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Abstract
Internal combustion engines (I.C.E.s) are widelgduacross many industries to power a

vast array of equipment. The fuel efficiency otk engines is almost always an
important factor in their success, and as suchstdeen continuous improvement. This is
especially true in the case of consumer passerajecles where fuel efficiency is both a
legislated mandate and a crucial sales feature. ileWhany aspects of the engine
contribute to this efficiency, internal friction wants special attention due to the
relatively large degree of losses it representsyelsas a nearly universal application to
all engines. Internal friction is therefore an omjant consideration in the design of
modern engines and will remain so in the convealigrpowered and hybrid vehicles of

the near future.

Measurement and characterization of internal engiiction is a significant first
step towards engine modeling, attempts to reductofm, and further applications related
to engine condition monitoring or control. In erdo measure the friction losses internal
to a Ford 2.0L 4-cylinder engine a dedicated dynaeter test stand was designed and
constructed. This test stand allowed the direcasueement of the frictional losses
encountered by the engine in the motored state foovto moderate speeds. This data
was then used to update and fit a physical, compemesed friction model to the engine.
A complete engine model known as the mean valuéenengodel (MVEM) was then
augmented with the verified friction model for silsion of the running engine. Its
predictions were compared to a limited amount ofilable fired-engine data,

demonstrating a general fit which could be improwgtth additional data.

The dynamometer test stand created is a viableftocfuture engine friction
testing, especially with partial engine disassembityvarying engine oil (operating)
temperatures, or for future investigations of otte¢ating equipment.
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Chapter 1

1. Introduction to the Thesis

Throughout modern history the internal combustingiee (I.C.E.) has been tasked with
powering an impressively vast and varied range athimery. Created in all sizes and
countless variations, employing all viable comhalstifuels, they have been used nearly
everywhere across land, sea, and sky. Modificationdesign and build have produced
engines optimized for the needs of many industrieghe transportation sector and many
others, this has sometimes required a difficulabeé between fuel efficiency and power.
This is especially true in the case of consumersgrager vehicles where extensive
competition has confused the issue of how the imggsproducts should best be
optimized. Dozens of vehicle configurations haveer produced by dozens of
manufacturers often with multiple engine choicesaodier. While a small number of
these engines may have been built to be poweriweahll else, today most powertrain
designers must strive for outstanding fuel efficierdespite a given vehicle’s required
level of performance. Recently these efforts Hadeto powertrain configurations which
employ both conventional engines and an alterna@ns of storing and delivering power.
At the time of this writing the only commerciallyscessful examples employ batteries
and electric motors in addition to the engine. nied ‘hybrids’, these vehicles achieve
significant improvements in fuel efficiency by relg on their alternative systems when
the combustion engines are not required and wotlhgraise be at an inefficient

operating point. The present work focuses on tBeEl within the passenger vehicle
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segment and it is important to note that especiahjhybrid vehicles, they may be
expected to remain a primary component for decddiesWith continuous improvement,
the I.C.E. will maintain advantages related to higbwer density, low cost of

manufacture, recyclability, and existing infrastrue.

Specifically, the research documented in thisishapplies to a new Ford 2.0L
four-cylinder gasoline engine with potential apgtion to hybrid vehicles. This engine is
tested to obtain the characteristics of one ofgtieatest losses within any engine: rubbing

friction.

1.1 I.C.E. Operation and Efficiency Considerations

The function of the I.C.E. is to convert the cheahienergy contained within its
fuel into rotational motion. Precisely controlledmbustion of the fuel and durable
mechanical transfer of the resulting power to mtaequipment are standard. A balance
of the required amount of fuel to produce the resgimotion defines the efficiency of the
engine in the ordinary manner. For consumer vegjdhis is carried forward into the
marketed overall efficiency of the vehicle by wéhtlee standardized rating system. The
vehicle is put through a testing sequence reprgelriving cycles and efficiency is
calculated in terms of distance traveled per volwiniel required. Many aspects of the
vehicle play a role in this important metric, howethe engine presents a reasonable case
for special focus. The fuel of course is consumhieectly by the engine and where other
vehicle refinements may not universally apply tovahicles, the engine remains an area
for possible improvement so long as the performamcgiirements are met. The four

main stages of engine operation include the inttbdn of air and fuel, the compression

2
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of the air or air/fuel mixture, combustion, anddily the expelling of the gaseous
products of combustion. Only the combustion stpg®duces power while the other

stages rely on this power to complete.

Engines run cyclically, and most have multiple costibn chambers such that the
four stages of operation occur in repetitive ancert@apping sequences. From an
efficiency standpoint, any restriction to the gasefiow into or out of the engine can and
should be minimized where possible. Control ofneéveming related to the combustion,
known as the tune of the engine, allows a degreemwmtiol over the efficiency of the burn
process itself. In this way specific engine desigine tweaked to use as little fuel as
possible within their operating windows. Howevequirements of the vehicle or its
operation may impose further restrictions on pdssimprovements in these areas. For
example the air intake system is also designedfiltoation and the minimization of
audible noise within the vehicle. The next sectietails an area whereby improvements
to engine fuel efficiency are unlikely to be at eddith any other design constraints:

engine losses.

1.2  Engine Losses

Any energy produced by the engine that does nst¢ parther down the line into
the vehicle's drivetrain (i.e. into the transmisgior power critical engine auxiliaries may
be considered a loss. The coolant and oil pumpstygsically built-in components
essential to engine operation. As such they armalty considered to be a part of the
basic engine, [2]. In testing cases additionatifotom vehicle components such as the

power steering pump, electrical generator, and¢@uditioning compressor among others

3
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may either be considered critical auxiliary compaser engine losses. Some degree of
reduction of these losses is possible through irgrent of the auxiliary components
and this will directly improve the efficiency of éhengine package. Two remaining

categories of engine loss may be defined as, [2]:

Pumping Work: The work done by the piston on the in-cylinderegaduring the inlet

and exhaust strokes (defined for four-stroke ergjine

Rubbing Friction Work: The work dissipated in overcoming the friction doethe

relative motion of adjacent components within thgiee.

While pumping losses may be reduced via a carefosideration of intake and exhaust
manifolds and valve layout, the pumping of air wbstill require energy and this loss
cannot be totally eliminated. Likewise, an engia@not operate without parts moving
across one-another. However, these rubbing friatidosses are merely a secondary
consequence of the engine mechanics and couldbeeakduced to their minimums. A
number of aspects of any good engine design aréogawto do just that, including more
advanced selection of materials, surface finishesatings, and lubrication.
Advancements in these key areas may be applietl taCeE.s, thus reducing this key
form of power loss and subsequently improving fefficiency for many engines

regardless of most other design parameters orreggants.
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1.3 Research Objective

Having noted the importance of internal combustemgines to the consumer
vehicle industry and the importance of rubbingtioic to the I.C.E. we arrive at the issue
around which this research is centered: deternanadi engine friction. Creating the
proper test-conditions for testing any aspect oeagine can be difficult. Testing can
either be completed on a dynamometer in an ap@tatyi configured test stand or the
engine may be instrumented with additional senantsdata-logging equipment within a
vehicle. This initial choice must be made baseawalable resources and the objective
of the testing. In the case of rubbing frictiore tresearch objective is most often a
reduction of this loss through improved design. tiiis design may involve only a single
component or component group within the engine téséng scheme and hardware may
be built only to track improvement in this parti@ularea. If the objective of testing is
only a reduction of power loss, then it is oftert magportant that the testing be conducted
such that the points tested accurately represemntvhlues under operating conditions of
the engine. While many examples of such testingt éxroughout the literature, attempts
to characterize the total friction internal to aming engine are somewhat more rare. The
research described herein likewise does not attéonptake direct measurements in the
firing mode as will be discussed in Chapter 2.tdad, testing is conducted on a purpose-
built motoring dynamometer to measure the torqugiired to overcome friction in the
non-firing engine over a range of speed. This dathen used to refine and optimize a
mathematical model for the engine such that fiopgration may be simulated with a fair

representation of the internal friction. The rémol model is expected to be suitable to
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simulate the engine in future research while théhoe used investigates the sufficiency

of collecting only motored data in its creation.

1.4  Outline of the Thesis

Chapter 2 begins with background information rdgeay the construction and
operation of spark ignition (S.l.) engines, inchglidescriptions of the components that
contribute to engine friction. Discussion then qaeds towards fundamental friction
terminology and categories as they apply to enginggeview of various methods for
measuring full engine and component friction codeki the chapter. In Chapter 3 the
Mean Value Engine Model (MVEM) is described in detaChapter 4 describes the
design and build of the experimental test stand experimental testing sequence.
Chapter 5 determines the motored friction charaagon and details the adaptation of
the MVEM to the Ford engine. The porting of theasigred friction data into the engine

model is described. Lastly, Chapter 6 provideshmions and suggested future work.
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Chapter 2

2. Engine Friction

In this chapter the basics of spark ignited ($akgrnal combustion engines are presented
and the basics of friction as applicable to thesgirees are described. The discussion
remains generic and applies to many engine desighsncludes four-cylinder, four-
stroke S.I. engines that are specifically beinglisth in this research. The characteristics
of friction and the methods used to measure fmciioboth motoring and firing modes of

the internal combustion engine are then discussed.

2.1 Basic S.I. Engine Construction and Operation

This opening section is intended to explain theegaihmechanics and operation of
a typical gasoline engine. The primary focus kéth the components which are in
relative motion with each other such that rubbingtibn exists between them. In the
case of most components there are many optionspkecific type and layout. There is
neither the space nor the motivation to discusmthere. As such only representative
components are described presenting a referenceran@ossible solution. This section
provides a basic understanding of the task thatpoments must accomplish and some
insight into their contribution to friction. Thesdussion will proceed in the order in

which an engine is physically assembled.

Engine block. The first and largest piece of any engine is thgiren block. This
precisely machined casting forms the basic laybtih@® engine and all other components

are assembled to it. The engine block consisteeotylinder bores which the pistons act
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within, provision for support of the crankshaftdamquid passages for lubrication oil and
coolant. If the block is made of steel the cylinderes will be cut directly into the block
and carefully honed. More commonly on modern esgjithe block is made of aluminum
alloy and the pistons work within steel cylinderdis which are fit into the block. The
layout of the pistons/cylinders can vary greatlynfrengine to engine, and so the basic
shape of the engine block also varies. Two ofntlest common layouts entail having the
cylinders lined up straight in a single row, orrgeinclined on an angle opposed to one
another in two rows. These are referred tonligse and“V” configurations respectively.
The Ford engine used in this research is a 4-ogtindline type. Figure 2-1 gives an
example of an engine block for 4 cylinder inlinegere. Note the locations of the
housing for the main bearings which support thenkshaft. This particular engine
design houses the camshaft within the engine baxclopposed to the '‘overhead' cam

position that would locate it in the cylinder head.

Crankcase flanged joint face
\

By S
; NZaNY
Main-bearing housing ( \ | 1
Bulkhead cross-web \R ‘ *\ \ :
L > / G .
A .

Crankcase skirt wall

~~Open top deck

Camshaft bore

Figure 2-1: Sample engine block, [3]

8
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Crankshaft. The crankshaft is a circular-sectioned bent shaitkvconnects indirectly

to the pistons through the connecting rods. THeenhportion of the shaft provides the
main journals about which it rotates. The bentipos extend to théig-end journals
which connect to the connecting rods. The fronthef crankshaft connects to the front
end accessory drive system to drive engine/vehigkdiary components while the rear of
the crankshaft typically connects to a flywheebtirerwise provides connection to engine
output. Oil seals are present at both of thesatilmes as the crankshaft passes through

the engine block. See figure 2-2.

Main journals

Pulley and
timing-sprocket
extension

\O |

Oil-seal /
rubbing face

Crank-web

/
I Crank-throws

Flywheel

/,f |
fl,
Counter weight % % 9 o _—
N

Big-end journals

Figure 2-2: Sample crankshatft, [3]

Connecting rods. The connecting rods connect the pistons to tlakshaft. The
connecting rods oscillate back and forth as théprecating motion of the pistons is
transmitted and converted to rotational motionhat ¢rankshaft. Themall endof the
connecting rod refers to the hinged joint formethwhe piston. A hole is machined into

this end of the crankshaft into which tpiston pinis inserted through the bottom edges
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of the piston so that it may pivot on this pin. elhg-endof the connecting rod refers to
the joint between it and the crankshaft. A typiwab-piece automotive engine bearing is
used for this joint. The connecting rod itselftypically manufactured first as a solid
piece and then broken at this joint to allow insertof the bearing while maintaining a

perfectly matched union. See figure 2-3.

Nx
L —

1

Figure 2-3: Sample connecting rod, [3]

Pistons. The pistons are essentially plungers that adtimihe cylinder bores. They are

subjected to the gas pressure that occurs with gstian and transfer this pressure into
force along the connecting rods. The top of tretopi is grooved for the piston rings,

while the two sides of the pistons adjacent topiséon pin are smooth and known as the
piston skirt The piston skirt at the bottom of the piston tects the cylinder walls

directly. See figure 2-4.
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Piston rings. These circular, split rings fit into grooves hettop of the piston and are
responsible for creating an air-tight seal to conthe combustion gases and to control
lubrication on the cylinder wall. Differing numband types of piston rings are used to
do so, though a typical arrangement may be coresider be two compression (air sealing)
rings on top, with an oil control ring below therigure 2-4 gives an example of a piston
assembly clearly showing the piston, piston riregg] pin to attach it to the connecting

rod.

5 A'Q \
Oif deain holes :

Expansion control ingeit -

Groove Wils e

OOV IO i i [

Firstring lang” {
Second ring fand

 Piston pinhole

Figure 2-4: Sample piston assembly, [4]
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Collectively when assembled along with associdehs the above components
form theshort block This refers to the bottom portion of the engamel at this point of
assembly turning the crankshaft would cause themssto reciprocate in sequence within
the cylinders. Friction exists between the pistimgs/skirt and cylinder walls, at both
joints of the connecting rods, and at all of tharbegs and to a lesser degree oil seals

where the crankshatt is supported in the block.

Cylinder head(s). Easily the second largest component is the cgtifebad(s) that bolt
onto the top of the engine block. Like the endifexk these are large steel or aluminum
castings with passages for oil and coolant and hwhiee remainder of the engine
components assemble on. The top portion of thebastion chambers above the pistons
are cast into the cylinder heads. An inline enghas one cylinder head, a “V”
configuration has two, and more exotic configunagionay have more. The cylinder head
usually supports the engine's camshafts (thougbetiban also be located in the engine
block), inlet and exhaust valves, and associatechargcal connections. Fresh air and
exhaust gases are both routed through the cylihdads on their way to or from the

engine.

Camshaft(s). The camshafts rotate within the cylinder headwiping cams via which

the valves are actuated. A common configuratios dree camshatft for the inlet valves
and one for the exhaust valves. The specific meachkahat lead to the valves opening
and closing with the cams varies greatly, and isegaly referred to as the valvetrain.

Friction exists at this point regardless of how thetion is transferred from the cams to

12
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opening and closing the valves. Likewise therdriction at the stems of the valves
themselves which slide within guides in the cylindeads. The camshafts are supported
by a number of journal bearings and these represshghtly more significant portion of

friction.

Inlet and exhaust valves.Poppet style valves control the flow of gas iatwl out of the

combustion chambers. A minimum of one inlet ané emhaust valve per cylinder is
necessary, though having more than this is ceytaiommonplace. More flow area is
required on the inlet side leading to the selectibadditional and/or larger inlet valves.

See figure 2-5 for a simple cutaway.

Figure 2-5: Cutaway view demonstrating typical relation of trded exhaust valves to
the combustion chamber, [3]

Timing belt or chain. The camshafts are driven by the crankshaft by @fay timing

belt or chain and sprockets on each shaft. Thispoment is responsible for keeping the

13
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camshafts in proper phase with the crankshafthitnway the critical timing between the
valves and the pistons is ensured. Keeping prgpesion on the belt or chain contributes

to its friction.

Lubrication system. The lubrication system ensures lubricating oiti&ivered where
needed within the engine. A pump driven by thenkshaft takes up oil from the oil pan
attached to the bottom of the engine block. THeisothen pumped through internal
passages in the engine block and cylinder headf®re it is passed through holes or
squirted through nozzles to the required pointsy Kibrication areas include all bearings
and the cylinder walls. For the latter, oil isheit splashed or squirted towards the bottom
of the pistons and the oil control ring and cylintbere surface finish ensure the proper
amount of oil remains on the cylinder walls. Inddidn to providing necessary
lubrication for interacting parts, the engine ddcaremoves much of the heat from the
combustion process before transferring this hetttdcengine coolant. In similar fashion
to the oil, engine coolant is pumped through irépassages in the engine. In this way
the oil temperature is passively controlled by ooliihg the temperature of the coolant,
which is cooled in a controlled manner by adjustisglow through the vehicle’s radiator.
The viscosity of the oil must be appropriate foe thngine’s design to ensure correct
lubrication without additional frictional lossesstdting from overly viscous oil. The
required grade is specified by the engine manufactuSince viscosity changes with
temperature, the engine experiences higher lossdgtueaches operating temperature.
Variations of temperature with operating conditi@fso cause variations in viscosity, and

thus variations in total engine rubbing frictiownhile it is difficult to accurately quantify

14
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this effect in general terms, it is generally adedpthat the total mechanical friction
losses of a cold engine at 20°C are approximatetym2s those at a typical engine
operating temperature of 90°C. Deviation of 10°@hf operating temperature may result

in a change to total mechanical friction on theeoraf 10%, [5].

Basic engine operation. While many components are not specifically listeéd\ee, the

basic components of the engine have been descaaib@dt has been shown that turning
the engine will actuate the pistons within theitircjers while opening and closing the
inlet and exhaust valves in a defined sequencechifdcally these are the minimum
requirements to allow the engine to run. The evémt control combustion of the fuel in
a running naturally-aspirated 4-stroke spark ighiémgine are described briefly in the

following paragraphs.

Referring to figure 2-6, one complete cycle ofianing 4-stroke engine involves
4 discrete strokes. Each stroke is defined byntimdion of a single piston over the
extremes of its motion. When the piston is atttigeof its travel this position is known as
top dead center (TDC). Conversely the bottomsfravel is bottom dead center (BDC).

Beginning from the TDC position, the four strokesur as follows:
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Figure 2-6: The four strokes of the S.I. engine cycle, [4]

Induction stroke {figure 2-6(a)}: With inlet valve(s) open and exhaust valve(s) alose
the piston moves down to BDC. The downward motibthe piston reduces pressure vs.
atmospheric such that fresh air and atomized fios¥ into the combustion chamber.

Properly metered fuel is sprayed into the air iatalgstem upstream such that an air/fuel

mixture very near stoichiometry is already avaabl

Compression stroke {figure 2-6(b)}: With both valves closed the piston moves back
toward the TDC position. As it does so it forcdes induced air/fuel charge into the small

area left between the piston and the top of thebemtion chamber at TDC. The
16
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compression that occurs is commonly within a raofy@0:1 to 12.5:1 compared to the

original volume of the cylinder.

Power stroke {figure 2-6(c)}: As all valves remain closed, events leading i® skroke

begin slightly before the piston reaches TDC ondbmpression stroke. At this time, a
spark plug produces a spark within the combustioanmber, igniting the compressed
charge. Just as the piston reaches TDC the clmgi@s to burn, rapidly raising the

temperature and pressure and forcing the pistok tioal8DC.

Exhaust stroke {figure 2-6(d)}: With the inlet valve(s) closed and the exhausie(s)
opened the piston returns to TDC. Most of the bgases to be exhausted from the
engine exit the exhaust valve(s) due to their ggspressure and energy while those

remaining are expelled by the motion of the piston.

The crankshaft travels through 2 complete rotatioar 720° as this cycle
completes. The events for each cylinder are tylgiegually spaced along this 720° such
that the cycle occurs continuously in all cylindarsl power is delivered as smoothly as
possible. The timing of events including productad the spark, and timing and duration
of valve openings is not as simplistic as the abdescription would imply, nor is the
metering and delivery of fuel. These parametergeha significant impact on the

efficiency of the burn process, the way the engimss, and the emissions it produces.
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2.2 Engine Friction Terminology

In this section, the basic terminology of engineveo and friction losses are
defined to facilitate further discussion of enginetion. Pumping work, rubbing friction
work, and accessory work were discussed in chdptdiese may be denoted ag, Wi,
and W, with the sum of these representing the totatitmcwork denoted by W It is
common to discuss engine output in terms ofrtiean effective pressumnep, which is
defined as the work per cycle per unit displacellime. The mean effective pressures
can then be considered for each of the quantittewark above. For example the

pumping-mean-effective-pressure becomes:

Wp
pbmep = Vd' (2.1)
where 4 is the displaced volume.
Likewise rubbing-friction-mean-effective-pressur@ccessory-mean-effective-pressure,
and total-friction-mean-effective-pressure may kéretd and denoted rfmep, amep, and

tfmep respectively, where:

w

rfmep = V;f, 2.2)
Wa

amep = Ve (2.3)
_ Wiy

tfmep = V_d (2.4)

The termsbrakeandindicatedare regularly used to describe quantities refertingptal
torque, power, etc. within engines. In this conhteat yields both a brake mean effective
pressurelfmep)and an indicated mean effective pressuref) The termbrake refers

to the power (for example) that would be measuregind a typical running
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dynamometer test and is the usable power thatt@e delivers to its load. Conversely,
the termindicatedis derived from in-cylinder pressure data in orbecalculate the work
transfer from the gas to the piston. This is aqa@hed by generating a graph of the
cylinder pressure vs. the corresponding cylindduwe, known as an indicator diagram
or a p-V diagram for short. Integration of thi®tpyields the area enclosed by the curve
and is thandicated workper cycle. Two definitions of this quantity arenemonly used
leading to the possibility of some ambiguity. Argde p-V diagram as shown in figure
2-7(b) is referred to for clarification. More coranly, thegross indicated work per cycle

is defined as the work delivered to the piston awally the compression and expansion
strokes. This work appears as the top (largerp loo figure 2-7. The alternative
definition, thenet indicated work per cyclds the work delivered to the piston over all
four strokes of the engine cycle. This definitrmow includes the lower (smaller) loop as
well, which shows the pumping work. For naturaBpirated engines this pumping work
transfer will occur from the piston to the cylindgases as it represents a loss to the
engine as already described. It is therefore athagquantity to be subtracted from the
area of the top loop. It is necessary to explicthate whether one is employing the gross
or net definition wherever the terimdicatedis used. Unless otherwise specified gross

indicated quantities will be used herein.
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Figure 2-7: A sample PV¥ diagram. (a) Identifying the four strokes of the engine ¢
(b) Indicating the indicated work; the shaded portion shows equivalent net area ui
curve, [3].

The following definitions have been stated by Hegd/¢2], and will be used as follows:
Gross indicated mean effective pressure, imgp The work delivered to the piston over

the compression and expansion strokes, per cyclensedisplaced volume.

Net indicated mean effective pressure, imgp The work delivered to the piston over
the entire four strokes of the cycle, per unit @ispd volume.

While the following definition may be restated fmmnvenience:

Brake mean effective pressure, bmep.The usable work generated by the engine and
delivered to its load, per cycle per unit displagetlme

The terminology provided thus far may be summalrizyy considering the
following equations:

imep, = imep, + pmep, (2.5)
tfmep = pmep + rfmep + amep, (2.6)
bmep = imep, — tfmep, 2.7)
bmep = imep,, — rfmep — amep, (2.8)

20



M.A.Sc. Thesis — J. Sylvester; McMaster Universitylechanical Engineering

These equations hint at the reason why alterndtrittns of indicatedare commonly
used. When attempts are made to measure engatierfrthrough motoring testfmep

is approximated according to equation (2.6). Them easily measuredmepis the
difference between the gross indicatedpand this quantity. When accurate in-cylinder
pressure data is available over the entire cgolepmay be calculated directly from this
data, while the net indicatedepmay be found by integration as represented byatba
enclosed within the p-V diagram. The differencewmaen this quantity and the
measurablé&mepis then the sum afmepandamep(rubbing friction and accessory work)

according to equation (2.8).

2.3 Engine Friction Fundamentals

If the friction of auxiliary components essential éngine operation is considered
separately, engine friction can be broken down thtotwo categories of pumping work
and rubbing friction work. These two categoriesdlehemselves immediately to two
additional categories under which all engine faetifalls: lubricated friction and
turbulent dissipation. The former applies to ruigpfriction where two surfaces move
relative to each other separated by a lubricantlevthe later exists wherever a fluid is
pumped through a flow restriction. Both types goeithin any engine. Resulting from
either lubricated rubbing friction or turbulencecfion work in the engine is ultimately
dissipated as heat. In addition to the directdegaced by the engine this additional heat
also impacts the sizing of the engine cooling systéWith both direct frictional losses

and additional loading imposed upon the coolingesys it is apparent that an effective
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engine must minimize friction wherever possible.oiny so is not straightforward

however due to the widely varying magnitude of é&srcealized by different components.
This variation in force results in several possilerication regimes which cause altered
friction behavior between different components atiffierent operating conditions as

detailed below, [2]:

Boundary Lubrication: In this regime the lubricating film is reduced @aofew
molecular layers or less and can no longer prewetal-to-metal contact at surface
asperities. The properties of dry friction are ragghed in this regime. Friction
here is dependent both on surface properties o€dhgonents in relative motion
and properties of the lubricant. Within enginesifary lubrication occurs during
starting and stopping at the bearings, pistonsrimgg. It also occurs under normal
operating conditions at the piston ring — cylindeerface at top center and bottom
center crank positions. Lastly it may be expemehbetween heavily loaded and/or
slowly moving parts. These may include such items/alve stems, rocker arms,

and crankshaft timing gears and chains.

Hydrodynamic Lubrication (Fluid-Film Lubrication):  Also referred to asiscous
or thick-film this lubrication regime occurs whenever the |ty film is of
sufficient thickness to completely separate the twworfaces in question.
Maintaining this separation requires sufficientgsge in the liquid film which can
be generated with the proper conditions of geomatny relative motion between
the surfaces. In this regime it is not surfaceriattions that affect friction but

rather the shear forces within the lubricant filmattresist motion. Hydrodynamic
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lubrication occurs in engine bearings, betweeropiskirt and cylinder wall, and

for high sliding velocities at the piston rings anydinder wall.

Mixed Lubrication (or Mixed-Film/Partial Lubricatio n): The final regime exists in
the space between the two extremes presented hythliee two cases. When the
fluid film thickness approaches the height of scefaasperities hydrodynamic
lubrication begins to break down and the mixed ikdiiton regime is entered.
Metal-to-metal contact intermittently occurs at theak of the asperities and
switching between boundary and hydrodynamic fricb@curs. The transition into
mixed lubrication is partly dictated by surfacetter, but may also be brought on
due to sudden variation in speed and/or load. njines, mixed lubrication occurs
in connecting rod and crankshaft bearings as welb@tween piston rings and

cylinders at typical operating speeds.

Naturally the different lubrication regimes heavilypact the friction characteristics of
engine components and the engine as a whole. dfartiie, the lubrication may alter the
wear behavior of the part possibly leading to amréase in rubbing friction.
Characterization of the relationship between fictand these three primary lubrication
regimes is usually accompanied by a curve call&trideck diagram such as the generic
one shown in figure 2-8. For a given pair of scefa in relative motion the Stribeck
diagram relates the coefficient of friction to aneinsionless duty parameter based on the
lubricant viscosity, speed of motion, and loadindnich must consider the actual surface
in contact). The Stribeck diagram clearly shows ¢feneral behavior of each of the

above lubrication regimes. For high values of thay parameter, hydrodynamic
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lubrication takes place and the coefficient oftfon is seen to increase linearly as the
friction is related to viscous dragging in the igant. When either the load increases or
the oil viscosity and/or velocity of motion decredle duty parameter also decreases. As
this happens the mixed lubrication regime is eterad the friction coefficient is seen to
increase as metal-to-metal contact increasinglyuiscc Further decrease of the duty
parameter shows the behavior as lubrication brdal into the boundary regime. It is
easy to see that with such a curve applying to elgclamic engine component and the
engine speed, load, and oil viscosity varying vithth operating point and conditions, the
characterization of rubbing friction becomes cowgtied. Various test methods to do so

for the whole or partial engine will be describadhe following sections.

4/} Boundary Lubrication

Mixed-Film

y

——p» Fluid-Film Lubrication

Coefficient of Friction

>
Dimensionless Duty Parameter

Figure 2-8: Schematic representation of generic Stribeck diagram, [44]
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2.4  Total Rubbing Friction Test Methods
Nearly all attempts within the literature to measw@ngine friction in a spark

ignition (i.e. gasoline) combustion engine fallarine of the first 4 of the following 5
types:

1. Measurement of fmep from imep. Perhaps the most direct and technically
difficult methodology, this type of test requirdsat accurate and in phase pressure and
volume data be collected for each cylinder, enguitiat the cylinder positions in time are
also known. This is accomplished by inserting pues transducers into each combustion
chamber and collecting their data along with thfak @rank angle sensor. Pressure vs.
crank angle is thus collected, while volume vsnkrangle may be calculated. It is then
possible to calculateneandpmep Having simultaneously measurechep the sum of
the rubbing friction and auxiliary power requirertemay be calculated. This method
has the advantage of measuring the true frictiora irunning engine, but collecting
adequateimep data is difficult due in part to cylinder-to-cytlar and cycle-to-cycle
variability. The method also requires the cylindeads be modified to add the pressure
transducers. Gish et. al. [6] may be credited wéhcribing the methods used during one

of the earliest executions of this method.

2. Direct motoring tests. As the name implies this type of test measuregtwer
requirements to motor the engine, rather thanrtreftiction within the engine while it is
firing. The power to motor the engine as measuvall include the pumping
requirements. To closely approximate the runningddions of the engine, oil and
coolant temperature may be maintained by heatdd¢ernatively, if the test stand is
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capable of firing the engine it may be brought apperating temperature just prior to
removing the source of ignition and conducting thetoring test. This technique is
known as agrab-motoringtest. Progressive disassembly of the engine isnamty
carried out with direct motoring tests for inveatign of friction requirements of specific
components. One such experiment conducted by &hatylal. [7] investigated the piston
rings and skirt under a range of modifications.am@ples of such tests for investigation or

verification of specific components are commonplace

3. Morse test. In this test a running engine on a test standidp@son removed

from an individual cylinder such that the remainayjinders are essentially motoring the
cut cylinder. The reduction inmepis monitored and frictional losses may be inferred
The difficulty with this method lies within the eing control as removing a cylinder must

be possible without significantly altering the fagl and running behavior of the others.

4, P-o method. Different from the other methods which investigdie mep and
fmep or equivalent power, the Rs method is based on a balance of torques. First
proposed in 1984 by Rezeka and Henein [8] this atkttonsiders the fact that the
instantaneous angular acceleration of the crankshakependent upon the instantaneous
torque acting on it. Similarly to the measuremehimep this test requires pressure
transducers to be fitted into each combustion clesndnd the crankshaft position
accurately tracked. Combining these measuremaettiskwowledge of the geometry and
masses of engine components fhetion torque may be calculated according to the

following summary of the method:
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Tr=Tg = Tirc = Tire = To, (2.9)
where, E = friction torque,
T, = load torque,
Tirc = instantaneous torque due to reciprocating masses
Tit = instantaneous torque due to rotating masses, and
T, = instantaneous torque due to gas pressure

A primary benefit of this method is that it deligea friction characterization as a function
of crank angle as opposed to the average valuduagton of engine speed provided by
the other methods. This method proved to be dexoby structural deformation and
torsional vibrations in the crankshaft such thateftd modeling of the crankshaft
assembly was required [9], [10]. Determining dedtfve rigid-body speed signal for the
crankshaft therefore is a primary difficulty withet method. Sensors at each end of the
crankshaft were used by Taraza et. al. [11] whitering of the angular motion of the
crankshaft was added by Nehme et. al. [12] to impitbe method. Further improvement
was achieved by Kfoury et. al. [13] through the lempentation of a nonlinear sliding

mode observer to estimate the motion of the relesramamics.

5. Willan's line method. This method is mentioned to complete the list, dags
not apply to throttled engines. For compressiatitign (typically diesel) engines this
test measures and plots the fuel consumptiorbrepfrom no load to full load at a
constant engine speed. This plot is then extragdlbackward to intercept the horizontal
(bmep axis. In this way the negati\mmep the frictional losses including pumping, are

found. This is assumed to be the value of fricabthat engine speed regardless of load.
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A throttled engine would require the throttle todmuated essentially from closed to fully
open to complete the test, thus changing the puyripsses considerably and varying the

friction measured with this method with respecengine load, [14].

2.5 Engine Friction Breakdown

Due to the substantial differences between endgsggns the relative contribution
of individual components to friction can vary gigat As manufacturers continuously
improve their designs this information constantiaieges. Furthermore, this breakdown
changes with engine load and speed. The totdldnial losses of an engine can range
from somewhere near 10% of the indicated poweulatdad to 100% when the engine is
at idle (no-load) conditions. An approximationtbe breakdown of friction within an
engine is dependent on many factors including tlesen load, so it is perhaps better to
present a range of values. This is provided gcablyiin figure 2-9 below as reproduced
from Kurbet and Malagi [15]. Comparing the widagas presented in this breakdown to
those given elsewhere in the literature confirneythre a suitable approximation. It is
especially important to note within this breakdowrat the piston assembly (piston,
piston rings, and connecting rods) are dominantiwitotal engine mechanical friction.
The majority of the remaining mechanical frictioarmhs are dissipated within the
pumping work, while remaining components includthg auxiliaries and the valvetrain

contribute the last roughly 20% [2].
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2.6  Piston-Assembly Friction Measurements

Due to its dominant contribution to rubbing engfnietion, the piston-assembly
has received special attention in the literaturéhe piston-assembly friction mainly
occurs between the piston rings/piston skirt ardcylinder walls, though the connecting
rod joints are also considered. Investigationhef friction in this area within a running
engine is of particular interest due to the higlespures which act directly on the
assembly only during fired conditions. During atpgsto evaluate the friction between
the piston rings, piston skirt, and the cylinderllsvdwo popular methods have been
proposed. These are tfleating liner method, and an adaptation of fingepfrom imep
method for total engine friction usually denotechgly as thdMEP method. Requiring
extensive modification to the engine, the floatiimgr method isolates the cylinder liner
from the engine block such that it is allowed tovenaxially under the force of the
piston-assembly friction. This force is then tyglig measured directly with strain gages
mounted at the liner's axial support. Forbes aaglor [16], may be credited with the
first attempt to measure the piston-assembly éwctn a firing engine in a similar method.
They supported the cylinder liner elastically, aliog a small degree of movement, and
recorded the movement of the liner under the @icfiorces photographically. This work
was carried on by Leary and Jovellanos [17], ater lay Livengood and Wallour [18].
Over three decades, later Furuhama and Takigu®jj fheasured the piston-assembly
frictional force in an operating diesel engine withe floating liner method axially
supported by a Piezo electric pickup. They desdrimany of the common problems

encountered by the method and their solutions. s&leclude sealing the high pressure
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gas at the top of the rig without altering the &tae be measured, eliminating deformation
of the cylinder head and block, and the effectpisfon side forces on the axial force
sensor. This measurement technique has beendhg &6 many studies including that by
Richez et al. [20], Parker et al. [21], Sherringtamd Smith [22], Cerrato et al. [23],
Wakuri et al. [24], and Kikuchi et al., [25]. Afihced similar problems and the potential
consequence that the gas-sealing apparatus attémace between the cylinder head and
liner in their respective test engines causes tlewsm from the actual firing engine [26].
Cho et al. [27] used this method with a strain-ggge load cell under motored

conditions.

While the floating liner method measures the ifvictforce directly, the much less
invasive IMEP method determines it indirectly thyghumeasurement of the forces acting
on the piston assembly and the connecting rode hikasuring totdmepfrom imepthis
method relies on an accurate in-cylinder pressaeet To this is added measurement of
the connecting rod strain. With this data, theualcforce within the connecting rod is
subtracted from the axial forces calculated from ¢llinder pressure and piston inertia.
The difference represents the friction in the asgdgmThis method must be carried out
very accurately to achieve useful results, howévbas the advantage of not modifying
the engine in any way that would alter the measuymistbn-assembly friction. This
method was pioneered by Uras and Patterson [28), ddsigned an arrangement they
denoted as the grasshopper linkage (a later adaptatt this style linkage is shown in
figure 2-10). In this method, wires from the cociiveg rod strain gages are lead to the

side of the crankcase and then passed outside nhmee Their experiment was
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ultimately limited with regards to engine speed &wad because the wires within this
linkage broke at high speeds. Mufti and Priesf],[36ccessfully used this method to
achieve results at realistic engine speeds and losidg an upgraded grasshopper linkage
that was designed and developed by Federal Mogaiiniidogy. This linkage, shown in
figure 2-10, included special high-strength sté&pton®) wires to overcome breakage
at high speeds. Furthermore the differences betwestored and fired conditions were
investigated in their work, concluding that the age piston-assembly friction was
higher under fired than motored conditions maingcduse of cylinder pressure and

temperature.

Connecting Rod

Grasshopper

; g
Linkage
i
e
e

L

Figure 2-10: Grasshopper linkage employed by Mufti and Priegtass strain gage wires
from the connecting rod outside the engine, [26]

What could be considered a compromise betweerfldhéng liner and IMEP
methods was proposed and investigated by Ku angrBam [29]. Termed théxed
sleevemethod their experiment was based on the replatenfethe engine's cylinder

liner with a sleeve supported on strain gages withimodified replica of the original
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removable production liner. In this way the engbleck remains largely unmodified.
Likewise the cylinder head was modified only withetinsertion of an in-cylinder
pressure transducer. The sleeve is acted upothythe friction of the piston assembly
and the force which acts on the exposed upper afnthe sleeve. The latter may be
calculated from the pressure trace and subtractma the total, leaving only piston

friction.

Another innovative method to measure piston asBefribtion was proposed by
Goto et al. [30]. Termed the 8-cycle method, fextra strokes were added to the regular
4-stroke cycle before exhausting the burnt gases,extra compression and expansion
strokes each, in order to essentially run a mogotést with gas pressure and temperature
at firing levels. To accomplish this, custom caaihwere designed and driven at half
the normal rate: one-fourth camshaft revolution gankshaft revolution instead of one-
half. The custom camshafts were created suchthieatams for the number 1 cylinder
opened the valves once per camshaft revolutionlevthe number 2-4 cylinder valves
opened twice per camshaft revolution. The resals wonventional engine operation in
cylinders 2 to 4 (opening the valves once for ex&rgvolutions of the crankshaft) but 8-
cycle operation in cylinder 1 (opening the valvexe for every 4 revolutions of the
crankshaft). In this way cylinder 1 experienceagutar operation during the first 3 cycles
and then traps the products of combustion for thesequent 4 cycles before exhausting
the combustion gasses during cycle 8. During thesextra engine cycles friction
measurements were taken with in-cylinder pressamstiucers and strain gages on the

connecting rods. Since the valves remain closemglthese extra cycles, the gasses are
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trapped at firing temperature and pressure so mhedasurements directly represent
rubbing friction under gas pressure and temperatonelitions comparable to those at the
time of firing. Pumping losses are also completdigninated from these cycles because
the valves remain closed. While this method rexpuiextensive modification to the
valvetrain, it does not require any modificationsttie piston, cylinder, or cylinder head

which might otherwise alter the measured friction.

2.7 Independent Test Rigs

Focusing primarily on the piston assembly with é®po reduce engine friction,
several experimental setups have been developguaidkly quantify the effect of altering
related parameters. Ting [31] built a reciproaatiig for tribological studies in the form
of a slider-crank mechanism that caused relativeamdetween ring and liner specimens.
Dearlove and Cheng [32] likewise used a recipragatig along with a laser fluorescence
technique to investigate oil film thickness alonigsring friction. These studies have
provided useful insight into the theory behind fhietion characteristics between the

piston rings and cylinder liner.
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Chapter 3
3. Engine Modeling

This chapter discusses the general form of the Médure Engine Model (MVEM) used

in this research. Depending on the objectiveefresearch for which a model is built
mathematical models describing engines will haveyrdifferent forms. The level of

engine detail encompassed within these modelss/grneatly. Models can range from
highly detailed cyclic models to phenomenologicahsj-linear transfer function models.
At the highest level of detail the goal is usudllyimprove engine design to increase
power and efficiency while lowering emissions. &led data of cycle-to-cycle events
must be therefore captured by these models. A lsmgpproach is often used for

research related to control system design or velniddeling [33].

Due in part to the departmentalized nature of mangiesearch, the literature
contains many dynamic simulation models which h&#esn presented for various
subsystems of four-cycle spark ignition enginesese are specifically tailored to the
applications with which they are presented. I8 thanner engine control or some aspect
of the design of the particular subsystem can h@ored. Few simulation models are
presented for an entire engine which can claim italsle level of accuracy for most

engineering uses. The MVEM as described in tHewohg sections is one such model.

3.1 Introduction to the MVEM
Proposed by Hendricks and Sorenson, the Mean \Ealgene Model (MVEM) is

a type of simple mathematical engine model whiagddas the gap between large cyclic
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simulation models and simplistic phenomenologicaihsgfer function models [34]. This
type of model seeks to predict the mean values@fgtoss external and internal engine
variables (such as crankshaft speed and volunefficiency) as they change with time.
The time scale of these models is just sufficienad¢curately describe the change in the
mean value of the most dynamic engine variabley. s&ecting the correct physical
variables as the model's backbone and ensuringhbgitare accurately represented the
overall accuracy of the MVEM is maintained on tmdey of the experimental uncertainty
of a typical dynamometer experiment (i.e. +/- 2-3%)Further the MVEM is
mathematically compact with few adjustable paranseseich that it may be adapted to a
given engine without great difficulty. The follomg sections will describe the model and

how it may be fitted to a given engine.

3.2 MVEM Basics

The MVEM was created to be easily adapted to miiffeengine designs. In order
to discuss the basic design of the model a foulecyl. engine using central fuel
injection (CFI) as depicted schematically in fig@& will be considered. In this scheme
the fuel is injected into the intake manifold bysiagle centrally located fuel injector
adjacent to the throttle body. This type of fugéction is classically considered to be the
most difficult to model as a result of the dynano€she fuel flow in the intake manifold.
The model handles both multi-point “batch” fuelaajion (MPI) and sequential fuel
injection (SEFI) equally well with proper fitting tthe given engine. In an MPI engine
multiple fuel injectors typically located much neato the intake valves inject the fuel
together in one or more groups depending on desigmder of cylinders. In a SEFI
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engine the fuel injectors are located similarlyM®I but fire individually in sequence
with the opening of the intake valves. It is imjgoit to note that the Ford engine used in
this research employs direct injection of the fugb the combustion chamber, and
adjustment of the model to this feature will beategl in chapter 5 alongside the
description of the model's fit to this engine. Tasic idea of the MVEM is well
represented schematically in figure 3-1. The bagatems to be modeled are depicted
with abbreviated labels for both the physical congrds of the engine and the physical
variables used to describe the engine dynamicscifsgally the physical components are
labeled as the throttle body (Tb), fuel injector)(Fhrottle plate (Tp), intake manifold
(Im), central engine (E), exhaust manifold (Em)giee internal frictional losses (F),
engine load (L), area of the throttle body thro®f),(and area of the intake valve ports
(Ap). The physical variables are placed in their prdpcations and are summarized in

the nomenclature.

E ~ Em
Yd Pexh

|_\
Fi
~ o Fam—— rI'e:‘(h
—07 = —
R LRS!
Tp P

—m_+m
Pamb Pman a TtV L ,‘U]j_;.
P
T T Py

i
amb man E' F "

Figure 3-1: Schematic block diagram of a CFl engine, [34]
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3.2.1 Time Scaling
The time scaling of the MVEM is designed to bedashan the fastest change in

the mean value of any engine variable. Relatiggsshetween engine variables within the
model can be broken down into two types: instardasend time developing. These two
types of relationships evolve from the physicapmse of the engine subsystems. If the
relevant subsystem responds to change by estatgigigjuilibrium within only one or a
few engine cycles it is considered instantaneduserefore for the purpose of the MVEM
these relationships are represented by algebra@tieqs and truly occur instantly in the
model. This is acceptable due to the time scalevhich the model operates. Time
developing relationships on the other hand mayireqanywhere from about 10 to 1000
engine cycles to reach equilibrium [34]. In the EM such relationships are described

by differential equations.

3.2.2 Physical Overview of the MVEM

At this point some terminology to describe theimas physical quantities that
describe the engine is required to properly disthisonstruction of the model. Engine
input variablescontrol the engine and are externally adjustable. the case of the
MVEM and other engine control schemes these ardhitodtle angle, the injected fuel
flow, and the ignition timing. The load appliedttee engine is also an input and is best
described as a disturbance within the model thaefothe engine away from its unloaded

operating condition.

State variablesare yielded by integrating the differential eqoas that form the

basis for the model. The level of complicationtlvése differential equations is largely
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affected by the selection of the state variablHse state variables may also be considered
output variablesas they are in a sense the measurable result aighevariables. State
variables for this model are chosen as the fuel filass flow, the crankshaft speed, and
the manifold pressure. Lastly, theoss internal engine variablaray be determined as
functions of the state variables and inputs. Thaskide the thermal and volumetric

efficiencies of the engine. These variables anemsarized in figure 3-2 below:

* Throttle Angle N

* Injected Fuel Flow
+  Applied Load Input Variables
Gross Internal

\_* lgnitionTiming
\ Engine Variables

g Thermal Efficiency
& Volumetric Efficiency

MVEM

2

(o Fuel Film Mass Flow
* Crankshaft Speed
\: Intake Manifold Pressure

A

4

State (Output) Variables

oy

Figure 3-2: MVEM overview

In considering the input variables it is importémnote that a system of control is
implied but is not a feature of the MVEM. In thase of modern automobiles these

values are regulated in concert based on currénhgrconditions and the position of the
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accelerator pedal - the singular input from thenthn) driver. This is accomplished
within the vehicle’s electronic control unit as thedal position provides the degree of
acceleration desired, feedback from other sensargide current operating conditions,
and the appropriate variables for engine contr@ selected to maintain efficient
operation. Primarily this requires actuation & throttle and fuel injectors to maintain a
correct ratio of air to fuel as well as maintainimgper ignition timing (spark advance).
The MVEM as presented here is a representationhefengine only and therefore
depends on an external control scheme to propeli¢sthe values of input variables for
simulation. In this way only realistic and matcheaues are input to the model. The
selection of appropriate input variables for sintiolawill be discussed in chapter 5. For
complete understanding of the MVEM it should beedohow that the throttle angle and
the injected fuel flow may be directly related @psthe desired air/fuel ratio. For a given
air/fuel ratio, selection of the throttle anglecatetermines the required injected fuel flow.
The applied load (the required available torqudodoproduced by the engine) may be
manually adjusted as an input to the model withim éngine’s reasonable output range.
Through the construction of the model it is assurted the air to fuel ratio and spark
advance are maintained in such a way as to all@wetigine to run properly. These
parameters only enter into the model directly tigtouhe treatment of the thermal

efficiency as will be seen in section 3.4.3 latethis chapter.

The chosen state variables provide a good phységaiesentation of the engine.
Crankshaft speed is a clear choice as a measumdtityuto determine the operating

condition of any engine, while intake manifold e is also a common measurement
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and can be used to indicate engine loading comditicAn indication of fueling rate is
also provided completing the physical picture & #ngine. Overall the MVEM may be
summarized as a tool to determine the engine spaddpower output from a given

engine when the common engine input variables mogvk and controlled.

3.3 Composing System State Equations
The creation of the MVEM begins with constructidntlee differential equations

which describe the time developing relationshipthivithe engine. Once the differential
equations are established the algebraic equatiessriding the instantaneous engine
processes are derived, completing the model. &mheof the state variables heavily
impacts the overall quality and complexity of tlesulting model. In selecting the state
variables, Hendricks and Sorenson considered winereenergy is concentrated within
the engine to develop the model based on threengigneubsystems. The input energy to
the engine is delivered by the fuel and air flowlevlthe output energy is present in the
engine load and losses, considered to act upocram&shaft. This suggests that the three

major dynamic subsystems most involved in desagiltine engine are:
1) the fuel vapor and fuel film in the intake manifold
2) the air mass flow in the intake manifold, and
3) the crankshaft loading.

These subsystems and their interactions in the haodelepicted in figure 3-3. Applying

conservation of mass or energy to these subsyswiows derivation of the state
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equations [34]. Each of these systems and theetetate equation will be presented in
the following three sub-sections of this chapter.

Control
Inputs .
fuel film

Throttle Angle

Air & Fuel Vapour
Mass Flow

—_—
N

ﬁlﬂiﬂl 1

To combustion chamber via intake valves

Fuel Injector @

Fuel and air flow are defined and
combined with thermel efficiency
to give the power available to
Injected Fuel the crankshaft.

Mass Flow q o
Energy Input

Thermal efficiency is used to
reduce energy input while
remaining balance on
crankshaft determines its
acceleration/deceleration

Figure 3-3: Depiction of MVEM subsystems and energy flow

3.3.1 Manifold Fuel Flow Equation
In conventional fuel injection one or more fugletors are used to spray a fine

mist of fuel into the intake manifold. A simplebsmodel for this fuel flow has been
suggested by Rasmussen [34], [35] and later by m@uB6], which considers two
contributions to this total fuel flow: a fuel vapftow and a fuel film (liquid) flow on the
wall of the manifold. It is assumed that all oé timjected fuel is vaporized and burned in
the engine. In the MVEM the fuel vapor flow is sadered an instantaneous variable as
this portion of the fuel reaches the intake val@lesg with the intake air. The portion of

the injected fuel which is initially deposited asliquid film on the manifold wall
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evaporates off the heated surface with a time eonhsiuch that a differential equation is
needed for its expression. For convenience thek ffoe is considered per unit time

rather than in relation to the engine cycle. Thel flow subsystem is summarized in

figure 3-4 below:

Liquid fuel evaporates
off manifold wall with

X: Portion of time constant T; to give Mg
injected fuel ==
deposited as ® ® @
liquid film. = @ .
b @
. My ® ® . . .
e [ ] @ @
. ® o .
Total Injected 1-X: Remainder ® ) o Total Fuel Flow
Fuel Mass Flow of injected fuel — Into Intake Valves

becomes vapor.

Figure 3-4: Physical depiction of MVEM fuel flow subsystem. mamics of the injected
fuel are captured to yield the fuel flow rate itite@ cylinders.

Expressing the simplified fueling model in equatiorm and referring to the

nomenclature as needed we have the following:

(3-1)
e = (1/t)(—myp + Xming;) (3-2)
My = My, + Mgy, (3-3)

wheremy, is the portion of the total injected fuel flaw; that exists in the vapor
phase andy is the remaining portion which is deposited amjaid film. The variable

X defines this division whilei, is the total fuel flow into the cylinder port.
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For a given manifold temperature and dependeningime design, the variable X
is either constant or a function of the throttlglan The basic intent of this fueling sub-
model is to account for the time delay experienmgd portion of the injected fuel before
it reaches the cylinder port as fuel vapor. Thetag occurs because the portion of the
injected fuel that is deposited as a liquid film the intake manifold requires time to
evaporate. The total fuel flow into the cylindertpm,, is therefore the delayed result of
the total fuel injecteds;. The engine control system is expected to congterfer this
transient effect so that the correct amount of feehjected and an appropriate value of
™, results, nudging the engine’s operating pointhe torrect direction. The above
equations greatly simplify the true dynamics oflffiew in the manifold however this

representation has proven sufficiently accurateigarin the MVEM [34].

3.3.2 Manifold Air Flow Equation
The intake manifold is responsible for smoothlisediing filtered air to the intake

valves where it may be drawn into the combustioamdbers. As such the functional
volume of this component is that enclosed betwherthrottle plate and the intake valves.
Applying conservation of mass to this volume acoaydto figure 3-5 vyields the
necessary state equation for the manifold pressline.rate of change of air mass flow in
this volumemn,, is the difference between the flow entering tb&ume past the throttle

plate,ma, and that exiting the volume through the enginiakie valvesinap, such that:

Mg = Mg — Mgyp (3-4)
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Figure 3-5: Physical depiction of MVEM air flow subsystem

The flow through the intake valves is obtained frtima following equation specialized

for four cycle engines and based on the speedtgdnsinula and ideal gas law [34]:

Map = 755 Va p Nyor = meman (3-5)
120 120 R T,an
wheren is the crankshaft (engine) speédd,is the engine displacement volumpe,
is the air densityy,,; is the volumetric efficiencyg is the universal gas constant, and
Tynan @Ndp,,.n are the temperature and pressure of air in theéfohdn The manifold air
pressurep,,.n, appears in equation (3-5) and it is desirablexjoress this state equation
in terms of this easily measured pressure insté#itedess accessible mass air flow. This

proves particularly convenient as this variableoften measured by stock engine
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instrumentation or it can easily be added to arpegrental setup. In order to express
m, In terms ofp,,., the ideal gas law may be applied to the volumethé (volume

contained in the intake manifold between the the@nd the intake valves) such that:

Th — pman V
“ R Tman

(3-6)

Combining equations (3-4), (3-5), and (3-6) andre®ging in terms aop,,,, Yields the

manifold air flow state equation as:

. n Vg R Tnan .

Pman =~ 7507 Mot Pman + =, Mat(@ Pman) @7
The mass flow of air past the throttle plate,;, is shown here only as a function of
throttle angle and manifold pressure as this m@fais dependent on the geometry of the
throttle. The relation is typically approximated/ lihe usual expressions for a
compressible flow through a converging nozzle aitibe discussed in the next section

of this chapter.

3.3.3 Crankshaft Equation
The crankshaft state equation is derived fromctireservation of energy across it.

The energy input to the crankshaft is consideredotoe from the fuel flow. While the
injected fuel is assumed to be entirely consumedth®y engine, in order to avoid
complicated modeling of the cooling and exhaustesys the thermal efficiency of the
engine is used instead as a multiplier of this fil@lv. In this way the fuel energy

available to overcome engine losses and drive dhd Is used. This energy input is
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balanced against the applied load as well as theomg and frictional losses applied to
the crankshaft in terms of its rotational inertiihe physical intent of this subsystem is
summarized in figure 3-6. In equation form the rggebalance may be expressed as

follows:

d /1 . .
E(E ]n2> =Inn= _(Pf+ Pp + Pb) + Hurli mf(t—rd) (3-8)

wherel is the total inertial load of the enginejs the crankshaft spee#;, P,
andP, are the frictional, pumping, and load powers respely, H, is the lower heating
value of the fuely; is the indicated thermal efficiency of the engirig,is the rate of fuel
mass flow into the cylindet,is the time, and, is a time delay inserted to describe the

delay between the edge of a fuel flow step anaiamge in crankshaft speed.

Rearranged in terms of engine speed this becomes:

P+ P, + P, Hynme(t—1
n = _( f p b)+ u i f( ) @)
In In

where the units dof have been chosen to provide a convenient equiatimms of
RPM. It has been shown that approximating the ti@eayz,; as the mean time between
mixture ignitions is a sufficient treatment of tthiscrete nature of a reciprocating engine,

[34]. For a four cycle engine:

4 120
Ty = =
Ney (21 671_0) Myt M

(3-10)

wheren,,, is the number of engine cylinders, ant the engine speed as before.
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’ :lh_. Applied Load, P,
o ‘ Pumping Losses, P,

Friction Losses, P;

Energy from n"lf
(Hy T ) q

Figure 3-6: Physical depiction of crankshaft equation. Fuahfinto the cylinders is
modified by the fuel heating value and engine trarefficiencyto give the energy input.
This is then balanced against the load and lossgeld the state equation.

3.4  Composing Instantaneous Engine Variable Equations

In order to employ the differential equations dexmx in the previous section
additional algebraic equations are needed to egphesinstantaneous engine variables in
terms of the state variables. Specifically equestiare needed for X in equations (3-1)
and (3-2), fom,,; andmg, in equation (3-7), and for;PP,, B, andn; in equation (3-9).
Some of these variables, suchpgsare purely phenomenological and must be fittetth wi
specific data from the running engine. Hendrickd &orenson [34] expended a great
deal of effort to ensure that a minimal number egression terms and parameters were
utilized throughout the instantaneous variablehghat the functional forms presented
here are physically based and minimal in form. WMitevity in mind the instantaneous
variable equations will be presented in the follogvisections with a minimum of

discussion of their derivation.
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3.4.1 Fuel Film Variables and Parameters
It is not possible to obtain the values of X (thaction of the fuel flow which

becomes fuel film on the manifold) and the fuahfiévaporation constant;, as used in
equations (3-1) and (3-2) directly from steady estahgine measurements for a CFI
engine as presented by Hendricks and Sorensom{3di an MPI engine as presented by
Hendricks et al. [37]. Instead the dynamic behawifothe engine must be mapped as it
applies to fueling. For SEFI engines X apdemain constant at constant temperature
and so are not operating point dependent. Foretlegines the fueling submodel
becomes linear and identification of the fuelinggmaeters becomes somewhat more
straightforward. In any case these parameters brishapped for a given engine and
operating temperature based on transient firedrentgsting. For the particular MPI

engine studied by Hendricks et al. in [38] représtve expressions may be given as [37]:

Tt (Pman, M) = 1.35(=0.672n + 1.68) (Pnqn — 0.825)2
+ (=0.06n + 0.15) + 0.56

Xt (Pman,n) = —0.277ppan — 0.055n + 0.68 (3-12)

(3-11)

wheren is the engine speed apgl,,, is the intake manifold pressure as before.

3.4.2 Manifold Pressure Variables and Parameters
The two necessary instantaneous variables applionghe manifold filling

dynamics are the volumetric efficieney,,;, and the air mass flow past the throttle plate,
mg.. AS mentioned earlier the air mass flow past ttimettle is often measured on
production engines and is fully accessible for rmaeament in experimental setups.

Approximating the throttle as a converging nozzlé&hwthe effective area of a
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corresponding circle and considering the flow otampressible fluid the following

equation may be written [34]:
= ,Zp? ampl +
mat(a pman) ty Wﬁl (a).BZ (pman) 7'nato (3-13)

where C;, D, pamb R Tamn andx’ = 2k/(k — 1) are physical constants while
Mo IS @ fitting constant corresponding to the bypassass flow. Thg functions are:
pi(a) =1 —cos(a — ao) (3-14)

2 K+1

2 K41 2 \k-1
B2(®man) = \PrkE —Dr ¥ ,if Dr = (K+ 1)

K+1 (3-15)
1 2 \k-1
= (—)( ) ,otherwise
kK'/\k+1

where p, = Pman/Pamp @Ndap IS a constant.

The volumetric efficiency expression can be foulydcbnducting a series of air
flow measurements and calculating efficiency basednanifold conditions during fired-
engine testing. The functional dependence of themetric efficiency for the MVEM is

given as [34].
nvol(n' pman) = Nvno + NyniN + nvnznz + nvplpman (3-16)

wheresnno, #vn1, w2, @andyypy are physical constants.
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3.4.3 Crankshaft Variables and Parameters
To solve the crankshaft state equation four expessare needed; these are the

power terms and the thermal efficiency. The loadgr,P,, may be expressed as [38]:

Py(n) = kyn3 (3-17)

wherek, is the loading parameter and is adjusted to dmnedesired load at a

given operating point.

The friction and pumping loss power terms may bgressed as polynomials in

the engine speed and manifold pressure as [34]:

Pr 4+ P, =n(ay + a;n + ayn®) + n(az + a4n)Pman (3-18)

whereap througha, are constants. These constant coefficients neusisbmated

via regression analysis on engine-specific test.dat

Determining the expression for the engine’s thereiétiency (the proportion of
the fuel's energy which is available to drive tlead and overcome engine losses) is
considerably more involved. However using thisaasinstantaneous variable in the
MVEM is advantageous as it avoids modeling the rtta¢rlosses associated with the
engine cooling system, radiation from all surfages] through the engine exhaust. The
expression can be found from steady state engingpimg data prepared during fired-
engine testing and may be split into dependencrespeed, manifold pressure, spark
advance, and air/fuel ratio as shown in equatieh9)3 It should be noted that this is the
only location in the MVEM where either spark advaror air/fuel ratio appear directly.

To ensure simulation of an efficiently running ergithese variables must be controlled

51



M.A.Sc. Thesis — J. Sylvester; McMaster Universitylechanical Engineering

as the model’s inputs. The forms of the expression total thermal efficiency and for

the individual dependencies of the total thermftieihcy are given as [34]:

18, 4,1, Pman) = 1:(6,)n; (4, 0)1; (N (Prman) (3-19)
1;(n) = Ny — Nine ™M (3-20)

i (Pman) = Pmo + Pm1Pman + PmzPman (3-21)
7:(8,n) = 09 + 0,(6 — [0,n + 05])? (3-22)
n,(4Ln) = Ay + AMA+ A2+ Asn (3-23)

wheren; is the indicated thermal efficienc§,is the spark advancg,is the
air/fuel equivalence ratiaoy is the engine speed, apg,, is the intake manifold pressure
while n;9, i, @ndn, in equation (3-200,m0, Pm1, @ndp,,, in equation (3-21), th@’s in
equation (3-22), and th@s in equation (3-23) are all constants. When &qog3-19) is
expanded with the expressions in equations (3H2@ugh (3-23) the full equation for

engine thermal efficiency is obtained.

3.5 Detailed Engine Friction Modeling

While engine friction and pumping loss terms may dmlapsed to simple
polynomials in the engine speed and manifold presaacording to equation (3-18), this
provides no insight into the nature of engine foict Since rubbing friction terms are
largely a function of known engine parameters agglgh it is possible to form a detailed
physical model for the friction terms which repmtsethe contributions of individual
components. Such a model is of greater use forctiaacterization and potential
reduction of internal friction. A component bageddel also makes it possible to verify

some of the tested friction of the partially disambled engine. A detailed friction model
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is used to augment the MVEM according to work ccetgd by Patton et. al. in the late
1980’s [39] and updated by Sandoval and Heywoadithénearly 2000’s [5]. This model
as presented includes predictions of rubbing bictilosses from the crankshatft,
reciprocating assembly, valvetrain components, el ag auxiliary and pumping losses.
The model is based on a combination of friction otige and empirical engine
teardown/motoring and running engine data. Pagtoral. [39] describe the following
three step process for relating the fmep at enfpoations at which rubbing friction
occurs to design and operating parameters. Rinsassumption is made regarding which
of the three lubrication regimes (as describecentisn 2.3) applies. This determines the
relationship between the friction coefficient andlienensionless duty parametal/P,
which was a function of viscosity), velocity (V), and unit load (P). This general
relation with respect to lubrication regime was ideggl in figure 2-8. The first step

relationships were assumed to be as follows fothree types of lubrication:

Boundary Lubrication — the friction coefficient is constant and indepertdeh the

design and operating parameters,

Mixed Lubrication — the friction coefficient varies approximately imgely with engine

speed,

Hydrodynamic Lubrication — the friction coefficient varies with a term progortal to

the duty parameter.

The second step of the process was to deriveragesportional to fmep based on

the friction coefficient. This is accomplished tmyltiplying the friction coefficient by a
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normal force to obtain a friction force. The fraet force is then multiplied by a relevant
velocity in order to obtain a term proportional ftiction power loss. Lastly, this is
divided by engine speed and displacement to beqoomortional to fmep. Bishop [40]
had employed a similar process for the derivatibnfroep relationships during his

modeling efforts in the 1960’s.

Lastly, the developed fmep terms were multipligccbnstants to “calibrate” them
based on empirical results. This three-step psopesvides insight into the formulation
of this model. The work of Bishop [40] may be cdesed a starting point for the model,
while the subsequent work of both Patton et. &],[and Sandoval and Heywood [5]

have improved and updated the model over time.

The original work of Patton et. al. [39] was basedengine friction data collected
prior to 1988 and required updating primarily doeimprovements in lubricating oils,
cylinder bore surface finishes, piston ring frictioand valvetrain mechanisms [5].
Lubricant viscosity scaling is also added to thedel@llowing the effects of changes in
this critical operating parameter to be estimatéte updated version of the model gives
reasonable estimates of component group and tatgine friction mean effective
pressures (measured in kPa) for current S.l. endesgn and is presented in the

following subsections [5].

3.5.1 Crankshaft Group
The first of three component groups into which iedel divides rubbing friction

is that of the crankshaft. This includes the nimarings and front and rear main oil seals.

The first term in equation (3-24) gives the frictiof the main bearing seals which are
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assumed to operate in the boundary lubricationmregithe second term gives the
hydrodynamic main bearing friction, while the fintdrm represents the turbulent
dissipation associated with transport of oil throdhe bearings. For the first two terms
the three-step process described above is useétéonidne the design and operating
parameter relation to fmep according to the relevaation coefficient, friction force,
and friction power. The third term is determined dssuming the fmep per bearing is
proportional to the pressure drop through the bgariFor all three terms the constants
are based on empirical fit.

Dy,
cfmep = 1.22 x 10° <W;Zyl>

+3.03x 107+ |4 ("em LomMom
' B2Sn,

Ho
2.2
Dbm n nbm)

ncyl

(3-24)

+1.35 x 10710 <

where B is the diameter of the main bearings, B is thep8ris the stroke c
is the number of cylinderg, is the oil viscosity for which predictions are figimade o
is the oil viscosity for which the model was origlily calibrated, n is the engine speed,

Lvm is the length of the main bearings, apg is the number of main bearings. Note that
the \/ﬂz in the second term accounts for changes in lubrigéscosity that occur with
0

changes in the type or temperature of the engineTdiis term is present throughout the

model wherever hydrodynamic lubrication is assutoeaccur.
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3.5.2 Reciprocating Assembly Group
The reciprocating engine components group incotpserériction contributions

from the connecting rod (journal) bearings, thequisskirt, and the piston rings. The
model further divides the piston ring friction cobtition into two terms: one for the rings
without gas pressure loading, and one that prethesncrease in friction of the piston
rings due to the gas pressure loading. Equatie?bj3gives the reciprocating friction
without gas pressure loading while the additiveding term is found in equation (3-26).

The first term of equation (3-25) represents thdrbglynamic lubrication friction of the
piston, includes thts/ﬂE term as before, and its constant is again baseoh @mpirical fit.
0

The second term represents the friction of theopisings without gas pressure loading,
derived under the assumption of mixed lubricatidime primary design parameter is seen
to be the diameter of the cylinder bore, while selvéerms are used to modify the

constant which is again fit empirically. TheHp term allows changes in the piston ring

tension ratio, while the Cterm does the same for changes in the piston resgh
constant. Thél + Snﬂ) term is added to cause the friction coefficiendézrease from

low to high speed to account for the expected deerén friction in the mixed lubrication
regime. The third term is for the journal bearimglrodynamic friction. Its relation is the

same as for the crankshaft main bearings, inclutiaggame empirical constant.
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S
rfmep = 2.94 x 102 %(Ep)

+406x10* (2.6} (1+220) (2
' Fo " n ) \B? (3-29)

u nDbj3Lbjnbj>

+3.03x107* —<
Ho stncyl

where $ is the mean piston speeF@-, is the piston ring tension ratio, & the
to

piston roughness constant,; 3 the diameter of the journal bearings; ik the length of

the journal bearings, and;ms the number of journal bearings.

F,
Pman 10,088 |1, + 0.182 (—t> 1, (133-KSp) (3.26)
Pamb Ho FtO

where panis the intake manifold pressurempis the atmospheric pressurgjs

rfmepgqs = 6.89

the compression ratio, and K is a constant equ2Bi® x 1072.

The reciprocating friction due to gas pressureitupdfmep s, is related to the
physics of the combustion process and is basechagxpression developed by Bishop
from firing friction data [40]. Here the constdiactor of 6.89 is used to convert from
units of psi to kPa. Bishop’s term used the prodidicntake pressure and a factor which
included the compression ratio raised to an expoteh decreased as mean piston speed
increased. This accounts for the relationship betwthe friction coefficient and duty

parameter within the mixed lubrication regime inieththe rings operate. The expression
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to

is used with the addition of the previously dese:rdiduZ and:—t terms, and the constant K
0

is due to Bishop.

3.5.3 \Valvetrain
The valvetrain friction group accounts for the chafts, cam followers, and valve

actuation mechanisms. Constants correspondirfiettype of valvetrain design are used
as weighting terms to allow the model to work farigus engines. In order to maintain
flexibility within the model these constants wedgusted so that their sum can represent
a variety of valvetrain configurations and still based on the individual component
contributions to friction. The equation’s firstrite accounts for camshaft bearing
hydrodynamic friction derived similarly to the oth@earings as has been described. The

second and fifth terms predict the camshaft follovirection for flat followers, and
oscillating components for mixed lubrication frart. They include thél +5nﬂ) terms

to account for the same behavior as described Herntixed lubrication term of the
reciprocating friction. The third term predictdliry contact (boundary) friction for the
roller followers, while the fourth term predicts ethcontributions of oscillating
components in the hydrodynamic regime. Finallye #tonstant term of 4.12 kPa
represents the boundary-lubricated friction of ¢thenshaft bearing seals and was fit from
calibration engine data that indicated this portioh the valvetrain friction was
independent of piston speed [5]. Collectively, Hadvetrain friction terms are expressed

as:
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f 244 £ e ¢ (1+500) T
vfmep = —— —
P .uostncyl 7 n Sncyl

15,05
nn, u (L,°n">n,
C C -y - v (3-27)
* s (S"cyl)+ Oh,}%( BSncy, )
500) L,n, N

+C"m<1+T

4,12

ncyl

where R is the number of camshaft bearingsjsthe total number of valves, L
is the maximum valve lift, and4C Gy, Con, and G, are constants dependent on valvetrain
configuration as shown in table 3-1. For each wypealvetrain configuration commonly
used in engines there is a corresponding set aftants for use in equation (3-27). Most
of the constant coefficients shown in table 3-1leniinst suggested in the original model
by Patton et. al. [39] based on testing data ofvlr@us valvetrain configurations. The
row for the DOHC finger follower configuration waslded by Sandoval and Heywood

by matching the model to the newer valvetrain iivicidata [5].
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Table 3-1: Constants for valvetrain mechanism terms [5]

Valvetrain Cam Flat Cam Roller Oscillating Oscillating
Mechanism Follower Follower Hydrodynamic Mixed
Type Constant, G | Constant, G | Constant, G, | Constant, Com
follower
SOHC rocker 400 0.0151 0.5 21.4
arm
SOHC direct 200 0.0076 0.5 10.7
acting
follower
DOHC direct 133 0.0050 0.5 10.7
acting
OHV 400 0 0.5 32.1

3.5.4 Auxiliary Friction

Auxiliary friction suggested by the model is an emngal match to the sum of oil
pump, water pump, and non-charging alternatoriémctalibrated from two S.lI. engines

and given by [5]:

3.5.5

afmep = 8.32+ 1.86 X 1073n + 7.45 x 10~ "n?

Air Pumping Losses

(3-28)

Pumping losses are predicted separately (thougllasiyh for the intake and

exhaust systems, calculated as the difference keatwginder pressure and atmospheric

pressure integrated over the volume of the strgiken by [5]:
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2
_3 (Pman\*(_S
pmeDintake = Pamp — Pman) +3.0 X 1073 ( man) Z 4 (3-29)
Pamb Nyi~Ti

where ; and r are the number and diameter of the intake valesgactively,

and,

_ Pman z -3 Pman 2 sz
pmepPexnaust = 0.178 Sp + 3.0 x 10 7 (3-30)
Pamb Pamp Nye“Te

where Re and g are the number and diameter of the exhaust vabsgsectively.

As can be seen the pressure differences are bgéndent on the manifold
pressure, piston speed, and the flow area as sd@e rightmost terms corresponding to
valve pressure drop. The constant is fit to appatg data as usual. The first term in the
intake pmep equation is simply the intake manif@lalcuum) pressure. The first term in
the exhaust pmep equation is the steady state sixhgstem pressure, assumed to scale

with the square of piston speed and empirically fit

3.5.6  Total Engine fmep
The total power losses of the engine due to figtacccessories, and pumping may

be found by summing the individual fmep terms frequations (3-24) to (3-30). For
comparison to mechanical friction alone the preoict for the accessory and pumping

losses are simply omitted.

The application and adaptation of the MVEM and ptafs friction model
described above to the Ford engine used in thisarel is discussed in Chapter 5
alongside simulation results. The next chaptecmless the design of the experimental

setup and the collection of motored engine data.
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Chapter 4

4. Experimental Setup of Motoring Test Stand

Engine friction is one of the most difficult effscto characterize and has a substantial
impact on both fuel efficiency and performance. diRgion of frictional losses can
universally benefit nearly any engine includinggbaised to power current conventional
and hybrid vehicles. Detailed characterizatiorfrmftion is a necessary first step in the
pursuit of friction reduction or the developmentcohdition or fault monitoring strategies.
Dynamometers are typically used for the characdtom of engine friction, while
motoring tests (in which the engine is not firedh @rovide sufficient information. Such
testing requires eotoringor driving dynamometer capable of rotating the engine over a
range of speeds while measuring the torque reqtareld so. This chapter describes the
experimental setup created for this purpose. tiildethe complete design and build of
the test stand used to conduct engine motoring tesbrder to characterize internal
friction. This includes everything from the physdianounting and alignment of the
electric motor and the engine to the design ofefleetrical cabinet that houses the motor
controller and all power and data acquisition vgrirThis is followed by a description of
the sequence of experiments and the resulting engintion measurements. The
mathematical characterization of friction and tlmak engine model are presented

alongside simulation results in chapter 5.
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4.1  Experimental Requirements

In order to experimentally characterize enginetifsit a motoring test stand was
constructed. This stand had to be capable ofrdyithe engine over a range of speeds
while measuring the inline torque. Heating theieagil to more closely approximate
running conditions as they apply to rubbing friotiwas a further requirement. Lastly,
monitoring the engine’s crankshaft position seniwor rotational speed and logging
several engine temperatures completes the sim@ke df testing requirements.

Considering the research objectives it was clearttie test stand required the capacity to:

securely mount the drive motor and engine withvedlince for misalignment;
* motor the engine from idle to a mid-level cruissmeed of at least 3000RPM,;
« heat the engine motor oil to a target temperattiBOC;

* measure torque needed to drive the engine, thaeisgeed, and the temperatures

of the intake air and the motor oil;
* monitor and control the experiment; and
» safely enclose all rotating equipment and heataddl

These requirements were satisfied by designing aodstructing a dedicated

dynamometer for friction characterization as démttiin the following section.

4.2  Experimental Components and Specifications
The dynamometer primarily consists of the followin@jor components: drive

motor and motor controller, crankshaft angle sertsogque sensor, misalignment couplers,
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coolant heater and circulation pump, thermocouptes] a safety enclosure. These
components are shown in figure 4-1. The followiagbsections describe these
components in detail.

| =

\ i ’
"m Unico Motor Drive ‘ SAFETY ENCLOSURE ¢ i.
?

(in cabinet) £ Coolant Heater (behind)

Crank I Sensor - . =
& 5 ameEl 3 -

7

Figure 4-1: Primary components of the experimental setup

421 Drive Motor

An electric drive motor was provided to the projbgtThe Ford Motor Company
of Canada, and is the main element of the motdesgstand. It is a 3-phase, 15HP AC
induction electric motor made by Reliance Electniow Baldor Electric Company). The
motor is a member of tHRPM ACline of inverter duty motors and its speed is oulted

by using pulse-width modulation (PWM). The motasha small frame size, reducing
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rotor inertia and overall weight. Operating atravel frequency of 120 Hz the motor is
capable of continuous duty and speeds up to 353@.RPhe drive motor is shown in

figure 4-2.

Figure 4-2: Reliance RPM AC electric drive motor

4.2.2  Unico Motor Drive
A Unico 2400 digital AC flux vector drive powersdanontrols the electric motor.

The Unico 2000 series motor drives provide modatat motor-independent solutions for
many industrial applications and the 2400 unit asduwas proven to be an excellent
match for the Reliance motor in previous use bydForlts auto-tuning feature
automatically adjusts virtually all motor and lodépendent parameters to easily control
any brushless DC, standard, or inverter-duty AQuatidn motor to which it is attached
and configured. It is possible to configure thevelfor either torque or velocity control

modes and several options are available for comrmaaddeedback interfaces. When the
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drive is set to the torque control mode the driemegates a torque command which is
proportional to velocity error of the motor. Whdretdrive is set to the velocity control
mode the torque command is a function of both mwsind velocity errors of the motor.
In either mode further options allow selection betw a critical or a slightly

underdamped response. This equipment is shotiguire 4-3.

Figure 4-3: Unico 2400 motor controller and charging unit

Since the characterization of friction requiresyostieady-state motoring tests the
electric motor needs to be controlled through timepke voltage control option of the
Unico 2400 drive. In this mode the controller enfigured to follow a +/- 10 V DC
analog signal from the PC such that the speed efntiotor is linearly controlled.
Parameters pertaining to the rate of acceleratiateoeleration of the motor while under
this mode of control may be configured within thieve, however maintaining the correct

speed is all that is required. This is accomptishye the controller via a built in feedback
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loop using an incremental encoder attached to ttemshaft. For most tests, the drive is

configured for velocity control with a slightly uacdamped response characteristic.

All electrical equipment needed to support the elmaotor and other powered
components is contained within a large free-stapdilectrical cabinet. This allows for
easy mounting of components and common groundinghensteel back plate of the
cabinet while properly housing the high-voltageipment contained within. All wiring
connections are made according to the electrieagrdm given in figure A-1 of Appendix

A.

4.2.3 Crank Angle Sensor
Engine speed is monitored in two ways:

1) An incremental optical encoder affixed to the read of the electric drive motor’s
output shaft measures the speed of the drive mdtbis encoder is manufactured by
BEI Sensors as a member of their E25 series and k&t resolution of 1024 cycles
per turn. Output from this sensor in the 2-chasu@lquadrature format is read by
the Unico motor controller and is used as feedliaaontrol the motor speed. A +/-
10V analog output signal linearly scaled over thege of motor speeds is provided

by the controller for external monitoring.

2) The original equipment engine crank angle sensdikeaf to the front of the
crankshaft measures the speed of the engine. iFhigligital transducer known as a
Hall Effect sensor and operates in conjunction wittoothed wheel fitted behind the

crankshaft pulley as shown in figure 4-4. As thetlh pass by a magnetic field in the
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sensor a voltage is induced. The output takesfah® of a square wave with

frequency corresponding to engine speed. Thefgpadieel used is known as a 60-2
wheel because with even spacing, it would haveysigeth. However, two are

missing to provide a position reference to therimaeengine geometry. This provides
critical engine timing information which enablesntm! of the engine. The gap
corresponds to a specific position of the enginendgrs. For testing purposes, it is
desirable to locate the crankshaft angle that spoeds to top dead center (TDC)
position of cylinder #1, which is commonly usedaastarting point for the engine
cycle. For this engine, the crankshaft angle spweading to cylinder #1 TDC

position is 120° behind the point where the gapseashe sensor. In all testing

circumstances the engine’s crank angle sensoeis fes measuring the engine speed.

Figure 4-4: Crankshaft position sensor and wheel on Ford 2r@gjine
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4.2.4 Torque Sensor
With the engine driven and its speed known, thesmesament of torque is the next

requirement of the test stand. This is accomptishiéh a rotary slip-ring style torque
sensor. Essentially this allows a Wheatstone briskgain gauge to be installed in the
driveline between the electric motor and the engideslip-ring allows the signal from
the strain gauge to pass from the rotating shathéostationary housing of the torque
sensor. This signal is then conditioned and amegliby a powered signal conditioner,
converting it to a +/- 10V signal that can be redd the PC data acquisition system. The
Model 1228 flange drive torque sensor from Honeywirmerly made by Lebow)
allows easy mounting of the sensor with bolted g&mronnections on both sides. The
DMD-465 Bridgesensor signal conditioner from Omedjaws easy linearization of the
torque sensor and provides a stable and accurgetouSelected key specifications for
the torque sensor and signal conditioner can bedau Appendix B, table b-1 and table

b-2 respectively. The torque sensor is showngaré 4-5.

It is important to note that the specified dynam&sponse of the signal
conditioner is DC to -3dB = 3Hz. This hardware {pass filter helps to eliminate noise
in the measurement of average torque values irstibady state. Measurement of the
torque profile as it varies throughout the engigele is not possible with this signal
conditioner as the stated gain of this filter viidlve reduced the measured torque values

by half at only 3Hz.
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Figure 4-5: Honeywell Model 1228-2k torque sensor

In order to employ the torque sensor as intended+f- 10 V output of the signal
conditioner must be fitted to a known range of tereyalues. The torque range for this
purpose was chosen to be approximately 0-60 I6-81( N m). This range was selected
within the total 0-166 Ib-ft (0-225 N m) range bktsensor in order to improve resolution
while still providing significant overhead abovestaximum anticipated torque values.
With this target in mind, the gain of the signalndiioner was set as needed and
calibration weights were used to apply a seridghofvn torque values to the sensor. This
resulted in the system gain characteristic showfigime 4-6. Simple linear regression is
applied to the data to generate the equation aefficient of determination, fas shown.
Note that an Rvalue of 1 represents a perfect fit, so the gieguation is seen to fit the

torque sensor calibration data quite well.
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35 y =6.1767x + 0.2759
30 R2 =0.9996

Applied Torque (Ib-ft)
N
(6}

0 1 2 3 4 5 6 7 8
Output Voltage

Figure 4-6: Honeywell Model 1228-2k torque sensor characierist

4.2.5 Mechanical Alignment & Couplers
Due to the finished nature and limited size of thb space in which this

experiment was to take place a large piece of ,steeherly part of a heavy industrial
machining operation, was repurposed as a baseh&mtotoring test stand. Heavy
enough to stay in place without the need for flaochors, this available piece provided a
convenient foundation with straight machined swefaand existing holes for mounting
the motor and engine (or other driven equipmeiit)e steel base was positioned in place
and a custom stand previously built for the motasvioolted to it. Made primarily of

square structural steel tubing, a rendering ofgm¥ple stand is shown in figure 4-7. The
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electric motor was then bolted on top of the stands fixed position. This fixed the
output shaft of the electric motor directly ovemt on the base and at a convenient
height of 18 inches (46cm). This mounting alseduines the height of the engine and

the selected height allows easy access for sesuicle as changing the oil.

A similarly constructed stand was designed and baisupport the engine. This
stand required adjustability to allow alignmenthe motor’s shaft. As such it meets the
base with individual steel feet attached via theeadod. These feet allow individual
height adjustment at the four corners of the stanslet engine height and finely adjust
inclination of the stand. Threaded rod is alsodul® the engine supports which are
located on either side of the engine block. Thalkav fine adjustment of the engine
side-to-side while a final threaded rod locateddagh the rear of the engine adjusts tilt of
the engine relative to the stand. Figure 4-8 plesia quick rendering of the steel base,

mounted electric drive motor, and engine supparict

In order to execute motoring tests the engine’'skshaft must be driven by the
motor. The most convenient location to couplen® drankshaft occurs at the back of the
engine where the flywheel normally attaches. Wik flywheel removed a simple
flanged connection may be made directly to thekshaft at this location. By adjusting
the threaded connections of the engine stand thgercan be located such that this
flange approximately lines up with the motor’s auttphaft. All that remains is to create

appropriate couplers to complete the driveline.
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Figure 4-7: Electric drive motor support stand

Figure 4-8: Supporting base with mounted electric drive motat angine support cradle

In order to allow for the imperfect alignment beememotor and engine, flexible
couplings were added inline. Specifically model-&Xlisc type industrial couplings
made by Lovejoy were selected. This style of cmgpincludes two unitized disc packs
that are mounted between flanges as depicted umefig-9. This allows the coupling to

accommodate all three types of misalignment ashddfin figure 4-10 and quantified in
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table 4-1. For convenience these couplings ar@ter@nce free and remain torsionally
rigid without any backlash. The disc packs, twad @anges, and the center spacer that
installs between the disc packs are supplied byejayw In order to utilize the coupling,
one Lovejoy end flange was modified to fit the &lecmotor’s keyed output shaft while
the other was modified to bolt to the torque seBssitange. In this way the two-disc
coupling is installed between the drive motor ameltbrque sensor such that the driveline
is kept as short as possible. The final driveioexponent connects the torque sensor to
the engine with appropriate flanges on either efdlliflanges have machined recesses for

center alignment on available bosses to ensuramalnmun-out throughout the driveline.

Figure 4-9: Lovejoy SX-6 disc couplings
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Parellel Offset Misalignment

Axial Offset Misalignment

Figure 4-10: Types of shaft misalignment

Table 4-1: Acceptable maximum misalignment of Lovejoy SX-6 giing

Misalighment Type Acceptable Maximum
Parallel Offset defined by angular offset allowance
Angular Offset 1.5 (each disc pack)

Axial Offset 3.1mm
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Installation of the driveline components and engame fairly straightforward.
Adapters are mounted to both the electric motorthedengine and are verified for run-
out. The torque flange is then attached to thegitaon the engine side and again verified
for run-out as the engine is rotated. The remgimodified Lovejoy adapter is mounted
on the motor side of the torque sensor and cheftkedin-out a final time. The engine is
then leveled and positioned such that the Lovemypter flanges line up and are parallel
to each other. The distance between them is themsuned at all points around the
circumference of the flanges and the engine istipogid so that this measurement is
within 11.2 +/- 0.16mm as specified by Lovejoy tsare the allowable misalignment of
table 4-1 is not exceeded. The engine is thenregccdamped down to the steel base by
bolting a bracket on top of the feet of the engiredle. Lastly, the Lovejoy disc packs
and spacer are installed, completing the physiaainting of the engine and driveline as

shown in figure 4-11.
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Figure 4-11:Flexible couplings and torque sensor mounted betwleiee motor and
engine

4.2.6 Engine Heating & Temperature Measurement
Heating of the engine oil to operating temperatusesitical to ensure proper oil

viscosity and lubrication is encountered throughthgt test. Heat is injected into the
engine block by way of the engine coolant passadgethermocouple is placed in the oil
passage to monitor the temperature of the oil. s Thiin principal the reverse of the
regular operation of the engine where heat is radofrom the oil by the coolant.
Heating of the oil by this indirect method elimiestthe possibility of altering the
lubrication system from its original operation. netionally it is a fairly straightforward

matter to heat the coolant as several open commescto the coolant passages are readily
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available on the engine. Inlet and outlet conoestiusually servicing the vehicles heater
are instead connected to an external 1500W helaﬁbl%&ip (0.05kW) circulating pump.

All other open connections are blocked off. Thempuand heater can then be
manipulated as needed to heat the engine cooladésieed. Expansion and overflow
tanks are plumbed in at the highest point, anc&eenbcouple is added downstream of the
heater to measure the maximum temperature in tloelici The components of this

system are depicted in figure 4-12.

= Expansion Tank

—~=ifl==Overflow Tank

Heater

| Circulation Pump

R

Figure 4-12: Engine coolant heating system used to bring theergl temperature to
operating conditions

Further heating of the oil also occurs from motgrithe engine due to flow

through the restrictions in the system. This effecsignificant at higher speeds. This
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direct heating of the oil prevents precise conwbloil temperature during motoring
testing on the test stand, but is beneficial ineadhg operating temperatures. Care must
be exercised in monitoring the current oil tempa®tvhile collecting data to ensure it is

within the chosen acceptable range of 90 +/- 5°C.

4.2.7 Mechanical Considerations of the Engine
With the exception of the oil pump, no auxiliarys$es should be present on the

engine. An external electric pump is used to ¢ateuthe coolant without the use of the
engine’s coolant pump, while no other front endessories (alternator, power steering
pump, air conditioning compressor, etc.) are preséhe Ford 2.0L engine does however
employ a high-pressure fuel pump that is mechaygichlven by one of the camshatfts.
This pump is disabled throughout testing as no isielsed and power requirements of

this pump are not of interest in this work.

4.2.8 Physical Enclosure
In order to safely contain the rotating equipmend &eated fluids, the entire

experimental setup is enclosed in %2” (13mm) thiokyparbonate. This highly impact-
resistant plastic provides protection for userswad#l as an unrestricted view of the
experiment. Hinged lid and hinged split-front doare included for easy access to the

test equipment.

4.2.9 DataAcquisition
Collection of data for the experiment is handledabiational Instruments PCI-

6229 data acquisition (DAQ) card. Sold as a lowteoultifunction board optimized for
cost-sensitive applications, the PCI-6229 providese than sufficient treatment for a
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standard motoring test rig. General specificationfide 16-bit analog input/output (1/0O)
channels at a maximum sampling rate of 250kS/srapaaied by many bidirectional
digital I/0O channels and a pair of 32-bit counte@onnected to the card are two National
Instruments SCC-68 connecting blocks that provioleveniently laid out screw terminal
connections for all channels. Further, two Natidnatruments SCC-TC02 modules are
used to connect the critical oil and coolant terapee thermocouples. These modules
are designed to easily interface with the softwaaré precisely filter and condition these
signals. This card performs well for this expenitnand is expected to have sufficient
additional channels for any future testing. Thagesand expansion availability of this

card is depicted in figure 4-13.
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Ni PCI 6229 DAQ Card

4 16-bit analog 32 single-ended 48 bidirectional
outputs analoginput digital1/O
channels channels

2 counters

25CC-TCO2
thermocouple
conditioning
modules

Torgue
Command » Intake Air Temp, Dutputs
Velocity Ambient Air Temp * Motor Controller Run
Command *  Motor Controller * Motor Enable
Torque & Velocity *  Motor Controller Tergue Mode
Signals
Torque Sensor Inputs

Crankshaft Sensor * Velocity Override Mode Active
* Motor Enabled

2 16-bit analog 20 singie_—ended 41 bidirectional
outputs open analoginput digital /O

channelsopen channels open

Figure 4-13:National Instruments PCI-6229 DAQ card usage arailavlity

4.3  Software Environment

The DAQ card works in conjunction with PC softwé&mecontrol the electric drive
motor and collect all sensor data. Either Matlab(fink or Labview software may be
used to control the test stand and acquire data.tieé majority of testing in this work
Labview is chosen for the convenience and accdisgibi its graphical programming and
customizablevirtual instrument (VIuser interface. This allows all control, monit@;n
and data acquisition to be carried out with a highkible and familiar set of controls
(such as dials and switches) and indicators (sschaaiges and plots). The operating

state of the engine is thus clearly visible whitdlecting data. Since only steady-state
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measurements are necessary this manual contrelfisciy adequate to bring the engine
to the required operating point before writing dédafile for later post-processing in

Matlab.

4.4  Data Collection

During data collection the primary intent is to @@ the torque required to
motor the engine at a given rotational speed. €harsesponds directly to the frictional
losses experienced by the engine at the conditbtite test. For all data collection runs,
the engine is first brought to steady state coowl#i at the desired speed and oll
temperature. Data is then logged at a rate oéadt|10 000 samples per second for a
period of time such that no less than one hundngghe revolutions are recorded. The
10kHz sample rate may be compared to the frequehpgssing teeth on the crankshaft
speed sensor. For the maximum rated motor spe&b38 RPM the 60-2 crankshaft
sensor wheel’s teeth will pass by the sensor ateof 3.53 kHz. The frequency of the
torque measurement must also be considered beteis t® be much slower. For each
rotation of the crankshaft each of the 4 pistoasdils through 2 strokes. These overlap
such that for every revolution of the crankshafid®ver strokes occur at the same crank
angle positions each revolution. In this way thedpction of torque occurs with a
frequency twice that of the engine speed. The mami rated test stand motor speed of
3530 RPM results in a rate of only 118Hz for torqueduction at this speed. While no
power is actually produced while motoring the eegiihe chosen sampling rate is clearly

more than sufficient to capture the torque duentgires friction.
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Collected data includes the torque signal fromttingue transducer, engine speed
signal from the crankshaft sensor, and coolant aild temperatures from the
thermocouples. The data files used are simple apaelimited text files which can be
easily viewed as-is or imported into Matlab or aesgplsheet for plotting. Temperatures
corresponding to the ambient air and intake madifot temperatures are also noted for

each data file.

4.5 Data Processing

All data processing is conducted offline by firgtporting data text files into
Matlab. The analog crankshaft speed sensor sigrmbt digitized and then adjusted to
locate the timing of rising edges on the cranksbkafisor wheel’s teeth. At the same time
the location of the missing tooth is located and thming of individual cycles is
determined. This can then be used to determinadhal rotational speed of the engine
by calculating the time to complete each cycle.e Per-cycle speed is a useful way to
eliminate some of the cycle-to-cycle variation frtme analysis by allowing cycles to be
sorted to within a given tolerance range aroundtéinget speed. The known timing of
individual engine cycles also allows conversionnfrthe time-domain into the crank-
angle domain. This involves resampling the datth wespect to the engine’s angular
position from a given point on the crankshaft sensbeel such that the data points
correspond with engine position from 0 to 360 degre The top dead center (TDC)
position of cylinder 1 is chosen as the 0 degrastgdor this resampling. This need only
be conducted for the torque data and with the ahdsagth of the data files the
resampling results in torque curves for at leaStdiigine revolutions.
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Conducting the data analysis offline in Matlab aloany noise present in the
torgue data to be removed easily through digitedring. Specifically zero-phase digital
filtering is employed via Matlab’diltfilt command, which filters the data in both the
forward and reverse directions in order to prexamt phase distortion. This is critically
important for resampling into the crank angle domais the relation between time and
torgue cannot be skewed. Matlab is used to desitpw-pass finite impulse response
filter that produces clean torque profiles for indual engine cycles. Specifically the
chosen filter is 18 order with a cut off frequency of 150Hz. It masfain be noted that
these torque values have already been filteredhépensor’s signal conditioner and thus
have been attenuated at or above 3Hz. They carbenlised to calculate mean torque at
a given engine speed. Representative data befateafter this filtering is applied are
shown in figure 4-14. This figure depicts the ramd filtered torque measurements from
100 complete engine revolutions at a speed of 2POOR The spread of this data is
typical and may be attributed to the cyclic vadatof parameters within the engine itself,
as well as slight variations in motored speedddtermining the torque at a given speed

the mean torque for all recorded cycles is found.
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Figure 4-14: Sample cyclic torque data before (top) and aftes-phase digital FIR
filtering (bottom)

4.6 TestData

While the crank angle domain analysis could havenbegsed to determine the
torque profile of individual engine cycles usingeahate signal conditioning of the torque
sensor, it is the average torque at a range ofdspdet is of primary interest. This
quantity reflects the frictional losses experienbgdhe engine at that speed and can be

directly compared to the useable torque the engiag produce. Analysis in the crank
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angle domain is still used to ensure the averagegli¢ corresponds to the speed for
which it is plotted. Using these post-processiaghtiques on 10 datasets collected
during 5 identical motoring tests conducted on fwed 2.0L engine with intake and
exhaust manifolds removed, figure 4-15 was produdéate that two subsequent datasets
are collected and processed for each of the 5. td4te datasets are therefore numbered
Test 1-1, Test 1-2, Test 2-1, Test 2-2, and so #s. such, Test 1-1 and Test 1-2 are
acquired as consecutive blocks of time twice thegtle of the recording for a single
dataset (representing an average of at least 1§ifeenycles for each datapoint). The 5
tests represent complete repetition of the experiraedifferent times. The mean value
of these datasets is presented in figure 4-16 witior bars corresponding to +/- 1

standard deviation as an indication of variabilityhe data.
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Figure 4-15: Motoring test data from 10 datasets for Ford 2.84iee with manifolds
removed
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Figure 4-16: Mean vale motoring test data from 10 datasets éod 2.0OL engine with
manifolds removed - error bars correspond to stahdard deviation

Note that the plot is presented with mean effectikessures, the work per cycle
per unit displaced volume, on the ordinate. Theatiment is merely a scaling of the
directly measured torque values but is a commonresgmtation and thus allows easier
comparison to existing data. This data represéetsotal frictional losses with pumping
losses reduced to their minimum and auxiliary lespeesent only in the oil pump.

Testing the engine in this state provides the rdata for modeling its total friction.

Repeating this test with manifolds in place reg®eme of the pumping losses,

specifically those associated with directing ait of the intake and into the exhaust
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systems. For this test, two consecutive datasetseaorded as before; they are denoted
as Test 6-1 and Test 6-2. This test varies fr@ts té through 5 only through the removal

of the manifolds. Data from this test is showfigre 4-17.
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Figure 4-17:Motoring test data from 2 consecutive dataset§&od 2.0L engine with
manifolds in place

Subtracting the losses of figure 4-15 from thosdigiire 4-17 yields the loss
attributable to the manifolds alone as shown atbibitom of figure 4-18. The reduced

temperatures of gasses passing through the masifekpecially on the exhaust side,
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limit the application of this data to the motoristate, but the increased losses at higher

engine speeds show the experiment’s sensitivitgladively minor changes.
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Figure 4-18: Motoring test comparison with and without manifolds

4.6.1 Data Collection Limitations
The motoring data presented above includes thneigations of the experimental

setup which must be called to attention. The fgsseen as the lack of collected data
below 1000RPM. At lower speeds the control of dnee motor reacts to the varying

load imposed by the engine due to changes in casijore over the cycle such that a
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constant speed cannot be maintained. For thisomeaso data below 1000RPM s

collected.

The second occurs between approximately 1200 t® RPM and is mostly
visible as an uncharacteristic increase in the oredsfriction. During experimentation
this speed range was noted to contain a resorequidncy of the system. The vibration
and noise level of the experiment increased sicamfily within this range, and this
increased vibration is believed to dissipate thieaegnergy that appears in the increased
torque measurement. The location of this appanatiral frequency of the system is
inconvenient, but is perhaps difficult to avoid lwiigid mounting of the engine. Due to
time constraints, the design and construction ofea stand to support the engine in
hopes to improve data collection within this ramggs not viable. Instead data from this

range is omitted from the analysis.

The third limitation appears as the upper limitthé data. Data beyond 2700
RPM is not presented above, although the motdoles ta turn the Ford 2.0L engine up to
approximately 3400 RPM. Beyond 2700 RPM the measuorque values become
increasingly noisy and quickly drop to less thaB 4f the value corresponding to 2700
RPM. The full range of the data presented eantidigure 4-15 can be seen in figure
4-19 depicting the erroneous drop in torque valu@his drop is not present in the
calculated torque signal from the motor controlliemther verifying what is already
known: this is not representative of any physidaémpomenon. It is thus apparent this
data is not useable, although the cause for thigaliom of this signal with speed is not

precisely known. The torque sensor itself is belieto be at the center of the issue,
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although it is rated to 5000 RPM and was in newddan prior to this experiment.
Since the measured friction trend is expected taticoe largely unchanged between

2700 RPM and 3400 RPM the reduced range is deeunffcient.
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Figure 4-19: Full range of motoring test data depicting errorsedrop in measured
torque signal above 2700 RPM; from 10 datasetsdod 2.0L engine with manifolds
removed

4.6.2 Selected Data Range
Calculating the standard deviation and variancieeftest data presented in figure

4-19 confirms the limitations discussed in the pyas subsection. In fact, this simple
analysis suggests the torque measurements becamesistent above 2600 RPM rather

than 2700 RPM. The mean value of the measuredisiataown for the full speed range

92



M.A.Sc. Thesis — J. Sylvester; McMaster Universitylechanical Engineering

in figure 4-20 with error bars corresponding to */standard deviation. The standard
deviation is noted to more than double when movirmm either the data point
corresponding to 1500RPM to the preceding poiritam the data point corresponding to

2600RPM to the following data point.
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Figure 4-20: Full range of mean value motoring test data forRbed 2.0L engine
demonstrating increased variability below 1500 R& above 2600 RPM - the average
of 10 datasets is shown with error bars correspantdi +/- 1 standard deviation

Collected data from 1000-1200 RPM and 1500-2600 R¥bklected for fitment

of the model in the next chapter. The data bel@@01RPM varies slightly between the
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ten datasets, and these points have standard idavigi to 3kPa. Between 1500 and
2600 RPM the data is very repeatable across thddtsets. Standard deviation within
this range reaches a maximum of 0.7 kPa with veeiamder 0.5 kPa A closer look at

the data points for the ten datasets within thigeas provided in figure 4-21.
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Figure 4-21: A closer look at the mean value motoring test diatéhe Ford 2.0L engine
demonstrating repeatability over this speed rarthe average of 10 datasets is shown
with error bars corresponding to +/- 1 standardat@&n

4.6.3 Engine Disassembly Data
While total engine friction can be characterizeddshon motoring tests conducted

on the assembled engine, the friction model asepted in Section 3.5 predicts the
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friction attributable to individual component graup It is therefore desirable to collect
data for the partially disassembled engine in otde@mprove the fit of certain portions of
the model. Specifically, the primary division anaponents within the model are those
related to the crankshaft, the reciprocating asgertdbmprised of the pistons and
connecting rods), and the valvetrain. Lossesbhatiable to the pumping of air and
driving the auxiliary components complete the model order to collect useful data for
the partially disassembled engine it is importan¢nsure that the air pumping losses are
either maintained, or eliminated in a meaningfulnmexr. This means that if a given
piston is in place and pumping, its correspondimdves must either remain closed
throughout the cycle or be actuated as per usal other alternatives would allow air
to flow incorrectly, altering the pumping losseAlternatively, custom components may
be machined to circumvent this issue. In the ocakall valves remaining closed
throughout the engine cycle, pumping losses amairgdited. Naturally this is not possible
without also eliminating the valvetrain group lossas the valvetrain will not be
operating. Testing of this case was attemptecherbrd 2.0L engine by removing both
camshafts. Testing in this state of assembly appet be viable; however unnoticed
damage to the torque sensor ultimately renderedctilected data unusable. Time
constraints prevented repeat testing from appeaitigs research.
Since disassembly of individual valvetrain compdgenill alter the air pumping

losses away from the regular mode of operation eviqusly discussed, further
opportunity for disassembly data lies in separatimg reciprocating component group

friction from that of the crankshaft. In an attentp collect this data, pistons 1 and 3
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were removed from the engine. With the engineféndi order, this arrangement
maintains the overall rotating balance of the eagimce the pistons are removed from
opposite sides of the crankshaft. However, eastopiis counter balanced by a counter-
weight. With pistons removed, these counter-weigkffectively cause the shaft to
become eccentrically loaded along its length. $loprisingly, this arrangement caused

excessive vibration levels in the motored engine, @o useable data could be collected.

The data presented in this chapter portrays thednal losses encountered within
the Ford 2.0L engine. In the next chapter a delaphysical friction model will be
compared to this data and adjusted accordinglif o fA complete running engine model

including the verified frictional losses will thdre suggested.
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Chapter 5

5. Simulations and Results

This chapter provides the details of fitting thetfon model given in section 3.5 to the
2.0L Ford engine. Simulation results follow and thodel is compared to the measured
friction of chapter 4. The fit of the running-engiMVEM to the 2.0L Ford engine is

then discussed along with the insertion of theifiicmodel and final simulation details.

5.1  Fitting the Friction Model

The 2.0L Ford engine used in this research is tigitty modern in design.
Reduction of internal engine friction and reductadriotal mass are evident key strategies.
This includes advanced surface treatments to thvetvain and specialized coating of the
piston skirts. While the mass reduction accomplishy exclusive use of aluminum for
the engine block, cylinder heads, and oil pan liths impact on this research, the pistons
are also cast aluminum which helps to reduce thlgneis reciprocating mass. This
continuing effort to reduce frictional losses prasea reason to anticipate the Sandoval &
Heywood model [5] as presented in section 3.5 magr-estimate certain losses. With
this in mind, the model is adjusted to the 2.0Lapagters so that its predictions may be
compared to the motoring data. This is accomptigheapplying equations (3-24) to (3-
30), which estimate the friction attributable te tomponent groups shown in figure 5-1.
The frictional losses of the engine are then easityulated over the engine’s range of
operating speed and can be plotted for total endimméion, or for the friction of

individual component groups.
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Figure 5-1: Simple cutaway of a generic 4-cylinder engine damic the main
components responsible for engine friction as nextigd1] (image only)

The equations of the friction model may be repkatecording to the component
groups shown in figure 5-1 as follows, with detdilexplanations of these equations

presented earlier in section 3.5:

(1) Crankshaft group:

Dy
cfmep = 1.22 x 10° (stzyl)

+3.03x107% —(nD”"‘BL”mn”m>
. Ho stncyl

2.2
Dbm n nbm)

ncyl

U

(3-24)
+1.35x% 10"10(
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(2) Reciprocating assembly group, including piston gagressure loading:

S
rfmep + rfmepyqs = 2.94 X 102 (—p>
Ho \ B

+4.06 x 104 Fe C 1+50O !

06x10* (¢ ) (1+77) (32) 325 +

+3.03x 107 i(nDbf3Lbf”bf> (3-26)
Ho B%Sncy

+ 6.89 Zman [0 088 \F . +0.182 () 6(1-33—"517)]
Fto

Pamb

(3) Valvetrain:

_ a4 Hnny +c (1 500) n,
vfmep B Ho stncyl 17 Sncyl

nn, “ Lvl'sn"'snv) (3-27)
+C +C., [—|———
i <Sncyl> " Uo < Bsncyl
500\ Lyn,
+ Com (1 + _) +4.12
n ncyl
(4) Auxiliary components:
afmep = 832+ 1.86 X 1073n + 7.45 x 10~ "n? (3-28)

(5) Air pumping losses:

pPmepintake + PMePexhaust

= (pamb - pman) + 3-;)

2( S 2 -29) +
x 1073 (pman) < z; 4) 10178 (pman Sp) (3-29)
Pamb Nyi“Ti Pamb (3-30)

2
+3.0x1073 (pman>2 < Sp >
Pamb nvezre4
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Applying appropriate engine parameters to this baseel gives the predicted
losses for individual component groups as showfigure 5-2. All plots are shown in
terms of mean effective pressures. These iniaimates mainly involve known engine
parameters for the Ford 2.0L engine, with remainiafues suggested by Sandoval &
Heywood [5]. All parameters used within the motbeyield these preliminary results are

listed in table 5-1.
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Figure 5-2: Individual component group losses for the motorecd2.0L engine as
predicted by the uncalibrated model

100



M.A.Sc. Thesis — J. Sylvester; McMaster Universitylechanical Engineering

Table 5-1:Initial parameter values used to apply frictiondabto the 2.0L engine,
according to known and suggested values as shown

Symbol Description (units) Value
Dem main bearing diameter (mm) 52
Dy; journal bearing diameter (mm) 47

B bore (mm) 87.5
S stroke (mm) 83.1
Nyl number of cylinders 4
vl oil viscosity (cSt) 9.7
Ho reference oil viscosity (cSt) 13
n engine speed (RPM)
Lbm main bearing length (mm) 25.4
Ly journal bearing length (mm) 20.64
Nbm number of main bearings
N number of journal bearings 4
Npe number of camshaft bearings
Sp mean piston speed (m/s)
Fi/Fio piston ring tension ratio 0.98
C piston roughness constant 0.98
Prman intake manifold pressure (kPa) 101.3
Pamb atmospheric pressure (kPa) 101.3
re compression ratio 12:1
K constant 2.38x10°
Ci 133
Cr constants based on valvetrain mechanism 0.00>
Con 0.5
Com 10.7
ny number of valves (intake and exhaust) 16
L, maximum valve lift (mm) 14.3
r; intake valve diameter/bore 35mm
le exhaust valve diameter/bore 30mm

Known or selected values for the Ford 2.0L Engine
Values used as suggested by Sandoval & Heywood
Unknown scaling parameters, to be used for model fit
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A summation of these losses as shown in figure @etlicts the total internal
friction of the Ford 2.0L engine and may be expedssnathematically by summing

equations (3-24) to (3-30) as:

fmep = 1.22 x 10° ( Dim ) +3.03x10" (("Dbm menbm) n
B2Sn, Lo

eyl BZSncy,
10 Dpm“n“npm 2 4 500 i
1.35x 10~ (—ncyl )+294><10\/T)( )+406x10(t06)(1+ ) () +
—4 nDp; Lpjnpj Pman Ft ) .. (1.33-KS )]
3.03 x 10 J;(—BZSncyl )+ 6.89 tmen [0 088\/711. +0. 182( ) »)| + 6.

nnpe 500) ny nny, Ly n%5n, (
244 \/; et Gy (1+ St Gy (Sn l)+coh £ (—BSncyl +Com (14

5°°)“’"“+412+ 8.32 + 1.86 X 10731 + 7.45 X 10°7n% + (Pump — Pman) + 3.0 X

Sncyl

1073 (Z’“—mz)z (nmw) +0.178 (p;"m’;s ) +3.0x 1073 (%)2 (n;;‘*) :

where the terms are as described previously.

As seen in table 5-1 the intake manifold presssiteeld constant and equal to the
atmospheric pressure for this prediction. This M@approximate an engine running at

wide open throttle, or with manifolds removed aghi@ primary motoring test sequences.

102



M.A.Sc. Thesis — J. Sylvester; McMaster Universitylechanical Engineering

tfmep (kPa)
240 T

220

200

180

160

Friction mep (kPa)

140

120

100

80 1 1 1 L L
1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000
Engine Speed (RPM)

Figure 5-3: Total friction losses for the motored Ford 2.0L iegas predicted by the
uncalibrated model

5.1.1  Friction Model Adjustments

It is expected that recent advancements in engéseyd will require alteration of
the friction model in order for it to better aligvith the measured data of the Ford 2.0L
engine. One such adjustment is required to theetaddauxiliary losses before any
comparison to the data can be made. This is bedhasauxiliary losses suggested in the
original model include an empirical fit to the lessof the oil pump, water pump, and
non-charging alternator, for two current S.I. emegin(with displacements of 3.0L and

5.4L), [5]. The engine under test employs an ety powered water pump, and has no
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alternator. Only the oil pump remains as an aamylioss. Ideally, an accurate empirical
fit of the Ford 2.0L engine’s oil pump would be ko As neither this information nor
the testing facilities to establish it are readilailable, the losses due to the oil pump
must be estimated. In order to do so, the auyiliass trend suggested by Sandoval and
Heywood [5] is assumed to apply in some percentagéhe oil pump alone. The
approximate fraction of the auxiliary losses dueh® oil pump can be determined from
figure 5-4. As seen from this motored friction dkdown data collected on a four-
cylinder S.I. engine, the measured relative countrims of the oil pump versus the water
pump and non-charging alternator were approxima®d9 and 70% respectively.
However, this breakdown is specific to the equiptrfen which it was determined and
auxiliary losses are known to vary significantlythwidesign details [2]. The design
details of the specific oil pump used on the Fafil. Zngine are not known to the author.
At low to moderate speeds it is generally accepiatl the fmep due to oil pump losses
will be in the approximate range of 4-10kPa [22][443]. Since the auxiliary friction
eqguation is a function of engine speed only itasyeto verify that maintaining 30% of the
auxiliary losses as suggested by figure 5-4 willseathe oil pump fmep to fall near the
upper end of this range. Noting the probable dsea dlightly smaller oil pump and the
known usage of a lighter grade of oil on the FaftlLZngine compared to the engines for
which the empirical auxiliary loss fit was calibedt an additional reduction is assumed to
be needed. A degree of justification for this agstion may be found in the following
public statement from Ford Motor Company, “...themimp and its drive ratio are sized

for the exact capacity requirements of the new 2ddigine”. In light of these
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considerations, the auxiliary losses in the modelraduced by 75%. This represents an
additional 1/6 reduction versus the assumed oil ploases within the original model’s
fit, such that 25% of these losses are maintaingégresent the losses attributable to the
oil pump in the Ford 2.0L engine. This approximeddue is selected to force the pump
fmep away from the upper end of the typical raragethe Ford 2.0L engine’s oil pump is
assumed to be smaller and of a more efficient desinavoidably, the assumptions
made regarding the oil pump losses will introduoee error in the representation of the
Ford 2.0L engine’s oil pump. Due to the relativeiyall portion of the overall engine
friction that is attributable to the oil pump (appimately 4-6% dependent on engine
speed, see figure 5-11) this error is not consileignificant. The auxiliary friction,

equation (3-28), becomes:

afmep = 0.25(8.32 + 1.86 X 1073n + 7.45 X 107 7"n?) 5.2)

105



M.A.Sc. Thesis — J. Sylvester; McMaster Universitylechanical Engineering
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Figure 5-4: Motored friction mean effective pressure vs engipeed for engine
breakdown tests on a four-cylinder S.I. engine, [2]

This initial adjustment combined with zooming in the range for which data is
available produces figure 5-5. This presents itis¢ dpportunity for comparison between
modeled and measured friction for the complete remgiAdding the corresponding test

data to figure 5-5 yields this comparison in figbré.
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Figure 5-5: Total friction losses with reduced auxiliary frti for the motored Ford 2.0L
engine as predicted by the uncalibrated model
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Figure 5-6: Comparison of total friction losses predicted bg timcalibrated model (solid
line) to the motored engine loss data

As seen above in figure 5-6 the model slightlyrgmedicts the measured friction
data. This is especially true in the low rangespéed between 1000 and 1500 RPM.
Referring back to figure 5-2, it can be seen th& apparent error is likely due to the
friction estimates for the valvetrain componentugrowhich are uniquely high at low
speeds. This group is therefore the initial areaoncern within the model. Review of
available data presented by Sandoval and Heywoosuggested a flatter profile for the
valvetrain group is expected. Viewing the indiatiterms of the valvetrain component

group equations separately, it was determinedtktegahigher-than-expected values at low
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speeds were attributable to the flat follower agadiltating mixed lubrication terms, or the
2" and % terms in equation (3-27), restated below for coismce. Since the Ford 2.0L
engine employs direct acting mechanical buckets Wit followers it is reasonable to

focus on these terms.

=244 [ e ¢ (1+500) T
vfmep = Uo B?Sn 2 n JSngy,

1505
nn, u (L, °n">n,
C C Mz - v (3-27)
¥ rf<5"cyl)+ Oh,l”O( BSncy, )
500) L,n,

+Com(1+T

+4.12
Sncyl

To lower these values, tt(& +5nﬂ) terms, which are used to make the friction

coefficients related to these terms decrease bgctorf of about 1.8 from low to high
speeds, were reduced. To maintain physical sggmfie in the friction coefficient

reduction, the same adjustment was applied with@réciprocating friction group for the
single(l + SZ—O) term. In order to investigate the sensitivitytoé model to changes in
these coefficients, the total fmep was plottedsidosequent reductions of the coefficients
from (1 + %) to (1 + 1%) in (1 + %) increments. This analysis is shown in figure 5-7
and shows that a decrease(tbf+ %) causes approximately a 1kPa drop in the total fmep

at 1000RPM. The effect diminishes with increasspgged such that it accounts for

approximately a 0.4kPa drop at 3000RPM and is giggi by 6000RPM. Matching the
n

shape of the model curves to the data shown indigd7, a final value o(fl + 250) is
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selected. This lowers the friction coefficientspecially at low speeds, while causing
them to decrease by a factor of about 1.35 fromtlmWwigh speeds. The slight reduction
in friction coefficient for these terms may likehe attributed to the modern surface
finishes of related valvetrain and reciprocatingction components. The adjusted

valvetrain group expression becomes:

=244 [ e | ¢ (1+250) v
vfmep_ Ho stncyl 17 n Sncyl

1505
nn, u (L,°n">n, (5.3)
C Con |—\—————
¥ rf(sncyl)+ Oh,’%( BSncy, )
250) L,n, N

+C°m<1+T

4.12

ncyl

While the reciprocating friction equation becomes:

S
rfmep = 2.94 x 102 #(Ep)
0

F; 250N/ 1 @1
+ 4.06 x 10* (F_to Cr) <1 + T) (ﬁ)

3
+3.03 X 10—4 i(M)
Ho B%Sncy

This adjustment greatly improved the shape of thedetfis prediction when

compared to the measured data.
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Figure 5-7: Model sensitivity to changes in the friction cag#nt found within the
reciprocating friction and valvetrain flat-followand oscillating mixed groups
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The only other adjustments made were to the pist@ntension ratio, o, and
the piston roughness constant, CThe piston ring tension ratio accounts for ptiéén
differences in the combined effect of the radiagsure exerted on the cylinder walls by
the piston rings, as compared to the engines fachwthe model was originally suggested.
The piston roughness constant addresses the suifasiees between the piston and
cylinder walls. Setting these parameters to aevalul assumes no related changes from
the original 1980’s model, while values lower tharaccount for improvements. Final
values for these parameters were both reduced @8 to 0.95, as selected in
accordance with the analysis shown in figure 5-8 figure 5-9, in order to lower their
respective portions of the total friction predictbgl the model and to better fit the
motored friction data. As seen in figure 5-8, @dy R/Fo by 1% results in an
approximate 0.4kPa reduction in total fmep at 1®0R with diminishing effect to
approximately 0.25kPa at 6000RPM. Figure 5-9 shthesmodel is considerably less
sensitive to changes in the piston roughness aangawith a 1% reduction causing less
than a 0.1kPa drop in total fmep with negligibleoeledence on speed. With the final
values selected, the small reduction to the lopsedicted by these terms for the Ford

2.0L engine is in line with ongoing efforts to inope fuel efficiency.
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Figure 5-8: Model sensitivity to changes in the piston ringsien ratio, FF, found
within the reciprocating friction and piston gaggsure loading groups
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Figure 5-9: Model sensitivity to changes in the piston rougtsneonstant, Cfound
within the reciprocating friction group

5.1.2 Demonstration of Friction Model Fit
The results of all adjustments made are depicbedHe individual component

groups in figure 5-10. Note that no changes ardemta the crankshatft friction, pumping
losses, or auxiliary friction component groups.iglsl overall reductions are seen in the
plots of the reciprocating friction and piston daading terms. The more significant
adjustments made to the low speed range of theetralm friction are also easily
observed. Recall that these changes relate tiitiien coefficients for the flat follower

and oscillating mixed lubrication valvetrain termasd reflect improvements to valvetrain
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components. To better assess the relative cotititsuof the component groups and the
effects of changes to the model, figure 5-11 rdspilee individual component groups on a
single set of axes. The area between plotlingkisfigure shows the added impact of
each component group as labeled. The updatedctimdiof total friction is plotted

against the test data in figure 5-12.
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Figure 5-10: Individual component group losses for the motorediR2.0L engine as
predicted by the uncalibrated (blue) and calibratediel (heavy green)
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Figure 5-11: Stacked individual component group losses fomtiséored Ford 2.0L
engines as predicted by the uncalibrated (blue)cafidrated model (heavy green)
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Figure 5-12: Comparison of total friction losses predicted by timcalibrated model
(blue), calibrated model (heavy green), and theomeok engine loss data (red)

It is seen that the measured data from 1000 — R does not align with the
model’'s prediction. The relative noisiness of ttie&ga compared to the data above 1500
RPM suggests the possibility of inaccuracy. Anotip®ssibility is that without
combustion pressure from a firing engine, the casgion within the engine alone is not
adequate at low speeds to ensure sealing and tmdiehavior of the piston rings. This
possibility is supported by the relatively high trdution to total friction at low speeds
predicted by the piston gas loading term, as sedigure 5-10. Beyond this range the

model is seen to fit fairly well overall before liegins to slightly under-predict the
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measured values at higher speeds. No resultimigelsao the model are justified without
additional data at higher engine speeds. Extenti@glot to the full engine speed range
produces figure 5-13, where it can be seen thatcHiibbrated model approaches the

original model at the engine’s top speed.
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Figure 5-13: Comparison of total friction losses predicted by timcalibrated model
(blue), calibrated model (heavy green), and theoneot engine loss data (red) over the
full speed range
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The final friction model recommended for the FordL2engine is given in

eqguation (2.2) below, while its parameter valuesliated in table 5-2.

Dy K (nDpm menbm>
mep = 1.22 x 105 +3.03x 107* |[—=
fmep (BZS Cyl> j: ( B2Sn,y,
Dbmznznbm U Sp
+1.35 x 10710 (22m T Mm) 45 94 % 102 —(-)
Ny Mo \B
+406x104<FtC)(1 250)( )
. Fpo " B?
p (D Lymy Pman m
+3.03x107* |—| ——"—] + 6.89—/——|0.088 —rc+0182( ) (1.33-Ksp)
Ho B Sncyl Pamb Ho FtO
(2.2)
U nny 250\ n,
+ 244’ icC ( _>
BzSnCyl 7 Sy,
1.5_0.5
nn, u (L,>n">n,
+C +C,p |—(2—2Z
i <Sncyl) Oh\/n‘:}( BSncy, )

250
+Com(1+ ) Y 4+ 412+ 0.25(8.32 + 1.86 X 1073n + 7.45 x 10~ "n?)
n /Snegy,

—3 (Pman 2 sz Pman 2
+ (Pamb — Pman) +3.0X 1073 (—— —=at 0.178 Sp
Pamb Nyi“ Ty Pamb

2
+3.0%x 1073 (pman)2< Sp )
Pamb nvezre4
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Table 5-2: Parameter values used to apply final suggestetibfricnodel to the 2.0L

engine
Symbol Description (units) Value
Dbm main bearing diameter (mm) 52
Dy; journal bearing diameter (mm) 47
B bore (mm) 87.5
S stroke (mm) 83.1
Nyl number of cylinders 4
vl oil viscosity (cSt) 9.7
o reference oil viscosity (cSt) 13
n engine speed (RPM)
Lom main bearing length (mm) 25.4
Ly journal bearing length (mm) 20.64
Nbm number of main bearings
N number of journal bearings 4
Npe number of camshaft bearings
Sp mean piston speed (m/s)
Fi/Fio piston ring tension ratio 0.95
C piston roughness constant 0.95
Prman intake manifold pressure (kPa) 101.3
Pamb atmospheric pressure (kPa) 101.3
re compression ratio 12:1
K constant 2.38x 107
Cx 133
Cit . _ 0.005
constants based on valvetrain mechanism
Con 0.5
Com 10.7
ny number of valves (intake and exhaust) 16
L, maximum valve lift (mm) 14.3
ri intake valve diameter/bore 35mm
re exhaust valve diameter/bore 30mm

Known or selected values for the Ford 2.0L Engine
Values used as suggested by Sandoval & Heywood
Scaling parameters used for model fit
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5.2  Fitting the MVEM

With a detailed physical model of engine frictiahtb the motoring test data an
inclusive model of the engine for overall simulatis desired. The MVEM as presented
in chapter 3 is used for this purpose. The foltaysubsections describe the processes of

fitting the MVEM and simulating the engine.

5.2.1 Fired Engine Test Data
The MVEM as presented in chapter 3 is a versatdelehwhich may be fit to a

variety of engines in order to simulate the basbavior of the engine itself. It does not
include any operational controls and requires dyorasgter testing of the running engine
in order to complete the model. It was not posstblconduct such testing for inclusion
within this research so the MVEM must be simplifieat use with available data.
Specifically, data was made available from Ford ©&nada from standardized
dynamometer testing used to verify the engine’sgrooutput. This data is not sufficient
to fully fit the MVEM to the engine for simulatioof all operating conditions. Instead it
is used to ensure the MVEM can properly predict éhgine’s response to the general
conditions of the Ford test data. The functionshef dynamometer test thus define the
control needed in the engine simulations. This growest is conducted at wide open
throttle with the dynamometer applying a varyingdao hold the engine at a series of
steady speeds at which measurements are takers isTkione over the full range of
engine operation, with torque measured by the dymaeter at each speed. In this way

the maximum torque and power curves of the engiaeecorded.
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The MVEM simulation is simplified as needed and gptto mimic this test
according to the schematic shown in figure 5-14e Tollowing subsections will refer
back to this figure as the MVEM simulation is déised in detail. Instead of the
dynamometer holding the engine to a set of givaaedp and measuring the load at these
points, the load points are input to the MVEM ahd éngine speed is determined. This
reversal is a result of the original constructidh® MVEM, which uses engine speed as
a state and applied load as a variable. To sieuket power test, the MVEM is run for
each of the steady-state speeds for which datavaslable. At each point, the
corresponding engine load from the data suppliedrdng is entered as an input to the
model, as shown at the top of figure 5-14. Otleguired inputs include setting of the
throttle angle, which for the power-test remainslevopen throughout, and expressions
for the volumetric and thermal efficiencies. Thesg@ressions are also taken from the
Ford data, and are discussed momentarily. Fistréquired adjustments made to the

MVEM system state equations are discussed.
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Figure 5-14: Schematic of modified MVEM for power-test simulatio

Modified Fuel Flow Equation
Recall the general form of the MVEM manifold fuéW equation was given as

follows:

My = Mgy, + Mgy, (3-3)

wherer, is the total fuel flow into the cylinder porty, is the portion of the

total injected fuel flow that exists in the vapdrase, and, is the remaining portion of

the fuel in the form of a liquid film on the manidowall.
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Since the Ford engine employs direct fuel injectitto the combustion chamber,
the fueling dynamics modeled by this original fodm not apply. Testing of the fired
engine would be required to determine the actualiffg dynamics required to be
modeled in order to complete this area of the MV general simulation of the Ford
2.0L engine. Since limited fired engine data weailable only for steady operation at
wide open throttle, detailed modeling of fueling dearly not possible, but also not
needed. Since the model will only consider operatinder these conditions, only the
amountof injected fuel need be determined. For the pseg of comparing the MVEM
to the power test it is reasonable to reduce tkéng controls to simple maintenance of
the stoichiometric air/fuel ratio. This is accoispkd by replacing equation (3-3) with

this simple calculation of fuel flow based on thanifold pressure:

. m
mf = ap

- ] 2.3
AdesLtn (2:3)

wheremi, is the fuel mass flow ratei,, is the air mass flow rate into the
combustion chamber},.; is the desired ratio of the actual air/fuel rato the

stoichiometric air/fuel ratio, ankl,;, is stoichiometric air/fuel ratio.
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5.2.3 Modified Air Flow Equation
Recall the general form of the MVEM manifold aiowl equation was given as

follows:

. n Vd R Tman
Pman = _mv Nvol Pman T

Mgt (CZ, pman) (3-7)

wheren is the crankshaft (engine) spedd,is the engine displacement volunwe,
is the volume contained in the manifold betweenttirettle plate and the intake valves,
Nwor 1S the volumetric efficiency® is the universal gas constafi,,, andp,,., are the
temperature and pressure of air in the manifold, ary; is the mass flow of air past the

throttle plate.

Since the throttle remains fully open throughow tiower test, the expression
used for the mass flow of air past the throttleteylae,;, is less critical than it would
otherwise be. At wide open throttle, the throplate presents no restriction to the airflow
and the pressure within the intake manifglg,,,, will in theory be equal to the
atmospheric pressure. Therefore, the air flonestguation is used in the modified form
of the MVEM unchanged. Only the treatment of tlwumetric efficiency, discussed

shortly, is adjusted.
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5.2.4 Modified Crankshaft Equation
Recall the general form of the MVEM crankshaft dgprawas given as follows:
_ (Pr+ P+ Py)  Hymme(t—14)

n= + : (3-9)
In In

wherel is the total inertial load of the enginejs the crankshaft speeg;, P,,
andP, are the frictional, pumping, and load powers respely, H, is the lower heating
value of the fuely; is the indicated thermal efficiency of the engirg,is the rate of fuel
mass flow into the cylindet,is the time, and, is a time delay inserted to describe the

delay between the edge of a fuel flow step andhiamge in crankshaft speed.

Since the modified MVEM is used only for simulatioh steady-state data the
time delay described above is not needed. THiecswuse at steady operating conditions
the calculated fuel flow within the model should obange. The time delay is therefore
removed. Aside from grouping the frictional andmuing powers together &iciion, this
is the only modification. The equation becomes,

(Pfriction + Pb) Hyn; mf (2.4)
- + .
In In

n=
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5.2.5 Volumetric and Thermal Efficiencies
The preferred forms for the volumetric and thereféitiencies within the MVEM

were given in chapter 3 as follows:

nvol(n: pman) = Nvno + NynN + nvnznz + 7717p1pman (3-16)

wherenvno 7vn1, vnz, @ndnyp1 are physical constants, and

ni (9, Amn, pman) =N (e' n)ni (/L n)ni (n)ni (pman) (3-19)

wheren; is the indicated thermal efficiency expressedndsvidual functions oB
the spark advancd,the air/fuel equivalence ratia, the engine speed, ampg,,, the

intake manifold pressure.

As the testing required to fit these expressionsth® engine could not be
completed within the scope of this research anrate approach is needed. Functions in
terms of engine speed were instead fit to the nqeingine data provided by Ford of
Canada. While this further limits the model to siations of the standard power test, it is
the only available way to proceed. Second ordéynponials in terms of engine speed
were fit to the provided measured Ford data asctisgiin figure 5-15 and given in

equations (2.5) and (2.6) below.
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Figure 5-15: Volumetric and thermal efficiency trends as fitata provided by Ford for
the fired engine power test data

The trends shown in figure 5-15 required scalinguse in the MVEM, but the
engine’s behavior as it relates to both efficiea@ee captured according to the following

expressions for volumetric and thermal efficiency.

2
oL = [—0.4239 ( ) +5.6273(—) + 22.212] /41, 25

n
1000

n

2 n
1000) +7.025(—) + 24.194]/70, 2.6)

n; = [-0.9855 (

where n is the engine speed in RPM.

In general, volumetric efficiency refers to the qaartage of air/fuel that enters the
cylinder compared to the capacity of the cylindeder static conditions. At wide open
throttle the volumetric efficiency of an enginedikhe Ford 2.0L engine should be near

100%. Clearly the data provided by Ford in figird5 does not depict this, and is
128



M.A.Sc. Thesis — J. Sylvester; McMaster Universitylechanical Engineering

defined differently. The volumetric efficiency frothe Ford data is scaled for use in the
MVEM such that it approaches 100%. However, thalifrexd model is particularly
sensitive to the volumetric efficiency, and thigpeession is problematic at low speeds as
the volumetric efficiency dips too low. To addréisis issue, the action of the volumetric

efficiency from the data is reduced by a facto2dby replacingy,,; in the model with
the following expressiornt — [(1_’27—”"’)] This allows the model to operate closer to 100%

volumetric efficiency as needed to better fit tvemall power-test data, while maintaining
some of the behavior demonstrated by the volumefficiency trend given in the Ford
data. While this treatment of the volumetric afficy is uncertain it is preferable to

assuming a constant value fgy,;.

5.3  Power Test Simulation

With the detailed engine friction model fit to tineotored engine data and the
MVEM adjusted according to figure 5-14, the staddaower test may be simulated for
comparison to the available fired engine data. Miaglab/Simulink environment is used
to acquire steady-state values corresponding tb pamt for which data was available.
A fixed step size of 1ms is used for all simulasipas is the fourth-order Runge-Kutta
integration technique. It is believed that thisatment is more than sufficient for
simulation of the course nature of the power tash.d Repeating the simulation yields no
significant change in the results. The flow antkidependency of data within the

simulation is depicted in figure 5-14. The resgtisimulation is compared to the test
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data and presented in terms of brake power indigut6, and in terms of brake torque in
figure 5-17. In the case of both figures, the ltdtation losses which first had to be

overcome, as calculated by the friction model,adse plotted.

12':' T T T T T

—HB— MYEM Simulation
—<— Ford Test Data
Simulated Friction Power

100

il

G0

Brake Power (kW)

40

20

D 1 1 1 1 1 1 1 1
1500 2000 2500 3000 3500 4000 4500 5000 5500 G000
Engine Speed (RFPM)

Figure 5-16: MVEM simulated and actual brake power

As seen above, the models fit reasonably webthatdnd high speeds, but over-
predict the engine’s power in the mid-range betwaggrroximately 2500 and 4500RPM.

This error is more apparent when the same datavweed in terms of brake torque as

shown in figure 5-17.
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Figure 5-17: MVEM simulated and actual brake torque

It is apparent that despite efforts to tailor thedel to the available data, it is not a
particularly good approximation of the actual powest. Overall, the shape of the power
curves suggested by the model are seen to be senaotd more gradual than the actual
data, demonstrating that certain changes over ngene's operating window are being
missed. The MVEM as presented in chapter 3 is @rpgeto have the capacity to
accurately model the Ford 2.0L engine over its detepoperating window, but the
completion of fired-engine testing beyond the scapbethis research is required to

complete and verify the model.
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In this chapter the friction model is succesgfaltljusted to fit the motored data
for total engine friction. Simulations of the rung engine using the MVEM proved very
difficult with only limited fired-engine data avaible, but easily incorporate the modeled
friction. The next and final chapter provides dading remarks as well as suggestions

for future research related to this topic.
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Chapter 6

6. Conclusions and Recommendations for Future Research

6.1 Conclusions
The objectives of this research included the desigth construction of a dedicated
engine dynamometer test stand for the purposesgihe friction characterization. Such

a test stand was successfully built, incorporatiregfollowing capabilities:

motoring of the Ford 2.0L engine to 3400RPM,

repeatable torque-to-turn measurement at speetis260ORPM,

heating of engine to and beyond operating conditioarresponding to an oil

temperature of 90°C, and

securely and safely mount and contain all testpgant.

This compact test stand is well suited to measutirg power required to motor
almost any automotive related rotating equipmemd\atto moderate speeds. In the case
of a 4-cylinder engine like the one tested, meanards at speeds below 1000RPM are
difficult due to torque changes throughout the eagiycle. This would not be an issue
for testing of equipment with a constant torquefigoThe test stand is therefore seen to
be an excellent tool for testing engines, but hashér potential for testing related
equipment such as transmissions or accessory eoginponents including the alternator,

power steering pump, or air conditioning compressor
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After the dynamometer test stand was used to medlssa frictional losses of the
Ford 2.0L engine, a physical component based drictnodel was compared to and
adjusted to fit the collected data. This model fi@asd to fit the measured data quite

well, and only minor adjustments were needed tegexeha good model fit.

A mean value engine model (MVEM) was presentedsforulation of the Ford
2.0L engine under running conditions. This modakwimplified for simulation of the
operating conditions encountered during a standeddpower-test conducted at Ford for
which limited fired-engine data was available. Taa-verified friction model is added
to the MVEM and the power-test simulated. It isrs¢hat augmenting the MVEM with
the more detailed friction model is straightforwavehile the MVEM itself is a useful
tool for engine simulation. The simplified versiari the MVEM as presented is
extremely sensitive to the volumetric and thernifatiencies which are input in a scaled
form from the fired-engine data. Additional firetgine test data would be needed to
improve the MVEM predictions while extending itsefid range to the full operating

window of the engine.
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6.2 Recommendations for Future Research

This research successfully characterized the iatdriction losses of the complete
Ford 2.0L engine at regular operating temperatiitee first suggestion for future work is
to use the existing experimental setup to invesidactional losses of the engine for a
range of oil temperatures from room temperaturd{€EQ to operating conditions already

tested (~90°C).

The fit of a component based friction model wasestigated within this work. The
remaining primary recommendations for future worddlate to the experimental
verification of the model fit corresponding to itsdividual component terms. The
following arrangements for partial disassemblyraf €ngine are recommended for testing

according to the methods of this research.

(1) Both camshafts and the timing chain should be resddvwom the engine so that
intake and exhaust valves remain closed at allgimén this arrangement the
pistons are subject to full compression and expansn alternate strokes.
Friction terms related to the valvetrain and purgpliosses are removed in this
arrangement. The additional work related to that loé compression lost to the
cylinder walls should be considered. Measuremetitsapply to friction model
terms for the crankshaft, reciprocating componemug including piston gas

pressure loading terms, and auxiliary losses obthgump.

(2) Both cylinder heads should be removed and replageztlistom-machined block-
off plates to maintain flow of oil and coolant. i$harrangement eliminates

valvetrain and pumping losses as in the first cagih, the additional elimination
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of the piston ring gas loading terms. Measuremeditsapply to friction model
terms for the crankshaft, reciprocating componaoug (excluding piston gas

pressure loading terms), and auxiliary losses @bihpump.

The losses attributable to the valvetrain shouldidmated by replacing the
crankshaft with a custom-machined straight shaitty &l pistons removed, such
that the valvetrain operates as normal. This gearent eliminates the crankshaft
losses except for those of the oil seals and renmaipearings used to support the
straight shaft. Reciprocating group terms inclgdpiston gas loading are also
eliminated. Measurements will apply to friction deb terms for the modified

crankshaft, valvetrain, and auxiliary losses ofdiigump.

Custom weights equivalent to the mass of the piatahconnecting rod should be
attached to the crankshaft in place of 2 of théops (ex, the first and third). This
arrangement would fully rebalance the crankshatt Wwalf of the pistons removed,
and allow the reciprocating group friction to befemed. The valvetrain

components can also then be isolated for the rethpistons without affecting

airflow. Measurements will apply to friction mod&drms for the crankshatft,
auxiliary losses of the oil pump, and half of tieeiprocating group, pumping, and

valetrain terms, dependent on final state of asgemb

Custom weights equivalent to the mass of the piatahconnecting rod should be
attached to the crankshaft in place of all 4 pist@nd the valvetrain disabled by
removal of the timing chain. This arrangementwvadialirect measurement of the

sum of the crankshaft losses and auxiliary los$éseooil pump.
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The torque sensor used in this research was damageag testing. More
durable units need to be investigated. A non-adntaireless) transmission sensor

may be considered as a further upgrade.

Finally, the mean value engine model (MVEM) preednin this research was
simplified and fit to the Ford 2.0L engine for thenditions of a limited amount of
available fired-engine data. The MVEM may be exjahto the initially suggested
form and the fit improved with data provided fromdéional fired-engine testing.
This suggested testing would be required to tak&ceplon a running-engine
dynamometer and is therefore beyond the scope attonology of the motored

testing presented herein.
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Appendix A: Electrical wiring diagram
Figure A-1 below shows the electrical wiring oétbomplete experimental setup.

Everything from the high power wiring of the electmotor and its controller to the
thermocouple wires for monitoring temperature isluded. Beginning in the top left
corner of the diagram the 480VAC 3-phase powerngiris depicted. After passing
through proper fuses these wires connect to aitggatircuit involving a contactor block,
industrial control transformer, and appropriate rdewitches as shown. The control
transformer produces 120VAC power which is therduseswitch the 480VAC on and off.
Moving lower on the diagram the 480VAC power isrsde enter the 2400 Series
Charging Unit, as well as powering the cooling fanthe electric motor. The 120VAC
produced at the transformer is fed through a thetatdo the cabinet’s cooling fan, to the
Omega DMD-465 Bridgesensor that conditions the aigrom the torque sensor (as
shown in the top right of the diagram), and to patevauxiliary power to the 2400 Series
Charging Unit. The 2400 Series Charging Unit catsméo the 2400 Series Inverter as
depicted in the large blocks in the center of tlagihm, as well as to the Resistor Block
that is used to dissipate any energy fed backtimtoelectric motor. The electric motor
and associated optical encoder connects directtheo2400 Series Inverter as shown.
Remaining connections to the 2400 Series Invereen@ade from either the Analog Port
or the Parallel I/O Strip to the PCI-6229 DAQ casishown in the lowest portion of the
figure. The Analog Port provides access to thel®¥ input and output signals, while

the Parallel 1/0 Strip provides digital control ssfies and operating mode feedback.
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Figure A-1: Experimental setup electrical wiring diagram
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Appendix B: Select component specifications

Table B-1 and Table B-2 below give selected spetibns for the torque sensor

and its corresponding signal conditioner that wesed in this research.

Table B-1: Honeywell Model 1228-2k torque sensor specification

Characteristic Value
Torque Range 0-2000 Ib-in
Max Speed 5000 RPM
Non-linearity +/-0.15% of rated output
Hysteresis +/-0.15% of rated output

+/-0.05% of rated output
+/-2mV/V (nominal)

Repeatability
Output at rated capacity

Excitation (maximum)

20Vdc or Vac RMS

Bridge resistance

350 ohm (nominal)

Number of bridges

1

Table B-2: Omega DMD-465 signal conditioner specifications

Characteristic Value
Bridge excitation range 4to 15Vdc
Current output 120 mA max
Line and Load regulation (0 to 100mA) 0.05% max

Output noise 0.5 mV RMS

Gain range 40 to 1000

Dynamic response DCto-3dB=3Hz
Max output +/-10Vdc
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