as intersections

with poor visibility that are difficult to detect using onboard sensors alone. DTI supports are also effective even at

intersections with obscure traffic signals.
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Electric control & simulation technology improvement through EV mini cart racing
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Abstract

Currently, the uptake of EV’s (Electric Vehicles) is accelerating against the backdrop of an era aiming for a recycling
and carbon-free based society.

In order to develop more competitive EV’s, it is important to have electric control technology that can bring out the
best performance from each component such as the motor and battery. It is also therefore necessary to combine each
component and continue to progress with the development over shorter periods while improving total performance.
For this purpose, simulation technology using model-based development/design (MBD)- which has been a great focus
of attention mainly in the automobile industry in recent years - can be very effective.

In order to acquire and improve the electric control and simulation technology using MBD, the company participated
in an EV minicar race, in which teams competed for a number of laps with a cart kit that is simpler compared to the
commercially available passenger car type EV. The company was able to achieve an overall victory in a 2020
tournament.

In this article, we will introduce the work and results of the technology that led to this victory.
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affd PWC medium-volume production method development and reorganization of
manufacturing bases
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Abstract

In the marine business, we develop, manufacture and sell products that can provide Kando to customers through
marine leisure, such as pressure boats, sports boats, and personal watercraft (PWC) . Among our model lineup, the
stand-up model SuperJet has gained strong support from enthusiasts.

The Yamaha Super]Jet, which has been popular for more than 30 years, has a limited market due to emission
regulations placed on 2-stroke engines, and while the model’s future sales may be in jeopardy, in order to create the
long-awaited NEW model equipped with a 3-cylinder 4-stroke engine, we faced three important issues; a [full model
change], [introduction of new production methods], and [the startup of new factories]. Here we introduce an outline
of the initiatives used from production method development to production preparation that were all carried out

through trial and error.
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PWC medium-volume production method development and reorganization of
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Low friction technology using textured body cylinders
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ARild SETC2019 (Small Engine Technology Conference) 38X U H;30RINSAREEIS > R L THES N FRd D Lz
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Murase, Y., Kumagai, H. “Friction Reduction of All-aluminum Cylinder for Motorcycles by a Mirror Finished bore with
Dimples”, SAE Technical Paper 2019-32-0530(2019).

IR, DVRISE, RHIEEA « 2> ORERREf A 5785 2 MU B I 205, S 30 NEREBI S > R L
A T R4, 20194773(2019).
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FEREYI45#hE )7 (Friction Mean Effective Pressure DA%, FMEP) A3 14.1 %Kik U7z, E 7z, Simifbe 7 > 7 )UAH 5 D5 7
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Abstract

In recent years, in order to further improve the competitiveness of small engines, there has been increasing demand
for improved fuel efficiency.

To help solve this problem, development is being actively carried out with the aim of reducing friction loss between
the cylinder bore, piston, and piston ring, which contributes to greater fuel efficiency. In this report, we focus on the
effect of friction loss on the texture of aluminum cylinder bores and evaluate the effects of mirroring the cylinder
bores and adding dimples using the floating liner method.

As a result of this evaluation, the friction mean effective pressure (FMEP) achieved was 14.1% due to the mirror
surface, compared to the conventional specification with a crosshatch on the cylinder bore surface (referred to as
“plateau specification” in this report) . In addition, the combination of mirroring and dimples reduced FMEP by up to
19.5% compared to plateau specifications. When the oil film thickness is measured by the laser-induced fluorescence
method for the specifications with dimples, a remarkable increase in the oil film thickness was observed from the top
dead center to the center stroke compared to the plateau specifications, suggesting that the amount of oil supplied to

the cylinder bore surface increased due to the addition of dimples.
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H1 FEHIFRERIR

xR HBIIUET

+Gasoline
+Four stroke cycle
+Air cooled single cylinder

Engine type

Bore X Stroke (mm) 50.0x57.9
Displacement (L) 0.113
Connecting rod length(mm) 93.5
Reciprocating parts mass (kg) 0.136

K2 KTV ZRDOEmILER

Parts ‘ Material ‘ Surface treatment
Piston Alminum (For forging) Iron plating
Piston ring |Top | Steel DLC

Second | Cast iron None

0il Steel DLC
Body cylinder Aluminum (For die casting) | None (Except texturing)

®3 ERMIVTDIERN
Tangential Force (N) Unit pressure (kPa)
Top 3 171
Second 3 120
0il 10 571
&4 FHEBREM
0Oil viscosity 10W-40
. 70°C
Oil temperature (at entrance of crankcase)
120~130°C

Body cylinder temperature (at middle position of thrust side)

(D4400rpm, IMEP:354kPa

Engine rotation speed and IMEP | (@24800rpm, IMEP:412kPa

(35200rpm, IMEP:494kPa
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Cylinder type Overview Aim
Plateau Having conventional cross-hatches For comparison

Sliding loss reduction by reducing
the frequency of direct contact between
piston or piston ring and cylinder

Having no cross-hatches

Mirror . g
and no irregular surface characteristics

Most of part is mirror finished
Dimple A but dimples are given at a limited part
both of intake and exhaust side

Sliding area reduction of
piston or piston ring and cylinder

Most of part is mirror finished
Dimple B but dimples are given at a limited part of
only intake side

Sliding area reduction of
piston or piston ring and cylinder

Tob—t#
HESR mEig Ra 0.22
ARSI A 20
1\ 1.0 ‘ |
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~ 20
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NEER seh Ra 0.03
NSO 20
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®/6 TAVTIVOREE A SEEDFH

Area ratio 40%
Shape Circle
Diameter 0.5mm
Depth About 7um

Axial direction ||As shown in Figure 4

Application range Dimple A | Both of intake side and exhaust side

Radial direction

Dimple B | Intake side only
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Abstract

When analyzing the vehicle motion of a two-wheeled vehicle, there are general methods of directly measuring and
analyzing necessary information available. But, it often requires man-hours to mount sensors on the vehicle. Therefore,
we have created a method that indirectly enables the motion analysis of “driving, stopping, and turning” from the
minimum necessary information without the need for spending man-hours on the measurement itself. Using a small
GPS data logger that can be easily mounted on a vehicle, the position and velocity, which are the basics of object
motion, can be measured, and the longitudinal and lateral acceleration can be estimated. Using the basic theory of
vehicle dynamics, the relationship between the longitudinal and lateral acceleration, the force generated from the
tyres, the suspension expansion/compression, and the rider operation level is formulated. As an example, this method
was used for riding education. The oval course, which is easy to drive, was engineered. The rider ran in two patterns:
constant velocity in whole section and acceleration/deceleration in straight section. As a result, the riding
characteristics of the rider subject to “driving/stopping/turning” could be extracted. Furthermore, improvements in
driving characteristics were considered using the vehicle dynamics. We were able to show the potential for this

method being useful for riding education.
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J ol Development of a Motor for Small Mobility with using Soft Magnetic
Compound Cores
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Abstract

An axial gap motor for a small mobility using soft magnetic compound (SMC) cores was designed and prototyped
considering its magnetic and mechanical properties. Teeth and a back yoke for a stator were separated and an
optimum magnetic circuit was realized by controlling the clearance between the teeth and the back yoke. The
performance of the prototyped motor was satisfied with the designed torque and rotational speed. Then, for the
minimization of a cogging torque, the size and location of magnets of the rotor were optimized, consequently the

cogging torque was minimized keeping a motor torque.
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Abstract

The stability factor is widely used for four-wheel vehicles as an index representing the turning performance of a
vehicle. Stability factor for two-wheel vehicles has been proposed as an indicator of cornering performance from the
same way of thinking. In line traceability evaluation as a sensory evaluation item of motorcycles, the expressions of
understeer and oversteer are sometimes used, but the relation with stability factor for two-wheel vehicles has not been
investigated. In this paper, a test in which the slip angle characteristics of the front and rear tires were varied using
a riding simulator was conducted, and the correlation between the stability factor and the rider evaluation was

investigated to derive an index showing the line traceability.

TEST METHODBS,ANDLRESULTS

2-1. Test Methods

INTRODUCTION

The stability factor is widely used with four-wheel vehicles

as an index of turning performance. Based on the same
concept, the stability factor for two wheel vehicles'! has
been proposed as an index of turning performance for
motorcycles as well. Understeer and oversteer are
sometimes used in line traceability evaluations for sensory
evaluations of motorcycles. However, the relationship with
the stability factor has not been investigated. In this
paper, a riding simulator was used and tests with different
slip angle characteristics for the front and rear tires were
performed in order to investigate the correlation between
the stability factor and rider sensory evaluation and derive

an evaluation index for line traceability.

With motorcycles, the slip angle is extremely small and its
measurement and reproduction are extremely difficult.
Therefore, the tests were performed using a riding
simulator'? that can measure the slip angle, provide high
reproducibility, and allow riding evaluations by the riders.

The riding simulator used in the test is shown in Figure 1.

Fig. 1 Riding simulator.
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The model used for evaluation was a large-size sports
tourer with engine displacement of 1,300 cc. The
evaluation course was an oval course with R30 curves as

shown in Figure 2.

Fig. 2 Test course image.

The riding method was constant-speed driving at 50 km/h,
and the evaluation was conducted by tracing the R30 line
that was marked on the center of the course. An
evaluation score method was used for the rider
evaluation. For line traceability during constant turning in
the curves, a path on the outside of the target line was
considered understeer, and a path on the inside of the line
was considered oversteer. The scores from +2 to -2 were
used so that positive values indicate understeer, negative

values indicate oversteer, and O indicates neutral.

The test was conducted by three evaluation riders who

were experts capable of evaluating steering stability.

2-2. Tire Characteristics

The lateral force of a motorcycle is a combination of a
camber thrust and a cornering force, and during the
steady circle turning, the roll angle and the camber thrust
are determined by the balance between the vehicle body
weight and the centrifugal force, and the rider is
adjusting with the cornering force. In this time we treated
the slip angle as the vehicle parameter of lateral force
generation because we fixed the driving conditions and
the vehicle. The combinations of tire characteristics
consisting of 4 front wheel specifications and 2 rear
wheel specifications, each with different camber thrust
coefficients, were used to prepare 8 types of slip angle
characteristics(Table 1) with combining the direction of

the slip angle of the front and rear wheels and the
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magnitude relation of the front and rear wheels. The slip
angle characteristics and stability factor for each of these

are shown in Table 2.

The stability factor was found in advance based on
formulas (1) and (2) by using the effective steering
angles during R30 constant turning driving at a speed of
50 km/h.

Table 1 Test condition of tire select.

So=1l/R (1)
K;=(6/60-1)/v* )
where,

do: Geometrical steering angle
I: Wheel base

R: Turning radius
Coodinate: ISO11838

K. Stability factor
6: Front wheel effective steering angle

v: Vehicle speed

The relationship between stability factor K; and understeer,
neutral steer, and oversteer is as shown below.

K> 0: Understeer

K;= 0: Neutral steer

K< O: Oversteer

Table 2 Stability factor value (R30, 50 km/h)
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2-3. Test Results
Correlation analysis was performed of the stability factor
and rider sensory evaluation results. The results are

shown in Table 3.

Table 3 Rider score and correlation analysis result.

The coefficient of correlation between the stability factor
and rider evaluation result was a highly negative
correlation of -0.84, indicating the possibility that
stability factor can be used as an index of turning
performance. However there remain concerns due to the
fact that understeer and oversteer are reversed, and due
to the rank characteristics of the different specifications.
Figure 3 shows a graph of the sign reversed stability
factor and the rider evaluation results reordered in order
of the rider evaluations. Although specifications 7 and 8
show more understeer than specification 2 in the rider
evaluations, the sign reversed stability factors indicate

oversteer, showing a large discrepancy.

Fig. 3 Rider score and stability factor.

In order to satisfy the rank characteristics, it was deemed
necessary to conduct a separate study of evaluation index

for expressing line traceability.

STUDY, ANDVERIGIEALIONSO
LINE TRACEABILITY EVALUATION
INDEX

3-1. Index Study
The first object of our study was the stability factor which

was a turning characteristic value. From the stability
factor formula (2), it is obtained that the effective steering
angle expresses the turning characteristic of each vehicle
if the driving conditions are constant. Because this paper
focuses on the front and rear slip angles, Formula (1) is
transformed so that it can be expressed using the slip

angle.

The slip angles a; and oz of the front and rear wheels are

defined as follows.

a=p+lrw/ V-6 (3)
azzﬁ—lra)/V (4)

ay: Front wheel slip angle

az: Rear wheel slip angle

w: Yaw rate

I,: Distance between center of gravity and rear wheel
lr: Distance between center of gravity and front wheel

B: Vehicle slip angle

When Formulas (3) and (4) are organized for the front
wheel effective steering angle 4, the result is the following

formula.
5=0(2—0(1+l/R (5)

Inserting Formula (5) into Formula (2) produces Formula
(6). This shows that the stability factor can be expressed
as the ratio of the difference between the front and rear

slip angles compared to the geometrical steering angle.
K(s= (0(2—0(1)/(50/1)2 (6)

Where the rider evaluations are concerned, the riders

sensed the differences in the above turning characteristic.
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However, the evaluation scores were deemed to be
different from the stability factor. Therefore, a multiple
regression analysis of the relationship between the front/
rear slip angles and rider evaluations was conducted to
derive a line traceability evaluation index that can be

expressed by the front/rear slip angles.

3-2. Results of the Evaluation Index Study

Based on the earlier test results, a multiple regression
analysis taking the front/rear slip angles as the
explanatory variables and the rider evaluations as the

objective variables was conducted. The results are shown
in Table 4.

Table 4 Result of multiple regression analysis.

In Formula (6), the coefficient for the front and rear slip
angles is negative for the front wheel and positive for the
rear wheel, and the front/rear balance was equal. In
contrast, the coefficients derived here are both positive,
which presents that the front wheel coefficient tends to

be larger.

The coefficients for each of the three riders were
different, and when feedback of the results to each rider
was performed, the riders commented that the results
were similar to the feeling they experienced during the
evaluations that the coefficient for the wheel that was of

greater focus was higher.

Then, all of the rider results were collected and defined
as the line traceability evaluation index K as shown in

Formula (7).
Ky=sgn (6) (1.010,+1.25a,) (7)

The results from application of this evaluation index are

shown in Figure 4.
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Fig. 4 Rider evaluation result and stability factor.

The graph shows that the rank characteristics of the
different specifications that were previously a concern
have been resolved. Quantitatively, when the correlation
coefficient and rank correlation coefficient for the rider
evaluations are compared, the results show that the
overall correlation and rank correlation of this evaluation

index are higher than the sign reversed stability factor.

Table 5 shows the correlation coefficient, rank correlation
coefficient, and p values for the sign reversed stability

factor and line traceability index.

Table 5 Correlation coefficient and rank
correlation coefficient.

3-3. Evaluation Index Verification Method

To verify the evaluation index shown in Formula (7),
verification tests were conducted by using different slip
angle characteristics and different driving conditions. The
evaluation course was the same oval course as the
previous test, and two courses were prepared (R30 and
R100) according to the evaluation speed. The driving

speed was constant and was 50 km/h on the R30
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oval and 82 km/h on the R100 oval. Nine slip angle
characteristic specifications were created from
combinations of three front wheel specifications and three
rear wheel specifications. The slip angle characteristics
and stability factors are shown in Table 7. The evaluation

rider was a single expert rider.

Fig. 5 Test course image.

Table 6 Test tire characteristics.

Table 7 Stability factor value.

3-4. Results of Evaluation Index Verification

The verification results are shown in Figure 6.

Fig. 6 Rider score and stability factor.

The correlation coefficient and rank correlation coefficient
for the line traceability index and sign reversed stability
factor with regards to the rider evaluation results are

shown in Table 8.

Table 8 Correlation coefficient and rank
correlation coefficient.
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In the test results both with different slip angles and
different speeds, the correlation of the line traceability
index and rider evaluation results was high, at 0.88 and
0.87. There was also high correlation of the sign reversed
stability factor and rider evaluation results, at 0.84 and
0.9. For the rank correlation coefficient, the correlation
between the line traceability index and rider evaluation
results was high, at 0.72 and 0.82, and was higher than
the sign reversed stability factor by +0.24 and +0.04
points, indicating specification rank characteristic more

clearly.
Based on the above, it is considered that the line

traceability evaluation index is a useful index, at least

under the driving conditions used in this test.

CONCLUSIONS

In this paper, a series of tests was conducted using a
riding simulator with different front and rear tire slip
angle characteristics, and the correlation between the
stability factor and rider evaluation for line traceability
was investigated. Also, a study was conducted on the
evaluation index based on the front and rear tire slip
angles as an evaluation index that expresses line
traceability. The results of these tests indicated the

following.

(1) There is a high negative correlation between the
stability factor and rider evaluations, however there is
a large discrepancy in the rank characteristic when

different specifications are used.

(2) It was hypothesized that the front/rear tire slip angle
characteristic affects turning motion. Multiple
regression analysis was performed from the rider
evaluation results and front/rear slip angles to derive
a line traceability evaluation index. It was confirmed
that applying this index yields higher correlation and
rank correlation with the rider evaluations, and the
discrepancy caused by the rank difference that had

previously been a concern was resolved.
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(3) Verification tests of the derived line traceability
evaluation index were conducted using different tire
specifications and different driving conditions, and

high correlation and rank correlation were confirmed.

(4) It is considered that the derived line traceability
evaluation index is a useful index, at least under the

driving conditions used in this test.

This study was investigated and approved by the Yamaha
Motor Ethics Investigation Committee. (Investigation and

approval number: 0046)

Informed consent procedures were conducted for all test

participants.
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Abstract

Cycle-to-cycle variation (CCV) of combustion in low load operation is a factor that may cause various problems in
engine operation. Variable valve timing and variable ignition timing are commonly used as a means to reduce this
variation. However, due to mountability and cost constraints, these methods are not feasible for use in motorcycle
engines. Therefore, development of an engine with minimal CCV without utilizing complicated mechanisms or
electronic control is required. CCV of combustion may be caused by fluctuations in in-cylinder flow, air-fuel mixture,
temperature, residual gas and ignition energy. In this study, the relationship between CCV of combustion, in-cylinder
flow fluctuation and air-fuel mixture fluctuation was the primary focus. In order to evaluate in-cylinder flow
fluctuation, Time Resolved Particle Image Velocimetry (TR-PIV) technique was utilized. In addition, Planar Laser
Induced Fluorescence (PLIF) technique was used to measure spatial distribution of the mixture. These two
visualization techniques were used together to measure continuous combustion cycles. The fluctuation of net IMEP
can be explained by the fluctuation of Turbulence Kinetic Energy (TKE) and fuel concentration. In most cycles, net
IMEP was correlated with TKE. In the remaining cycles, net IMEP was correlated with fuel concentration. The
contribution of each factor towards net IMEP is to be discussed. It has been also confirmed that TKE fluctuation is

caused by fluctuation in the tumble vortex structure, as shown in the authors’ previous study'?/!'?.,

INTRODUCTION output power characteristics but also causes various

problems such as a decrease in thermal efficiency and

CCV of combustion not only limits the potential of the deterioration of exhaust gas quality. Many pieces of
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research have been conducted to reduce CCV of
combustion. In particular, for a four-wheeled vehicle
engine, the combustion fluctuation can be reduced by
optimizing ignition system, fuel injection system and valve
control system. To do so, many complicated mechanisms
and electronic control systems are used. However, for a
motorcycle engine, it is not feasible to use such
complicated solutions due to mountability and cost
constraints. Therefore, development of an engine with
minimal CCV without utilizing complicated mechanisms or
electronic control is required. Most motorcycles are
targeted more towards the enthusiast market segment, as
a result of which their engines are required to have high
output power characteristics. These engines are usually
not suited for low load operation, as they are optimized
for operation under high load and high revolution speed
conditions. Valve overlap optimized for high load
operation often causes problems with high residual gas
accumulation in low load operation, and worsens CCV of
combustion. Also, the throttle valve usually has a large
diameter in order to obtain a high maximum output
power, which leads to a lack of controllability of the air
flow into the cylinder in low load conditions. In some
cases, the ignition timing is retarded to prevent a sharp
rise in engine torque. This ignition timing retardation

worsens CCV of combustion.

CCV of combustion depends on various elements in the
cylinder at the ignition timing. CCV of combustion may be
caused by fluctuations in in-cylinder flow, air-fuel mixture,
temperature, residual gas and ignition energy. As these
factors fluctuate from cycle to cycle, the conditions near
the spark plug change, and that induces fluctuations in
the initial flame growth. As a result, fluctuations in net
IMEP occur. Several studies in the past have utilized flow
visualization experiments to analyze combustion cyclic
fluctuation. Miller et al. focused on the cyclic fluctuation
of tumble vortex structure under motoring conditions.
They reported that the position of the tumble vortices can
fluctuate greatly in the horizontal direction, and that the
kinetic energy and the turbulence kinetic energy history
are affected significantly by variation in the vortex

structure!'!, Furthermore, in this author’s previous study,
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it was confirmed that the cyclic fluctuation of intake flow
increases as the engine operation load decreases under
motoring conditions?. Sholes et al. confirmed that the
cyclic fluctuation is suppressed under strong tumble flow
condition®®. Cyclic fluctuation of in-cylinder flow also
affects spray shape. Zeng et al. experimentally confirmed
that the spray shape changes due to cyclic fluctuation of
in-cylinder flow before fuel injection in a direct fuel
injection (DI) gasoline engine!?!. As an example of research
on the firing conditions, Fontanesi ef al. analyzed the effect
of the spark plug ground electrode orientation on the
local flow and on the cyclic fluctuation of the flame
propagation pattern using LES (Large eddy simulation)''.
Furthermore, as an example of experimental study of a DI
gasoline engine, Peterson et al. conducted two studies, the
first of which analyzed combustion cyclic fluctuation from
simultaneous measurement of local flow and fuel
concentration distribution, and the second evaluated

ignition energy and initial flame growth!®”),

Although many studies about combustion cyclic
fluctuation have been conducted, there are very few
examples of analyses performed under low load firing
and port fuel injection (PFI) conditions, where fuel
concentration stratification is less likely to occur
compared to direct fuel injection conditions. In this study,
using PFI single-cylinder visualization engine,
simultaneous measurement of flow field and mixture
distribution under low load firing condition was
conducted to analyze the factors that cause combustion
cyclic fluctuation. TR-PIV was used to measure the flow
field, and PLIF was used to measure the air-fuel mixture
distribution. As described above, the cyclic fluctuation is
caused by variation in various factors. In this study, the
primary focus was to identify the relationship between
CCV of combustion, in-cylinder flow fluctuation and air-
fuel mixture fluctuation. Fluctuation in parameters other
than in-cylinder flow and air-fuel mixture was minimized
by optimizing the measurement conditions, and the
contribution of these two parameters to CCV of

combustion was analyzed.
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EXPERIMENTALSELURAND
ANALYTICAL METHOD

2-1. Optical Engine

The visualization single-cylinder engine (KOYAMA
GARAGE) used in this study is shown in Figure 1. This
visualization engine uses quartz glass for the pent roof
and the cylinder liner, and thus, the entire area inside of
the chamber and cylinder can be observed from the front.
A quartz glass window is inserted into the piston crown.
Using a light source and a mirror placed below the
piston, the cylinder interior can be illuminated from
underneath through this window. This visualization piston
has been changed since the time of authors’ previous
study, and the visualization range has been expanded.
Figure 2 shows the visualization piston used in this study
(right) and the one used previously (left). The new
visualization piston facilitates measurement of wider
cross sections, as it has a width of 58 mm at the bore
central cross section and 41 mm at the intake valve cross
section. In this study, measurements were only taken at
the central cross section. The specifications of the
visualization engine is shown in Table 1. The engine head
uses one cylinder from a 2-L, 4-cylinder mass-production
four-wheeled vehicle engine, and the displacement per
cylinder is 500 cm®. The bore and stroke are 86 x 86
mm square and the compression ratio is 9.2. The timing
of the intake and exhaust valves of this visualization
engine can be set arbitrarily. In previous sections, it was
stated that the valve overlap is wide in motorcycle
engines. However, in this study, the valve timing was set
so that the valve overlap would be zero in order to
reduce the influence of residual gas fluctuation on CCV of
combustion. The valve timing is shown in Table 1.
Although this visualization engine can be installed with
either PFI or DI, experiments were conducted under PFI
conditions since motorcycle engines are targeted. The
in-cylinder pressure was measured using a piezoelectric
pressure sensor (Kistler, 6052C) installed on the
chamber, and the intake and exhaust pressure was
measured using absolute pressure sensors (Kistler,
4005B, 4007C) installed on the intake pipe and the

exhaust pipe, respectively. These were measured at 1

degree crank angle intervals by a high-speed data logger
(YOKOGAWA, DL750). The in-cylinder piezo sensor was
calibrated by adjusting its absolute pressure correction

setting, such that it reported pressures equal to the

Quartz glass pent-roof window
Quartz glass cylinder

\

/)

Piston Quartz glass window

Fig. 1 Optical engine

Fig. 2 Visualization piston; Right is used in this study
and left is used in previous study.

Table 1 Engine specification

Displaced volume 500 cm®
Stroke 86 mm
Bore 86 mm
Connecting rod length 139 mm
Compression ratio 9.2:1
Number of valves 4

Intake valve open 360 deg. ATDC

Intake valve close 600 deg. ATDC

Exhaust valve open 130 deg. ATDC

Exhaust valve close 360 deg. ATDC

Injection type PFI

Material of cylinder liner Quartz glass
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intake pressure sensor between crank angle 390 deg.
and 570 deg. ATDC (After Top Dead Center). The air-fuel
ratio was measured using an A/F sensor (NGK, ZFAS-U1)
installed in the exhaust pipe, and the intake and exhaust
temperatures were measured using a K-type sheath
thermocouple. These were measured at 200 ms intervals
by a low-speed data logger (OMRON, ZR-45).

2-2. Optical Setup

A schematic diagram of the optical setup is shown in
Figure 3. This optical setup is designed to simultaneously
perform flow field measurement by PIV and fuel
concentration distribution measurement by PLIF. The
light source for PIV is a second harmonic generation of
high frequency dual-cavity Nd: YLF laser (New Wave
Research, Pegasus-PIV, 10 kHz, 527 nm, 4 m]J/pulse).
Fourth harmonic generation of a dual-cavity Nd: YAG
laser (New Wave Research, SOLO-120, 15 Hz, 266 nm,
25 m]/pulse) is used as the light source for PLIF. The
laser beams are placed on the same optical axis through
a HR 266 nm mirror (SIGMAKOKI, TFMHP-266, HR 266
nm: 98%). These laser beams are formed into light sheet
using two cylindrical lenses (SIGMAKOKI), and the sheet
width and thickness are adjusted appropriately. These
beams are irradiated into the cylinder through a mirror

below the piston. PIV tracer particles suspended in the

Fuel compositions

Cycle Variation in a Port Injection Gasoline Engine by
taneous Measurement of Time Resolved PIV and PLIF

flow, upon illumination by the Nd:YLF laser, perform Mie
scattering at a wavelength of 527 nm. On the other hand,
PLIF tracer emit fluorescence at wavelengths in the range
of 420-450 nm when irradiated by 266 nm of the
Nd:YAG laser. These two wavelength ranges are separated
by a dichroic mirror (IRIDIAN, 495 DPS, HR> 500 nm:
99%, HT 400-500 nm: 96.3%) after passing through a
long pass filter with a cutoff wavelength of 370 nm. After
that, scattered light for PIV is reflected by the dichroic
mirror and photographed by a high-speed CMOS
monochrome camera (Photron, SA-X2) equipped with a
macro lens (Nikon, AI AF Micro Nikkor 105 mm F 2.8 D).
Fluorescent light for PLIF transmits through the dichroic
mirror, and is photographed by a 16bit CMOS color
camera (Photron, FASTCAM SA-X) equipped with a macro
lens (Nikon, Ai AF Micro Nikkor 105 mm F 2.8 D)
through an image intensifier (HAMAMATSU, C10880). In
Figure 3, the part enclosed in red dashed lines shows the
apparatus using which PLIF calibration data is acquired.

The details are described in the “PLIF system” section.

2-3. PIV System

A schematic diagram of the measurement range is shown
in Figure 4. The width of the measurement range is 58
mm, which is approximately 67% of the bore (86 mm). The
specifications of the PIV system are shown in Table 2. PIV

P;,; = 350 kPa

iso — Octane (82 vol.%)
3 - Pentanone (18 vol.%)

inj

Sub |nJector\&¢

Main injector : For the normal PFI operation

Main injector

Sub injector : For the operation with uniformed mixture
PIV tracer Wall heating
(B-6C) (423 K)
Throttle valve

Measurement system of Tracer

cyclic beam intensity fluctuations Long pass filter tank

;r High speed CMOS cameraw; ' (> 370 nm)

 Wall Reference  Screen | S Dichroic mirfor N
: beam ! - Air
! ] | L/ Scattering

; | ; (> 500 nm)

 Mirror . Mirror (HR_%@) _______ : O 1] High speed

' ND filter W CMOS camera
i - 105 mm

[ B f e,

! \ %@ S wror 7% % e s

N NH— A Laser sheet 6‘00 e
ﬁ h Cylindrical lens )
Mirror At e
(HR:532 nm) R ~./| Laserbeam (FHG : 266 nm) /
7\ . Image Intensifier
Concave lens o
Laser beam “_

Convex lens (SHG : 527 nm)

“ Double pulse Nd : YAG Laser

Double pulse Nd : YLF Laser

Fig. 3 Schemat
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EX IN

Laser sheet

58 mm

@86 mm

Piston bottom
window area

Fig. 4 Schematic of measurement range

Table 2 PIV and PLIF specifications

PIV PLIF

Laser tvpes Double pulse Double pulse

P Nd: YLF Nd: YAG
Wave lengths 527 nm (SHG) 266 nm (FHG)
Sheet thickness 1 mm 1 mm
Shot timines 358to 714 -120 and -7

& deg. ATDC deg. ATDC
Measurement intervals 2 deg, (3 kH2) None
in a cycle
Particle image intervals | 25 us (Intake stroke) None
At 50 us (Compression stroke)
Frame rates 20000 fps 6000 fps
Shutter speeds 1/20416 1/6037
1024 X 1024
i i X

Spatial resolutions 672 % 1024 (0.8 mm/vector) (0.15 mm/pix)

measurement was performed from 358 deg. ATDC to 714
deg. ATDC, which is 1 degree before the ignition timing.
The measurement interval was 2 degrees, corresponding
to a measurement frequency of 3 kHz at an engine
rotating speed of 1000 rpm. The oscillation timing of the
Nd:YLF laser was controlled by a trigger signal
synchronized with the crank angle. The synchronized
signal was generated by a divider circuit and a pulse
generator (nf, WAVE FACTORY WF1946) based on an
angle signal from a rotary encoder (OMRON, E6B2-
CWZ3E) connected to the crankshaft.

SiO; hollow porous particles (SUZUKI YUSHI KOGYO,
Godball B-6C) with a diameter of about 2 ~ 5 um were
used as the PIV tracer. The tracer particles were
introduced into the intake flow using compressed air
upstream of the throttle valve. At a PIV measurement
frequency of 3 kHz, this tracer exhibits as high as 99.3%
frequency responsiveness (@ 2 um). The flow trackability

is also adequate!®.,

The thickness of the PIV laser sheet was set to 1 mm
based on the quarter rule, which states that particle
displacement perpendicular to the measurement plane
between two consecutive image captures should not be
more than 1/4 of the laser sheet thickness'”. For optimal
tracking of particle trajectories, the in-plane particle
displacement between two consecutive images should be

5 to 10 pixels!'”

. The average flow velocity in the
cylinder varies by as much as an order of magnitude
between the intake and compression strokes. Therefore,
if PIV analysis is performed on the entire process at a
constant particle image interval A¢, the measurement
accuracy is not adequate. In this study, the particle image
interval At was chosen to be 25 ps in the intake stroke,
and 50 ps in the compression stroke. This switching of
particle image interval within a single cycle led to an
improvement in measurement accuracy. The images were
taken using frame straddling technique to synchronize
the laser oscillation timing with the imaging timing of the

camera.

PIV analysis was performed using commercial software
DANTEC, Dynamic studio ver. 2015a. Analysis was
performed using the FFT (Fast Fourier Transform)
correlation method. Correlations were made using 50%
overlap in three stages with each stage having a different
search area (8 X 8, 16 X 16, 32 X 32 pixels). Erroneous
vectors were removed using a median filter with a
window size of 3 X 3 vectors. The obtained numerical
data was post-processed using open source software
SCILAB Enterprise, Scilab ver. 5.5.2 and C# original
codes. Vector maps and contour maps were made using a
post-processing commercial software i-WORKS, GraphR

plus, ver.1.57.

2-4, Separation between Averaged Flow and Turbulent
Component from Instantaneous Flow

In order to evaluate cyclic fluctuation of in-cylinder flow,
it is necessary to separate the turbulent flow component
from the instantaneous flow. The resulting average flow
component represents time-averaged flow in one cycle,
and therefore includes the effects of cycle to cycle flow

variation. Overall the instantaneous flow velocity, # is
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defined as sum of ensemble-averaged, () cyclic fluctuation
component, #. and turbulent component, #” (1). Since it
does not include cyclic fluctuation component, ensemble-
averaged alone cannot be used to evaluate cyclic
fluctuation. The ensemble-averaged flow velocity
component and cycle variation component combined
represent the time-averaged flow velocity component, # (2).

i={u)+u +u, (1)

u=u+u @)
Many methods have been proposed for separating
turbulent components from instantaneous flow velocity.
The method used in this study was to use a cut-off
frequency to separate between time-averaged
components and turbulent components in the frequency
domain'"""?, This method has also been used by this
author previously?!'*!. For frequency analysis, a fixed
point in the central cross-section, just below the spark
plug was used. Using a Fourier transformation on the
velocity time-series data at this point, power spectra were
obtained for every cycle (Fig. 5). The gray thin lines show
the power spectra of the flow for one cycle each. The red
thick line shows the power spectrum of the 45-cycles
ensemble-averaged flow. Comparing the power spectra in
Figure 5, it can be observed that all single cycle flows
show power distributions very similar to the ensemble
average up to about 100 Hz. Beyond this point, however
the individual cycle’s spectra deviate sharply from the
ensemble-averaged, showing much higher power

distribution compared to the ensemble-averaged between
100-1000 Hz. Therefore, it can be concluded that this

1.E+02 I
,/\\

\

1
— Turbulence

1.E+01

1.E+00

1.E-01

Power (Log) [m%/s]

1.E-02

10 100 1000
Frequency (Log) [Hz]

Fig. 5 Power spectra of single cycle flows
and ensemble average flow

1 55 YAMAHA MOTOR TECHNICAL REVIEW

frequency range contains the turbulent component of the
instantaneous flow. Thus, 100 Hz can be selected as the

cutoff frequency.

This result differs from other literature referenced in this
study. Kamimoto et al"!! defined the cut-off frequency
such that the non-turbulent component of the flow
contained 90% of the accumulated power. This was done
by integrating the power spectrum from left to right and
choosing the frequency where the integral reached 90%
of its total value. By this method, the cut-off frequency
for the current data would be 400 Hz, which is
significantly larger than the result of this study. It must
be noted that Kamimoto et al. used the flow velocity
during only the compression stroke to decide the cut-off
frequency. On the other hand, in this study the cut-off
frequency was decided based on the flow velocity in both
the intake and compression strokes. As a result, a much
higher range of velocity was considered in this study,
which led to significant difference in cut-off frequency
from the work of Kamimoto et al. Okura et al'? also
decided the cut-off frequency using data from both intake
and compression strokes. They defined the cut-off
frequency as the frequency that exhibits the first minima
of the power spectrum curve. Using this rule, the cut-off
frequency for the current study would be 120Hz, as
shown by red circle in Figure 5. This is almost the same
as the result of this study. The cut-off frequency of 100
Hz adopted in this study was therefore judged to be
appropriate when dealing with such a wide velocity

range.

2-5. PLIF System

The intake system in Figure 3 is equipped with two
injectors, a main injector at the port injection location
and a sub injector placed further upstream to simulate
uniform fuel distribution. These two injectors are same in
terms of specifications. Since only the injector mounting
positions are different, it is easy to obtain the same
overall A/F ratio in both PFI and uniform conditions, and
the flow pressure field is not affected. This helps reduce
both errors due to unequal A/F and errors due to

pressure dependence of the PLIF tracer. The fuel used in
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this PLIF study was a mixture of 82% iso-octane and 18%
3-pentanone by volume. 3-pentanone is a widely used
fluorescent tracer for PLIF measurements due to its
strong fluorescence and low sensitivity to oxygen
quenching. In addition, 3-pentanone has a boiling point
of 101.5 degree C, which is quite similar to the boiling

point of iso-octane (99 degree C),!*,

The fluorescence intensity is calibrated using the process
shown in Figure 6. First, images are taken for several
cycles with light sheet irradiation and without fuel
injection. These images are ensemble-averaged to produce
a background image. This background image is subtracted
from the raw images during the 45 cycles. By doing so,
the noise due to laser oscillation or optical defects is
removed. Then, after cleaning and resetting the apparatus,
another background image is acquired in a similar
manner, and 45 cycles are performed using only the sub
injector to produce a uniform fuel distribution. These 45
images are ensemble-averaged and then de-noised using
the new background image. The resulting image
represents the fluorescence intensity distribution of a
homogenous stoichiometric mixture. Each de-noised PFI
image is then divided by this homogenous distribution
image to obtain the relative fuel concentration
distribution. The final images therefore represent fuel
concentration in one PFI cycle, normalized using the
fluorescence intensity of the homogeneous stoichiometric

mixture. To clarify, a value of 1 in the relative fuel

Relative fuel concentration [-]

04 07 10 13 16

D = PFI <+ Uniform

Raw image BG image Calibrated image \

PFI condition (stoichiometric)
Relative fuel

conentration
with Median filter
(15 x 15 pix.)

Ens. averaged — = Ens. averaged

Raw image BG image Calibrated image
Uniform condition (stoichiometric)

Fig. 6 Calibration process of fluorescence intensity

concentration images represents a stoichiometric mixture.
Furthermore, since the fluorescence intensity and
concentration of 3-pentanone are linear!"!"%, the fuel
concentration in the lean and rich regions does not

require any further calibration.

Fluorescence of 3-pentanone excited at 266 nm shows
dependence on pressure and temperature!'®'”) The
measured in-cylinder pressure under PFI and uniform
conditions are shown in Figure 7(a). Since the PFI
condition and the uniform condition were set to the same
load, the in-cylinder pressure was the same. Therefore, in
the current case, pressure dependence of 3-pentanone
can be ignored. The in-cylinder average temperature
history is shown in Figure 7(b). This temperature was
calculated using TPA (Three Pressure Analysis) model
(GT-power ver7.3) from measured intake, exhaust and
in-cylinder pressures. The in-cylinder temperature was
different under PFI and uniform conditions. In PFI
condition, fuel droplets evaporate more readily while
suspended in the flow, since fuel is injected into the
negative pressure field inside the intake port. On the
other hand, in the uniform condition, fuel is injected into
atmospheric pressure, so a large part of the evaporation
occurs at the liquid wall film. The latent heat of
vaporization from air is small, which leads to a higher
in-cylinder temperature in the uniform condition. Figure
7(c) shows the temperature dependence of the
fluorescence intensity of 3-pentanone referenced from
Koch, Hanson, et al!'”. Temperature correction was

performed according to the calibration curve.

The fourth harmonic generation of Nd: YAG, used as the
PLIF light source has a large shot-to-shot variation, so it
is necessary to correct for laser intensity variation. In
Figure 3, the part of the setup enclosed by red dashed
lines is responsible for this correction. The light
component transmitted through the HR266 nm mirror is
photographed, and the correction coefficient is
determined from the average luminance value of the
image. The measured beam intensity fluctuation was

approximately 9%, which is as per the catalog spec.
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Fig. 7 (a): Measurement result of in-cylinder pressure
(b): In-cylinder temperature estimated by 1-D simulation
(c): Temperature dependence of 3-pentanone!'”!

The relative fuel concentration D is expressed by the
[15][18].

following equation (3)
Fppy — <BPFI >

D= Y~ (Bun)

WLCtemp (3)

where Fpgy is the individual image intensity of RAW image
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in PFI condition, (Bp ) is the ensemble-averaged image
intensity of the background image obtained from the
motored engine with light sheet and without fuel injection,
(Fyui) is the ensemble-averaged image intensity of the
homogeneous fuel field in uniform condition, (By, ) is its
ensemble average of background image for the uniform
condition, W, is correction factor of shot-to-shot variation
of beam intensity, ¢, is correction factor of 3-pentanone’s
temperature dependence. It must be noted that Fpg is the
fluorescence intensity obtained under simultaneous
measurement of PIV and PLIF, while (F,; ) was obtained
while performing only PLIF measurement. It was observed
that when PIV and PLIF were measured simultaneously,
the fluorescence intensity became higher than only PLIF
measurement results. It is speculated that this is probably
because the laser sheet thickness is increased by Mie
scattering at 266 nm with the PIV tracer. The coefficient,
C is introduced to correct the difference between

simultaneous with PIV and only PLIF measurement.

2-6. Simultaneous Measurement of PIV and PLIF in
Engine Firing Condition

Engine operating conditions are shown in the Table 3. The
flow chart for the whole process of the measurements is
shown in Figure 8. Warm-up is performed until the
coolant temperature reached 70 degrees C with the engine
stopped. After that, background images are acquired and
simultaneous measurement of PIV and PLIF are performed
in the order shown in Figure 8(a). The cylinder liner
temperature increases rapidly during the firing operation.
After 45 cycles of firing operation, the engine is stopped
and cooled until the water temperature reaches
approximately 30 degrees C. After sufficient cooling, the
inside of the engine is cleaned. In order to minimize the
influence of glass stains, the inside of the engine is
cleaned after every firing operation. Next, a background
image and a homogeneous pre-mixed gas image are taken

as correction data (Fig. 8(b)).

The timing chart for the lasers and the cameras just
before ignition are shown in Figure 9. The measurement
timing just before ignition is 714 deg. for PIV and 713

deg. for PLIF. In the simultaneous measurement of PIV
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and PLIF, the two lasers are controlled to not operate at
the same time. The fluorescence intensity detected by

PLIF is weak compared to the scattered light intensity

Table 3 Measurement conditions

Engine speed 1000 rpm
Minimum intake pressure (abs.) 37 kPa
Ignition timing -5 deg. ATDC
Net IMEP (average) 150 kPa

CA50 (average) 50 deg. ATDC
Start of injection 180 deg. ATDC
Injection duration (average) 2.9 ms

A/F Stoichiometric
Measurement cycles 45 cycles

(Fuel: iso-octane 82 vol. % + 3-pentanone 18 vol. %)

Motoring start

’ Background image for PFI ‘

Motoring start

’ Background image for uniform ‘

’Throttle opening adjustment‘ ’Throttle opening adjustment ‘

’ Firing start (Main injector) ‘ ’ Firing start (Sub injector) ‘

’ A/F adjustment to stoichiometry ‘ ’ AJF adjustment to stoichiometry ‘

PIV and LIF simultaneous measurement
(45 cycles)

Engine cleaning
@) (b)

Fig. 8 Measurement flow chart: (a) PFl condition (TR-PIV
+ PLIF) (b) Uniform mixture condition (PLIF only)

Only LIF measurement
(45 cycles)

Ignition
Il.I. GATE ,__\
YAG Laser l
Camera frame l l
(for LIF)

YLF Laser 02
YLF Laser 01

Camera frame , " l

(for PIV)

[T

-85 -8 -75 -7 65 -6 -55 -5 -45
Crank angle [deg. ATDC]

Fig. 9 Timing chart for TR-PIV and PLIF

detected by PIV. In order to measure the weak
fluorescent light accurately, the oscillation timings of the

two lasers are shifted.

RESULTS.AND.DISCUSSION

3-1. Combustion Analysis for 45 Continuous Engine
Cycles

Simultaneous measurement of TR-PIV and PLIF was
performed under firing condition during 45 continuous
cycles, and the cyclic fluctuation of the combustion was
measured. The operating conditions are shown in Table 3.
The results of the in-cylinder pressure history and the
apparent heat release rate history are shown in Figure 10.
The COV (Coefficient of Variation) of net IMEP in this
measurement was 8.74%, which was equivalent to the

COV measured while steady operation under the same

600 Averaged net IMEP T
= 155.3 kPa
@ 500
T COV of net IMEP
= = 0
© 400 =8.74%
7 — Highest load
g 300 |= Lowest load
. = Average
S
2 200
>
(8]
< 100
O L 1 1 1 1 1 1 1 1 1 1 J
-180 -150 -120 -90 -60 -30 O 30 60 90 120 150 180
Crank angle [deg.ATDC]
(&) In-cylinder pressure
12 T
— 10 .
=)
()
2 8 1
i
x 6 .
T
o
a4 4 4
=
g
g 2 ]
Q.
Q.
< o0 : : : >
2 1
-20 0 20 40 60 80 100 120

Crank angle [deg.ATDC]
(b) Apparent ROHR

Fig. 10 In-cylinder pressure and apparent rate of heat
release during 45 cycles
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Fig. 11 Individual cycle data on net IMEP and CA10

load with a metal sleeve. Figure 11 shows the net IMEP
and CA10 for each cycle. In order to identify the factors
affecting cyclic fluctuation in both high and low net IMEP
cases, cycles with greater than 10% variation from mean
net IMEP were extracted and analyzed. A total of 12
cycles were found to fit this criterion, out of which 5 were
high work cycles and 7 were low work cycles. Although
up to -20% variation has been reported in the past under
similar load conditions, such a high variation was not

observed in the 45 cycles analyzed in the current study.

3-2. Comparison of Kinetic Energy and Turbulence
Kinetic Energy

Kinetic energy (KE) and turbulence kinetic energy (TKE)
were obtained from the results of TR-PIV and the 12
cycles picked as mentioned were analyzed. Spatial
averages of both kinetic energy and turbulence kinetic
energy over the entire measurement area were
calculated. Spatial averages were calculated for each
crank angle using equation (4) and (5). In the equations,
# indicates instantaneous flow velocity, # indicates time
averaged flow velocity, the subscripts, ¢, £ indicate X, Z
coordinates and the subscript, CA indicate crank angle.
Note that equation (4) and (5) use time averages rather
than ensemble averages as the mean value. Therefore, KE

and TKE are the values for one cycle only.

1
E(u(t kcA) T w(, k CA)) (4)

1 MeNeqq, B 2 B )
TKE(CA) = NN, 225{(”(i,km) _u(i,k,CA]) +(w(i,k,CA) _w(i,k,CA)) }

()
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7 45 cycles averaged
Higher +10% work cycle’s
Lower -10% work cycle’s

Spatially-averaged KE [m?/s?]
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Crank angle [deg.ATDC]
(a) Spatially-averaged kinetic energy

Spatially-averaged TKE [m?/s?]

540 570 600 630 660 690 720
Crank angle [deg.ATDC]
(b) Spatially-averaged turbulent kinetic energy

Fig. 12 Spatially-averaged kinetic energy and
turbulence kinetic energy

Figure 12 shows the spatially-averaged history of KE and
TKE. The black thick line in the figure is the average
value of 45 cycles. Blue thin lines indicate the 7 cycles
with low net IMEP, while red thin lines indicate the 5
cycles with high net IMEP. From the KE history shown in
Figure 12(a), a correlation between net IMEP and KE
cannot be confirmed up to around CA = 600 deg. ATDC.
However, from CA = 660 deg. ATDC onwards, the high
net IMEP cycles (red lines) exceed the average value and
the low net IMEP cycles (blue lines) are consistently
below the average value. This correlation is especially
clear at the right end of the graph (CA = 714 deg. ATDC),
just before ignition timing. It is therefore, reasonable to
infer that high net IMEP cycles show high KE, and that
the converse holds for low net IMEP cycles. A similar
trend is observed for TKE (Fig. 12(b)), with high net IMEP
cycles showing higher than average TKE and low IMEP
cycles showing lower than average values for crank
angles after ~660 deg. ATDC. However, two out of the 12

cycles do not strictly follow the aforementioned
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Fig. 13 Two irregular cycles on TKE

correlation. As shown in Figure 13, the # 033 cycle,
despite being a low net IMEP case, shows higher than
average TKE. On the other hand, cycle # 006 has high
net IMEP but its TKE is similar to the average value. For
these two cycles, it is possible that factors other than TKE
have a stronger influence on net IMEP. Therefore, in
order to analyze these cases further, the time-averaged
flow distribution, TKE distribution and fuel concentration
distribution at just before ignition timing are also

compared.

3-3. Comparison of Spatial Distribution Just Before
Ignition

Figures 14 and 15 show the time-averaged flow and TKE
distribution 1 degree before ignition timing, and the
relative fuel concentration distribution 2 degrees before
ignition timing respectively. From left to right the figure
shows the time-averaged flow pattern, TKE distribution,
and relative fuel concentration distribution. In Figure 14,
the 7 low work cycles are arranged from top to bottom
in ascending order of net IMEP. In Figure 15, the 5 high
work cycles are arranged in a similar order. Comparing
the time-averaged flow patterns in Figures 14 and 15,
the difference in the tumble vortex is the most notable
feature. In high work cycles, a strong upward tumble flow
can be observed close to the spark plug in the right half
of the cross section. However, in low work cycles, this

flow is generally weaker and farther away from the spark

plug.

Velocity magnitude [m/s] TKE [m%s?] Relative fuel concentration [-]

01 2 3 4 5 0 05 1 15 2 0 04 08 12 16

#014 cycle (-17.9%) Lowest

#033 cycle (-15.7%)

#034 cycle (-14.3%)
#004 cycle (-13.7%)

PP e

#012 cycle (-13.1%)

P A

#002 cycle (-12.3%)

i N N

#030 cycle (-11.4%)

(a) Averaged-flow (b) Distribution of TKE (c) Distribution of relative

fuel concentration

Fig. 14 Average flow pattern, distributions of TKE and fuel
concentration at 714 deg. ATDC in low work cycle

Velocity magnitude [m/s] TKE [m?/s?] Relative fuel concentration [-]

0 1 2 3 45 0 05 1 15 2 0 04 08 12 16

/@J\/@J\/@f\

#006 cycle (+10.5%)

#009 cycle (+11.6%)

#025 cycle (+12.6%)

/@J\/@J\/@f\

#032 cycle (+13.6%)

#020 cycle (+15.5%) Highest

(a) Averaged-flow (b) Distribution of TKE (c) Distribution of relative

fuel concentration

Fig. 15 Average flow pattern, distributions of TKE and
equivalence ratio at 714 deg. ATDC in high work cycle

Comparing TKE distribution, it can be seen that the high
work cycles generally have higher TKE throughout the
cross section compared to low work cycles. Furthermore,
in high work cycles, regions of very high TKE exist close
to the spark plug. The exceptions to this rule is the low
work cycle # 033, where a high TKE distribution can be
observed under the spark plug, and the TKE appears to
be relatively high as a whole. This agrees with the result

of TKE spatial average shown in Figure 13.
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Comparing the relative fuel concentration distribution, all
the results appear similar. In the case of PFI exhaust
stroke injection, the fuel is almost uniformly distributed
at the ignition timing. Unlike in DI conditions”’, any
localized variation of fuel distribution that could cause
significant cyclic fluctuation cannot be identified.
Focusing on the # 033 cycle in Figure 14, it can be seen
that the relative fuel concentration is clearly leaner than
all other cycles. As discussed above (Fig. 12, 13), # 033
cycle does not conform to the apparent relation between
net IMEP and TKE, showing higher than average TKE
despite having low net IMEP. In this cycle, it is assumed
that low fuel concentration is the reason for the net IMEP
being below average. On the other hand, looking at the #
006 cycle in Figure 15, it can be seen that the relative
fuel concentration is one of the highest among all cycles.
As discussed above, net IMEP in cycle # 006 should be
low because the TKE is low. However, it appears that the
rich mixture compensates for the low TKE, resulting in a
high net IMEP.

Therefore, considering from the above results, a clear
correlation has been established between TKE and net
IMEP for 10 of the 12 (about 80%) cycles analyzed. In
the remaining 2 cycles (about 20%), it is found that the
fuel concentration just before ignition timing has a
greater effect on net IMEP than TKE.

3-4. Contribution of TKE and fuel concentration to
combustion fluctuation

In previous section, relatively low and high net IMEP
cycles have been explained with TKE and fuel
concentration of each cycles. In this section, the
contribution of the two physical properties are analyzed.
A dataset of another 45 cycles measured under the same
conditions is added, and analysis is performed using data

from a total of 90 cycles.

Figure 16(a) shows a scatter plot of the net IMEP for all
90 cycles. The contours show normalized net IMEP, and
the 12 cycles analyzed above are marked with triangles
(yellow triangle: high work cycle, purple triangle: low

work cycle). The horizontal axis is the normalized relative
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Fig. 16 Scatter plot and response surface: (a) A region
containing all 90 data (b) A region with densely
populated data (48 of 90 data)

fuel concentration D, and the vertical axis is normalized
TKE. A response surface was calculated from this data by
smoothing with RBF (Radial basis function) interpolation.
RBF interpolation was calculated using the Python library
(Python 3.7.2, ScyPy 1.2.1). The response surface within
the range D = 0.9 to 1.1 and TKE = 0.7 to 1.3 is shown in
Figure 16(a). This range contains 48 of the total 90 data
points, and the density of the data is relatively high. Due
to the nature of RBF interpolation, the response surface
may not be sufficiently accurate in regions where data is
sparse. Thus the response surface calculation is limited
only to this region with densely populated data. Figure
16(b) shows a zoomed-in image of only the response

surface area.

Figure 17 shows the error between the response surface
prediction and the actual measurement value. The solid
line indicates the mean value (1) of the error, and the
dashed line indicates the standard deviation (¢). The error
of the response surface is within = 15%, and the standard

deviation is about 7%.

Figure 18 shows the plots for net IMEP vs. TKE at D = 1,
and net IMEP vs. D at TKE = 1. From the net IMEP vs. D
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Fig. 18 Plots for net IMEP vs. TKE at D =1,
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Fig. 19 Error between the approximate response surface
equation and the RBF response surface prediction value.

graph, net IMEP was expressed as a polynomial of D.
Similarly, from the plot of TKE and net IMEP, net IMEP
was expressed as a polynomial of TKE. The product of
these two polynomials was taken to create an

approximation of the net IMEP response surface.

EHMEP = > @4Dyor Y B TKE 6)

k=0 k=0

In the equation (6), the subscript, norm means a value

normalized by ensemble average value. Figure 19 shows

the error in this approximate response surface compared
to the response surface obtained using RBF interpolation.
The error in the approximate response surface is within
=+ 1% of the RBF surface, and the standard deviation is
approximately 0.3%. Thus, the approximate response
surface equation and the response surface obtained using

RBF interpolation are almost equal.

As can be seen from Figure 18, the slopes of net IMEP
with respect to fuel concentration D and TKE are almost
equal in the area where data is densely populated. This
indicates that the sensitivity of net IMEP to D and TKE is
almost the same in this region. The standard deviation of
TKE for all 90 data points is approximately 0.31, and the
same for D is approximately 0.07. Since the overall
variation in TKE is about 4 times larger than the
variation in D, it can be concluded that the fluctuation of
TKE is responsible the fluctuation in net IMEP in most

cases in this measurement.

3-5. Factors Affecting TKE Fluctuation at Ignition
Timing

The previous section shows that most of the combustion
fluctuation is caused by TKE fluctuation in this study. In
order to realize an engine with minimal CCV, it is
necessary to clarify the mechanism of TKE fluctuation. In
this section, the characteristics of time-averaged flow are

analyzed for cycles with large combustion fluctuations.

Time-averaged flow was compared for the cycles with
maximum and minimum net IMEP. Figures 20 and 21
show the vector maps of the time-averaged flow from CA
420 deg. to 660 deg. in intervals of 30 degrees and
vector maps of the time-averaged flow just before
ignition. It must be noted that the color scale of the flow
velocity is different for the intake strokes, compression
strokes and just before ignition. Velocity magnitude
ranges from O to 25 m/s in the intake stroke, O to 7 m/s
in the compression stroke and O to 5 m/s at just before
ignition. Figure 20 shows the time-averaged flow pattern
of the maximum work cycle (# 020), and Figure 21 the
minimum work cycle (# 014). Comparing the two time-

averaged flows, it can be observed that significant
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Fig. 20 Time-averaged flow patterns in the highest
work cycle (# 020)

difference exists in the direction and size of the tumble
vortex during the intake stroke, as highlighted by black
arrows at BDC (bottom dead center) in either figure. For
the maximum work cycle, the flow entering from the top
of the intake valve rotates counter-clockwise in a wide
arc, contacting the piston crown near the center of the
bore. On the other hand, in the minimum work cycle, this
flow appears to follow a tighter arc, and is nearly parallel
to the piston surface near the center of the bore. This
difference is likely due to the horizontal offset of the
large scale tumble vortex structure during the intake
stroke. A schematic diagram of this horizontal offset is

shown in Figure 22. In this figure, the red arrow
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Fig. 21 Time-averaged flow patterns in the lowest
work cycle (# 014)
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Fig. 22 Schematic drawing of horizontal offset of
tumble flow structure
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indicates a high work cycle, the blue arrow indicates a
low work cycle, and the region highlighted in green
represents the TR-PIV measurement range. It can be seen
from this schematic that the tumble flow in the higher
work cycle is offset to the left and approaches the piston
crown at a downward angle, while the same flow in the
low work cycle is offset to the right and is almost
horizontal as it approaches the piston crown at the center
of the bore. Focusing within the measurement range, this
vortex structure is consistent with the flow patterns of
Figures 20 and 21. Moving further to the compression
stroke, another noticeable difference is apparent in these
two cases. The flow patterns on the piston crown surface
after BDC are compared in Figure 20 and Figure 21. As
indicated by the black arrow at CA = 660 deg. ATDC in
either figure, it can be seen that a strong upward flow is
formed near the spark plug in the maximum work cycle.
On the other hand, in the minimum work cycle, this
upward flow is farther from the plug towards the right
and the flow velocity is relatively lower. This upward flow
remains until the ignition timing, resulting in a strong

average flow near the plug just before ignition in the

Cycle #006 (+10.5%)  Cycle #009 (+11.6%)  Cycle #025 (+12.6%)

Velocity magnitude [m/s]
o P N W s OO N

Cycle #032 (+13.6%)  Cycle #020 (+15.5%)

Fig. 23 Flow patterns at BDC in the case of the
higher work cycles

maximum work cycle. On the other hand, in the minimum
work cycle, this upward flow is at a position farther away
from the plug, and a weak average flow is distributed
near the spark plug just before ignition. Furthermore, as
discussed before and shown in figures 14 and 15,
patches of high TKE are distributed near the plug in the
maximum work cycle (# 020), whereas TKE distribution
near the plug in the minimum work cycle (# 014) is
generally lower. Thus, it can be confirmed that the cyclic
fluctuation of the tumble vortex structure during intake
stroke has a significant effect on the fluctuation of the

flow and TKE distribution at ignition timing.

In order to obtain further confirmation of the

\_/v\«v

N

Cycle #014 (-17.9%)  Cycle #033 (-15.7%)  Cycle #034 (-14.3%)

\ \

#004 cycle (-13.7%) #012 cycle (-13.1%)

Velocity magnitude [m/s]
o P N W s O N

N

Cycle #002 (-12.3%)

N

Cycle #030 (-11.4%)

Fig. 24 Flow patterns at BDC in the case of the
lower work cycles
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aforementioned tumble vortex offset, time-averaged flow
patterns at BDC were compared for all 12 shortlisted
cycles with high variation from mean IMEP. Figure 23
shows the time-averaged flow patterns at BDC for the 5
higher work cycles, and Figure 24 shows that of the 7
lower work cycles. For the high work cycles shown in
Figure 23, it can be seen that the tip of the tumble flow
is at or to the left of the center of the bore as indicated
by the black arrows. On the other hand, for the lower
work cycles shown in Figure 24, five out of 7 cycles have
a flow feature supporting the aforementioned tumble
vortex offset. In these 5 cycles (# 014, # 033, # 034, #
002, # 030), it can be seen that the tumble tip is on the
right side of the bore center and the flow direction itself
is almost horizontal near the center. Therefore, the
correlation between tumble vortex offset and net IMEP
holds true not only for the two extrema cycles, but also
for the most of high variation cycles analyzed in this

study.

SUMMARY,

In this study, simultaneous measurement of TR-PIV and

PLIF was conducted to analyze the influence of flow and

fuel concentration fluctuations on CCV of combustion.

Out of 45 cycles measured successively under continuous
engine firing, analysis was performed on 12 cycles which
have big difference of net IMEP from the average. It has
been confirmed that the cycle-to-cycle variation of
combustion can be connected to the fluctuation of TKE
and relative fuel concentration at the ignition timing. It
has been also observed that the number of cycles
showing high combustion fluctuation due to TKE
variation was significantly greater than the number of

cycles showing fluctuation due to fuel concentration.

From 90 cycle data, a response surface of net IMEP on
two parameters, fuel concentration and TKE, was
calculated by smoothing with RBF interpolation. The
response surface shows about 7% standard deviation
from the experimental results. From the characteristics of

this response surface, it is judged that net IMEP is almost
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equally sensitive to variations in both fuel concentration
and TKE. Furthermore, by comparing the relative
variation of fuel concentration and TKE, it has been
confirmed that TKE variation is the primary cause of
cyclic fluctuation in a majority of the cases measured in
this study. This is likely due to the fact that in a PFI
engine, variations in fuel concentration are usually not

very high.

As in the previous author’s study, it has been confirmed
that the fluctuation of TKE at the ignition timing is
affected by the tumble vortex structure during the intake
stroke. In the future, it could be worthwhile to further
investigate and elucidate the mechanism by which the

tumble vortex structure changes during the intake stroke.
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DEFINITIONS/ABBREVIAGIONS

CCv Cycle-to-cycle variation
PFI Port fuel injection
DI Direct injection

TR-PIV Time resolved particle image velocimetry
PLIF Planer laser induced fluorescence

HR High reflection

HT High transmission

At Interval between two laser shots

ATDC After top dead center

Cov Coefficient of variation

I. L. Image intensifier

net IMEP Net indicated mean effective pressure
CA10,(CA50) Timing at 10% (50%) of accumulated heat release
FFT Fast Fourier transform

KE Kinetic energy

TKE Turbulence kinetic energy

BDC Bottom dead center
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