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AVAL,Cyl
AVAL eff

A VAL,port
a

a
aamp
adcam

Nomenclature

area
contact area

the theoretical effective flow area of the EGR valve opening
the instantaneous flow area of the engine exhaust valve

heat transfer area

the instantaneous flow area of the engine intake valve

the availability or exergy in the second law of thermo-
dynamics

turbine effective cross-sectional area

vehicle frontal area

the engine valve head area exposed to the cylinder side
engine valve effective flow area

the engine valve back area exposed to the port side
acceleration or deceleration

jerk

acceleration vibration amplitude

cam acceleration

the long half-axis length of the elliptic contact area

vehicle acceleration

vibration acceleration level in dB

valve acceleration

the percentage of fuel energy lost to the base engine coolant
heat rejection

engine cylinder bore diameter

width

half width of Hertzian elliptic contact area

coefficient (i = 1, 2, 3, ...), different in each formula

cost

the cavitation factor accounting for the effect of cavitation or
oil film rupture on friction reduction

the cost to functionality if tolerance is exceeded

confidence level
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Xii Nomenclature

Cemp Taguchi’s mean square deviation

Cy the coefficient of flow restriction of an air system valve or a
device/system

CiEGR EGR valve flow restriction coefficient, or the flow restriction
coefficient of the entire EGR circuit (when especially
mentioned)

Caexn total exhaust flow restriction coefficient, including all the
components downstream from the turbine outlet

Coint total intake flow restriction coefficient, including all the
components upstream to the compressor inlet

Car intake throttle valve flow restriction coefficient, or the coefficient

of flow restriction of both the intake throttle valve and the
CAC (when especially mentioned)

Ce engine cylinder-to-cylinder centerline distance

o the coefficient of valve and port flow discharge

Cij, Cij coefficient (i =1, 2,3, ...;j =1, 2, 3, ...), different in each
formula

C, quality loss coefficient

C, sound coefficient

Cs, the speed ratio of torque converter

Crno the theoretical gas flow velocity in the turbine under the
isentropic condition

C, the torque ratio of torque converter

c clearance or lash

cp bearing radial clearance

CE engine capacity factor

cp piston skirt clearance

Cp constant-pressure specific heat

Csc the clearance of the spring between coils

cry the input capacity factor of torque converter

cyr valvetrain lash

c, constant-volume specific heat

D damage

Dy destruction in the second law of thermodynamics

d diameter

dgc spring coil diameter

dgp spring mean diameter

dr turbine wheel average diameter

dyar valve diameter

dyar ref valve reference diameter

E energy

E, activation energy

E, kinetic energy
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Nomenclature Xiii

the kinetic energy of piston slap

vehicle kinetic energy

potential energy

vehicle potential energy

energy rate or power

eccentricity or offset

the lateral distance from cylinder bore centerline to crankshaft
axis (positive value means offset toward the anti-thrust side
of the piston)

the lateral distance from piston centerline to piston pin (positive
value means offset toward the anti-thrust side of the piston)
force

the constrained single-objective function in multi-objective
optimization

vehicle aerodynamic drag resistance force

the resistance force acting on the vehicle wheels caused by
vehicle accessory loads

force vibration amplitude

the force of the service brakes (wheel brakes) acting on the
vehicle wheels

the drivetrain friction force acting on the vehicle wheels

the resistance force of drivetrain retarders acting on the
vehicle

the engine brake retarding force acting on the vehicle
wheels

friction force

valve stem friction force

viscous friction force

gas loading (force)

the net gas loading acting on the valve

the gravity force on a gradient acting on the vehicle wheels along
the longitudinal direction (i.e., along the road direction)

the vehicle inertia force along the longitudinal direction

the lubricant force acting on the anti-thrust side of the piston
skirt in the normal direction

the lubricant force acting on the thrust side of the piston skirt
in the normal direction

the force or load acting in the normal direction

valve spring preload force

vehicle tire-road rolling friction resistance force

piston ring tension

spring force (load)

the vehicle tractive force from engine firing acting on the
wheels
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Xiv Nomenclature

F gr00ve the lateral friction force between the ring and the ring groove
B per unit length of the piston ring
Fp the lubricating oil film force per unit length of the
B component
Fup,ring the lubricating oil film force per unit length of the piston
B ring
F, the normal loading force per unit length
F ronsion the tension force per unit length of the piston ring
f(.) function or objective function
e a percentile of the function f (...)
fa the coefficient of aerodynamic resistance
Jadp the coefficient of adaptability
fodh the coefficient of road adhesion
fur engine air—fuel ratio
SasF stoi stoichiometric air—fuel ratio
f the coefficient of engine torque backup
fcc the ratio of connecting rod length to crank radius (i.e., conrod—
crank ratio)
feamae the coefficient of cam acceleration pulse width
Jeam i the coefficient of cam lubrication characteristics
fepr cumulative distribution function
fem cooling capability multiplier for flow rate
Jeor the coefficient of restitution
Sfeov the coefficient of variation
See cooling capability multiplier for effectiveness
Jud the dynamic deflection factor of the valvetrain
Jecr EGR rate
fr feasibility of increasing a component’s reliability
Jrait failure rate
Spi the coefficient of friction
iy humidity
fiegr internal residue fraction or internal EGR rate
Jiife the coefficient of the roundness of the valve lift
fvtu the number of transfer units in heat exchangers
fa natural frequency
Jusp valve spring natural frequency (as distributed mass)
Jo, oxygen mass fraction
10, .air the mass fraction of O, (oxygen) in the ambient air
Jo,m the mass fraction of O, (oxygen) in the intake manifold
charge
Jova the degree of ovality of the piston skirt
JfroF probability density function
Jor pressure ratio
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f ql

Ja

Ir

Jra
T

Jri
Jrpr
SrMsES
Jsa

for
fslip
Ssr
Ssn
.f:YWr
5
S

fWahl

f
G

G,
g
g (.)
H

Hexh,ﬁring

I_Lxh,retarding

Nomenclature

cyclic loading frequency

frequency

fraction

rocker arm ratio

the coefficient of rolling friction resistance
the coefficient of rated intensity

the rate of cylinder pressure rise

the percentage of root-mean-square error
the static deflection factor of the valvetrain
safety factor

tire slip

the coefficient of speed reserve
signal-to-noise ratio

swirl ratio

the variance of objective function f (...)
wear coefficient

the Wabhl stress correction factor for springs
mole fraction

XV

the percentage of fuel energy lost to miscellaneous heat

losses

Gibbs free enthalpy

road grade

the acceleration due to gravity

constraint function in optimization

enthalpy

the exhaust enthalpy rate in the firing operation
the exhaust enthalpy rate in the retarding operation
specific enthalpy, or in-cylinder gas specific enthalpy
lubricating oil film thickness

hazard function in reliability engineering

the penetration hardness of surface in wear

hl,h2, h3, h4 the clearance or oil film thickness at the four corners of the

1
I drive

piston skirt in the piston thrust plane
moment of inertia

vehicle driveline moment of inertia
engine moment of inertia

irreversibility in the second law of thermodynamics
reliability importance

the moment of inertia of the rocker arm
sound intensity

sound intensity level in dB

the moment of inertia of the turbocharger
index number
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XVi Nomenclature

l VAL

l VAL,design
l VAL,max

l VDL

axle ratio

the indicator of front geartrain or rear geartrain

transmission gear ratio

transmission gear number

torque

engine brake torque

the engine retarding brake torque acting on the crankshaft
friction torque

index number

reaction constant, or other constant

overall heat transfer coefficient

the stiffness of a component or physical system

spring rate (stiffness)

valve or valve stem stiffness

overall valvetrain stiffness

the total number of DoE factors

thermal conductivity

reaction rate

viscous friction coefficient

length (of pipe or component, etc.), or the width of the component
in the direction of motion

bearing length

the vertical distance from the piston center of gravity to the
top of the piston skirt (positive value means the piston center
of gravity is located below the top of the piston skirt, and a
larger positive value means a lower position of the piston
center of gravity)

the clearance height in the cylinder and the combustion
chamber

quality loss

displacement, travel distance, or lift

altitude level

the altitude level for the vehicle

cam lift

cam ramp height as a function of cam angle

rocker arm length

vehicle braking distance

spring length

vehicle travel distance

valve lift

the valve lift at the “design speed” of the valvetrain
maximum valve lift

vibration displacement level in dB
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Nomenclature XVil

sliding distance in wear

moment

Mach number

mass, or in-cylinder gas mass, or the total number of index
equality constraint functions in optimization

the engine assembly mass of the moving parts

the consumed fuel mass

the fuel mass injected into the cylinder

the total injected fuel mass per engine cycle

journal mass

piston mass

total vehicle mass

valve mass

valvetrain equivalent mass

mass flow rate

engine fresh air mass flow rate

EGR mass flow rate

the engine exhaust gas mass flow rate at the turbine inlet or in
the exhaust manifold or port (Note: This parameter is affected
by EGR pickup.)

the engine exhaust gas mass flow rate at the turbine outlet
fuel mass flow rate

actual turbine mass flow rate

turbine wastegate mass flow rate

precious metal loading in aftertreatment

the mass of the piston ring per unit length of the ring
speed

journal bearing rotational speed

compressor shaft speed

valvetrain design speed

engine crankshaft rotational speed

the number of loading cycle to reach failure

turbine shaft speed

turbocharger speed

the Nusselt number

vehicle speed

the vehicle speed relative to the wind

the total number of index, or the number of DoE runs, or sample
size (number of samples), or the number of grid points, etc.
combustion index for noise

the number of engine cylinders

the number of gear meshes between the crankshaft and the
fuel system
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XViii Nomenclature

p asperity

p comp

p cyl
PEM> P3
pex

Piv> P2a
Pin

Dinj

Pi

Piub
pmax
p, port
Ps
PspL
PspLE
0

o
quel
Qwall

Q_ base-coolant
Q hrj firing
Q hrj,retarding

Q miscellaneous

q

the number of loading cycle

the number of spring coils

the number of crankshaft revolutions in one engine cycle
smoke number

the number of engine valves

valve, throttle, wastegate, or vane opening; or pedal position
opening area

opening angle

opening diameter

probability

the probability of failure

the Prandtl number

pressure, or in-cylinder gas pressure, or the number of regression
coefficients in the emulator model in DoE

the asperity contact pressure in the mixed or boundary
lubrication

in-cylinder compression pressure

cylinder pressure

exhaust manifold pressure

exhaust port pressure

intake manifold boost pressure

intake port pressure

fuel injection pressure

the loading pressure acting on the sliding component, or the
mean Hertzian contact pressure

lubricating oil film pressure

peak cylinder gas pressure

port pressure

sound pressure

sound pressure level in dB

overall engine noise sound pressure level

heat, or the heat exchanged through the system boundary
heat transfer rate (i.e., heat rejection)

fuel energy

the heat transfer through the walls of the cylinder head, the
piston, and the liner

the heat rejection from the base engine to the coolant

the engine coolant heat rejection in the firing operation

the unrecoverable heat dissipation to the cooling system in the
retarding operation

miscellaneous heat losses

heat per unit of mass, or the total number of objective functions
in multi-objective optimization
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Slub,sr

SODE

SSE’ SSR> SST
N

sé‘

o

Ssp

Su

T

TCACout

Tch
TE GR
Tex
Ty
Tﬂaxh
T;
Tsink
Twall
Tl LROA

Nomenclature XiX

the lower heating value of the fuel

heat flux

reliability

the adjusted coefficient of determination

the coefficient of determination

the coefficient of predicted variation

the Reynolds number

the specific gas constant of exhaust gas

specific gas constant

the reliability of component i or subsystem i

the specific gas constant of intake charge

the number of repairs

system reliability

radius, or index number

bearing radius

the radius of curvature

tire dynamic radius

material strength

engine stroke

entropy

engine stroke-to-bore ratio

lubrication duty parameter

lubrication parameter

the stiffness ratio of ODE system

statistical functions in response surface methodology (RSM)
stress

specific entropy

fatigue limit stress

the torsional stress of the spring

ultimate stress

temperature, or in-cylinder gas temperature

the air or gas temperature at the CAC outlet (before EGR
mixing)

characteristic temperature

the EGR gas temperature at the EGR cooler outlet
exhaust port gas temperature

the required time to reach creep failure

flash temperature

intake port gas temperature

cooling medium inlet temperature, i.e., the sink temperature
the component metal temperature at the wall
compressor inlet temperature including the rise-over-ambient
(ROA) effect
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Nomenclature

intake manifold gas temperature

exhaust manifold gas temperature

time

loading time

internal energy, or the internal energy of the in-cylinder gas
specific internal energy, or index number
volume, or instantaneous in-cylinder volume
the total engine displacement of the activated cylinders
cylinder displacement

engine displacement

battery voltage

wear volume

volume flow rate

the engine volume per displacement volume
engine specific volume

velocity, or relative velocity

acoustic velocity

the velocity of the local oscillating motion of the air
particles

cam velocity

impact velocity

mean piston speed

piston sliding velocity

the speed of sound

space velocity

turbine wheel average tip speed

vibration velocity level in dB

work

power

compressor power

engine brake power

engine accessory power

friction power

engine friction power

turbocharger friction power

engine indicated power

retarding power

sound power

sound power level in dB

turbine power

engine specific brake power (i.e., power per displacement
volume)

the engine brake power per piston area
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Nomenclature XXi

weight, or weighting factor

canonical variables in RSM

the molecular weight of C,H,

the engine weight per displacement volume

engine specific weight (i.e., engine weight divided by
power)

factor

deterministic control factors (deterministic design variables)
the instantaneous fraction of the fuel burnt within an engine
cycle

nondeterministic random noise factors

nondeterministic random control factors (random design
variables)

the average or mean value of X

the normalized value of X

any dummy parameter used in integral or differential

piston ring diametrical (lateral) displacement

the motion displacement in x, y, and z directions

the velocity in x, y, and z directions

the acceleration in x, y, and z directions

piston pin lateral displacement

response, or functional performance parameter

the transformation of the response Y

the average or mean value of ¥

the normalized value of Y

the response Y approximated or predicted by regression
model

piston vertical displacement as a function of crank angle

the composite of functional performance or response
resistance

acoustic impedance

mechanical impedance

radiation impedance

change, or difference

strain range

crank angle step

the width of cam positive acceleration hump
pressure differential

the pressure drop from 1 to 2

stress range, or stress amplitude

time step, or time interval
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55
3
b

SRRLDO> L

og

SRS

Ep

Ecooler

Pcam
Pvar
4

PB

14

n
TIBsFc
ncyl

Ule
NFc
nE,mech
Mr.Cr
77r, exh
nr,heat
Nregen
nr

Nrc
NTC,mech
M

Mih
Nirax
Ms

Nyol
A

Nomenclature

temperature drop

rise-over-ambient temperature increase

the cooling capability of a cooler or cooling system
impulse

kurtosis

engine compression ratio

skewness

the location parameter in statistical distributions

the in-cylinder heat transfer coefficient from gas to inner
cylinder wall

the scale parameter in statistical distributions

the piston tilting angle in piston dynamics

the shape factor of combustion heat release rate, or thickness,
or deformation

strain

the dimensionless eccentricity of bearing

cooler effectiveness

angular displacement or engine crank angle

cam timing

valve timing

the circumferential direction of the piston or the bearing
bearing attitude angle

the shape parameter in statistical distributions
efficiency, usually in the first law of thermodynamics
brake specific fuel consumption

the energy transfer efficiency from in-cylinder to the turbine
inlet

compressor efficiency

fuel consumption

engine mechanical efficiency

compression-release brake retarding process efficiency
retarder available exhaust energy ratio

retarder heat dissipation ratio

DPF regeneration efficiency

turbine efficiency

turbocharger efficiency

turbocharger mechanical efficiency

drivetrain efficiency

engine thermal efficiency

the mechanical efficiency of transaxles

the efficiency of turbocharging system

engine volumetric efficiency

the ‘lambda’ ratio, i.e., the ratio of lubricating oil film thickness
to surface roughness
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Nomenclature XXiil

AODE max the largest eigenvalue in stiff ODE
u mean
u, lubricant dynamic viscosity
0] angular velocity
WiyEP indicated mean effective pressure
WpMEP brake mean effective pressure
6 road slope angle, or other angles
7, emissivity
b, the modulus of elasticity, or shear modulus
p the Poisson’s ratio
g the Stefan-Boltzmann constant
p air or gas density
c standard deviation
o variance
Oy surface roughness
o5y sample variance
S excess air—fuel ratio, or the reciprocal of the equivalence
ratio
T shear stress
v error
URMSE root-mean-square error
vehicle rotational mass coefficient
7 brake specific emissions
¢ damping coefficient
Subscripts

Notes: The subscripts are usually used in the following three scenarios.

1. the name of a system, a component, identity, or acronym (using upper-
case letters);

2. working fluids, physical processes, or phenomena (using lower-case
letters);

3. index suchas 1,2,3, ...;x,y, 7 ....

The hyphen sign (-) represents from one to another, or between the two (e.g.,

h-m). The / sign represents one or the other (e.g., 7/C). Descriptive or self-

explanatory subscripts are often used, provided that space is available in the

equation, e.g., intake; base-coolant; EGRcoolerGasOut; CAM,ramp.

AMB ambient

a aerodynamic drag resistance
ac acceleration

acc accessory

act activated or active cylinders
active the active coils of the spring
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XXIV Nomenclature

air fresh air

amp the amplitude of variation

ave average

B bearing

b boundary lubrication

bc the beginning of compression stroke
br service brake

C compressor

CAC charge air cooler

CACcooling the cooling medium (sink) of the CAC
CACout CAC outlet charge air or gas

CAM cam

c creep

cal model calibration or tuning

cc creep in tension and creep in compression

com combustion

comp compressor

corr corrected

cp creep in tension and plastic in compression

eyl cylinder

D damage

d deterministic control factors

design the “design speed” of valvetrain

df drivetrain friction

dr drivetrain retarder

drive drivetrain

E engine

EGRC EGR cooler

EM exhaust manifold

e elastic

ec the end of compression stroke

eff effective

eq equivalent

er engine retarding (engine braking)

ex the exhaust event or exhaust gas before the turbine inlet

exh the exhaust system from the turbine outlet to the ambient; or
the exhaust gas flow at or after the turbine outlet

exhaust exhaust stroke

f friction

fe fatigue and creep

fire engine firing

g gravity

gas gas or gas loading
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gr
grade
h

hrj

M

i

ia

i, j, k
id

im

in

ind

inj

inl

int
intake
J

LHV
LubeOilCons
l

level
lower
lub

m

max
mech
min
mixture
mot

Nomenclature XXV

transmission gear

road grade or gradient

hydrodynamic lubrication

heat rejection

intake manifold

inertia force

inactive

index number

ignition delay

impact

intake event or intake air/gas

indicated

fuel injection

the inlet of the control volume

the intake system from the ambient to the compressor inlet
intake stroke

journal

lower heating value

lube oil consumption

loading

level ground

lower bound

lubrication

mixed lubrication

maximum

mechanical friction

minimum

the mixture gas of fresh air and EGR
motoring

normal direction

oxygen

the total or stagnation state of the gas flow
observed

the outlet of the control volume

piston

plastic, or nondeterministic random noise factors
plastic in tension and creep in compression
cylinder pressure

plastic strain in tension and plastic in compression
spring preload

frequency

reliability

rocker arm
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XXVi

RAD

recir

ref
ring

SC
Sh
SocC
SP
SPL

sink
sl
slap
sr
s
stoi

TC
1/C
Texh
TV

tan
tr
turb

upper

VAL
VT

wall

¥y, Z

—_
I
W

Nomenclature

radiator

retarding, or nondeterministic random control factors
recirculation

reference state or reference object

vehicle tire—road rolling friction resistance
piston ring

system

spring wire coil

strength

the start of combustion

spring

sound pressure level

sound, or the static state of the gas flow
safety

cooling medium inlet or the sink environment
sliding

piston slap

speed ratio

stress

stoichiometric

turbine

turbocharger

turbine or compressor

exhaust manifold gas temperature

torque converter

tractive force

tangential direction

torque ratio

turbine

upper bound

vehicle

valve

valvetrain

viscous

wear

metal wall of the component

horizontal, lateral or the x direction
vertical or the y or z direction

reference state, or initial state, or the dead state in the second
law of thermodynamics

energy balance methods 1 and 2

the locations in engine gas flow network, or the index number
of coefficients or DoE cases, etc.
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Superscripts
8

L

l

limit

max

target
(1,2,3,...,0)

Nomenclature  xxvii

compressor inlet

compressor outlet

the location after location 2 in engine system layout or engine
gas flow network (i.e., intake manifold)

turbine inlet or exhaust manifold

turbine outlet

global

lower bound

local

limit

the maximum in optimization
the minimum in optimization
nominal

optimal

peak

transposed

upper bound

valley

design target value

the number of iterations
transposed vector

Special symbols

d
e

exp
log, In

sin, cos, tan
T

EMQ_,% ° 3

=

ordinary differential mathematical operator

the Euler’s number (= 2.718), the base of the natural
logarithm

the exponential function, exp(x) = e*

logarithmic functions

trigonometric functions (sine, cosine, tangent)

a mathematical constant (= 3.14159265) whose value is the
ratio of any circle’s circumference to its diameter in Euclidean
space.

infinity

degree

integral mathematical operator

partial differential mathematical operator

summation

multiplication

the absolute value of x

© Woodhead Publishing Limited, 2011



xxviii  Nomenclature

Units
absolute
Btu/min
ft

ft.Ib
gauge
hp

in

inHg

K
L
Ib
Ib/(hp.hr)

Ib/hr
Ib/min
Ibs

ppm
psi

psia

°C
°F

absolute pressure

British thermal unit per minute, a unit of power

foot, a unit of length

foot pound-force (1bf), a unit of torque

gauge pressure

horsepower, a unit of power

inch, a unit of length

inch Hg or inches of mercury, in Hg, or “"Hg, a unit of
measurement for pressure

Kelvin, a unit of temperature

liter, a unit of volume

pound-force, lbg or 1bf, a unit of force

pound-mass (Ibm) per horsepower per hour, a unit of specific
fuel consumption rate

pound-mass (Ibm) per hour, a unit of mass flow rate
pound-mass (Ibm) per minute, a unit of mass flow rate
pounds, the plural form of Ibm or pound-mass, which is a unit
of mass

meter, a unit of length

parts per million, a unit of concentration

pound-force per square inch, or Ibf/in?, a unit of pressure or
stress

psi, absolute pressure

second, a unit of time

degree Celsius, a unit of temperature

degree Fahrenheit, a unit of temperature
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List of abbreviations and acronyms

AAMA The American Automotive Manufacturers Association
ABT (emission) averaging, banking, and trading
ACEA Association des Constructeurs Européens d’ Automobiles
AECD auxiliary emissions control device

A/F air-to-fuel ratio or air—fuel ratio

ALT accelerated life testing

ANOVA analysis of variance

API American Petroleum Institute

APQP advanced product quality planning

APU auxiliary power unit

A/R turbine ratio of area to distance

ASQ American Society for Quality

ASTM American Society for Testing and Materials
ATDC after top dead center

B5 a fuel blend of 5% biodiesel and 95% diesel
BB Box—Behnken

BDC bottom dead center

BEM boundary element method

BGR braking gas recirculation

BMEP brake mean effective pressure

BOM bill of materials

BS brake specific

BSFC brake specific fuel consumption

BSN Bosch smoke number

BTDC before top dead center

BVO brake valve opening (timing)

C carbon atom, or criticality

CA50 crank angle for 50% burn in heat release analysis
CAC charge air cooler

CAFE corporate average fuel economy

CAI controlled auto-ignition

CARB California Air Resources Board
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XXX List of abbreviations and acronyms

CBSFC cycle brake specific fuel consumption

cccC central composite circumference

CCF central composite faced

CCVv crankcase ventilation

CDA cylinder deactivation

CDF cumulative distribution function

CDPF catalyzed diesel particulate filter

CFD computational fluid dynamics

CFR United States Code of Federal Regulations
CG center of gravity

CGI compacted graphite iron

CI compression ignition

CNG compressed natural gas

CO carbon monoxide

CO, carbon dioxide

conrod connecting rod

CR compression ratio

CVT continuously variable transmission

D detection of failure modes

DESD diesel engine system design

DF deterioration factor

DI direct injection

DIT dynamic injection timing

DME dimethyl ether

DOC diesel oxidation catalyst

DoE design of experiments

DOF degrees of freedom

DPF diesel particulate filter

E energy transfer

EBP exhaust back pressure

ECA emission control area (along shorelines for marine engines)
ECU engine control unit

EGR exhaust gas recirculation

EHD elastohydrodynamic lubrication

EHL elastohydrodynamic lubrication

EMA Engine Manufacturers Association

EOI end of injection

EOTD engine outlet coolant temperature difference over ambient
EPA US Environmental Protection Agency

EPI exhaust-pulse-induced (compression brake)
EPSI engine performance and system integration
ESC European Stationary Cycle

EVC exhaust valve closing
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List of abbreviations and acronyms XXX

EVO exhaust valve opening

FE fuel economy

FEA finite element analysis

FEAD front end accessory devices

FEL family emissions level

FMEA failure mode effect analysis

FMEP friction mean effective pressure

FMETA failure mode and effect tree analysis

FSN filter smoke number

F-T Fischer—Tropsch

FTP Federal Test Procedure

FTP-75 Federal Test Procedure drive cycle for light-duty vehicle
emissions

GA genetic algorithm

GAWR gross axle weight rating

GCVW gross combined vehicle weight

GDI gasoline direct injection (engine)

GVW gross vehicle weight

GVWR gross vehicle weight rating

GTL gas-to-liquid

H hydrogen atom

HC hydrocarbons

HCCI homogeneous charge compression ignition

HCF high cycle fatigue

HD heavy duty

HD-UDDS heavy-duty Urban Dynamometer Driving Schedule

HEV hybrid electric vehicle

HHV hybrid hydraulic vehicle

HIL hardware-in-the-loop

HLA hydraulic lash adjuster

H,O water

HP high pressure (stage)

HPL high pressure loop

HRR heat release rate

HSDI high speed direct injection

HT high temperature (stage)

HTHSV high-temperature high-shear viscosity

HTR high temperature radiator

HWFET highway fuel economy test

HWY highway

I information exchange

14 inline four-cylinder engine

16 inline six-cylinder engine
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xxxii  List of abbreviations and acronyms

ICP injection command pressure

ICE internal combustion engine

IDI indirect injection

IMEP indicated mean effective pressure

IMO International Maritime Organization

IMT intake manifold gas temperature

IMTD intake manifold temperature difference (the difference between
the charge air cooler outlet fresh air temperature and the ambient
temperature)

INCOSE International Council on Systems Engineering

ISC inter-stage cooler

ISFC indicated specific fuel consumption

ISO International Organization for Standardization

IT intake throttle

IvC intake valve closing

VO intake valve opening

JFO Jakobsson—Floberg—Olsson (JFO) cavitation boundary
condition

LCF low cycle fatigue

LD light duty

LNG liquefied natural gas

LNT lean NO, trap

LP low pressure (stage)

LPG liquefied petroleum gas

LPL low pressure loop

LSD low sulfur diesel, a diesel fuel which contains less than 500
ppm of sulfur

LSL lower specification limit

LT low temperature (stage)

LTR low temperature radiator

M material exchange

MAF mass air flow

MAP manifold air pressure

MCS Monte Carlo simulation

MIMO multi-input multi-output

MLA mechanical lash adjuster

MOGA multi-objective genetic algorithm

mpg miles per gallon (of fuel)

MTBF mean time between failures

MTTF mean time to failure

MV mean value (model)

N nitrogen atom

N, nitrogen
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NEDC
NMHC
NN
NO
NO,
NRSC
NRTC

NTE
NTU
NVH

OBD
ODE
OEM
OHC
OHV
OPOC
OTAQ

PCP
PD
PDF
PFQI
PI
PID
PM
PMEP
QALT
RAR
RBDO
rev
RMS
RMSE
ROA
ROC
RPN
rpm
RSM

SAE

List of abbreviations and acronyms  xxxiii

New European Driving Cycle
non-methane hydrocarbons

neural network

nitric oxide

nitrogen dioxide

oxides of nitrogen

non-road stationary cycle

non-road transient composite test cycle (for EPA Tier 4
emissions certification)
Not-to-Exceed

number of transfer unit

noise, vibration, and harshness
oxygen atom, or occurrence of the effects
oxygen

on-board diagnostics

ordinary differential equation
original equipment manufacturer
overhead cam

overhead valve

opposed-piston opposed-cylinder (engine)
EPA Office of Transportation and Air Quality
physical connection

peak cylinder pressure
proportional-differential

probability density function

Pareto front quality index
proportional-integral
proportional-integral-differential
particulate matter

pumping mean effective pressure
quantitative accelerated life test
rear axle ratio

reliability-based design optimization
revolution

root-mean-square

root-mean-square error

rise over ambient

radius of curvature

risk priority number

revolution per minute

response surface methodology
sulfur, or severity of the effects
Society of Automotive Engineers
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xxxiv  List of abbreviations and acronyms

SASR solid ammonia storage and release

S/B stroke-to-bore ratio

SCR selective catalytic reduction

SEA statistical energy analysis

SECA SO, Emission Control Area

SET Supplemental Emissions Test

SFC specific fuel consumption

SI spark ignition

SIL software-in-the-loop

S/N signal-to-noise ratio

SO, sulfur oxides

SOC state of charge (for battery)

SOC start of combustion (for engine)

SOF soluble organic fraction

SOl start of injection

SPL sound pressure level

SUV sport utility vehicle

TBN total base number (of engine oil)

TC turbocharging, turbocharged, or turbocharger

TDC top dead center

TDI turbocharged direct injection

™ thermo-mechanical

TS-SRP total strain—strain range partitioning

turbo turbocharger

ULSD ultra-low sulfur diesel, a diesel fuel which contains less than
15 ppm of sulfur

USo06 Supplemental Federal Test Procedure (SFTP) driving cycle to

complement the FTP-75 test cycle and represent aggressive,
high speed and/or high acceleration driving behavior and rapid
speed fluctuations for light-duty vehicle emissions

USCAR United States Council for Automotive Research

USL upper specification limit

Vo6 Vee-bank six-cylinder engine
V8 Vee-bank eight-cylinder engine
VAT variable area turbine

VCR variable compression ratio
VGC variable geometry compressor
VGT variable geometry turbine
VNT variable nozzle turbine

vol. effi. volumetric efficiency

VVA variable valve actuation

VVL variable valve lift

VVT variable valve timing
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WE-VVA
WG
WHR
WR-VVA
ZWB

1-D

2-D

°CA

List of abbreviations and acronyms

wastegating elimination variable valve actuation
wastegate or wastegate opening

waste heat recovery

wastegating reduction variable valve actuation
zero-wheel-braking

one-dimensional

two-dimensional

three-dimensional

degrees of crank angle
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Preface

The diesel engine is recognized as the most promising powertrain in the
foreseeable future due to its superior thermal efficiency and reliability.
The diesel engine has been widely used in commercial vehicles, industrial
applications and today’s passenger cars and light-duty trucks. Modern
emissions standards and customer demands are driving diesel engineering
to become a fast growing applied engineering discipline in order to meet
the requirements of designing optimum diesel engines. The engineering
population in diesel engine design is growing fast. The need for advanced
design theories and professional reference books has become pressing and
obvious. This book presents my own experience and findings in many inter-
related areas of diesel engine performance analysis and system design. The
book also intends to establish an emerging area of diesel engine system
design for the diesel industry.

Diesel engine design is very complex. It involves many people and
companies from OEM (original equipment manufacturer) to suppliers. A
system design approach to set up correct engine performance specifications
is essential in order to streamline the process. While working at Navistar, a
global leading manufacturer of diesel engines and trucks, I noticed several
common challenges existing in today’s engine industry:

1. Certain disconnections between academic education and industrial
design practice (i.e., sometimes engineers do not know how to apply
their classroom engine knowledge to analysis or design in their daily
work).

2. The lack of comprehensive explanatory references or textbooks on the
design approaches related to diesel engine performance and system
integration. People have to rely on scattered literatures of published
technical papers, unpublished company reports, and the oral accounts of
engineers working in each related field. Unfortunately, very often this
scattered information does not provide the direct answer to the needs
of a practicing engineer for his daily design challenges.

3. The absence of a unified and systematic theory about diesel engine
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system design. People from different areas or organizations use different
or sometimes wrong approaches, resulting in much confusion and
inconsistency. This has made collaboration and communication within
the diesel engine industry itself difficult.

4. Insufficient guidance for research in applied engineering so that it supports
the needs of diesel engine system design.

The diesel engine is a sophisticated electro-mechanical machine. The system
attributes of a diesel engine can be classified into four categories, namely
performance, durability, packaging, and cost. Among them, performance (or
function) is the leading attribute. Both static (steady state) design and dynamic
(transient) design are important to satisfy the performance requirements of
the diesel engine. As an industrial commercial product, the diesel engine
needs to be designed not only for nominal target performance, but also for
taking into account statistical variability and reliability. Engine performance
and system design is such a broad area that it affects almost everyone in the
engine design business. It involves different areas and job functions, such
as system/subsystem/component designs, emissions testing and calibration,
vehicle and aftertreatment integration, engine electronic controls, durability
testing, etc. A few years ago, I began to receive requests and suggestions
from working engineers to write a book to address the above-mentioned needs
related to system design. I believe the book should serve as an effective tool
in training new engineers. It should supply comprehensive yet easy-to-use
references. It should provide a standard approach to conduct system design
and analysis. It should also provide a vision for future research needs to
improve the quality of diesel engine system design.

By witnessing the challenges faced by engineers sometimes lacking the
knowledge of how an engine system is designed, and by seeing some problems
applying the academic fundamental knowledge to industry design practice, |
am convinced that a bridge linking the following three closely inter-related
areas is needed: textbooks teaching the fundamental principles; advanced
research; and the design practice in the real world of diesel engineers.

System design is very important for the integration of simultaneous
engineering processes for diesel engine product development, ranging from
high-level product strategy planning to detailed production designs. Diesel
engine system design is a performance-based emerging technical area for
modern engines. The design theory proposed in this book is led by systems
engineering principles, and based on advanced optimization theories to
achieve precise and probabilistic system designs to integrate a wide range
of attributes (performance, durability, packaging, and cost) from the system
level to the component level. The system design is conducted by comparing
engine configurations and producing system performance specifications with
analytical tools in various areas (e.g., engine cycle simulation, vehicle and
powertrain dynamics). The system design covers a range of core technical

© Woodhead Publishing Limited, 2011



Preface xliii

specialties including vehicle—engine—aftertreatment integration, thermodynamic
cycle performance, engine air system design and turbocharger matching,
system friction, NVH (noise, vibration and harshness) synthesis, and electronic
controls.

The importance of diesel engine system design (DESD) has been recognized
in the design and development process. The concept of DESD was presented
in a book chapter, ‘Heavy-duty diesel engine system design’ written by
me in 2008 as a part of the book Advanced Direct Injection Combustion
Engine Technologies and Development (Volume 2: Diesel engines) edited
by Professor Hua Zhao from Brunel University, UK. In the 2009 SAE
Commercial Vehicle Engineering Congress held in Chicago on October 6,
I had the opportunity to present the concept of diesel engine system design
to an audience of about 70 people from the industry.

My original interest relating to diesel engine system design dated back
to 1995-99 when I studied for my Doctor of Science (D. Sc.) degree at
Washington University in St. Louis, Missouri, USA. My research related to
engine piston-assembly lubrication dynamics. That experience inspired my
interest in engine friction, dynamics and the relationship between subsystem
design and overall engine performance. Since I joined Navistar in 1999, I
have been working on advanced simulation analysis of engine performance
and system integration. I had the opportunity to assemble a unique functional
area — diesel engine system design, and became the Product Manager of the
engine system design group in 2003.

This book aims to establish the theory of diesel engine system design,
including the approaches used in its modeling, design, and advanced research.
The central theme of the book is to design a good engine system with
performance specifications in the early stage of the product development
cycle. Every component that has a major impact on the quality of system
design is considered in the theory.

The book tries to link everything diesel engineer’s need to know about
engine performance and system design in order for them to quickly master
all the important topics. The book consists of four parts. Part I addresses the
fundamental concepts of diesel engine system design and durability. Parts
II-IV focus on engine performance and system integration (EPSI). Due to the
limits of space, it is impossible to cover in detail every single subject in one
book. The book therefore focuses on less well-developed areas of research.
These include: Chapter 1 (the concepts of engine system design), Chapter 2
(engine system durability and reliability), Chapter 3 (optimization approaches
used in system design), Chapter 4 (mathematical fundamentals of engine air
system theory), Chapter 5 (vehicle performance), Chapter 6 (engine brake),
Chapter 7 (from combustion to system design and calibration), Chapter 9
(valvetrain system design), Chapter 10 (system friction), Chapter 11 (system
NVH), Chapter 12 (heat rejection), Chapter 13 (pumping loss and air system
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design theory) and Chapter 15 (system specification design and subsystem
interaction optimization). For the topics that are briefly discussed, extensive
organized learning materials are provided in the references and bibliography
to direct the reader to find the most important advances in the area.

Chapter 2 (durability and reliability) is the most difficult but an extremely
important area for system design in the long run. Engine performance
specifications are directly tied to durability constraints, and subject to design
for reliability as an ultimate design goal.

The first part of Chapter 5 (vehicle performance and engine—vehicle
matching) provides a detailed summary to facilitate the reader with a
streamlined analysis approach although this area has a long standing history.
The second part of Chapter 5 (hybrid powertrains) is briefly summarized to
introduce the role of engine system design in hybrid powertrain development.
The reader is referred to the references and bibliography provided for more
detailed discussion on hybrid powertrains.

Chapter 11 (system NVH) addresses a very challenging area in system-
level modeling. System NVH is a very important research direction for diesel
engine system design. NVH is extremely complex to analyze. The summary
in Chapter 11 puts together all the pieces and tries to set up a foundation
for system engineers. NVH attributes that are difficult to analyze usually do
not impede the generation of engine system design specifications. Without
a good upfront system design to start with, it will be more costly to fix the
NVH problems in a later design stage at the component level. Many NVH
analysis methods are available at the component and subsystem levels, and
the system engineer needs to integrate them.

Chapter 8 (aftertreatment integration) and Chapter 14 (system dynamics,
transient performance, and engine controls) are two major areas in system
design for improving the competitiveness of engine products. They are
discussed in a less detailed manner compared to other chapters in this book
due to limited space. A comprehensive list of carefully selected references
and bibliography is provided for these areas to facilitate the reader. In
particular, diesel engine transient performance and electronic controls are
not addressed in great detail because these topics have been thoroughly
covered in two recently published books by other authors (Diesel Engine
Transient Operation — Principles of Operation and Simulation Analysis, by
Rakopoulos and Giakoumis and Introduction to Modeling and Control of
Internal Combustion Engine Systems, by Guzzella and Onder in 2004).

The essence of diesel engine system design can be comprehended briefly
as:

e four major driving goals (emissions, power density, fuel economy, and
reliability)
e four attributes (performance, durability, packaging, and cost)
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e four cornerstones of analysis (static or steady-state design, dynamic
design or system dynamics, first law of thermodynamics, and the second
law of thermodynamics).

Engine thermodynamics is the foundation of static system design with state
variables, while system dynamics forms the basis of dynamic system design
and engine controls that handle the transient processes. This book tries to
provide abundant information to illustrate those points.

The focus of the book is to introduce advanced analysis methods to solve
practical design problems rather than conduct pure theoretical research or
teach engine fundamentals. A large amount of engine performance simulation
analysis results are illustrated. The main readership is design and development
engineers rather than software developers. Therefore, the book tries to limit
the contents of complex theoretical equations that are usually the foundation
of many widely-used commercial software packages. The discussions about
such equations can be found from other published books or literatures.

I hope the book can benefit a broad range of engine professionals in
different disciplines who work on the design and development of modern
low-emissions diesel engines equipped with turbocharging and EGR (exhaust
gas recirculation). The book tries to provide engineers with a systematic
understanding of how engine system design specifications are generated.
The book enables system design engineers to directly apply the methods
and working knowledge to their daily design and research. The book also
introduces engine design knowledge to academic researchers in order to
broaden their vision so that they may better support the practical and critical
needs of the diesel engine industry. Finally, the book may also help senior-
level undergraduate or postgraduate students understand how industrial
design problems are handled at a system level.

Writing such a book on top of my busy working schedule has been a great
challenge. Almost all the evening time, weekends and holidays during 2009
were devoted to this book. I am very grateful to my wife, Katty, for her
understanding and support. Without her support, this book would not have
been possible. I want to thank Professor Hua Zhao at Brunel University for
providing helpful suggestions. I greatly appreciate the valuable discussions
I have had with my brilliant colleagues at Navistar. I would also like to
thank Sheril Leich of Woodhead Publishing for commissioning this book
and thank Sheril and Cathryn Freear at Woodhead for their professional
support in preparing the book.

Qianfan Xin
Chicago, USA
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1

The analytical design process and diesel
engine system design

Abstract: Diesel engine system design (DESD) is an important and
leading function in the design and development of modern low-emissions
EGR diesel engines. It creates a paradigm shift in how engine design is
carried out. It leads and integrates the designs from the system level to the
component level by producing high-quality system design specifications
with advanced analytical simulation tools. This chapter introduces the
fundamental concepts in diesel engine system design and provides an
overview on the theory and approaches in this emerging technical field.
The central theme is how to design a good engine system performance
specification at an early stage of the product development cycle. The
chapter employs a systems engineering approach and applies the concepts
of reliability and robust engineering to diesel engine system design to
address the optimization topics encountered in design for target, design
for variability, and design for reliability. An attribute-driven system
design process is developed for advanced analytical engine design from
the system level to the subsystem/component level in order to coordinate
different design attributes and subsystems. Four system design attributes —
performance, durability, packaging, and cost — are elaborated. The chapter
also addresses competitive benchmarking analysis. By focusing on engine
performance and system integration (EPSI), the technical areas, theoretical
foundation, and tools in diesel engine system design are introduced.

Key words: diesel engine system design (DESD), engine performance
and system integration (EPSI), systems engineering, robust engineering,
reliability, variability, design target, design attributes, performance,
durability, packaging, cost, competitive benchmarking, engine cycle
simulation, exhaust gas recirculation (EGR).

1.1 Characteristics and challenges of automotive
diesel engine design

1.1.1  Classification of diesel engines

A diesel engine is a type of compression-ignition engine using diesel
fuel. Diesel engines can be classified into various categories (Table 1.1).
Understanding the differences and the unique characteristics of each category
of diesel engines is important for diesel engine system design. According to
the number of crankshaft revolutions per working cycle, diesel engines are
classified as four-stroke engines (two revolutions per cycle) and two-stroke

3
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4 Diesel engine system design

Table 1.1 Diesel engine classification

Classification Variant Variant Variant
criteria
Number of strokes Four-stroke Two-stroke
Emissions On-road Off-road
standard
Application On-road Off-road Stationary
(trucks, buses, (marine, industrial,
automobiles) construction
equipment,
agricultural,
locomotive)
Emissions Heavy heavy-duty, Light duty
certification medium heavy-duty,
method for light heavy-duty
vehicles
Vehicle weight Heavy duty Medium duty Light duty
Crankshaft rated High speed Medium speed Low speed

speed

Fuel injection
Air charging

Cooling medium

In-cylinder NO,
emissions control

NO, aftertreatment
control

Number of
cylinders

Design feature or
configuration

Fuel utilized

(Ng > 1000 rpm or
Vmp > 9 m/s)

Direct injection

Turbocharged (with
or without after-
cooling)

Water cooled
EGR

Non-SCR
Single-cylinder

OHC vs. OHYV, etc.

Light-liquid fueled

(Ng = 300 — 1000 rpm

Or Vpp = 6 -9 m/s)
Indirect injection
Mechanically

supercharged (with or
without after-cooling)

Air cooled
Non-EGR

SCR

Multi-cylinder

Four-valve head vs.

two-valve head

Heavy-liquid fueled

(Ng < 300 rpm or
Vmp < 6 M/s)

Naturally
aspirated

Inline, Vee,
opposed piston,
etc.

Multi-fueled (e.g.,
biodiesel, dual
fuel — natural gas
and diesel)

engines (one revolution per cycle). According to emissions standards and
engine applications, diesel engines are classified as on-road, off-road and
stationary. The on-road applications include trucks, buses and automobiles. The
off-road applications include marine, industrial (e.g., diesel for compressors),
construction equipment, agricultural (e.g., tractors), and locomotive. For
emissions standards, the reader is referred to the websites of the US EPA
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The analytical design process and diesel engine system design 5

at www.epa.gov, DieselNet at www.DieselNet.com, and Appendix A in
Rakopoulos and Giakoumis (2009). According to emissions certification
methods for on-road applications, diesel engines are classified as heavy-
duty and light-duty (Table 1.2). The American Automotive Manufacturers
Association (AAMA) classifies trucks into three categories (heavy-duty,
medium-duty, and light-duty) and eight classes by vehicle weight (Table
1.3). Heavy-duty applications include trucks, buses, certain off-road vehicles,
marine engines, generator sets (gensets), industrial power plants, etc. Light-
duty applications include passenger cars, sport-utility vehicles and light
trucks (e.g., some pickup trucks).

Diesel engines are also classified as low-speed (rated speed of crankshaft
rotation slower than approximately 300 rpm), medium-speed (300—1000 rpm)
and high-speed (faster than 1000 rpm). They can be also classified by using
the mean piston speed at the rated speed. For example, a mean piston speed
slower than 6 m/s is regarded as low-speed, 6-9 m/s as medium-speed, and
faster than 9 m/s as high-speed. The engine crankshaft rotational speed versus
mean piston speed of many high-speed diesel engines in North America is
shown in Fig. 1.1. It is observed that there is a large variability in the data
due to the differences in engine stroke. There is no clear design trend in the

Table 1.2 EPA vehicle weight classification

Vehicle weight Classification Emissions certification

<8500 Ibs GVW
>8500 |lbs GVW

Light-duty (LD)

Light heavy-duty: 110,000 miles of useful
life for compliance with the legislated
emissions standards

Medium heavy-duty: 185,000 miles of
useful life

Vehicle chassis
Engine dynamometer

>8500 lbs GVW Engine dynamometer

>8500 Ibs GVW Heavy heavy-duty: 290,000 miles of

useful life

Engine dynamometer

Table 1.3 AAMA vehicle weight classification

Vehicle weight

Classification

Class 1 <6000 Ibs GVW Light-duty (LD) trucks
Class 2 6001-10,000 Ibs GVW Light-duty (LD) trucks
Class 3 10,001-14,000 Ibs GVW Light-duty (LD) trucks
Class 4 14,001-16,000 Ibs GVW Medium-duty (MD) trucks
Class 5 16,001-19,500 Ibs GVW Medium-duty (MD) trucks
Class 6 19,501-26,000 Ibs GVW Medium-duty (MD) trucks
Class 7 26,001-33,000 Ibs GVW Heavy-duty (HD) trucks
Class 8 >33,000 Ibs GVW Heavy-duty (HD) trucks
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correlation between these two speeds. The above classifications according
to the speeds are only approximate.

According to different fuel injection methods, diesel engines are classified
as indirect injection and direct injection. By air charging method, diesel
engines are classified as naturally aspirated, mechanically supercharged and
aerodynamically turbocharged engines. By cooling medium, diesel engines
are divided into water-cooled and air-cooled. Most modern diesel engines are
direct-injection, turbocharged (with inter-cooling or also known as after-cooling
or charge air cooling) and water-cooled engines. According to in-cylinder
NO, emissions control and NO, aftertreatment technology, diesel engines
are classified into EGR (exhaust gas recirculation) engine, non-EGR engine,
SCR (selective catalytic reduction) engine and non-SCR engine. Moreover,
by different fuels utilized or fuel compatibility, diesel engines are classified
as light-liquid-fueled, heavy-liquid-fueled or multi-fueled engines. The main
body of this book focuses on four-stroke on-road heavy-duty turbocharged
EGR diesel engines for automotive vehicle applications.

1.1.2 Comparison between diesel engines and gasoline
engines

Understanding the fundamental characteristics of diesel engines is very important
for engine system design and powertrain technology assessment. Compared
to gasoline engines, diesel engines have the following advantages:

e Low fuel consumption and low CO, emissions. The high compression
ratio used in diesel engines generally results in high thermodynamic

© Woodhead Publishing Limited, 2011



The analytical design process and diesel engine system design 7

cycle efficiency although mechanical friction may increase with peak
cylinder pressure. Diesel engines usually use unthrottled operation so
that the pumping loss can be lower.

e High power. Diesel combustion does not have the severe limitation of
auto-ignition as seen in gasoline engines so that diesel engines can use
a large cylinder diameter and tolerate a high level of turbocharging in
order to produce high power.

e High torque at low speeds and better drivability. Diesel combustion can
tolerate a high level of turbocharging so that they can burn more fuel to
match the available charge air to produce higher torque than gasoline
engines.

e Low carbon monoxide (CO) and hydrocarbons (HC) due to the high
air—fuel ratio employed in diesel combustion.

It should be noted that in modern diesel engines with high EGR for NO,
control, the traditional advantage of unthrottled operation may be lost due
to the need to drive EGR flow by closing an intake throttle valve at certain
operating conditions, if the system is not carefully designed. Moreover, high
EGR rate leads to high peak cylinder pressure due to the increased intake
manifold boost pressure required. Such a high cylinder pressure may result
in a reduction in the allowable air—fuel ratio or engine compression ratio.
The superior fuel economy, high power, and high low-end (low speed) torque
are the primary reasons for the dominance of diesel engines as medium- and
heavy-duty power plants.

However, there are several design challenges for diesel engines compared
with their gasoline counterparts as follows:

e Higher engine-out particulate matter (PM) and smoke due to the combustion
with heterogeneous mixtures in the engine cylinder.
Lower air utilization due to the heterogeneous combustion.
More difficult control in tailpipe outlet NO,. The three-way catalyst used
for NO, control on gasoline engines cannot be used in diesel engines
because diesel engines are operated with lean air—fuel ratio. Diesel engine
emissions control is detailed in Majewski and Khair, 2006)

e Lower exhaust temperature caused by lean burn combustion. This can
make diesel particulate filter (DPF) regeneration difficult.
Higher noise from fuel injection, combustion, and mechanical impact.

e Heavier engine weight: diesel engines need to use heavy structure to
endure the high peak cylinder pressure produced by high compression
ratio.

e Higher cost, primarily due to the sophisticated and expensive fuel injection
equipment and the diesel particulate filter used in diesel engines.

e Lower engine rated speed, due to the limitation of slow combustion speed
in the heterogeneous combustion in diesel engines. Instead of having
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8 Diesel engine system design

rated speed at 6000-7000 rpm like in gasoline engines, the rated speed
of automotive diesel engines is usually limited to 2000—4000 rpm.

e Lower power density (i.e., lower specific power per volume of engine
displacement), which is due to the limitation of rated speed and hence
rated power.

e  More difficult in cold start.

The above challenges are important system characteristics of diesel engines
although they are inherently unfavorable. In diesel engine system design,
it is paramount to further enhance the advantages of diesel engines and
minimize, or at least not to increase, the disadvantages.

1.1.3 The history, characteristics, and challenges of
diesel engines

The history of diesel engines extends back to Rudolf Diesel’s pioneering
work towards the end of the 19th century. Cummins Jr. (1993) and Grosser
(1978) provide a detailed early history of diesel engines and a biography of
Rudolf Diesel. The diesel engine is the most efficient liquid-fuel-burning
prime mover and has a wide range of applications, from land and marine
transportation propulsion to stationary power. The history of the diesel engine
is accompanied by its characteristics and continued challenges.

The diesel engine could tolerate a wide range of diesel fuels of different
quality due to its compression ignition mechanism. Therefore, before the
First World War the diesel engine found its early wide application in ship
propulsion and stationary power units where the inexpensive low-quality
diesel fuels were usually used. Owing to its fuel injection and combustion
mechanisms, the diesel engine runs at lower speeds than the gasoline engine,
resulting in lower frictional losses. The diesel engine injects fuel into the
cylinder to mix with the compressed hot air near the end of the compression
stroke. It does not use an intake throttle valve to regulate the air charge as
in the gasoline engine for the purpose of matching a stoichiometric air—fuel
ratio. The diesel engine uses higher compression ratio than the gasoline
engine, hence possesses a higher indicated thermal efficiency inherently.
All the above characteristics (i.e., lower speed, less intake throttle pumping
loss, leaner mixture of air and fuel, higher compression ratio) make the
diesel engine run at a higher brake thermal efficiency than its gasoline
engine counterpart. Therefore, during the first half of the 20th century, the
diesel engine experienced rapid development in land transport and became
firmly established as the most efficient powerplant for commercial vehicles
(trucks and buses). The diesel engine dominated the market of heavy-duty
truck, locomotive and marine applications where high efficiency, superior
durability and reliability or high low-speed torque are required.
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The development of diesel engines has been constantly driven by the
requirement of higher power output. Due to the limitation of fuel injection
systems and the required time duration for the slower diffusion combustion
rate of heterogeneous combustion, the diesel engine cannot run at a very high
speed to produce the high power density that is offered by a higher-speed
gasoline engine. In the early years without supercharging, this resulted in
a large gap in power density between the diesel and gasoline engines. The
advent of supercharging technology changed that situation. The low-octane
characteristic of the diesel fuel allows the diesel engine to be supercharged
to withstand very high cylinder pressure and temperature without the risk
of auto-ignition or ‘knocking’ that is encountered in the gasoline engine.
The turbocharging and inter-cooling technology widely adopted during the
second half of the 20th century greatly increased the power density of the
diesel engine. According to Hikosaka (1997), by applying turbocharging
the maximum BMEP (brake mean effective pressure) of heavy-duty diesel
engines has increased exponentially from approximately 5 bar in the 1920s to
in excess of 20 bar in the 1990s. In the passenger car market, turbocharging
has triggered a sharp rise in power density of light-duty diesel engines since
the 1980s to a level close to that of gasoline engines (Hikosaka, 1997). The
diesel engine has become more compact, more powerful, and less noisy. The
higher BMEP and exhaust energy recovery resulting from turbocharging has
further enhanced the thermal efficiency of the diesel engine. On the other
hand, it should be noted that the higher-BMEP engine demands a more
durable structure (e.g., crankshaft, piston assembly) in order to sustain a
higher peak cylinder pressure.

The oil crisis in the 1970s gave a considerable impetus to develop fuel
efficient powertrains from the perspective of ‘well-to-wheel’ efficiency,
which is defined as a combination of the efficiencies from ‘well-to-tank’ and
‘tank-to-wheel’. Despite the disadvantages of higher noise (most apparent
at idle) and higher cost, the diesel penetration into the light-vehicle and
passenger-car markets has continued growing rapidly, especially in Europe
where fuel prices are high and fuel taxation policies favor diesel.

The requirement of lower NVH (noise, vibration and harshness) has
become increasingly important for personal transportation powertrains.
Indirect injection (IDI) diesel engines produce lower combustion noise
than direct injection (DI) engines at the expense of fuel consumption. Until
the 1990s, indirect injection technology had a dominant market share in
light-duty vehicles. With the advances in fuel injection systems to tackle
the combustion noise problem and the improvement in structural design to
reduce NVH, DI diesel engines have gradually replaced IDI engines in the
light-duty market since the late 1980s. The commercial vehicle market has
not been as sensitive to the noise issue as the light-duty market, and hence
direct injection technology has been widely applied. Direct injection diesel
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10 Diesel engine system design

engines have approximately 10-15% better fuel economy than indirect
injection diesel engines, and 30-40% better than the port-injected gasoline
engines. The reasons for DI engines’ better fuel economy mainly include
the following. First, DI engines do not use a divided combustion chamber
(pre-chamber) and hence do not have its associated high pumping loss due
to the flow restriction at the throat in the pre-chamber or swirl chamber.
Secondly, DI engines have less heat rejection lost to the coolant due to less
heat transfer area of the combustion chamber. A comparison of the fuel
consumption between different engines was given by Hikosaka (1997).

Numerous advances have been made continuously to improve diesel
engine designs during the past several decades, resulting in the reduction in
fuel consumption, weight, NVH, and cost, as well as in the enhancement of
transient performance, durability, and reliability. Engine friction and lube
oil consumption have been reduced by improved piston-assembly designs.
Pumping loss has been reduced by both carefully matching the turbocharger
and improving the volumetric efficiency of the engine (e.g., by using the four-
valve-head design). Mixed-flow and variable-geometry turbochargers have
been used to reduce engine pumping loss and improve transient response.
Variable-valve actuation and variable swirl have been researched to find
their applications in diesel engines. Various combustion chamber designs
including both quiescent and swirl-supported have been proposed in order
to improve combustion efficiency and reduce heat losses. More compact and
less restrictive heat exchangers have become available. Engine accessory
parasitic losses have been greatly reduced due to the improvement made by
suppliers.

Waste heat recovery has received attention since the 1980s. The potential
of turbocompounding was investigated to try to recover some of the exhaust
heat at the turbocharger’s turbine outlet to drive another turbine in order
to deliver some mechanical power that can be added back to the engine
crankshaft. Moreover, it is worth noting the research on the low-heat-rejection
engine (or the so-called ‘adiabatic’ engine) during the 1980-1990s. The
research was initiated with the motivation of using large recovery of heat
losses by insulating the power cylinder surfaces (e.g., piston, cylinder head,
and liner). Soon after, it was discovered that the fuel economy benefit of
the adiabatic engine was far less than initially imagined. Many other design
challenges were also encountered, such as in-cylinder tribological issues
and excessively high NO, emissions. Since the more stringent emissions
regulations were stipulated, the interest in the adiabatic engine gradually
died down, at least for the vehicle categories that are not exempted from the
stringent emissions regulations. After all, the development of the adiabatic
diesel engine stimulated the interest in applying analysis of the second law
of thermodynamics to internal combustion engines. The development also
accumulated valuable experience and lessons learned for in-cylinder heat
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rejection control, which is still an important topic for modern low-NO, engine
design.

The worldwide enactment of emissions regulations (mainly in the US,
Europe and Japan) for on-road and followed by off-road applications since
the late 1990s gave another and the latest major impetus for the technological
development of modern diesel engines, cleaner fuels and lubricant oils. In the
US, heavy-duty on-road engines are certified according to the FTP (federal
test procedure), SET (supplemental emissions test) and NTE (not-to-exceed)
emissions regulations. Light-duty on-road engines are certified according to
the FTP-75 and US06 regulations. Compared to its gasoline engine counterpart
equipped with the three-way catalyst, the diesel engine without aftertreatment
is characterized by lower unburned hydrocarbons (HC), negligible carbon
monoxide (CO), and higher particulate matter (PM) and nitrogen oxides
(NOy, primarily NO and NO, with a NO,/NO ratio approximately 5-25%)
at the tailpipe. The reason for the lower HC and CO emissions of the diesel
engine is that it operates at very lean air—fuel ratios, especially at part load.
The diesel engine has near zero evaporative emissions due to lower volatility
of the diesel fuel. The diesel engine also has lower cold-start emissions
than the gasoline engine. The emissions challenge for the diesel engine is
mainly NO, and soot control. The diesel engine inherently possesses several
trade-offs in emissions and performance, namely, the NO,—soot trade-off,
the NO,—HC trade-off, and the NO,-BSFC trade-off. The trade-off means
improving one parameter is impossible without sacrificing the other when a
design or calibration factor is changed. A typical example of the trade-off is
the fuel injection timing effect. More retarded fuel injection timing results
in a decrease in NO,, but an increase in soot and BSFC (brake specific fuel
consumption). In order to break the trade-off, another design factor needs
to be improved. For instance, when fuel injection pressure is increased the
soot emission and BSFC can be reduced. The design challenge has always
been a simultaneous reduction of exhaust emissions and fuel consumption.
Emissions compliance, power density, structural strength, and reliability are
inter-related. Lower emissions require higher air or EGR flow and hence
higher peak cylinder pressure, and this competes with the need for higher
power density. The increase in power density of the engine has been slowing
down since the emissions regulations became more stringent. Advanced
high-pressure fuel system, electronic controls, aftertreatment (e.g., DOC or
diesel oxidation catalyst, DPF) and low-sulfur fuel were the four major areas
emerging since the 1980s for diesel emissions control.

Another important feature for modern diesel engines to meet the US
2004-2010 emissions regulations is EGR. EGR has been used as a very
effective technology to reduce NO,, especially in the US. In certain European
applications, liquid urea-based selective catalytic reduction (SCR) was used
instead of EGR to control NO,. However, there are concerns about urea-based
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SCR’s capital and operating costs, weight, packaging space, increased exhaust
restriction, complexity of electronic controls, ammonia slip, compatibility
in very cold weather, readiness of infrastructure, maintenance burdens on
vehicle customers, in-use emissions compliance, etc.

EGR reduces NO, through the mechanism of reducing the in-cylinder oxygen
concentration and combustion temperature. Turbocharging with inter-cooling
has been used to increase power density and reduce PM emissions. EGR is
used in modern engines mainly for NO, control. Compared to the turbocharged
non-EGR engines in the old era, EGR engines have very different design
considerations from system to component. For instance, the usual practice in
non-EGR engine designs was to match the turbocharger to make the intake
manifold pressure higher than the exhaust manifold pressure because there
was no need to drive EGR flow. In this case, a negative value of the pressure
differential or negative ‘engine delta P’ was created. The engine delta P here
is defined as exhaust manifold pressure minus intake manifold pressure.
Such a negative engine delta P not only resulted in a net gain in BSFC due
to a positive pumping work rather than a negative pumping loss, but also
improved cylinder gas scavenging by using a large valve overlap to reduce
the thermal load acting on the cylinder head, the exhaust valve/manifold, and
the turbine. The valve overlap here refers to the timing difference between
exhaust valve closing and intake valve opening. During the valve overlap
period, both the exhaust valve and the intake valve are open. Moreover, the
air—fuel ratio (A/F ratio) in non-EGR engines could be designed very high
without the problem of exceeding the maximum cylinder pressure limit. The
high A/F ratio increases combustion efficiency and decreases soot. However,
in EGR engines those advantages disappear because the need to drive EGR
flow requires a positive value of engine delta P (i.e., exhaust manifold pressure
higher than intake manifold pressure). The increased exhaust restriction due
to the addition of PM and NO, aftertreatment devices further complicates the
turbocharger matching. Moreover, the fluctuations of engine gas flow and
temperature caused by EGR-on and EGR-off operations during transients
or aftertreatment regeneration demand a careful system design approach
in order to optimize all the subsystems involved. Other design challenges
related to EGR include controlling intake condensate, coolant heat rejection
and engine component wear.

In addition to EGR, modern diesel engines are also characterized by
several other emissions control technologies. Innovative combustion
concepts (e.g., low temperature combustion, HCCI) are being investigated
intensively. Ultra-high injection pressures are demanded for fuel systems,
along with the requirement of achieving high injection pressures at both
low and high engine speeds (e.g., high-pressure common rail fuel system).
Retarding fuel injection timing has become necessary in order to meet the
most stringent NO, standard and this results in a penalty on BSFC. With
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the retarded injection timing, the combustion pressure is no longer higher
than the compression pressure at the firing TDC (top dead center) at many
speed and load modes including full load. The compression pressure usually
becomes the peak cylinder pressure. Multiple injection methods (pilot, main,
and post injections) and injection rate shaping have also become necessary.
The direction for clean and efficient combustion was illustrated by Hikosaka
(1997) in heat release rate analysis. Intake charge cooling for the air-EGR
mixture has been demonstrated as an effective solution for NO, control,
although there are challenges in controlling intake condensate and heat
rejection. Moreover, DPF has become necessary to meet the stringent US
2007 emissions regulation. Advanced EGR, air management, fuel injection,
combustion, aftertreatment, and electronic controls are the six key technology
enablers for modern diesel engines to meet emissions standards.

Advanced fuel formulation (lower aromatics, ultra-low sulfur) and
improvement in lubricant additives (for ash control and aftetreatment
compatibility to avoid poisoning or fouling) are also required to meet the
stringent emissions regulations. For example, the US EPA 2007 regulation
is supported by the 2006 standard of ultra-low-sulfur diesel fuel. The sulfur
content has been reduced from 500 ppm to 15 ppm starting in mid-2006 for
the diesel fuels used in on-road vehicles. Such ultra-low-sulfur fuel will be
required for most off-road vehicles/applications as well.

Meeting the coming fuel economy regulations and continuously improving
engine fuel consumption is the next major impetus for diesel engine technology
development. The diesel engine will remain as the most popular powerplant
for the next several decades before fossil fuel resources become depleted.
Almost the entire heavy-duty segment and much of the medium-duty segment
run on diesel power today (Boesel et al., 2003). Off-highway vehicles are
also dominated by diesel power. According to the data from the US EPA,
23% of the energy used in US highway transportation was consumed by
heavy trucks, 1% by buses, 32% by light trucks, and 44% by automobiles.
Currently, meeting emissions regulations is the driving force for developing
better engines. In the future, it will be fuel economy, along with greenhouse
gases, NVH, reliability and cost. The regulations on CO, emission or fuel
economy impose another challenge on engine manufacturers. There is a
direct correlation between CO, emission and fuel economy (Menne and
Rechs, 2002; Steinberg and Goblau, 2004). As pointed out by Dopson et
al. (1995), the approach to fuel economy legislation has differed between
the two main regulation bodies, the US and Europe. The US method was
determined by the CAFE (corporate average fuel economy) standard which
allows manufacturers to mix their fleet production and sales. The European
method for fuel economy took the CO,-only regulation. Some well-known
projects of fuel economy development in the past included the 55% thermal
efficiency heavy-duty engines in the US, the 3 L/100 km (equivalent to 78.4

© Woodhead Publishing Limited, 2011



14 Diesel engine system design

mpg) fuel consumption passenger cars in Europe, and the PNGV (Partnership
for a New Generation of Vehicles) program of 80 mpg cars in the US.

On the light-duty side, the PNGV program was formed by the US federal
government and the United States Council for Automotive Research (USCAR),
which was created by several major US automobile OEMs including Ford
Motor Company, General Motors Corporation and Chrysler Corporation. The
PNGYV fuel economy target and the necessity of reducing vehicle weight were
discussed by Boggs et al. (1997). The high-speed direct injection (HSDI)
diesel engine has been identified as the most promising and fuel-efficient
power plant (for conventional powertrains) or primary power source (for
hybrid powertrains) in the program. Engine downsizing in displacement has
become a trend in order to achieve high thermal efficiency in future passenger
cars or hybrid vehicles. However, downsizing poses significant challenges
in combustion, structural design, and NVH (e.g., converting a four-cylinder
engine to three-cylinder, Ecker et al., 2000). The smaller engine displacement
has a deteriorated combustion chamber surface-to-volume ratio and reduced
proportion of air available for combustion. Improving fuel consumption while
meeting the most stringent US Tier-2 Bin-5 light-duty emissions regulation
with cost-effective engine-aftertreatment design is a major challenge for
light-duty diesel engines.

On the heavy-duty side, research into exploring thermal efficiency
improvement and better alternative fuels has been very active. The focus of
heavy vehicle technology development has centered on reducing emissions,
improving fuel economy, and using fuels from alternative non-petroleum
feedstock (Eberhardt, 1999). Heavy-duty diesel engines running on
conventional petroleum-based fuel have achieved more than 40% thermal
efficiency, compared to the commonly reported 30% efficiency of gasoline
engines. Recent investigations indicated that a thermal efficiency around
55% is achievable (Eberhardt, 1999). There are four main areas in future
diesel engine development to achieve emissions compliance and high thermal
efficiency while reducing the overall engine—vehicle cost:

1. in-cylinder combustion development;
2. exhaust aftertreatment;

3. hybrid powertrain engineering; and
4. fuel quality and alternative fuels.

Advanced clean diesel engine powertrain will still dominate the majority of
the market share of heavy-duty sectors. However, hybrid-diesel powertrains
are likely to gain high popularity as the most advanced powertrain technology
in heavy-duty vehicles over the next few decades. Significant emissions
reduction and fuel savings can be achieved with hybrid-electric or hybrid-
hydraulic powertrain due to the benefits of regenerative braking energy
recovery (especially for the urban stop-and-go duty cycles such as in delivery
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and transit transportations), engine idle-off, engine downsizing, and optimized
engine operating conditions for driving.

Natural gas engines (e.g., CNG — compressed natural gas, LNG — liquefied
natural gas) and dual-fuel natural-gas diesel engines will also increase their
share in heavy-duty vehicles, especially in transit buses and urban delivery/
refuse trucks. Biodiesel, GTL (gas-to-liquid) or synthetic diesel fuels will be
seen in more applications. Fuel cell as a primary propulsion power (versus
as an APU — auxiliary power unit) still faces significant technical and cost
challenges for commercialization in the foreseeable future.

Competition over fuel economy or fluid economy (e.g., including both fuel
and aftertreatment fluid) will be fiercer in the market for customer satisfaction.
Not only will competition happen among diesel engine manufacturers,
it will also occur against the challenges from other advanced powertrain
concepts such as the gasoline direct injection (GDI) engine (Asmus, 1999).
Future diesel engines will be characterized by the advanced design features
related to fuel economy improvement such as waste heat recovery, cylinder
deactivation, variable valve actuation, hybrid electric/hydraulic integration,
and advanced intelligent controls. All these challenges require an optimized
system approach in diesel engine design (Xin, 2010) and vehicle powertrain
integration (SAE PT-87, 2003; Seger et al., 2010). Applying a system
design approach can also support technology innovation in each subsystem
and offer new solutions to the traditional mechanical design issues such as
friction and NVH reduction as well. The goal of advanced engine system
design is to achieve a superior product with low cost and fast pace during
the development cycle.

1.2 The concept of systems engineering in diesel
engine system design

1.2.1  Principles of systems engineering
Definition of systems engineering

Systems engineering has been successfully employed for decades in
aerospace and defense product development. Its sporadic application in
the automotive industry emerged in the 1990s. There was no theory in the
past on how to apply the principles of systems engineering to diesel engine
system design. According to the definition of Kossiakoff and Sweet (2003)
in their classic textbook on systems engineering, the function of systems
engineering is ‘to guide the engineering of complex systems’. The system
is defined as ‘a set of interrelated components working together toward
some common objective’. In fact, there is no unanimity whether it should
be spelled ‘systems engineering’ or ‘system engineering’. In diesel engine
system design, there is only one system — the engine. Complex systems have
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a hierarchical structure that consists of a number of interacting elements
called subsystems. A subsystem is composed of simpler functional entities
such as subassemblies, components, subcomponents, and parts. A system
may also become a subsystem if the hierarchical chain is expanded to a
higher level. As pointed out by Kossiakoff and Sweet (2003), ‘since the
systems engineering function is that of guidance, authority is exercised
by establishing goals (requirements and specifications), formulating task
assignments, conducting evaluations (design reviews, analysis, and test),
and controlling the configuration.’

From the INCOSE (International Council on Systems Engineering) definition
quoted by Kanefsky et al. (1999), Armstrong (2002) and Austin (2007),

Systems Engineering is an interdisciplinary approach and means to enable
the realization of successful systems. It focuses on defining customer needs
and required functionality early in the development cycle, documenting
requirements, and then proceeding with design synthesis and system
validation while considering the following complete problem: performance,
cost & schedule, test, manufacturing, training & support, operations, and
disposal. Systems engineering integrates these disciplines and specialty
groups into a team effort forming a structured development process that
proceeds from concept to production and to operation. Systems engineering
considers both the business and the technical needs of all customers with
the goal of providing a quality product that meets user needs.

Another definition given by Austin (2007) states that ‘systems engineering
is a formal process for the development of a complex system, driven by a
set of established requirements, derived from the intended mission of the
system throughout its life cycle.’

Jackson et al. (1991) attempted to introduce systems engineering to the
automotive industry and applied the principles to automotive transmissions
design. They explained the procedures and the tools of systems engineering
used to plan, coordinate and execute in product development. Kanefsky et
al. (1999) provided an overview on using a systems engineering approach in
engine cooling design, focused on requirements analysis, functional analysis
and target setting. Armstrong (2002) summarized the roles of systems
engineering in different product development stages, with examples of
electronic controls integration, in his SAE Buckendale Lecture. Austin (2007)
provided an excellent introduction to systems engineering methodology for
automotive engineering. The most comprehensive coverage on the general
theory of systems engineering has been provided by Kossiakoff and Sweet
(2003). In the following sections, key principles of systems engineering are
examined and summarized first. Then, the disadvantages of certain traditional
viewpoints of systems engineering are pointed out, and a new theory of
systems engineering suitable for diesel engine system design is developed.
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Interfaces — the focus of systems engineering

The performance of a system is affected by its external environment (e.g.,
ambient temperature and altitude) or interacts with other parallel systems
(e.g., an engine vs. vehicle drivetrain). The definition and control of these
effects or interactions at the external interfaces of the system is a particular
responsibility of a system engineer. Inside the system, there are interactions
occurring at various internal boundaries or interfaces of the subsystems. Again,
the definition of the internal interfaces and their control for compatibility
and reliability is also a primary responsibility of the system engineer. The
control is applied to the elements that connect, isolate, or convert interactions.
Experience has shown that a large fraction of system failures occurs at the
interfaces. Strict control of the interface design between system elements is a
critical topic in systems engineering. Interface requirements need to be included
or reflected in system design specifications. Moreover, interface requirements
validation needs to be included in the system validation plan.

Phases and roles of systems engineering

The systems engineering process is usually explained by a ‘V’ diagram
(Austin, 2007). The left leg of the ‘V shape’ contains a top-down cascaded
process from the system, subsystem to component level about product
definition, requirements analysis, as well as development and allocation of
design specifications. The bottom of the V shape has the product design
and prototype build. The right leg of the V shape contains a bottom-up
integration process from the component, subsystem to system level about
product verification and testing validation. The left and right legs of the V
shape are connected or communicated by passing the validation result.

The activities in systems engineering consist of three stages, namely
concept development, engineering development, and post-development, in
a system life cycle model. According to Kossiakoff and Sweet (2003), the
concept development includes the following: establishing the system need;
exploring feasible concepts to define functional performance requirements;
selecting preferred system concept based on performance, cost, schedule,
and risk; and defining system functional specifications. The engineering
development includes the following: validating new technologies in advanced
development; identifying and reducing risks; transforming concept into
hardware and software designs according to design specifications; and building
and testing the integrated production prototypes. The post-development
includes producing and deploying the system as well as supporting system
operation and maintenance.

Systems engineering is a part of project and program management. Systems
engineering is a unified process of both engineering and management. As
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pointed out by Armstrong (2002), the essence of program management is
the trade-offs between technical parameters, schedule, cost, market forces,
and available resources to complete the total program. The tasks in systems
engineering include the following:

e Assisting project and program management to manage statements of
work and risks.

e System concept/architecture design or selection.
System requirements analysis based on customer agreements (musts and
wants) and constraints.

e System functional analysis to translate requirements from the customer

domain to the engineering domain.

Target setting.

Identifying and managing key interfaces between system elements.

System specification design with synthesis, optimization, and balance.

Allocation of cascaded design specifications from the system level to

the subsystem and component levels for both hardware and software

systems.

e Technical coordination and guidance for subsystems with disciplined
decision-making through system design reviews.

e System validation test to verify the requirements and the product through
integration with good documentation.

Detailed descriptions of the above tasks are provided in Kanefsky et al.
(1999), Armstrong (2002), and Kossiakoff and Sweet (2003). Systems
engineering provides an orderly process for complex system development,
and such a process is able to identify and resolve key problems in system
design prior to subsystem designs. The role of systems engineering in the
entire program is heavily biased toward the early stages (i.e., ‘front’ loading
of work and resources). Systems engineering emphasizes the up-front analysis
of the functional objectives, requirements, and constraints to define a logical
product with customer input. Many experiences have shown that the later
a requirements problem is identified, the more it costs to fix. In fact, it is
not a linear proportionality, but usually exponential (Austin, 2007). One of
the key aspects in systems engineering process is that the design must be
strictly led by the complete analysis of functional requirements and system
specifications.

Functional requirements are the basis of design specifications. Functional
requirements are the reason that the item is included in the design. Requirements
management is as important as concept/configuration management. Changing
system requirements as a moving target makes system design difficult
and unstable. However, very often changes required by the customer are
inevitable. And sometimes it is difficult to accurately define the engineering
target for the requirements, for example, accurately predicting the air—fuel
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ratio and EGR rate required to meet a certain level of NO, emissions at the
early stage of an engine program. It is necessary to document requirements
traceability by recording the requirements and scoping the changes through
system, subsystem, and component specifications.

Systems engineering allocates and balances the requirements to decide
how much technology development risk each element should undertake, and
decide the best trade-offs among all design attributes (e.g., performance,
weight, size, cost) and elements. During the detailed design and testing phases,
the role of systems engineering is to maintain the revised system design
specifications and ensure that the system development follows the up-to-date
specifications with good traceability from the original requirements to the
final design. In addition to cascading system requirements and specifications
at the early stages of the program, the system engineer should integrate the
designs from the components and subsystems to the system, and manage
their interfaces during the later system validation phases.

The system engineer also has the responsibility to take the initiative
to establish a structured communication network between the program
requirements and all subsystems. The system engineer plays an active role
in program management meetings to review design status and resolve trade-
offs. The systems engineering process has been proven to be able to reduce
the amount and severity of the problems discovered in the late stages of the
development program, and meanwhile to reduce the cost.

Risk management

Risk refers to the ‘likelihood’ of failing to meet requirements and the
‘severity’ or seriousness of the impact of such a failure to the success of
the program. The methodology that is employed to identify and minimize
risk in system development is called risk management. A more quantitative
risk assessment is to consider the issue’s probability of occurrence and its
consequence should it occur (Austin, 2007). Weighting factors can be used
to prioritize the risks. At the beginning of the program, the risk is high due
to unpredictable adverse events. As the development progresses, risks are
systematically reduced and eliminated by analysis and testing. Risk needs
to be reduced largely in the concept development stage when the advanced
technology development and system design occur. Advanced development
matures new technologies or concepts and turns them into production-viable
technologies. System design ensures trade-offs are analyzed and risks are
assessed, balanced, and mitigated. The methods of risk mitigation include
relief of excessive requirements and preparation of fallback alternatives, and
so on. More details on system risks, design risks and risk reduction techniques
are introduced in the later section of robust engineering principles.
Examples of the risks for engine development programs include increased
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peak cylinder pressure for structure strength, high heat rejection, conflicting
packaging space (e.g., complicated turbochargers, cooling modules,
aftertreatment devices), engine weight, product cost, etc.

Trade-offs and balanced design decisions

The principal viewpoint of systems engineering is to achieve the best balance
among critical attributes or among the design trade-offs of various subsystems
for the success of the system as a whole. Different system attributes should
be appropriately weighted. An example of the best balance is the trade-off
between performance (i.e., function) and cost. A curve of performance-to-
cost ratio (or function-to-cost ratio, value ratio, cost-effectiveness) can be
established as a function of cost so that the performance of the best overall
system can be chosen close to the peak of the performance-to-cost ratio from
the curve, as long as the peak point also satisfies the minimum acceptable
performance. The principle of balanced system ensures that in system design
decisions no system attribute is allowed to grow or become over-designed at
the expense of other equally important attributes. It is important to conduct
such value-oriented designs in engine system development (i.e., using a ratio of
performance to cost). Another example of a balanced decision is the trade-off
between technology advance and risk. New advanced technologies may contain
many uncertainties (risks) and opportunities. Existing production technologies
contain minimum risks but they may become obsolete very quickly. Making
the right recommendation on technology path with affordable and balanced
risk is a primary responsibility of a system engineer. The system engineer
needs to have in-depth technical expertise and broad vision for overall project
management in order to be able to make the right balanced decisions for the
program. The system engineer is the ultimate authority on how the goals of
system performance and affordability are achieved simultaneously.

Modularization and integration

Another principle of systems engineering is component modularization and
integration in order to ease technical management. System integration focuses
on the interfaces between system elements. Modulated design is easier to
manage and assemble. Vehicle cooling module and powertrain control module
are two examples in hardware design and electronic controls, respectively.
Some of the modules are designed, tested, and provided by full-service
system suppliers, while others are integrated by the OEM. Modularizing the
system and integrating the subsystems at the interfaces is one of the central
tasks in systems engineering.
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Qualifications of system engineers

The need for system engineers is most apparent in large complex systems.
The systems engineering function needs to adapt to the pre-existing
organizational structure. In essence, the system engineer is undoubtedly
the most influential leader for the entire product design. The subsystem
specialist works downstream of the system engineer to realize the complete
design of the given subsystem. If every subsystem specialist does a good job
according to the coordination of the system engineer, the whole system will
come out in good shape as a summation of all the subsystems with a high
degree of integration. This process requires the system engineer to possess
the following qualifications:

e have solid background in one or more traditional engineering
disciplines;

e have demonstrated technical achievements and authority in one or more
specialty areas;

e enjoy the interdisciplinary learning and the challenges from a wide range
of technical disciplines;

e be familiar with all functional disciplines of the organization and
knowledgeable in products and processes, especially system-level
integration;

e have the courage to break the technical language barriers to bridge the
gaps between different specialists;

e be proficient in handling large-scale optimization analysis;
be open minded about new ideas and processes;

e have good communication skills and process management skills to
lead a project and maintain effective communications among the many
interacting individuals and groups.

1.2.2 Challenges of diesel engine system design in
systems engineering

Academic background of engine system engineers

The traditional theory of systems engineering (Kossiakoff and Sweet, 2003)
believed that systems engineering bridges the conventional engineering
disciplines by guiding and coordinating the design of each individual element
to assure that the interactions and interfaces between system elements
are compatible and mutually supporting. The theory admits that systems
engineering as a profession defined as such has not been widely recognized
because systems engineering does not correspond to the conventional academic
engineering disciplines such as mechanical or electrical engineering. The
absence of a quantitative knowledge or specific technical expertise has
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inhibited traditional systems engineering from being recognized as a unique
discipline. In fact, most technical people resist becoming generalists for fear
that they will lose the recognition from their specialized profession.

Because the traditional theory of systems engineering considers that a job
function of integration without getting into the design details is probably
sufficient for system engineers, it is believed that graduates majoring in
mathematics or physics without specialized engineering training are capable
of the job. Unfortunately, this is usually not the case in diesel engine system
design. A job function of sole coordination without producing system-
level technical design data has been proven to be ineffective in engine
companies. The engine system engineer needs to possess specialized skills
in the conventional engineering disciplines in order to work on both system
integration and guide component/subsystem design details if needed. Past
experience has shown that in diesel engine system design, the most successful
system engineers come out of the following engineering specialties: thermal/
fluid science, combustion, dynamics, or electronic controls.

Technical breadth and depth

The traditional view of systems engineering requires a three-dimensional
expertise in the following: great technical breadth, moderate technical
depth, and moderate management skills. However, the term ‘breadth’ has
not been clearly defined. In diesel engine system design, breadth means
both the subsystems (e.g., valvetrain, turbocharger) and the attributes (i.e.,
performance, durability, packaging, and cost). The depth means the level of
understanding of the details of a given subject, such as the understanding
of the relevant influential factors, theoretical and experimental knowledge,
and the interactions between different subjects. The subject here can refer
to either a subsystem or an attribute.

Job responsibilities

The traditional view of systems engineering (Armstrong, 2002) believes that
the systems engineering group within an organization needs to consist of an
interdisciplinary team of people working at the system level and representing
all the related functional areas. In essence, the systems engineers are believed
to be technical project managers, working very closely with the design and
development departments. In diesel engine system design, it is desirable for
the system engineer to possess in-depth knowledge on certain subsystems
and components. This is largely due to the requirements of system engineers
working closely with component engineers to conduct component design
that critically affects the system-level performance.

The traditional theory of systems engineering has been challenged by some
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negative voices since its inception, such as ‘what is the value of “adding” a
system engineer on top of specialists?” Such voices were raised because the
complexity of the system design was not clearly comprehended. With the
attribute-driven system design approach, the benefits of system engineers
who are required to possess in-depth understanding of component designs are
obvious. The approach does pose two challenges for the engineering staff.
For system engineers, the expertise in a given attribute for all subsystems
is highly desirable. For subsystem specialists, the capability of coordinating
different attributes for a given subsystem is strongly recommended.

Design tools for system engineers

In diesel engine system design, a system engineer is required to conduct
accurate and sophisticated calculations at a system optimization level by
using advanced simulation tools. The approximate calculations for the
complex engine processes are often inadequate. The high quality system
design specifications generated by a system engineer ensures the successful
design of subsystems and components.

1.2.3 Systems engineering in diesel engine system
design — an attribute-driven design process

Attribute-driven system design process

The traditional theory of systems engineering (Armstrong, 2002) divided
design activities into two phases: a preliminary design followed by a detailed
design. The preliminary design follows two earlier phases in the systems
engineering process, namely system requirements analysis and functional
analysis. ‘The functional analysis identifies the basic system functions and
translates the previously defined requirements into specific system performance
characteristics and constraints’ (Armstrong, 1996). The detailed design
phase is followed by the phases of prototype building, testing, integration,
production, and support. Generating system specifications was regarded as a
part of preliminary design. It was believed that each engineering specialty or
subsystem specialty team conducts the detailed design by using the system
specification as a guideline.

In diesel engine system design, because of the need for precise system
specifications rather than a rough preliminary estimate, some of the detailed
design work needs to be pulled up to the system level. For example,
the detailed turbocharger matching needs to be conducted at the system
specification level rather than a later detailed design stage. Therefore, it is
not appropriate to differentiate the engine design between preliminary and
detailed designs. Instead, the design work should be classified into system
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design, subsystem design and component design. For each design level, the
work can be further classified into four attributes (Fig. 1.2):

performance
durability
packaging
cost.

The design work is shared properly by the system engineer and the subsystem
specialist. In that sense, the performance attribute related work may be
considered as the ‘preliminary design’ defined by the traditional theory
(although its nature of design is already detailed and not preliminary at all),
and the durability and packaging related design work can be regarded as the
‘detailed design’ in the traditional theory. The theory of diesel engine system
design eliminates the ‘preliminary design’ stage by using an attribute-driven
design approach woven with a three-layer cascaded process (Fig. 1.3). In
addition, the system-level design can directly finalize the details of component
level design if that component has critical interaction with others to affect
the performance of the whole engine system. One example of this system-
oriented design process is cam profile design. The overall camshaft design
itself belongs to the component level, but the cam lobe profile has a dominant

Job functions

Cascaded levels

W-shape design process

« system . (ar?alylms. )
* subsystem dsmu ation
« component esign

* testing

Attributes
« performance
» durability
* packaging
* cost

1.2 Design space and elements of systems engineering for diesel
engine system design.
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1.3 The ‘W-shaped’ systems engineering process and functions of
engine system design.

impact on overall engine system performance, from volumetric efficiency
to valvetrain dynamics. Therefore, the cam profile design is finalized at the
system design level by the system engineer.

Attribute versus component domain and work scope

The systems engineering theory believes that the system engineers use their
technical knowledge of the whole system to guide the system development
(Fig. 1.4). For complex engine design, it is impossible for one person to
know all the related areas. Therefore, it is necessary to define the work
scope of the system engineers. In engine development, the design area can
be described as a two-dimensional space of attribute versus component or
subsystem (Fig. 1.5). The components or subsystems refer to the physical
entities that a design engineer claims accountability for (e.g., cylinder head,
turbocharger). The attributes refer to the factors to be considered for a given
component, i.e., performance (function), durability, packaging (weight,
geometry, appearance, and assembly), and cost.

Different activities and tools or job functions are required to achieve
each attribute for each component. For example, performance development
requires the activities in performance simulation analysis, solid modeling,
design prototyping, and functional testing. Durability development requires
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1.5 Subsystem areas and attributes in engine design in the attribute-
driven design process.

activities in structural analysis, design prototyping, and durability testing.

The packaging attribute requires solid modeling on the assemblies to check
geometrical interference, drawing design, as well as performance and durability
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analyses to check functional interference. Packaging is usually not related
to testing activity. The cost attribute requires mainly the activity of analysis
rather than design and testing. As shown in Fig. 1.5, one person usually
cannot become proficient in everything in the entire two-dimensional design
space. Dividing the work scope along the horizontal and vertical directions
makes the scope much more manageable and in good order.

Coordination between engineers

Figure 1.5 shows that there are two types of engineers: system engineers and
subsystem (or component) specialists. In diesel engine system design, four
types of system engineers are defined, namely, performance system engineer,
durability system engineer, packaging system engineer, and cost system
engineer. Usually the performance system engineer takes the lead in the
entire system design because of the importance of system function in driving
the design in the other three attributes. The expertise of each type of system
engineer spans horizontally across all the subsystems or components (Fig.
1.5). The necessity of such a horizontal arrangement (or technical breadth)
is the fact that the purpose of system design is to resolve the conflicts among
all subsystems and integrate them as a whole. On the other hand, the vertical
arrangement (or technical depth) of expertise within a given component
(or subsystem) entails the career development of a component engineer or
specialist. The necessity of such a vertical arrangement is the fact that the
component engineer has the final ownership and accountability to reconcile
all the conflicts among the four attributes for a given component. Moreover,
as shown in Fig. 1.5, the subsystem design specialist has the responsibility
to integrate the design from the bottom level parts, subcomponents and
components all the way up to the subsystem level. Although the four types
of system engineers can meet together to lay out a system-level compromise
among the four attributes, it is eventually the subsystem specialist who has
the design authority and ownership to finish all the details of the subsystem
and component design.

The required complete engineering knowledge is reflected by the two-
dimensional design space shown in Fig. 1.5, attributes versus subsystems,
including their interactions. An engine program chief engineer ideally should
be a person who masters all this knowledge. Moreover, it should be noted
that ideally the total supplied expertise of the two types of engineers (system
engineers and subsystem specialists) should be equal to the total required
knowledge in the two-dimensional design domain (e.g., Model A in Fig.
1.6). A significant under-supply of the expertise from the total of the two
types of engineers means a gap or deficiency for the product design. On
the other hand, a significant over-supply of the expertise means a surplus
of manpower, waste due to repeating, and an inefficient organization (i.e.,
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1.6 Two models of system design in the attribute-driven design
process.

an abused version of Model A in Fig. 1.6). The organizational efficiency
decreases from Model A to B. But the degree of difficulty to train a system
engineer is higher for Model A. Model B reflects the situation that the
effectiveness of system engineers could be diminished when they only serve
as ‘messengers’ between subsystems.

Without the guidance from a competent system engineer, subsystem
specialists could easily lose the vision for the whole system if they only
narrowly focus on their own design details. The abused version of Model A
refers to the situation where both the system engineer and subsystem specialist
unnecessarily duplicate their work on the same thing. In diesel engine system
design, the role of system engineers in Model B is superficial and ineffective.
Model A is a better systems engineering model for engine design that ensures
the critical system design parameters are directly controlled by the system
engineers in order to maximize design efficiency. It should be noted that
Model B may be justified for extremely large and complex systems where
many subsystems exist in parallel and there are many subsystem layers in
the hierarchical chain (e.g., airplane design).

From Fig. 1.5, it is observed that there may be an overlap in the work
area between a performance system engineer and a subsystem specialist,
for example, in aftertreatment performance. With properly defined job
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responsibilities in coordination, such an overlap can be easily avoided. The
general guideline is, within a given attribute, the item that ultimately affects
the whole system integration needs to be designed or closely monitored by the
system engineer. The remaining items local to the subsystem/component for
all four attributes need to be designed by the subsystem specialist. Moreover,
according to Fig. 1.5, the system engineer has the responsibility to integrate
along the horizontal direction (i.e., across subsystems), and the subsystem
specialist is responsible for integrating along the vertical direction (i.e., across
attributes). Their work needs to be cross-reviewed in order to best utilize the
expertise as a group to ‘check-and-balance’ in the two-dimensional design
domain of ‘attribute vs. component’.

The system engineer is desired to have in-depth knowledge on subsystem
attribute design in order to conduct system integration seamlessly. Certainly,
the degree of involvement of a system engineer on the component design
details depends on the nature of the design attributes. For example, the
performance attribute has more impact on the system-level integrity than
the packaging attribute. This requires a performance system engineer to pay
more attention to component design details than a packaging system engineer.
Although the performance system engineer may alleviate the work load of
the subsystem specialist from the performance attribute, the large amount of
packaging and design details still needs to be carried out by the subsystem
specialist. Therefore, both system engineers and component engineers
are equally important in order to mature the design in a cross-functional
team.

Figure 1.7 shows an example of the roles and responsibilities of system
engineers and subsystem specialists. The system engineer defines system design
specifications, and the subsystem specialist implements those specifications
to realize them. In summary, Figs 1.5-1.7 present a powerful attribute-driven
system integration approach for the engine system.

Work functions for different attributes

Among the four attributes (performance, durability, packaging, and cost),
performance is the only one dominated by advanced analytical contents.
Durability is largely handled by both structural modeling and experimental
validation testing. Packaging is a mix of art and science, and is primarily in
the realm of empirical design. Cost analysis has not grown to an advanced
level in diesel engine design, although this area can be extremely complex
and interesting. Table 1.4 summarizes the possible options to match the
system design attributes with job functions. An analysis engineer is usually
the best candidate for the position of a system engineer. A design or testing
engineer is usually a better candidate for subsystem specialist because the
majority of the subsystem/component work consists of design packaging and

© Woodhead Publishing Limited, 2011



‘uBisap walsAs auibua u] ulewop Aljiqisuodsal Jo uoleisny|| /°L

91eWl11sSad 1S0J 10NpoUd

9lewllsa 1S09 10Nnpold

sasea|al uolPnpold
sBbuimelp Qg
s|gpow pljos Qe
s|elielew jo ||ig

uonesBajul saiddns
juauodwod/ued

4RdAQ ‘'VINAQ ‘VINAS
anbile} 91949 |eway] |

u01S04409 WalsAs Buljoo)
Buinoj woeisAs Buijoo)

uBisap 1naJ1d Buljoo)

ubisap s19]00)

walsAs Buljoo)

sasea|al uolnpoid
sBuimeuap Qg
s|spouw pijos qe
s|elialew jo ||ig

uonesbalul sa1jddns
jusuodwod/ued

4R8dAQ ‘'VINEA ‘'VINLS

anbiiey 910Ad [ewIBYy ]
uoIS01109

pue ssalls waisAs Yo3j
Buinoy 19j000 Yo3

ubisap 198|009 YH3
uBisap aAjeA Y3

uoI101IIS8l
MO} HN2IID YDJ

uoneInbu0od 1N YOHJ

walsAs Yyo3j

8lewlllss 1s09 10npoldd

sasea|al uolnpold
sBuimelp Qg
s|spow pljos ge
s|elslew jo ||ig

uoijesBajul Jarddns
jusuodwod/yed

4RdAQ ‘VINLA ‘'VINAS

anbBiley 9]0A0 moT
SSa41S |eunionilg
Bunnunow Jabiayooqiny
uoleiqIA 1abieyosoqin]
ubisap Jabieyosoqiny

|043u09 Jabieyooqing

Buiyorew tabieysoqiny

Jabieyooquny

alewll}ss 1s09 10npold

saseajal uollonpold
sBuimelp qz
s|apow pljos ge
s|etiaiew Jo ||ig

uoilesBajul Jarddns
jusuodwod/ued

4RdAd ‘'VINEA ‘'VINLS

1BOM UIRIIBA|BA
$S8.1S |BINIONIIS
uolleIqgIA Jeyswe)

/" so1weuAp ujesaajen
|

souew.oyadl
Buiyieasq auibugl
|
ubBisap a|yoid Emo_

/

uleJ1aA[eA

J199uibus
wialsAs 1s0)

Jaauibua
woalsAs Buibeyoed

Jaauibua
walsAs Aljigelanqg

ham |

J99uibua woalsAs
aouewWIOMad

(Bunsal pue ubisap)
1sije1oads walsAsgng

(Bunsal pue ubisap)
1si|ejoads walsAsgng

(Bunysal pue ubisap)
1sije1oads woalsAsqng

(Bunsal pue ubisap)
1slje1oads walsAsgng

© Woodhead Publishing Limited, 2011



The analytical design process and diesel engine system design 31

Table 1.4 Design attributes and work functions

Attributes/work functions Analysis Design Testing
engineer  engineer engineer

Performance system Y N N

engineer

Durability system engineer Y Y Y

Packaging system engineer N Y N

Cost system engineer Y Y N

(Y: yes or possible; N: no or not likely)

durability issues. The focus of this book is on the performance attribute of
diesel engine system design across all subsystems.

The theory of systems engineering is important in diesel engine system
design. It helps set up a design process or mechanism that is more robust and
less sensitive to human errors in system design. Better application of systems
engineering principles can increase design quality and process efficiency,
resulting in better products for customers.

1.2.4 Tools and methods of systems engineering
The concept of modification freedom

Provided by Menne and Rechs (2002), modification freedom is defined as the
option to make design changes during the development phase that consists
of a concept selection phase, a design phase, and a validation phase. The
modification freedom is relatively large in the early concept selection phase.
As the program moves forward to a later stage, less freedom is available for
decision making, and more design data are finalized and released. There is
no freedom at all immediately prior to the start of production.

Cause and effect diagram

The cause and effect diagram is also known as the ‘fishbone’ diagram, the
Ishikawa diagram, or the ‘feather’ diagram. Moreover, a Pareto chart is
another useful tool for breakdown or cause distribution analysis.

Decision tree

A decision-making process can be illustrated by a ‘decision tree’. Decisions
can be good decisions or bad decisions. Making the right decision at the
early stage is very important. The disadvantage resulting from a single bad
decision in an early stage may not be overcome entirely at the end, even

© Woodhead Publishing Limited, 2011



32 Diesel engine system design

by several good decisions later. This means it is immensely important to
achieve the right engine system design specifications at the early stage of
the development program.

Decision-making matrix for value-oriented design analysis

The decision-making process is an important part of system design. It provides
the targets and criteria to judge the quality of technical concept selection
between different alternatives. The targets can be classified into mandatory
targets and ideal (or negotiable) targets. Whether or not the mandatory targets
are met will result in a ‘go’ or ‘no-go’ rating or decision. The performance
ratings for the negotiable targets need to be quantified and then weighted
by multiplying weighting factors to balance the relative importance of the
targets for a given application. Conflicting targets need to be negotiated by
making trade-offs. Different design concepts need to be compared on the
basis of total weighted performance rating, cost and the performance-to-cost
ratio (or function-to-cost ratio, i.e., the value ratio).

1.3 The concepts of reliability and robust
engineering in diesel engine system
design

1.3.1  Key elements in reliability and robust engineering

The concepts of systems engineering introduced in the last section lay out
the design processes of diesel engine system design. Four attributes of the
engine product have been introduced: performance, durability, packaging, and
cost. The concepts of reliability and robust engineering address the goal and
the method of the design. Reliability engineering and robust engineering are
about the quality, reliability, and the robustness of a product. They involve
variability and probability. The ultimate goal of diesel engine system design
is to design for reliability. There are six key elements in reliability and robust
engineering for diesel engines, namely variability, performance, durability,
packaging, quality, and reliability, as shown in Fig. 1.8. Each concept is
discussed in the following sections.

The engine system attributes have a probabilistic nature caused by variability.
Briefly, variability represents the probabilistic noise factors exposed to the
system. Performance refers to engine functions (e.g., power, heat rejection,
emissions). Durability refers to the structural capability of the engine (e.g.,
strength and stress, fatigue, and wear). Packaging refers to engine geometry,
weight, relative positions, etc. Quality refers to the fulfillment of product
specifications (assuming the specifications are good and meet customer
requirements) before the engine is shipped to the customer. Reliability is
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Key elements for reliable and robust design

Variability

(probabilistic Reliability
noises and system
sensitivity)
Y
Performance )
(product attribute) Extend into
‘time-in-service’
domain

Durability (product
attribute)

A 4

Packagingm N

attribute)

Quality and quality
loss

1.8 Concepts of reliability and robust engineering for engine system
design.

basically a measure of the quality degradation in the time domain after the
engine passes the quality inspection and is put in use by the customer. Quality
and reliability are affected by both engineering design (i.e., controlling
specifications to satisfy customer requirements) and manufacturing (i.e.,
realizing the design specifications). This book only addresses the aspects
affected by engineering design.

For an engine product, the quality of performance and durability
attributes are the most important for the customers. In fact, many quality
problems due to packaging issues or errors (e.g., weight, clearance, size,
shape) are reflected through performance and durability issues. A pure
packaging problem (e.g., appearance and color) basically has little impact
on engine reliability. Therefore, packaging is not elaborated in the following
sections.

As shown by the arrows in Fig. 1.8, the process of diesel engine system
design needs to go through a series of steps from assessing input variability
to designing product attributes, then to achieving the specified quality, and
finally arriving at a long period of assurance of quality (i.e., reliability) as
the ultimate design goal. The process of reliability and robust engineering
involves nondeterministic probabilistic design. It is more advanced than the
fundamental deterministic design approach.

It should be noted that the terms ‘quality’, ‘reliability’, and ‘durability’
have often been misused in the literature without a clear distinction between
them, including some of the references quoted in this chapter. Each important
concept and its associated design methods are elaborated below.
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34 Diesel engine system design

1.3.2 The concept of variability

The concept of variability represents uncertain or uncontrolled noise factors
and their impact on system sensitivity. It is a concept of nondeterministic
design. Uncertainty introduces risk. A system sensitive to noise factors exhibits
unstable performance (i.e., not robust). Traditionally, diesel engines were
designed under deterministic conditions, namely under standard controlled
laboratory testing conditions or certification conditions. Design quality could
be guaranteed by controlling the product within the design specifications.
However, when the diesel engine is put into real world usage, many problems
caused by various noise factors surface in off-design conditions. The system
may be over-designed for all the possible operating conditions (e.g., excessive
margins on emissions, peak cylinder pressure, or coolant heat rejection), and
consequently the product cost is too high. Or, the system could be under-
designed for certain noise conditions and consequently it fails. In diesel
engine system design robust engineering is needed in order to avoid those
two scenarios. Design for variability (or design for probability) is required
in order to achieve a cost-effective design for the majority of the product
population. Moreover, design for variability is needed in order to detect at
an early stage system failure modes caused by noise factors and to ensure
reliability.

The risk associated with uncertainty or variability can be classified into
system risk and design risk for an engine product. The risks are managed
through FMEA (failure mode effect analysis). A detailed explanation of
FMEA was provided by Stamatis (2003). A system/design FMEA approach
usually consists of the following three steps:

1. Assess risk by identifying potential failure modes, the likelihood of
occurrence, and the severity of their effects.

2. Establish priorities by ranking the failure modes with the risk priority
number (RPN).

3. Take action to implement design/process changes to minimize the
risk.

A system FMEA process for diesel engine system design is illustrated in
Fig. 1.9. The FMEA is initiated by a cross-functional team of engineering,
manufacturing, and reliability after the concept design is finished. The FMEA
needs to be updated continuously prior to design release. Arcidiacono and
Campatelli (2004) introduced an approach of failure mode and effect tree
analysis (FMETA) for the reliability design process.

Tolerances are defined as the limit at which some economically measurable
action is taken (Fowlkes and Creveling, 1995). Tolerances establish acceptable
limits in specifications. In the system/design FMEA, it is always assumed
that the failure modes result from design deficiencies. It is important to make
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36 Diesel engine system design

the design specifications wide enough in tolerance (i.e., not over-constrained)
so that the manufacturing process variation has little or no impact on the
system/product performance.

The causes of failure modes may come from system design, component
design, material selection, prototype build, etc. The failure modes can be
classified into two categories: noise related and non-noise related. Each
category is handled by a specific robust engineering tool. The functional block
diagram and interface matrix for system FMEA development can be used
to identify the non-noise-related failure modes. The purpose of a functional
block diagram (Fig. 1.10) is to identify all the inputs and outputs of the
functional blocks as well as their interfaces in the forms of physical or force
connection, energy transfer, material exchange, and information or signal
exchange. The system interface matrix (Fig. 1.11) quantifies the interfaces
in terms of strength and importance and their potential effects. It is a useful
tool for managing interfaces and the potential causes of failure resulting from
subsystem interactions in diesel engine system design. Interactions present
if the behavior of one subsystem depends on that of another subsystem.

The parameter diagram (i.e., P-Diagram, Fig. 1.12) is used to identify
the noise-related failure modes. The P-Diagram identifies intended inputs
and outputs, noise factors, control factors, and error states. Noise factors are
unintended interfaces or sources of disturbing influences that may cause a
deviation, disruption, or failure of the function during the mission time of
the component or the engine. They are the causes of failure modes. Noise
factors are uncontrollable (i.e., impossible, impractical or expensive to control)
in product design or in-use operation. Generally, noise factors include the
following five sources:

e Piece-to-piece or unit-to-unit variation (e.g., manufacturing variability
in component geometry or material properties, variations in product-
controlled parameters such as engine compression ratio, valve timing,
turbocharger variance, fuel injection timing, injector variance or drift,
tolerances in the controllable variables).

e Internal environment noise (also called system interaction noise or
proximity noise, i.e., the unwanted effect of one subsystem on another, or
subsystem interactions due to the variation of the input from neighboring
subsystems or from the in-vehicle system operating environment, for
example, variability in sensor signals, variance and drift of the air flow
sensor, variability in the exhaust gas temperature or engine-out emissions
composition).

e External environment noise (e.g., ambient temperature, humidity, altitude,
road surface condition).

e Customer usage (e.g., accidental or foreseeable misuse and abuse of the
product, real world usage duty cycle or load, different types of fuel or
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40 Diesel engine system design

worst parameter should be selected as the characteristic parameter to represent
the whole engine in probabilistic design. Moreover, the malfunction or
catastrophic failure of a component or system is usually a noise factor. For
example, when the EGR valve malfunctions to fully close at rated power,
all the exhaust gas flows to the turbine and the compressor may over-speed.
Although the turbocharger matching in engine system design should be
targeted for normal operation rather than such a malfunctioning failure mode,
the effect of such a failure mode needs to be checked as part of a reliable
and robust design.

The control factors are the measures that can be changed in design to
affect the mean response of the component or system to reduce variability.
The response refers to the output of the component or system in the form
of force, energy, material, signal, etc. For example, the set point of VGT
vane opening is a control factor, but the tolerance of the VGT opening due
to turbine actuator errors is a noise factor. Changing control factors can
make the system function more robust (i.e., less sensitive to the influence of
noises). The error states identify the failure modes. The error states reflect
the deviation of the intended function, and they are potential failure modes.
There are seven types of failure modes, namely omission of action, excessive
action, incomplete action, erratic action, uneven action, action too slow,
and action too fast. For example, the error states for a diesel aftertreatment
system may include excessive tailpipe emissions, excessive back pressure,
increased BSFC, decreased time between DPF regeneration cycles, etc.

At the end, a robustness checklist can be developed to manage the noise
factors and failure modes. Each failure event is assessed by the frequency of
occurrence of the cause (0), the severity of the effect (S) and the ability of
detection (D, Fig. 1.9). To quantify the risks, each failure mode may have
a risk priority number, calculated as the product of occurrence, severity,
and detection. Design changes are usually required in order to reduce the
occurrence and the severity and consequently the risk.

1.3.3 The concept of performance

Performance is the most important attribute for diesel engine systems. It
represents the functionality of the engine. As shown in Fig. 1.8, performance
is a major composition of the product quality. Engine performance includes
the following six categories of characteristics:

1. displacement, velocity and acceleration (e.g., engine transient response
of speed, vehicle acceleration, drivability)

2. force and torque (e.g., engine firing torque, vibration)

3. energy and energy rate (e.g., engine power, coolant heat rejection, exhaust

gas exergy)
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