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My work experience and current

Toyota Motor Corporation (1982-2015)
1. Engineering IT division 3 years
2. Engine engineering division 30 years
- Project(CAE) general manager
- Main responsibility was to reduce engine
development time and cost by CAE

Director of Academic Society (2007-)

1. Japan Society for Computational Engineering
and Science

2. Robust Quality Engineering Society

CEO of SAWADA R&D Center (2015-)
- Engineering consulting and mediation
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Vehicle & Engine development process

[ Customers Requirement] [ Customers Evaluation

‘ Vehicle Planning ’ Englne Vehicle Evaluation ‘_* .

‘ System optimization} NG =7 ]

ANN

VIRTUAL | Component
optimization

Component £
Evaluation J3
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History of CAE utilization

‘85 “10 “15

1t Generation 2nd Generation 314 Generation Current
CAD-less | Wire-frame CAD :  3D-Solid CAD  : System Simulation
Simulation CAE(FEM) . CAE(FEM, CFD) (0D, 1D)

Cycle Simulation
(3D-detail)

Component Component Assembly System
Design CAE :  Trouble Shooting :  Evaluation CAE Planning CAE
In-design Off-line CAE . In-process CAE MBD
process : : :
2015/11/23 7

1st Generation :CAE

B Utilization for component design

Pre-Proto-1 Pre-Proto-2 Proto-1 Proto-2
TEST TEST TEST TEST

CAE CAE CAE
Design CAE

Drafting FEM modeling: a couple of days

*Mesh scale

RO
~1,000 nodes
:> m - Static, Linear Analysis
‘ - Machine

FEM Auto Super Computer
Generation EWS for Pre, Post
program
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2nd Generation :CAE

B CAE Utilization for trouble shooting

Pre-Proto-1 Pre-Proto-2 Proto-1 Proto-2
TES TEST ‘ TEST l TEST |4
Off-Process CAE | CAE ] | CAE J
CAD .
Wire frame model FEM modeling: 3 months
Mesh scale

~10,000 nodes
- Static, Linear Analysis
- Machine
Super Computer
EWS for Pre, Post

2015/11/23 9

3rd Generation :CAE
B In-Process CAE: CAE utilization before prototype

Pre-Proto-1 Pre-Proto-2 Proto-1 Proto-2
f TEST TEST f TEST TEST
CAE CAE CAE ]
Evaluation CAE
3D-Solid model FEM modeling: 1 week

*Mesh scale
~ 3,000,000 nodes
* Non-linear, Dynamic

[:::::i>> » Machine
Super EWS
Auto mesh Windows EWS

for Pre, Post

2015/11/23 10




From CAE utilization for trouble shooting

Challenge in 3 Generation

to in-process CAE

100

Completion (%)

inoy-ue
jusawdojanaqg

Desian In-process Trial TEST
9 CAE production ' Trouble shooting
“ PP1  _PP2 P1 P2
* N Ridl
— ﬁ Maturity
! i -9
80 Target
60 | I ..‘ 3 ““"‘ -“ .\'
w0 Conventional A% ¥
20 AW ‘5"‘
Development Man-hour \
0‘ _\'_::;:I"\“I'III 1 | I T I
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~ Re-designed
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1. Reduction of CAE period of time

Challenge in 3" Generation

How to realize in-process CAE

2. CAE accuracy improvement
3. Increment of CAE item

2015/11/23
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Challenge in 3 Generation
Reduction of CAE period of time

Post-process

90 // Speculation
80 7
_— Calculation
%\ 60 Mesh(HEXA)
eneration
S 5 J
) " Mesh(TETRA) ____ CAD
g generation
= % — I~ Post-proc_:ess
q Speculation
20 ‘\
0 LY Calculation
0 . . L B \\ Mesh(HEXA)
1992 1994 1995 2005 Europe '92 generation
| [ | L S| 4
(DStandard ®Auto mesh ®CAD clean-up
S @Education @Auto B.C. set (®CPU-Time reduction .

Challenge in 3@ Generation
Reduction of CAE period of time

CAD Pre-Processor Solver, Post

R/ =t q
s ‘? l‘ " - = “_ A y . = - 5 — P -
CAD customization Pre-Processor development % Calculation (ABAQUS)

CAD check, clean-up - Auto meshing, B.C. setting Post —processing

Grouping for mesh area - Critical area(fatigue) plot

and B.C. \ %I’ANDARD(mesh size. B.C.) - Graph for judgement
Group name

I MS//-\-c.:-c.;ess D/B '

STANDARD

(paper)
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Challenge in 3 Generation

CAE accuracy improvement (Validation)
FEM (HEXA, TETRA, mesh size)

Constraint Measurement

2015/11/23
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Challenge in 3" Generation

CAE accuracy improvement (Verification)

Configuration Mesh size | Verification
. vvvvvvvvv&vvvvvvvvv 24
A Straight beam | ; 2 fg
: -5
4 - 15
B Bend \ / 5 P
15.00
-~ Variation | " @
C ShellWhole | «  (®----= | ofmesh | Suf |
. 10.00
devide 1900
20
YVYVVVVVVVVVVVY ‘(//, 10
D Shell W/notch ™ 0%
. Vaa\ ‘\ 7;2 ~

2015/11/23
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CAE accuracy improvement (Mesh control)

Challenge in 3 Generation

' L L i ;;.; 20,
Mesh criteria of control e, W AR

Divide number
! r/2

r
e ] 3
‘ t 3
’ Aspect | 01

Ratio 2.0

J 35M-30m
(B) (C)

25000000 -
20000000 | B

15000000 | - - =l

10000000 I
5000000 | —

° A B C
C: New standard

Mesh number

2015/11/23 17
Challenge in 3" Generation
Increment of CAE item
| Structural Thermal
: Fluid Combustion | i
| MBA =
| EHL, EHD |
EDn' 1st Generation 2"d Generation 314 Generation
é- High-tech \C Combustion caarpber(combustion) D
? Large scale (___Combustion chamber(spray) )
CAE Expert \ PCV, EG
EI;I C Intake system
2 N\ C Power plant system D)
ol \C__Belt.Chain_ )
c Simplification (Cylinder Block(Crank case)]_ Main journal )
i Design Engineer (_ Cylinder Head )
| | | |
m C Pipe, stay, bracket ) \C Exhaust systen-
1
§ ( Connecting rod D ( _ Valve train _ )
( Crank shaft ) \ Piston . )‘
2015/11/23 Easy = Analytic difficulty - Difficult 18




Challenge in 3 Generation
Increment of CAE item

Performance

(7)

Durability
(30)

_ Fuel
Consumption
(3)
NV
(20)

Emission

(3)

Weight
(3)

Price Cost
(2) ( ):CAE item number

2015/11/23 19

Challenge in 3" Generation
Increment of CAE item( CAE Menu example)

3: Absolute, 2: Relative(%), 1: Tendency —3

Area Component No. Evaluation item CAE Output I(;CEI
Torque
Intake, Exhaust AO1 Volumetric Efficiency Max Torque, Max Power, air flow >
System (1D) Cylinder Pressure or Intake rate
Flow Rate
. Intake Manifold Flow Rate
Intake Manifold |A02 Intake manifold + port flow rate Mass flow rate; Flow Coefficient 1
Performance Flow Coefficient Flow Coefficient
(A Intake Port  |A03 ; Tumble ratio 1
Tumble Ratio
Impeller RPM
Intake System A04 Pressure Loss Pressure loss 1
Parts
Exhaust System |AO5Pressure Loss Pressure loss 3
Ca"fée;m” EGR BO1EGR Cylinder Distribution EGR variation b/w cylinders | 5
Throttle catching ratio

2015/11/23 20




Challenge in 3" Generation
Example of CAE level 3: Cylinder Head Durability

Assembry |paTE L

| Cylinder pressure =
p- i

s v [Fatigue Criteria]
- Countermeasure Study ] g
[ & P a Fatigue
J " 1. 1 reinforced 2 | criteria
]_[ "{J_u' - 3 g
Sl 3 ,
T _ L-_-T'-.’- s OK area
| LA )
I = \ Mean Stress /
2015/11/23 21

Challenge in 3" Generation
Example of CAE level 2: Mount tip vibration

A-spec
11 500 Hz band :
70 Z ban L
CJ)> 65 | ‘grade
8 60 r
6 55 F
- 50
cn-’ln 45
O 4 B-spec
: 35 L
( R ol N 30 -
0 el e _ 25 ‘
QV Response Point g g g 5 g zgz %
rpm

Mount tip Vibration level
(1/3octave tracking analysis)
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Challenge in 3" Generation
Example of CAE level 1: Intake port CFD

onjes ajquing

-
o
2
Q
(@)
D
=
% Spec-N
2
Intake port & Chamber velocity [m/s]
2015/11/23 23

Challenge in 3" Generation
Increment of CAE item and rate of CAE utilization

100 r ) .
? Average: 90%
e\/ 100
c 80 7o
Q g
© S

Q
§ <
= 60 g,
)
¥ ° —— ‘

‘ %{—/A
< 05 - L-Pattern M-Pattern ve
< 40 o

O 80

@) :
S m 60
© g- 40

20 g
5 25 |
T Durability ~ Emission NV Cooling
m Power Performance ~ Lubrication

0 § |

0 20 40 60 80

CAE Iltem Number
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Challenge in 3@ Generation
Summary

Reduction of cost of trial production
by realization of “In-Process” CAE

Total cost reduction

- Design man hour

- Test man hour

- Calibration man hour
- Trial production cost
- Test cost

times trial production number

Trial production number

2nd Generation 3rd Generation
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Current situation and challenge
Process and problems

[Customers Requirement} L Customers Evaluation ]
| Vehicle Planning | Veh|cle Evaluation ’
___X __________ / / Failure to realize
' ' System Optimization | ‘ System Evaluation J System or Vehicle

---------------- Performance Target
\ / —Re-do of
Component Component - e :
Optimization Evaluation ) Tna] pro_ductlon
- Calibration
- Evaluation

| Trial Production

Re-do caused by failure to realize system or vehicle performance target

Current situation and challenge
The reason of re-do

1. Performance target setting in virtual process is not

reasonable.
2. There are few or not good models in virtual process for

reasonable performance target setting.




Current situation and challenge
The reason of re-do

Process O: Objective function Model(function)
D: Design parameter <O =f(D)>
Customer |O: Customer rating %
requirement |D: Vehicle performance
Vehicle O: Venhicle performance 5¢
Planning |D: System performance
System O: System performance A
Optimization [D: Component performance
Component O: Component performance
Optimization D: Component design O
parameter

2015/11/23 29

Current situation and challenge
Model definition

Function Break-down relation Parameter Break-down
>€ — — — —
F: Function (model) P: Parameter
F8 P8
] fiaz
‘|: F9 P9 :L
F2 F5 FA PA P5 P2
F1 P1
F6 FB PB P6
F3 { } P3
F7 FC PC P7

ex. Fuel consumption  Heat efficiency ex. Component Engine system Vehicle

Model = Relational expression, F;=f ( P))

2015/11/23 30




Current situation and challenge
Example of functional break-down

Customerb Vehicle J» System J#Components

Vehicle

Engine fuel

Fuel Fuel . : Friction
Econom consumption fuel consumption consumption Thermal efficienc
y P (Driving mode) (BSFC) y
Drivabilty, . . Combustion
Accelerator Acceleration Engine torque
pressure
response
Fun to
drive :
Combustion
Sound quality | Sound pressure | Engine vibration Pressure
Low noise Vehicle vibration (force) Component
vibration

The physical items on the list are function (performance) and these have target.

Current situation and challenge
Functional break-down and design parameter

Process Function (performance) ex. Design parameter
- Acceleration L» Engine torque

Vehicle - Vehicle mass property

l -Engine torque - /Combustion pressure

- Engine mass property

SEySt.em - Engine intake and exhaust
(Engine) system property (1D)

l -Combustion pressure S - Combustion chamber, intake and

Component exhaust design parameter (3D)

Ex. Optimization of system(engine): Combustion pressure that is objective function
in optimization of component is design parameter
This means previous process (system optimization) define the target of next process




Current situation and challenge
Classification of models

Classification Definition CAE tool example
- Mathematical formula based on - AMESIim
physical law - Dymola
Physical - Different from governing equation - SimulationX
which need digitizing - MappleSim

- Matlab/Simulink

- Mathematical formula or table based | - Included in physical
on measurement model tools

Statistical : . .
- Multiple linear regression
- Combination with physical model
- Computational method for solving - GT Suite
1D governing equation - AVL Boost, Cruise
Digitizing - Dynamic equation, Navier-Stokes
- Discrete dimension is 1D
3D - Same as above - ABAQUS, NASTRAN
e - Discrete dimension is 1D - Converge, STAR, Fluent
Digitizing iconCED

2015/11/23 33

Current situation and challenge
Model examples (Water Jacket)

Engine W/J 3D Model Equivalent 1D Model

S SR

form (3D dimension) Form (1D dimension, diameter, lengths, volume)
Boundary conditions Characteristic shape (pressure drop < bent, orifice)
(inlet, outlet flow rate < pump ). Boundary conditions (inlet, outlet flow rate < pump ).
The governing equations (Navier-Stokes) The governing equations (Navier-Stokes)

— Pressure drop, velocity, heat transfer — Pressure drop, velocity,

coefficient (water - metal) heat transfer coefficient (water - metal)

2015/11/23 34




Current situation and challenge
Model examples (Water Jacket)

1D Model

———

Form (1D dimension, diameter, lengths, volume)

Characteristic shape (pressure drop < bent, orifice)

Physical Model

dhl = hmix2 x A2=(Tf -T2)

dhd = hmixd = A4 =(Tf - T4)
hamix = 3fhconv® +hfrec®

Nuf{Gr,Pr)= A

diam

- Equation of water x
metal heat transfer

hfree =

Nu(Re, Prix A

diant -

heony =

Iff friction factor

rec critical Reynolds number

numin [constant value for laminar Nusselt

nuf  lexpression for free convection Nusselt number = f(gr,pr)

nul expression for laminar Nusselt number = f(re,pr,mu,mus,ff)

nut expression for turbulent Nusselt number = f(re,pr,mu,mus,ff)

Characteristic shape X physics
(Nusselt number)

Boundary conditions (inlet, outlet flow rate « pump ). Boundary conditions

The governing equations (Navier-Stokes)
— Pressure drop, velocity,
heat transfer coefficient (water - metal)

(inlet, outlet flow rate <« pump ).

The governing equations (Navier-Stokes)
—Average heat transfer coefficient
(water - metal)

2015/11/23 35
Current situation and challenge
Process and Model

Process Model for optimization Reason
- Detail design optimization is done in
, Physical and Statistical Iater. process (component). :
Vehicle N - Design parameter is value of trait and
1D-digitiing P )
model for optimization is physical and
statistical or partially 1D.
- Detail design optimization is done in
System R later process (component).
(Engine) 1D=eligiplig - Design parameter is 1D and model
for optimization is 1D-digitizing.
- Design parameter is 3D.
Component 3D-digitizing -1D d§S|gn parameters optlmlz.ed.ln
previous process are constraint in
this process.

2015/11/23
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Current situation and challenge
Modeling and Development process(MBD)

[ Requirement model ] [ Customers

2. Validation /

ehlcle | _
‘ > Real vehicle
0D modeI Validation3 ' / ’
Engme system _
1D model ’ ; __ >  Engine system ]
Validation2 /
Component ’ Engine
3D model component
Validation1
A Y 4

MOR 3. MBD | Trial Production |

Model Order Reduction Model Based Development

2015/11/23 37

Current situation and challenge
MOR & MBD example asy

D 1
[ oriver | Vehicle output

peyr——— Response time

:t,:u; Full Vehicle (0D+1D) \fé\ chamber
s e e ,
Transfer Suspension N S
= Function
7~ i“”’y 5 time
b reduction Ll — .
Time target Engine mount Acceleration

Driver input

) Transfer

A
Acceleration

Time Function Wheel Transmission

Gear Aircon Pedal Speed

brake-down
Intake, exhaust Combustion
and combustion(1D) chamber (3D) Measurement
: ¥ T ]
= N7 7 reduction e « " validation HEORR L~
N e M < 5 o o
E E > - [ | et
= S — : target | i A =
. : brake-down " o mama  aiw {‘éﬁv
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Current situation and challenge
MOR & MBD example
(Fuel consumption, GT/Suite application)

Input: Driving mode » Objective Function: Vehicle Fuel Consumption
Improvement (%) 10%
o i}a
e ] 1. Base | New

Engine Design Parameter: Base =2 New
Engine component (hardware)

(combustion chamber, port, piston, oil circuit, cooling circuit)
2015/11/23 39

Current situation and challenge
MOR example

[ Requirement model ] [ e J
\ 2. Validation /
Vehicle |, X _
[ 0D model | Validationd >  Real vehicle ]

/

Engine system J

Validation2 /

Component | Engine
3D model component
Validation1
A Y 4

[Trial ProductionJ

[ Engine system
1D model

1. MOR

Model Order Reduction

2015/11/23 40




Current situation and challenge
Modeling example

Base Engine Knowledge Database
3D-CAE model Measurement Physical, Statistical Model

CA=-2279 deg y "
- ‘:. I 4 J&=[%K}pfm(;PF1'
- where: C; = friction coefficient of smooth pipe
o £ = density
! Us = effective velocity outside boundary layer
" C, = specific heat
L I Pr = Prandtl number
Full Vehicle (0D+1D) Friction coefficient
@ 2 Heat transfer coefficient
Y - = Friction
. . g | |
Heat transfer coefficient | &l = |FH ™
Turbt_JIenc_e |n.tenS|ty pei B
Cooling circuit

( 3D to 1D reduction) Vehicle mass property
Transmission mas property

2015/11/23 Cooling circuit, Oil circuit(1D) a1

Current situation and challenge
Modeling(engine air & combustion)

: Combustion |
GT-POWER(1D) Model Converge(3D)
|\ _/ |\ _/

" v

Same Physical Model Based

dQ/dt: Heat release ratio

d_Q o« ST ~a-u?P" ST: Turbulence_speec!

u’: Turbulence intensity

P: Cylinder pressure

a, b: parameter (it depends physical model)

2015/11/23 42




Current situation and challenge
Modeling (Heat transfer)

<To be> <Current>

Experimental equation
(Woschini)

d 0SS
OR (ji = Awg . (Tg — Twg)

Where : h = experimental equation

hheas =a-h

» hiiner =b-h

hpiston =cC-h

2015/11/23 43

Current situation and challenge
Modeling (Cooling circuit)

Heat transfer coefficient between
water and metal is calculated by 3D-CFD

g e g P i e B el s
- - - = - _I; e =

MOR(Model Order Reduction) E"{E_‘ ‘FEL@:‘ ﬁig

3D W/J model to 1D GT

2015/11/23 44




Current situation and challenge
Modeling (Oil circuit 1)

Direct 1D modeling from drawing

‘ Engine Cylinder Block Solid ‘

Bearing(MAP)
...?.. T »'\ [ < .
T \{/ Oil Pump
{ T +
Oil pan
2015/11/23

Current situation and challenge
Modeling (Oil circuit 2)

Direct 1D modeling from drawing

7T cylinder Head solid (exhaust side) :
"-%l ylinder Head soli ex aui-?fl e ‘ ‘--ﬁm

Bearing(MAP)

2015/11/23




Current situation and challenge
Modeling (Vehicle & T/M)

Direct 1D (OD) modeling from vehicle and T/M spec

Q
uuuuuuuuuu

8—
fromPart_TqC E
S—

0

nnnnnnnnnnnn

‘omPart_Lock

CVT Model

- & &
TMSensor-1

2015/11/23 47
Current situation and challenge
Full vehicle 1D(0D) Simulation
Temperature (JCO8 Cold)
125 ~—— Thermostat — Engine Oil — CVT Oil ¥— Vehicle Speed ob
Water temperature 1.
@thermostat .
Engine oil temperature 470
100 g I
/ L /’\\/"/\. /\_\' A\ /» _}\-\;‘}--.\J,\_V/,. 1o
—\ ,.// ‘ St
g I\ | |
% 7 f/'/ "\‘__/) _ i / ) 'f‘:
5 | | LA "l Vehicle speed L S
g ) J |27 | | . g}
E // I | ( j. :|| !..!I L ] I_: |'. | 430
50 -/ L v | | ,.;' M 1
A SN evT ol te|mp|erat|jre | | )
4 ATV ' 1 ) 410
4 - |
25 ke - "
0 250 500 750 1000 1250
Time[sec]
2015/11/23
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Current situation and challenge
Full vehicle 1D(0D) Simulation

Engine Accessory Torque
EngineState part EngineMap
e EngineMap £— Engine Oil

|| Engine oil
100 fh! _'.*I, temperature
.r !1"| "’ I 4100
— | ‘ |*|||
g 75 ' § -ll‘q [ g
% ! SR - 75 %
g‘ ll ..“ il RV .l | \ £
8 ’ II'| I I'| ‘ F ‘I', [' i ||| [ ”ui g
i I a A !‘.||||I N l,.! Al 1|J|nII | X
LN 1 ARk
; I L
L S -
OOO 250 500 750 1000 135205
Time[sec]
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Current situation and challenge
MBD example
[ Requirement model ] [ Customers }
Vehicle /
[ 0D model ] t Real vehicle ’

/

[ Engine system ]

/

Component Engine
3D model component

| Trial Production |

[ Engine system ]
1D model

3. MBD

Model Based Development

Currently MBD is still in concept phase

2015/11/23
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Current sltuation and challenge
MBD example (Concept)

Process Function (performance) ex. Design parameter
- Vehicle fuel consumption - Engine Fuel Consumption(BSFC)
: (Driving mode) - Vehicle mass property
Vehicle _T/M (CVT 1D parameter)
- Engine Fuel Consumption - Friction (FMEP) MAP
System (BSFC) MAP - Thermal efficiency
(Engine)
- Friction (FMEP) MAP - Friction (cylinder system, valve, oil,
Component | - Thermal efficiency water circuit)

- Combustion chamber
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Future vision of CAE utilization
Four Directions

1. Increment of CAE items

2. MBD from concept phase to realization
3. Direct numerical Simulation for developing physical model
4. 1D(0D)+Robustness Simulation for cultivating design sense

} Extension of the past

w0t ——
i L 300 items .
07
50 ‘06
05
40
e
1. Increment of CAE items 2. MBD from concept phase to realization
2015/11/23 53

Future vision of CAE utilization
DNS for developing physical model

DNS for channel flow
by Super parallel computer

!

1. Clarification of mechanism of
turbulent flow generation

2. Verification of LES physical
models

2015/11/23 54




Future vision of CAE utilization
1D(0D)+Robustness Simulation

Shape—Function—Shape

(Base) (New)

Insight function from shape
Break-down function to riverhead } Training
Modeling of function and packaging (1D)
Optimization (Sensitivity and SN ratio)
1D to 3D shape (parametric, topologic and
finally completely new)
modeFRONTIER is very good tool for 4 and 5

SNSRI

2015/11/23 55

History & Future Vision of CAE Utilization
SRR R TE
Thank you for your attention

CRHIEHYMNESITETVELE
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