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ABSTRACT

The K-Cycle Engine is an axiaf cylinder, opposed piston,
rotating cylinder bfock, stationary cam inLernaf combustion

engine. The extended expansion stroke of such a mechanism

offers the theoretical potential of a 50% increase in
thermal- efficiency as compared to a conventionaf otto cycle
engine.

To realize some portion of such an increase in thermal

efficiency K-cycle Engines Ltd. construcLed two prototype

engines and entered into a research and development program.

Although the first Lwo engines performed satisfacf;orily for
early prototypes, several sub-systems would have to demon-

strate improved performance in order to obtain respectable

engine output.

To circumvent some of the identified problem areas and reduce

development time by taking advantage of existing conventional
technofogy, the design of a third K-cycle prototype engine

was initiated.

ldith the benefj-t of a re-examination of the design intent of
the original- prototypes, this thesis evofves a method of
optimizing the configuration of the third engine concept in
terms of basic engine design variabfes- At the same time
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means of minimizing mechanical losses are examined and

methods of improving indicated por^rer output through com-

bustion chamber shape are lnvestigated.

For the sake of brevity, it is assumed Lhat the reader 1s

conversant with conventional internal- combustion engines

and is acquainted with the K-Cycle Mechanism.
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CHAPTER ]

INTRODUCTION

since January r975, K-cycle Engines has been heavily invofved
in the development of an internaf combustion engine mechanism

that can convert the trK-cycle theoryrt, of improved thermo-

dynamic effÍciency via an extended expansion stroke, into
reality.

To demonstrate the feasibility of the K-cyc1e thermodynamic

prlnciple two prototype engines were constructed and a

research program was initiated to realize the full potentlal,
indicated by theory: ofl the test bench and 1n an automotive

environmenL. Although both engines demonstrated adequate

performance for early protoLypes, their output felt short of
demonstrating the predicted increased efficiency.

Bench testing of both engines reveafed that the original
concept had a number of inherent deficiencies where certain
sub-systems were designed to perform outside the bounds of
convenLional technoÌogy. These sub-systems woufd require a

concentrated development program to bring their individuaf
performance up to the required levef in ord.er to demonstrate

the full viability and potential- of the total engine mechanism.

As the primary goal of K-cycle Engines is to demonstrate 1n

the most expedient manner the potential gain 1n fuel economy

that its internal combustion engine concept offers, and not

Lo invol-ve itself in a tedious development program of the
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conceptrs sub-systems, it Íras decided to design a third

prototype engine--designated the Dash-3 Engine--LhaL would

circumvent the problem areas of its predecessors. In addi-

tion, the new engine concept would be optimized and revalued

in light of the limited but significant test data that had

been obtained during the testing of the first two prototypes

The author, âil employee of K-Cyc1e Engines, was assigned

the task of evolving the Dash-3 Engine concept (within the

Company design parameters outlined in Chapter Three) and has

taken the opportunity to record within this thesis the

engineering ratlonafe incorporated in the ner¡I engine.

For the sake of brevity, iL has been assumed that the reader

of this document is futly conversant with the conventional

internal combustion engi-ne and the K-Cycle principle of the

extended expansion stroke and is acquainted with the

mechanisms of the first two K-Cycle prototype engi-nes.



CHAPTER 2

A HISTORICAL REVIEW OF THE FTRST TI,{O PROTOTYPE
ENGINES

2.L INTRODUCTION

An optimization process of the Dash-3 Engine configuration

woufd not achieve the required focus unfess it r¡ras evolved

with the benefit of a re-examination of the original i_ntent,

goals and philosophy of the first two K-Cycle Engines.

The deslgn of the first engine r^ras based on a distinct design

philosophy. This philosophy was arrived aL with feasibility
analysls and extrapolation from simifar applications being

substituted for the lack of past test experlence.

To get the first prototype engine bo run under its own power,

a number of baslc changes were made which often did noL coin-
cide with the intent of the origlnal design. one particufar
example of such a change 1s the substitution of spark ignition
and carburetion for the continuous combustion ignition and

continuous fuel injection. Although the majority of these

changes were warranted, some were based on superficial test
data, and the subsequent repair might not be capable of the
performance i.]nat its predecessor might have been if more

development time had been available.

The original design philosophy, modifled by these compromises

and changes, was carrj-ed over into the Mark rr Engine and,

via the design goals stated in chapter Three, to the third
generation Dash-3 Engine.
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2.I InLroduction (Con't)

a.a

The foll-ow1ng background information is therefore presented

to provide the historical perspective required to properly

evaluate the rationaÌe behind the optimiz,aLion of the Dash-3

Engine configuration presented in the remai_ning chapters.

THE DESIGN PH]LOSOPHY AND GOALS OF THE FIRST PROTOTYPE ENGINE

During the feasibility studies conducted prior to the

design of the first englne, a number of basic design

and philosophies emerged, al-I of which were based on

cyllnder drum-cam engine.

This section will outline the original design intent,
fied by the subsequent test and development programs,

first prototype engine.

det ailed

goaJ- s

an axial-

unmodi-

of the

2.2-L Rotating Cyfinders and Stationary Cams

At an early stage, it was decided that the prototype engine

would have a rotating cylinder block or rotor and statlonary

opposed cams. The oLher possibility, stationary rotor and

rotating cams, r^ras rejected for a number of reasons. By

having the rotating cylinder ports interfacing with station-
ary inlet and exhaust ports in a stationary casing or
Itcombustor ringrr, the need for conventional inlet and exhaust

valves, and their associated mechamism, is ellminated. An

obvious advantage is the potential of attaining high volu-
metric efficiencies. Along with improved breathing, bhe

overaff mechanical efficiency of the engine is increased

with the eflmination of a val-ve Lrain mechani_sm.
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2.2-L Rotating Cyllnders and Stationary Cams (Con't)

Another improvement 1s that if a single inlet port is used

to supply the fuel/air mixture to all the cylinders, the need

for complex manlfolding found in conventional engines no

longer exists. In a carbureted version of the K-Cyc1e, this
would mean better control of the range of mixtures being

supplied to all the cylinders and the subsequent possibility

of running at feaner than conventional air/fuel ratios.

Because the exhaust gases of the K-Cycle Engine wilf be

released at a pressure just above atmosphere, the single

stationary exhaust port and pipe is more desirabl-e as it
would allow a freer flow of the exhaust gases with fess back

pressure than would an exhaust poppet vafve and collection
manifold. The efimination of the exhaust valve also removes

a potentially troublesome hot spot that would otherwise be

present in each cylinder.

It \^ras also felt that it would be easier Lo fubricate the

running surface of a stationary cam rather than fight
centrifugal force in trying to keep an adequate amount of

oil on a spinning cam.

It was recognized that the rotating rotor stationary cam

configuration had several inherent design difficulties.
Although a revolving rotor is a naturaf for an air-cool_ed

engine, it had been previously decided that the first engine

woul-d be water cooled. This was dictated by the requirement

of suiting an automotive environment. The moving rotor
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2-t Rotating Cylinders and Stationary Cams (con't)

presented the design problem of getting water into a rotating
cylinder block, ãyound each cylinder and out again to a

stationary outfet in the required manner with a minimum of

sealing losses.

Another recognized difficulty was that the cylinder ports

of the moving cylinders had to be sealed with respect to the

stationary inlet and exhaust ports of the combustor ring.

Although it was felt that such a seafing system woufd require

careful- design, the recent advances in sealing technology

resulting from the development of the I¡/anke1 Engine provided

great encouragement. Tt was felt that the operatlng para-

meters of the l¡Iankel seal were much more severe than those

of the constant velocity K-Cyele seal. This then reduced the

design problem to one of gleaning useful information from

the Wankel- seaf design and incorporating it successfully into
the first K-Cycle prototype.

2.2-2 Combustion

Three different methods of combustion initiatlon were possible

in the first prototype engine. Two of these methods have

been used by other cycles in the past: spark ignition (Otto

Cycle) and auto ignition (Diesel), while the third method,

continuous combustion, is unique to the K-Cycle Englne.

A spark ignition K-Cycle Engine would have all the character-

istics at the high pressure end of the P-V curve as that of

an Otto Cycle Engine. I,{ith spark ignition the K-Cycle Engine



2.2-2 Combustlon (Con't)

would require variabfe ignition advance, fuels insensitive
to detonation, etc.

The high compression ?ldiesertl verslon of the K-cyc1e Englne

woufd have all the thermodynamic advantages of the conven-

tionaf auto-ignition dlesel in addition to those of the
longer expanslon ratio. The proposed K-cycle mechanism

aflows an interesting variation in the method of fuel
delivery in that the injection of the fuel could be con-

tlnuous rather than intermittent.

The third proposed method of ignition--continuous combustion--
is unique to the K-CycIe mechanism. Continuous combustion is
obtained when the hot gases of a cylinder that has just fired
are used bo ignite the unburned charge of the following
cylinder. some of the proposed advantages of continuous

combustion over spark ignition are reduced ignition 1ag and,

therefore, the reductlon of ignition advance requlred. The

conLinuous combustion ignition gases are a reliable source of
ignition in comparison to the conventional electronic spark

ignition mechanism, and do not require continual purging of
the ignltion efectrode gap with a fresh air/fuel charge.

Advantages of continuous combustion over Diesel auto-ignition
are thaL the hot gas ignition has alf the advantages of auto

ignition without the associated work of compression. rf con-

ti-nuous fuel injection, rather than intermittent injection,
is used with the hot gas ignition of continuous combustion,

the possibil-ity exists of obtaining detonation-free combustion.
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2.2-2 Combustlon (Con't )

Detonation is avoided if the fuel is burned as it is injected
preventing the col-lection of unburned fuel which is susceptible

to end gas auto-ignition3. This would allow the engine to
maintain a reasonabfe compression ratio and use low grade

fuel-s. l{ithout detonation, a fower rate of pressure rise also

results and the engine mechanism can be made lighter than that
required by a conventional_ Diesef. The conbinuous injection
of fuef also does not require the complex fuel injection
timing equipment associated with intermittent injection.

Even prior to any detailed analysis, it had been decided to

incorporate continuous combustion of one form or another into
the first engine. The first engine was to be a showcase for
afl the possible K-Cycle advantages and, therefore, spark

ignition was considered only as an interesting possibility
for future specific applications. Diesel auto-ignition was

incfuded in future test plans for the first engine. It was

decided to design the continuous combustion ignition system

into the engine because of its more forgiving compression

ratios and its unique advantages inherent only to the K-Cycte

operating principle. Continuous fuel- injection was specified

because of its potential detonation-free combustion and its
simplicity rel-ative to conventlonal intermittent fuel injection
systems. fnitial ignition was to be provlded with a glow plug.

2-3 A Peripheral Port Rotor

There were several optlons availabfe as to the manner in which

the cylinder ports coufd be positioned. The initiaf engine
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2-3 A Peripheral- Port Rotor (Con't)

concepts examined had the stationary member or combustor ring,
incorporating the infet and exhaust ports, focaled in the

center of the engine with the sealing system operating on a

surface perpendicular to the axis of rotation of the rotor.
This stationary member would also act as a common cylinder
head for the opposed banks of pistons.

such a configuration had a number of design problems, such

as cool-ant flow from one bank of cyrinders to the other, and

was soon replaced by the peripheral cylinder port system.

There are numerous advantages of the former porting method

over the latter. With the efimination of the cylinder head,

a one-piece cyrinder sleeve could be used by each pair of
opposed pistons. consequentty, the rotor halves could be

combined into a single unit requiring onty two main support

bearings rocated aL each end. The removal- of the common

cylinder head afso resulted in a significant reduction of
total engine length. I,{ith each palr of pistons sharing a

common combustion chamber, the gas pressure acting on each

piston woul-d be equal resulting in a perfectly balanced,

vibration free engine.

The peripheral port rotor also resul-ted in an improved com-

bustion chamber shape, âs it was more suited to the contin-
uous fuel lnjected version of continuous combustion which had

already been designated as the system the first engine woufd

use. The elimination of the cyllnder head reduced the surface

to vol_ume ratio of the combustion chamber.
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2-4 The Circumferential Seafing System

The choice of a rotating rotor with peripheral ports and a

stationary combustor ring with a single intet and exhaust

port necessitated the use of a gas seal- between the relative
moving surfaces of the two components.

A seaf concept was decided upon LhaL used Lwo circumferential
ring seafs around the clrcumference of the rotor¡ oh either
side of the ports, to seal the cyllnder ports from the inside

of the engine casing. To obtain cylinder port to cylinder
port sealing, the two circumferentiaf seals were intersected

by inter-cyfinder port cross-seals. These cross-seals were

to be sufficiently narrow so Lhat any lnterruption of the

continuous fuet inj ection spray woul_d be insignif icant .

The circumferentiaf seals were to have oil_ grooves in their
running surfaces. Pressurized oil was to be supplied from

sbationary ports in the combustor ring to these grooves to

enable the seafs to ride on a hydrodynamic oif fitm and avoid

metal to metal contact. The running surfaces of the cross-

seal-s were to be lubricated as they passed through the con-

tinuous spray of the diesef fuel-.

The seafs were

to be pressure

conditions.

2.2-5 The Drum Cam

positioned by light sub-seal- springs but were

activated and pressure balanced under operating

The actual physical size of any stationary cam that would be

used is dictated by the cylinder PCD, engine displ_acement, and

desired expansion ratio.
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2.2-5 The Drum Cam (Contt)

several types of cam motion were examined: simple harmonic,

cycloidal and paraboÌic motion. Although cycloidal motÍon

exhibits theoretical peak acceferations of greater magnitude

than the other moLions considered, it wâs the only one to have
L.finite jerk. rn theory, simple harmonic motion resufts in

peak accelerations fess in magnitude than cycloidaf motion,

but in real-ity the opposite is true when a dwell is invofved.
rn faet, the actual- acceleration megnitudes of parabolic and

harmonic motions are twice that indicated by theory if the

motion is preceded or followed by a dwerl, while those of
cycloidaf motion approach the theoreticat values in the

same situation.5

To meet some of the constraints imposed by the continuous

combustion process, a ffat spot or dwell was inserted at

the end of the compression stroke. The TDc dwell made it
possible to provide ignition at what was thought to be the

optimum point because it reduced the amount of ignition
advance required. rt should be noted that this ability to
controf the piston motion aL TDC was considered to be one

of the major advantages of the new concept. The requirement

of a TDC dwefl made the cycloidaf motion with its finite
jerk the obvi-ous choice for the piston motion.

Unlike the conventional

generated four cycle is

equal anguÌar duration.

an angular duration that

four stroke crankshaft engine, a cam

not restricted to stroke lengths of

If desired, each stroke could have

i-s different from the other three.
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2.2-5 The Drum Cam (Con't)

It was decided that for simplicity, the intake and compression

strokes woul-d initially be of equal durati-on, with the same

being the case for the expansion and exhaust sLrokes. The

angular split between the intake/compression and expansion/
exhaust was determined by setting equal the peak accel-erations
for all four sLrokes. This was done in an attempt to optimize
the enginers bafance.

Several cam cross-sectional shapes were examined with the
folfowing requirements in mind: the piston foads should be

transmitted in a symmetrical axiaf fashion and the piston
shoufd not have to be disassembl-ed to remove it from the cam.

Albhough a tTr-shaped cam cross-section is more attractive
from a loading point of view, the assembly/disassembly

requiremenLs resul-ted in a fLr-shaped cross-section being

chosen.

2.2-6 The Pistons

The finaf form that a piston concept would arrive aL was

primarily governed by these variabfes: bore diameter, stroke
lengths, operating speed and combustion gas loading.

rL was initially concluded Lhat the piston concept woufd have

to survive a peak combustion pressure of lr0oo psi (arbitrarily
set) and a maximum engine speed of 41000 RpM. Maximum plston
assembly weight was targeted at 1 pound. The top piston
roffer would have to survÍve the previous l-oads with a reason-
able bearing life and for obvious reasons off-the-shelf
bearings were specified. To survive the contact stresses of
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2.2-6 The Pistons (Con't )

the roller to cam line contact, the roller would have certain
contact width and diameter requirements. The conLacL stresses
generated required either a smal-l diameter rol-ler to be com-

pensated by a large rolfer width or a smalf l_ine contact by

a large roller diameter.

The narro'hr roller concept was favoured as this would reduce

the frictionaÌ fosses that resulted from the sliding action
of the roll-er on the cam. This sliding action would result
from the tendency of the outer edge of the rol-fer to have

a higher surface velocity than thaL of the inner edge.

Due to the cycloidal- motion and high gas pressure loading,
it was felt that the negative roffer woul-d be loaded for a

smal-l portion of the entire four stroke cycle. Because of
its spin up inertia and the differential rotation sliding,
it was concluded that a negative roller woufd slide under

load and not ro11. For this reason, and total- piston weight

considerations, a negative slider or lug was substituted
for the roller. To rational-ize the choice of a negative l-oad

sfider comparisons were made to the conventional automotlve

camshaft with its tappet follower.

The piston body was seen as having several distinct functions.
rL has to transmit the gas force to the top roll-er, support

the top roll-er assembly and the negative slider, transmit the

cam pressure angle induced positive thrust force and resist
the negative cam induced thrust force and the centrifugal
force from the piston weight. rt was felt LhaL a semi-circul_ar
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cross-section would be able to serve all_ these functions, âs

long as it had a suitabfe length to diameter ratio to prevent

the piston from tilting and binding in its bore.

One function thaL the semi-circular piston body could not

perform was to resist the twisting torque that resulted when

the negative slider contacted the cam. To reslst this, and

keep the piston in proper angular alignment with respect to
the axis of the rotor (as it travelted up and down its bore),

a key was added to the piston body concept. This key woufd

sl-ide in a properly positioned keyway in the cylinder bore.

The importance of the piston key was increased when a TDC

dwel-l- was added to the cam prof ile. Because the dwel_l- is
flat, the naturaf aligning tendency is absent and thre possl-

bility exists that the Lop roller would have fess than

optimum l1ne contact when it starts the expansion stroke.

2-T The Cooling System

As previously mentioned in Sectlon 2.2-I, it was decided

that the first prototype engine would be watercooled because

of its automotive nature. Although the rotating rotor is a

naturaf for a1r cooling as a Francis Fan (axial- inlet, radial
outlet ), it i¡Ias felt that the conf ined conditions in an

indoor test ce11 favoured water cooling.

It was initially thought LhaL the engine could be oil cool_ed

with the oif afso serving a paralle1 lubrication function.
The more complex water cooling was chosen after a feasibility
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analysis showed that an unreasonabl-e flow rate of the cooling

oil was required.

There are two ways that an engine cooling system can be

designed: one method uses a large amount of water moving at

a sl-ow rate as in a conventlonaf engine t oy one can use a

small amount of water moving at high velocities. In order to

keep the roLating rotor weight at a minimum the LaLNer

concept was chosen.

To obtain a uniform rotor temperature a parallel coolant path

to each cylinder was specified, rather than a series path

with the cooling of one cylinder afber another.

Because of its different cooling requirements the combustor

ring, which contained the exhaust port, was to have a

separate cooling system.

2.2-B The Lubrication System

Because of the absence of a crankshaft in the K-Cycle pro-

totype a dry sump l-ubrication system was thought to be more

suitable than a wet sump. The fubrication system was to

supply pressurized oil to each piston travel area. The oil-

would then migrate around the piston lubricating the bearings

and then coffect on outward portion of the cylinder bore.

Aided by centrifugal force, the oil woul-d then pass through

drainage hofes in the outside of the rotor, spray against

the inside of the engine casing and fall to the bottom where

it would be scavanged by the dry sump sysLem.
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The cams, rolfers and negative sliders would be lubricated

by the oil- mist generated inside the engine casing. The

combustor ring would have a separate pressurized supply and

drain for the seals.

2.2-! Bngine Size and Displ-acement

i,{ith future publicil-y requirements 1n mindr âo engine size

suitabfe to current automotive requirements was specified.

At that time, the average mid-size domestic car was equipped

with approximately a 150 HP engine and this became the target

of the first engine. Comparisons were made to the then new

G.M. Buick V6 powerplant.

2.2-10 ProtoLype Engine Purpose

It was intended that the first prototype engine be designed

as a ttpre-production prototyperr. In other words, it was to

be designed so that smalf production runs could be fabricated

on a l-imited basis by a manufacturer with Winnipeg-l-eve1 shop

technology. It was envisioned that after the initial tests

of the first prototype were completed, interested licensees

would require rtfiefd trialrr engines based on the design of

the first prototype.

Some component interchangeability (piston heads, cams, com-

bustor rings) was to be designed into the engine so that its
torque and breathing characterisLics could be modified Lo

suit the demands of specif ic frfield trial-tt engines.

Engine adjustments were to be limited to those variables

required in the fine tuning of the finished engine.
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2.3 THE EVOLUTION OF THE FIRST PROTOTYPE INTO A RUNNING ENGTNE

2.3-l- The Englne on the Test Bench

Af ter the f irst engine was assembled, it was instal-l-ed in a

test bench and a series of motoring trlafs was initiated to

break-in the mechanism, check out the auxiliary systems,

measure compression pressures, and evafuate the roll-er /eam/

slider mechanism.

The motoring tests revealed Lwo problems with the new

mechanism: low compression pressures and a gal-ling action

between the negative slider of the piston and the bottom

running surface of the cam. The poor compression pressures

were attributed to the ci-rcumferential seafs and cross-seals

sticking in their grooves. The cam galling was fel-t to be

caused by insufficient running clearances and inadequate

surface lubricatlon. Despite attempts to rectify these

problems, they persisted until the completion of the motoring

triafs.

It was feft thaL the seal leakage and cam galling problems

would diminish in a running engine where increased engine

speed would attenuate the effect of seal leakage and combus-

tion pressure would reduce the excessive negative slider
toading (caused by the sub-atmospheric over-exapsnion aL the

end of the expansion stroke in a non-fired engine).

The initial attempts to run the englne were unsuccessful

and the lack of combustion obtained was blamed on the

inability of the glow plug to initiate the burning of the
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inj ected diesel fuel-. Alternate ignition systems \^rere in-
stalled and atl thaL was obtained at the best of times was

sporadic and ineffectual combustlon.

The inability to obtain meaningful combustion was thought
to be caused by inadequate ignitlon and improper fuef dis-
tributÍon and at,omizaLion. The marginally acceptabl_e com-

pression pressures, due to seal leakage, did not permit a

conversion to compressÍon ignition as a possibl-e sofution.

rn order to reduce the number of variables assoclated with
the fuel injection and continuous combustion, it was decided
to rrconventionalizertthe engine and convert to spark-ignition
and carburetion. This move was intended as a temporary one,

with the return to fuel injection and continuous combustion

to occur after the engine \^ras running.

After the conversion, firing triats were resumed. and the same

type of sporadic ineffectual firing was again obtained.

Because of the marginal compression pressures, suspicion was

re-directed aL the peripheral seals. Examination of the
motoring cylinder pressure traces reveal-ed that although
compression pressures at the start of the TDC dwell \^rere

marginally acceptable, the seal leakage reduced the compres-

sion pressures to just above atmosphere at the end of the
dwel-f. This expfained the ineffective combustion.

consideratlon was given to various means of raising the
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engine starting speed to a leve1 where the effect of seal-

leakage coufd possibly be overcome, but sufficient motoring

power was not avail_able.

Cl-ose examination of the circumferential ring--cross-seal

sealing grid revealed several leakage paths in the seal

underside and a program was initiated to design a new seaf

that coul-d be easily incorporated into the existing rotor.

The resulting seal configuration, the rLt element sea1,

differed significantly from the orlginal one in that each

cylinder port now had its own auLonomous sealing grld that

could function independent of the events occurring in

adjaeent cylinders.

The new seal was instalfed in the engine and firlng Lrials
were resumed. Once again, the same type of sporadic firing
was obtained as was the case with the original seal design.

This time, the performance of the new seals was suspected

immediat e 1y .

Testing of the rLr efement seal in a static test rig reveal_ed

that the metallic el-ements thaL were to seaf between the

primary seal- and the rotor seal bed were unable to pressure-

activate properly. A commercial silicone rt0-ringrr packing I

was substituted for the faulty efements and reduced seal

leakage wâs obtained.

The modified seal design improved the seal- performance to
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the extent thâ.t effective combustion was obtained and the

engine coufd now run under its own power.

2.)1

During the testing of the first engine, it quickly became

apparent thaL the existence of only one prototype engine

severely hindered the progress of the development program

The de-bugging of the first engine required signifi cant

changes to be made to the mechanism, each of which invofved
periods of rtdown-timerr where the engine was dismantled and

components r^rere modified. The promotion of the concept by

the Company also required thaL the engine be made avail_abl_e

for private and pubJ-ic demonstrations. Because of these

demands, test time was aL a premium and the need for a second

prototype was quite obvlous if the englne development program

was to continue aL a meaningfut rate. The need \^ras al_so

apparent o have a working K-cycle Engine installed, in an

automobile as soon as possible, and this reinforced the
requirement for a second engine.

2.4-L Purpose of the Second prototype

At the time of the design initiation of the second. engine it
was felt that the Mark f configuration r^ias the optimum one

for the K-cycte Engine mechanism: that the initialty weak

performance of the Mark r could be improved upon by perform-
ance tuning and smal-l detail design refinements.
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Tn other words, the original concept was assumed to be funda-
mentally correct and the second engine would essentially be

a copy of its predecessor with a few minor changes and

improvements.

The second engine was not intended as a mul_ti-variabÌe
research engine but as a fixed design ,production typerr

engine. After a short period of development in the test
stand, where it would share test and demonstration duties
with the Mark r, Lhe Mark rr was to be installed in an

automobife for on-the-road evafuation and demonstration
purposes.

2.4-2 Performance Orientated Design Changes

unfike the Mark r Engine, the Mark rr was intended to be a

carbureted spark-ignition engine from the start, with the
capability of converting to continuous combustion and fuef
injection at some point in the future.

To accommodate the spark ignition, the combustion chamber

shape was modified to have fess of a vol_ume between the
plstons as well as to promote purging of the spark pfug by

a fresh air/fuel charge. No attempt was made to examÍne

and subsequently alter the basic characteristics of the
combustion chamber shape.

The sealing system specified for the second engine was to
be substantially dlfferent from that of the first. A

Itbutton and raifrt peripheral seal was designed which woul_d



22

2.4-2 Performance Orientated Design Changes

improve lntake sealing as wefl as maintain mini-chamber
combustion pressure for fuLure continuous combustion ignltion
(refer to Figure 4-fZ for a description).

In addition the new seal was to
ance defects encountered in the

high seal- fricLion and wear and

aL part throttte.

overcome inherent perform-

Mark I Engine, such as:

poor intake manifol_d vacuum

A third area where the initial Mark r design was deviated
from was the cam generated piston motion. Early testing of
the first engine showed that the TDC dwel_l severely magnified
the effect of the seaf leakage. The inability to maintain
constant pressure over the dwelf greatly reduced the Índicated
poi^rer potential of the combustion process. At the same time,
the poor combustion of the Mark r Engine raised concern over
the possibility of over-expansion aL the end of the expansion
stroke if the initial 2.5:r expansion ratio was maintained.

To overcome these problems, Lhe Mark II
to dwell-free simple harmonic with a Z.O

cam motion was changed

: l- expansion ratio.

To enable the piston to foflow this motion without encounter-
ing severe cam u/ear, a negative cam fol_l_ower roffer was

specified simifar to that of the repaired Mark r piston.

2.4-3 Manufacturlng and Assembly orientated Design changes

As was indicated at the beginning of this section, one of the
reasons for the fabrication of a second engine was to reduce
tfdown-timerr due to demonstration and engine modifications.
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The disassembly down-time of the second engine was to be

shortened by the reduction of the number of components as

well as the adoption of design standards that wouÌd affow

fully interchangeable components.

The lnterchangeable components would allow the easy fabri-
cation of spare parts and sub-systems. This was quite

difficult to achieve with the first engine since many of its
components were custom fitted to obtain the desired fits
and clearances.

To reduce manufacturing time and cost, numerous detail changes

were made. The piston design retained the off-the-shelf
piston head and wrist-pin of the repaired Mark I piston. The

piston cam fol-lower bearings were changed to heavier single

unit commercial lrack runner bearings located on a dead axle.

To simplify the piston further, the bottom roller clearance

adjustment mechanism was removed, and the oil- retention
grooves on the surface of the piston body were eliminated.

Modifications were al-so made to the outer casing to reduce

the number of casi-ng bolts, and the cam timing adjustment

and separate oif drainage sumps rdere eliminated.
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INTENT AND DESIGN GOALS OF THE DASH_3 ENGINE

3. T INTRODUCTION

The K-cyc1e Research and DevelopmenL program revealed that
the first two prototype engines, as initialry designed, were

capable of limited net output and performance. The develop_
ment program aimed at improving this output r^ras handicapped
by the inffexibfe nature of both the engines which hindered
research and made it difficul_t to incorporate progressive
design changes and improvements.

rn addition it wâs also discovered that certain sub-systems
of the Mark r and rr Engines were designed to operate out-
side the bounds of existing availabfe technology. To over-
come this and obtain respectable engine output these sub-
systems required a development program of their own.

To circumvent the problems associated with the initial
engines, it was decided to design a third rimufti-variabfe

researchrt engine--the Dash-3--with design parameters similar
to those found in conventionaf englnes.

To guide the evofution of the Dash-3 Engine, a design manuaf

was issued which specified its intent and design goals.

3.2 EVENTS LEAD]NG UP TO A THIRD ENGINE

3.2-I Why Another Engine?

As the test and deveÌopment programs of the Mark r and Mark rI
Engines unfolded, it became apparent that the eight cylinder-
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peripheral seal- engine configuration was not condueive to
the generation of optimum power output and speed.

Evaluation of the preliminary test resul_ts showed that the
fow net power output was not due to one or two isolated de_
ficiencies, but rather that the peripheral sear concept and
its associated combustion chamber shape resurted in high
seaf frictionar rosses, resuÌting from the rarge seal
diameter with its associated vefocities and centrifugal
losses, and poor combustion efficiency (with spark ignition).
Both of these areas will be dear-t with in detail in subse_
quent chapters.

rn an effort to isotate and characterize these problem areas,
a ttpist on/cam test rigtr and a rrperipheral sear_ test rig,,
were constructed. The rigs were designed to duplicate some

of the operating conditions of these systems as wefl as
measure the performance variabfes that were afmost impossibfe
to measure in the actuaf engines. Arthough the rigs were
abfe to isolate these performance variabres, difficulty
i^ras encountered in catibrating the test results obtained
in the test rigs with those obtained in the actuaf engine.
A possibfe explanation was that the combustion process is a

key aspect in the performance of the sears and the cam-
piston combinaLion, and slnce this could not be simulated
in the test rigs (without actually building another engine)
the test rig data coufd never be wholly applicabfe.
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The difficulty in isofating the poor performance character-
istics of the prototype engines was furLher compounded by

their inflexible design: component modifications were

expensive and time consuming with some key areas impossible

to alter. For example, seal d,esign modifications were

quite l-imited because a major sear design change would

require a ner^r seaf bed and in the câse of the first Lwo

engines, the prohibitive requirement of a new rotor.
Design changes to other important areas such as the combus-

tion chamber shape were quite impossibfe.

RaLher than depend on the two test rigs with their conten-
tious test data to define the direction required for a

development program, it was decided to build a third proto-
type engine Lhat would be designed around the problem areas

already pinpointed. This engine would be of such a ffexibfe
design thaL its characteristics courd easily be changed to
provide meaningful test data and it could keep pace with
research developments with the assistance of component and

sub-system interchangeability.

3

3-r

INTBNT AND GOALS OF THE THIRD ENGINE

The Design Manuaf

To ensure that the third engine would sat

ments of the proj ected engine development

manual was issued. In this design manuaf

isfy the require-
program, a design

, the goals and

3

3
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lntent of the third engine, now designated as the Dash-3

Engine, were detailed along with the process Lhat the evolu-
tion of the third engi-ne concept wourd take. To expedite
the completion of the Dash-3 design the concept goals \Árere

frozen when the design manuaf r^ras issued: this woufd ensure

that they would not be devlated from during the design
process.

J-2 The Design Manuaf Goafs

One of the first goals specified wlthin the design manuaf

was that the design parameters of the third engine stay
within the bounds of conventional technology.

conventional technology was defined, as that commonly used

in conventional englne design, op performance parameters

that were known to be a success in the first two K-cycle
Engines. One particular example of this is that the trouble-
some peripheral seals were designed to operate at pressures
and vefocities not commonly found in simifar conventlonal
apprications. rt was hoped Lhat this phirosophy woufd
enabfe the third engine to circumvent areas that woufd
require their own development program before they coufd be

successful.

The second goal stated was that the Dash_3 Engine take
advantage of, and not exceed, conventional sear_ technol0gy.
As will be discussed in section 4.r-3, the peripherar seafs
of the first two englnes were designed to operate at higher
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than conventionar surface verocities which imposed severe
limits on engine performance untif the appropriate technorogy
is developed. To avoid this the sears of the third engine
were to operaLe at verocities no greater than those en-
countered by Lhe most successfur of englne gas seals: piston
t"i noq

The third major design goal was that the Dash_3 Engine attempt
to attain peak combustion pressures and indicated horsepower
magnitudes comparabre to those of a conventionaf spark
ignition engine. To do this, iL was specified that its
combustion chamber shape approach that of a successful con_
ventional spark ignition engine and that the Dash-3 Engine
start out with a B: r compression ratio. I,{ith future engine
deveJ-opment i-n mind it was also specified that the third
englne must be designed to easiry convert from spark ignition
to continuous combustion, through component interchange.

The fourth goal was that the Dash_3 Engine attempt to
approach the mechanical efficiency of a conventional crank_
shaft englne. ft was intended that the prÍmary means

of reducing frictional rosses be via massive piston weight
reduction with secondary gains obtained through refinement
of the slider mechanism. To reinforce this goar a maximum

pi-ston weight of 1. o to r.z pounds was speclf ied. This
arbitrarily set maximum was a reaffirmation of the original_
design goal f or bhe Mark I piston (Section 2.2_6) and r^ras

designed to prevent overweight plstons as currently found
1n the first two prototype engines.
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The fifth goar outlined in the design manuar was that the
engine have easily interchanged components to attain variabre
engine characteristics. fn other word.s, rather than being
designed as artpre-production prototype, as its predecessors
Í/ere, the Dash-3 Engine was to be designed as a 'murti_
variablefr research engine. The true worth of the Dash_3
would not be in what it courd do once it was built, but in
how easily it could continue to accommodate the changes
required and specified by the K-cyc1e research program.

several areas were pinpointed to have the design flexibility
via component interchangeability:

x The rotating combusLion chamber shape
g ñ.ã 'j'he seafs and their associated seal bed and running

surface
l( rn¡^ ^^'- rrrc ¡-,,rtion of the cylinder bore noL used by the piston

rings so as to ar-fow the use of different piston
bodies and cam folfowers.

gñ1^ _L ne cams

* The stationary combustion chamber shape

The sixth goal was that although the Dash_3 was to be prlmarily
designed as a research englne , it shoufd be abr_e to take the
place of the Mark rr Engine in the auto instar_fation if
required.

rn addition to the previous goals, the design manuar_ required
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that component function and weight would have priority over

manufacturi-ng short cuts and that the engines ancillary
systems and accessories be conventional in all- respecLs.
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CHAPTBR 4

THE OPT]MIZATION OT' THE DASH-3 ENGINE CONFTGURATION

4.r

4.1-1

RE-EVALUATION OF THB GAS SEALING REQUIREMENTS

The initiation of a redesign of
prompted by the real_izatíon that
initial- concept woul_d have to be

as to obtain a more respectable

the basic K-Cycle Engine was

several aspects of the

optimized and improved, so

engine output.

one of the deficient areas that was highlighted by the
testing of the first two probotype engines was seals. The

peripheral sealing system was found to have a number of
inherent characteristics that were outside the bounds of
conventlonal technology .

The large diameter at which the peripheral seal_s were required
to operate results in unusually high seal surface velocities.
Table 4-1 compares the seal- velocities of the first K-cycle
prototypes to the surface vel-ocities in engine seal_ing

situati-ons. The average maxi-mum piston ring surface
velocity of approximately 65 ft/sec. for the conventional
engines listed whife the apex seal in the l¡lankel rotary
engi-ne peaks with a maximum velocity of approximaLely

100 ft/sec. I,{hen comparing the K-cycle peripherar seaf

velocities to those of the highly refiabfe piston ring, it
is obvious LhaL above 1500 RpM, the K-cycle seal surface

Seal-s Conventional- Seals



TABLE 4*T

Engine Type

Honda C-92
Chrysler 318 VB
Mercedes Benz ZZO
Austin Maxi I.T5 I
AUdi BO GT I.6 1
_Eli 

^4 a -lï'l_ar _LJI 1. j t
Volvo 264 2.6 I
Al-fasud I.2 I
Curtis-Wright Rotary
RC2-60 Apex Seats

NSU Wankel
KK M ?ÃNL)v

K-Cyc1e KC75 MKI

Maximum Seaf

J¿.

ReferenceRPM

5000
5000
50 00
5500
6ooo
5400
6ooo
6000

5000

5000

1000
2000
3000

66 .8
63 .5
62.3
90 .5
O¡O¿.)
oo . J
I ).2
60. B

42.5-roB

29.2- 6r.O

5r.5
r02.9
rc¿r IL) t . t

o

6
6

7
7
7
7
T
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4.r-r compari-ng the Peripherar sear-s to conventional Seal-s ( Con 't)
vel-ocities start to exceed those found in most

engines; and above 2000 RpM velocities greater

of the newly developed apex seal_ in the Wankel

are encountered.

As is the case with the l¡/ankef engine apex seal, the K-cycle
perlpheral seals are subject to centrifugal force. unlike
the hlankel sealing system, where the side seals escape the

influence of centrifugal force, the entire K-cycle peripheral
sealing grip must cope with this effect. Even with fow

friction coefficients and a light weight peripheral seal,the
friction losses due to centrifugat force, even with a non-
pressure activated, non spring loaded seal-s are unacceptably

high.

piston

than those

rotary engine

The presence of the centrifugal component will_ al_so

difficult to design the peripheral seal for minimum

activatÍon throughout the entire engine RpM range:

force remaining constant throughout the speed range

centrifugal force varies as the square of the engine

make ít
pre s s ure

the spring

while the

RPM.

The large sea] diameter afso results in a large seal frlction
torque and hence a significant seal friction horsepower loss
throughout the entire RpM range.

4.t-Z Peripheral Seal Disadvantages

Tn addition to minimizing friction losses, a successfuf seal_

must seal its cylinderts gases with a minimum of leakage.
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4.t-Z Perirheral Seal Disadvantages (Conrt)

The leakage of any sear design is a function of two basic
characteristics: the number of designed gaps per seal, and

the total- searing surface grid length per vol_ume sealed.

The number of leakage holes or gaps is governed by the

type of seal- design used and is independent of variables
such as seal- diameter. The grid tength design variable
is directly proportionaÌ to seal d,iameter. As no metalfic
contact provides a perfect seal it j_s highly desirable to
keep the grid length per volume sealed to a minimum.

It is assumed that any seal will operate aL a higher

temperature than that of its sear bed, and its design wilf
therefore have to altow for the differential thermal

expansion between the seal and its bed. with a peripheral
seal, the required thermal expansion cl-earance will- increase

with seal- diameter and this increased clearance means a

gap whose difficulLy in sealing increases with size.
This differential thermal expansion problem is aggravated

even furbher by the use of dissimilar metals for the seals

and rotor and inadequate seal cooling.

Regardless of the number

Engine has, an increased

cylinder diameter) also

head space. To maintain

this head space can be 1

the cylinder port: such

of cylinders that any K-Cyc1e

seal diameter (with respect to the

resul-ts in an increase in cylinder
reasonable compression ratios,

imited by reducing bhe width of

an action has the associated
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disadvantage of hindering volumetric efficiency because of
smal-1 port cross-sectional- f low areas. Reducing the port
width also results in an increased surface to volume ratio
for the combustion chamber; another disadvantage.

rt can be shown that combustion chamber performance

deteriorabes with increased flame front travel distance for
a spark ignition engine9. The peripheral seal design
results in relativety long flame travel distances.

rn summary, the disadvantages of large diameter peripheral
seals are: high seal- velocities and resultant friction losses,
diffieulty in optimizing seaf pressure activatlon for afl
conditions, increased seal leakage, differential thermal
expansion cl-earances that are difficult to seal, reduced.

vol-umetric efficiency, and a less than optimum combustion

chamber shape with a poor surface to vol-ume ratio. rt
should afso be noted that the high surface velocity of
the peripheral seal can make the malntenance of an oil
fil-m on the running surface quite difficult.

4. f-3 A Low VelocÍty Face Seaf Design

As indicated in section 2.4-2, the peripheral type of sealing
system was specified for the first prototype engine primarily
to suit the continuous combustion ignition with continuous

fuel- injection. In light of the sealing probl-ems experienced

with the peripheral seal design, and. the conversion to
carbureted spark igniti-on, the advantages of such a system
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are outvreighed by its design probl_ems.

One of the goals of the third engine was to design the

sealing system within the bounds of conventlonal Lech-

nology--specifically piston ring technology. I,4/ith piston
ring velocities such as those illustrated in Table 4-1,
the design goal for the third engine was that it have a

maximum seal surface velocity of 60 ft/sec. at maximum

engine speed (3OOO RPM).

At first glance, it becomes very obvious that only a face

seal- engine could meeL this goal, and. that such an engine

would have to be different from the eight cylinder B inch
PCD version which was the basis of the first prototype

engine. Graph 4-Z illustrates the various engine configurations
that are able to meet the seaf design goal and the first
prototype engine is not among them.

4.2 AVAILABLE CAM MOTIoNS

one of the significant advantages that the K-cycle Engine

configuration has over the conventional crankshaft engine

is that unlike the labter, where the piston motion is
confined to that provided by the cranking motion, the

barrel cam controlling the K-cycle piston can generate a

great number of different motions.
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4 .2-1

Graph 4-: iflustrat6 some of the more conventional
profiles avairabr-e. The first four motions: the
cubic no. 1, cubic no. Z, and the Z _ J polynomial
considered as serious candidates because of their
jerk and incruded for lnformationat purposes only.

cam

parabolic,

are not

infini te

At first grance, the rtcombination modified trapezoidal
acceferationrrmotion seems to be the most likely of the
remaining motions because of its l_ow acceleration magnltudes
and finite jerk. Although the rrsimple harmonic, motlon has

an equally impresslve accer-eration magnitude, it suffers
from infinite jerk aL the beginning and end. of each stroke
when preceded and followed by a dwerr sÍnce maximum

accel-eration occurs aL the start of the curve. Because the
K-Cyc1e cam will encounter unusually high folfower velocities
finite jerk is most advisabfe.

The acceleration magnitudes in Graph 4-¡ should be viewed
with caution for accel-erations encountered in practice can

differ significantry from those predicted by theory with a

dwelf at the beginning or end of the curve. rn a comparisorrlO
of parabolic (P), simple harmonic (H), and cycloidar (c)
motions, bhe ratio of the theoretical maximum accel_erations
P:H:c is 1.0:1.23:r.57. Reference found thaL in an undamped

system the ratio of actual measured accelerations was

P:H:C = 1.0:.8?4:.68lr
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4 .2-t ( Con ,r )

hlith damping this discrepancy is not as greaL, but its
existence is a caution that a cam motion should not be

picked so1ely because of its 1ow acceferation magnitudes.
The comparison of actual- and theoreti_cal_ accelerations
indicates the lmportance of damping or conversely that of
finite jerk when a dwell is lnvolved.

unfike the conventional- radial cam, such as that used in
automotive cam shafts, the K-cyc1e drum cam does not have

to have its motion preceded and folrowed by a dwell.

I¡/ithout a starting dwe11, the accef eration peak at the
beginning of the simple harmonlc motion can be set equal
to the acceleration peak of the preceedlng curve eliminating
the infini-te jerk. Each stroke on the K-cycle drum cam

is always preceeded by another stroke and not necessarily
by a dwelt. Therefore ¡ on a drum cam with alf strokes
generating simpl-e harmonic motion and without any inter_
stroke dwelfs the si-mple harmonic motionrs infinite jerk
is eliminated. The resulting notion has both the l_owest

acceleration and jerk peak magnitudes of those presented
in Graph 4-¡.

The inclusion of a dwell anywhere in the K-cycle cam motlon
would require either the trapezoidal_ acceleration or
cycloidal motion which exhibit a combination of fow

acceleration and jerk magnitudes in bobh theory and real
l-ife.
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2-1 Comparison of Cam Motlons (Con't)

Experience with the MK r cycloidat,/dwef1 motion has shown

thaL with the significant leakage of the present K*cycle

seals, a TDC dwelt greatly magnifies the effect of seal-

Ìeakage.

At the same time, since the positive and negative effects
of a TDC dwell on combustion efficiency have yet to be

documented, a TDC dwel-f was not serÍously considered for
the Dash-3 engine; at least for the initial design iteration.

I,{ith only texbbook comparisons avairabre, and. without the

benefit of experimental data on the influence of various

types of cam motions on the K-Cycle piston cam follower,
we shall- continue to define the engine optimi zation based

on simpl-e harmonic cam moLion.

4. 3 CONFIGURATION OPTIMIZATION

Arriving at an optimum configuration for the K-CycIe

barreL/cam engine is a great deaf different than the

optimizaLion process required for a conventional engine.

Once the requi-red displacement is determined for the

conventional crankshaft engine, the number and 1ayout of
the cylinders is usualÌy derived from the minj-mum number

of cylinders that can achieve dynamic bal_ance and make

optimum use of the space available. Configuration

optimizatíon of conventional mufti-cylinder crankshaft

engines is eonfined to in-l_ine, vee or horizontal opposed

arrangements.
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,LA CONFTGURATION OPTIMTZATION (Conrt)
The K-cycle Engine on the other hand is totalry confined
to the axially opposed piston drum cam configuration. This
confi-guration, whlch has compfete dynamic balance, is
controfr-ed in size by the foll0wing primary variabr_es:
intake displacemenb, expansion ratio, bore/sLroke ratlo,
cy]inder or cam pitch circle diameter and the number of
cylinders. By varying these varÍables , àÍ1 almost over-
whelming combination of engine types are possibr_e for a
given intake dispr-acement. configuration optimization is
obtained via secondary varlables, such as type of cam motion,
stroke angular duration, piston weight and friction, as
weff as gas seal requirements and combustion restraints.
After these have been taken into account only a few optimum
configurations wifl- be possibl-e for a given intake displacement

In the following sectj_ons these variab
and the general method for finding the
engine configuration will be developed

the optimum Dash_3 engine, defined by

of Chapter 3, wil_f be specified.

4.¡-1 Optimum Total Cylinder Area

les wifl be examined

optimum geometric

. At the concfusi_on

the general parameters

Figure

in

A preriminary attempt aL optimi zing the dispracement,/engine
vofume would invor-ve the examination of the amount of
availabl-e cylinder area per cross-section of engine.
4-4 ill-ustrates the cross sections that are avairabre
going from a two cyì_inder engine to eight cyl_inder Æ--rlbllvFftd, k\þ

semffiYäË
0F få¡-i.![YÜÐA
***€*#

configuration. Note that only close_packed arra
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4 . 3-f Optimum Total Cyt_inder Area ( Con't )

considered as this is the most efficient üray to use any

number of cylinders.

Tt quickly becomes obvious that the B-cylinder engine, such

as that used for the MK I and MK II engines make inefficient
use of the available engine cross sectional area because of
the large amount of wasted space aL the centre of the
engine. Graph 4-s compares the ratio of cyllnder area

to engine cross-sectionaf area for various numbers of
cylinders and concludes that a four or five cylinder engine
makes optimum use of the available area. rn spite of this,
the configuration cannot solely be examined as a two-
dimensional entity: stroke length, cylinder pcD, etc.
al_so have to be considered.

l-2 The Optimum Cam Motion

rt was concluded in the comparison of available types of
cam moLl0ns ( Section 4 .2-r) , that a dwell-free simpJ_e

harmonic cam wj-ll- generate a piston motion with the lowest
possible piston,/cam follower/cam lnertia loadlng.

The actual cam profile Lhat is used is a

of the type of motion but of the angul_ar

stroke lengths as well as the expansion

To equalize the peak accelerations of an

and long stroke, the fofl_owing relation

function not only

duration of the

ratio required.

adjacent short stroke

must be followed:
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4.1-Z The Optimum Cam Motion (Con't)

WHERE,

ER = The expansion ratio or the rabio of the long stroke
to the short stroke.

ß - Angular duration of the long stroke, rad.
cr = Angular duration of the short stroke, rad.

Because the K-cycle motion requires the 4 strokes of each

cycle to be completed in one revolution, we have:

r c B=0(Equation4-Z)

Or combining Equation 4-f and 4-2,

ER = ß2 (Equation 4-3 ),\ 
T_1r_:_Ð_z

The refatlonship is ilfustrated graphically in Graph 4-6.

The third variable, the expansion ratio, 1s governed

primarily by the extent that one wishes to apply the K-cycJ_e

expansion principle. rdeally it would be desirabl_e to
expand the combustion gases to jus,; above atmosphere

but not to the point that the gases reach a sub-atmospheric

pressure prior to being exhausted.

Graph 4-l illustrates the relaLionship between exhaust

pressure and expansion rat10. This \^ras derived from a

combustion charL analysis of an B:1 compression ratio spark-

EÞ = ß2 (Equation 4-1)
]I
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3-2 The Optimum Cam lr{otion (Con't)

ignition engine burning a stoichiometric mixture at r,vide

open throttre. This analysis shows thaL such an engine can
have expansion ratlos as great at 4:1 and stirf have an

exhaust pressure severaf psi above atmosphere. This is
not the case in an actuaf engine where heat losses,
volumetric efficiencies and throttling all contribute to
a reduction in exhaust pressure. rn an attempt to determlne
the expansion ratios at which the combustion gas pressure
would go subatmospheric in an actuar engine, the K-cycle
combustion model computer si-mulation was used to generate
the series pressure-vorume curves shown in Graph 4-8.
This simufation was catibrated to the actual performance
characteristics observed in the MK r K-cycre Engine.

The curves i-n Graph 4-B which have a z:r expansion ratio,
are identical except for their reaction rates. A reduction
in reaction rate has the effect of reducing cyrinder
pressures similar to LhaL of throttllng. To anaryze the
effect of l-onger expanslon ratio each of these simur_ations
was extrapolated and al10wed to expand down to atmosphere.
The resulting point of overexpansion is documented as a

function of reaction rate and peak cylinder pressure i-n

Graph 4-9,.
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BO x 106 Reaction Rate

.^ ^ ^6ou x rU Heacti_on Rate

a
40 x 1oo Re act i on Rate

COMPUTER STMULATTON
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J-2 The Optimum Cam Motion (Conrt)

Experience acquired during the testing of the Mark r and
Mark rr Engines has shown that the peak cyrinder pressures
obtained during the early stages of development were in the
350 400 psi range. comparative testing of the Ford
Fairmont 4 cyrinder ungin"13 indicated a maximum cylinder
pressure for that engine under fufl l-oad condltions of 600
psi.

It seems quite fikely that the Dash-3 Enginers combustion
and sealing efficiency wilr- not exceed that of the Ford
Fairmont Engine. Therefore cyrinder pressures in excess

7-a .14o' o5u psi*' seem unrikely aL fur-f load and wide open

throttle.

Therefore, in light of the expected initial performance
capabil-ities as werl as part throttr_e performance, expansion
ratios in the z-0:L to 2.5:L range seem to be the most

suitable with the 2.0:L ratio being the more conservatlve
choice. rf overexpansion is encountered at the end of the
expansion stroke one possibfe method of avoiding the pumping

losses associated with this is to add a one way valve to
add atmospheric air.

As a result, a 2. o:1 expansi-on rati-o r^ras specified for the
third engine, this ratio offering the best balance between
avoiding overexpansion and adequately demonstrating the
increased cycle efficiency of the K-cycì_e thermodynamic
princi_ple.



)J.

4 .3-z The opti_mum Cam Motion ( Con't )

Now that the cam motlon has had the forr_owing parameters

defined :

l( simpl-e harmonlc motion with no dwer-ls and equal
maximum accelerations .

tç An expansion ratio of approximately 2.0:I
A third variabte--the maximum pressure angle--must be

considered: r,4/ith this variable defined, the physical
dimensions of the cam, such as stroke length and cam pitch
circl-e diameter can be defined.

For any number of cylinders and cyrinder pcD, a larger
pressure angle will- allow a l0nger stroke length, a greater
engine displacement and an increased stroke to bore ratio
for a given expansion ratio. on the other hand, a smafrer
pressure angle will reduce the side l0ading of the pisLon
against the side of the cylinder walf and is, therefore,
more desirable from a piston friction point of view.
unfortunately, at this point in time: oo test experience
has been aquired on the effect of various cam pressure angles
on piston side loading and subsequent friction.

1ÃHef'erences*- indicate that maximum pressure angles of 3oo

to 35o are the targest that one can normarly use with
conventional cams without encounbering difficulties and

until more experience is obtained a maximum pressure angle
Õof 30" was specified for the Dash-3 engine as a conservative

limit. Future research wil_l provide a more analytical method

of defining cam pressure angle constraints.
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4.3-Z The Optimum Cam Motion(Con't)

The relationship between maximum pressure angle, expansion
ratio, cam pitch clrcle diameter, and stroke length is
iflustrated in Graph 4-ro. A 2.0:r expansion ratio and

a maximum pressure angle of 30o results in a cam pitch
circle diameter to long stroke length ratio whieh we

shal1 designate as ttRtt, of approximately 2.9:I.

Now Llnaiu the parameters of the cam motion have been optimized
a refationship between the number of cylinders and cam pitch
circle diameter can be evol-ved. The mathematical expression
for this geometrical refationship is:

DISP''ACEMENT = Ï' d3 Q (EqUAtiON 4_4)ffi
20) n

I¡IHERE:

DfSPLACEMENT = Engine fntake Displacement, in?

Q = No. of cylind.ers

k = Ratio of bore diameter to minimum diameter altowed by

the close packing of the cyJ-inders. k is less than 1. o

and alfows for cylinder sleeve and water jackets.
D = Cam pitch circl_e diameter, in.
R = Ratlo of D to the long stroke length obtained from

Graph 4-6.

E-= Expansion ratj_o
.Ff

q = Cylinder. bore dlameter, in.
Equation 4-4 1s graphicârry il-lustrated in Graph 4-11. rt
is interesting to note the effect of optimi zing the packaging

of the cylinder cross-sectional area as shown in Graph 4-¡.
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3-Z The Optimum Cam Moti_on (Con't)

Tt can be clearly seen Lhat for any given cam pitch
circl-e diameter, and Lhe englne deslgn consLraints
evol-ved to this point, that a 5 cyfinder engine al-l-ows

for a 4Tr" greater intake dispracement and a 6 cylinder
a 28% greater intake displacemenL than an B cylinder
engine with the same cylinder pitch circfe diameter.

4.3-3 Piston Friction and piston Size

The previous section showed that within the deslgn constraints
considered there exisLs an optimum number of cylinders for
a given size of engine in so far as intake dispfacement i_s

concerned. rt is not enough to optimize the engine package

with respect to its energy input capacityj the associated
losses inherent in such a configuration must also be

considered.

our optimization has, to this point, considered the packaging

of the engine as a function of the number of cylinders, the
piston diameter, and, therefore, piston area and resurting
intake displacement within the confines of allowed piston
motion.

The primary losses that are a function of the same variables
should be considered in the engi-ne configuration optimi zation.
These are the fosses arising from the piston itsel-f. These

friction l-osses can be categorized as: l_osses resurting
from the centrifugal loading of. each piston against its
cylinder wall-, side thrust reactions between the piston and
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4.3-3 Piston Friction and piston Size (Conrt)

its cylinder walr dependent on the cam pressure angle, and

losses due to the sriding action of the cam forlower
against the cam running surface.

rf these frictional- losses are analyzed in the classical
sense where the frlction force is a function of the normal
force and the friction coefficient, and not as a function
of the loaded surface area, they are atl_ then directly
proportional to the weight of the piston.

For example, the total power foss resulting from the
centrifugal action can be expressed as:

HPCF = Centrifugal Loading power Loss, lJp

HPc¡, = (cn,) u (DIST) 
-äOO t (Equarion 4-6)

\,I/HERB,

CF = Centrifugal force per piston, lbf.
U = Coefficient of friction
DrsT = Distance of each piston sl-ides each revolution, ft.
ry = Bngine rev/min.

I = Number of pistons

C¡, = ={.= ___g N2 4r2 per piston' 32 .2 (Ðff}T e6bl-
WHERE,

U = Weight of each piston, 1bf.

q = Cam, PCD, in.



4.:-J Piston Frlction and Piston Size (Con'b )

D]ST

Cylinder bore diameter, in
Cylinder cl-ose packing consNant

Cylinder bore diameter

qo

(2 ) (Expansion SLroke )

packing

s leeve s

(2) (Intake Stroke) +

2 r D Ì r 2 ,D.,12 'plER)' ' 12 lRr

h/HERE,

DJI

ri
tt

WHERE,

A = Number of

= 2D tI r_ 1t
1^ñ Lr ¡ |t¿fi .Í,*

tf

Cam pressure angle ratio (Section 4.5-Z)

Expansion ratio

T = Number of pistons = Ze

cylinders

-Lt
K-ßT-@

2Q

I^/HERB,

^tLt=

K=
l(=

Maximum cytinOe

K < 1 to al-Iow for water jackets and cylinder
around the cylinder bore

Combining the above relatlonships we have:
t0HP"" = {1.44 x 10- } U MQ¿2N3

ñ-?r-3Tñ-@
2Q)

{ r + 1}
F

H

( Equatì_on 4-T )

rf the piston weight coufd be expressed as a function of
piston diameter then the centrifugal l_osses courd be

expressed so]ely as a function of piston diameter or cam

PcD and the number of pistons which are the key variabres
of this optimi zation. rt cou]d then be established whether
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4.3-3 Piston Friction and piston Size (Conrt)

or nob for a given engine dispfacement a four cylinder
or an eight cyli-nder engine woul-d have greater total
centrifugal fosses.

The total- piston weight for the style of cam foll_or^rer being
considered for the Dash-3 engine is the summation of the
weights of four areâs of any such piston: the piston head

(aluminum), the bearing carrier (aluminum), the connection
between the two ]atter areas (aluminum) and the cam

folfower bearings and rol_lers (steel).

Assuming that required bearing capacity is directly propor-
tional- to piston area (in other words combustion gas loading)
a series of rtoff-the-shel-f ?r commercially avaitable ,track

runner" bearings and rol-fers were examined to establish the
rel-ationship between bearing dynamic capacity and bearing
weight. Graph 4-rz illustrates this refationship for sKF

1/'

nast seriesto bearings: it can be seen that bearing weight
increases at a greater than l-inear rate with respect to
bearing capacity or with respect to piston area or piston
diameter squared.

The remaining aluminum

are sized so as to keeo

the material.

A relationship between

diameter results:

components of our hypothetical piston

with in allowable stress limits of

total pj_ston weight and piston
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4.3-3 Piston Friction and piston Size (Con't)

Piston l{eight = Kr (d) n (Equation 4-B )

WHERE,

Kl = constanL t or for our example, with the nast bearings

n = 2.2I
= 0.12?

^1

This particular exponent and consLanL were derived from

a hypothetical piston with its weight evenly sptit between

the al-uminum body and Lhe bearings and then extrapolated
to larger sizes with the afuminum body weight increasing
as the square of the piston diameLer, and the bearing weight

increasing with respect No pisbon diameter at the rate
shown in Graph 4-I2.

The friction losses resulting from the sì_iding of the cam

follower on the cam running surface and the side thrust
reactlon between the piston and the cylinder wal-l are a

function of the combined gas and inertia loads applied to
the piston along 1ts axis. For engines of equal displacements

and operating conditions, the gas J-oâding shoufd, be cons Lant.

The inerLia loading is a function of the piston weight and

the acceleration forces imposed on it by the cam motion.

The accel-eration resul-ting from simple harmonic motion is:
:.._d(ro'CoS(ror - 2 A) A) (Equarion 4-g)



4.3-3 Piston Friction and piston Size (Con,t)

WHERE,

q = The total stroke length , ft.
ûJ = Angular ve l_oci ty , rad.. /sec.

4 = Total- angular duration of the stroke length¡

9- = Angular position during the stroke for which
is desired, radians

oJ.

radia:rs

v

An expression for the average inertia loading on each piston
during each four stroke cycle can be obtained by the summation
of the cubic mean accereration for each of the stroke rengths.
The cubic mean is used rather than the arlthmetic mean so as
to compensate for the sudden pressure roading durlng com-

bustion and the cyclic nature of the inertia loading.

The cubic mean pressure loading will be assumed to be cons tant
for alf engine configurations.

The cubic mean average or the cyclic accereration can be

obtained via:

,a/ 
z

) r;oo
o \ï;.,

o

r
{

,\+2 
4
¡

t

II
ç

ì

r/3 L/3

(Equation 4-10)

v

I

=T

a/2 ß/2
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4.:-: Piston Frictj-on and piston Size (Conrt)

I^/HERB,

cx = Angular duration of the short strokes, radians

ß - Angular dura.ti_on of the long strokes, radians

ys = Acceleration during the stroke at any 0, ft./see.
yf = Acceferation during the long stroke at any 0, ft ./s.".2

setting the tota] short stroke length to rfrr and that of the
long stroke to rrs tr and substituting (Equation 4_9 ) into
(Equation 4-10 ) and solving for the cubic mean acceleration
I^fe have

Ivl =

cubic mean

a_û.)' /I + sr\G2 
ß1

(Equation 4-11)
3n
[-

andsinceEÞ=s=92
!! 

1 az
I

--l^rJ! = JTt tt]- Slzg'cubic mean

from Graph 4-6

R =D
e

Therefore
Iyl = 3r u)2 D

| -2 Rß,
cuofc mean

(Equation 4-IZ)

The total force acting axially on the piston can be

expressed as:

Fr=pld2+ M 3nozD- 4 3z:f i - îg, (Equation 4-13)

I{HERE,

l- = The cubic mean gas pressure in the cylinder for each

revol-ution., lbf. /in.Z



4. :-: Piston Frlction and piston Size (Con't )

The power l_oss due to the
the cam can be expressed

HpRS = (COSQ )

6S

sliding of the cam fol_fower on

aù.

Fr vZ N (20)- 33000

a function of the

ler combination the

urre a_Ll_owable contact

is a function of Fr.

(Equarion 4-r¡)

(Equation 4-r4 )
I,4/HERE,

q = R'M'S' average of the cam pressure angle throughout
the four strokes. This is cons tant if R is cons tant.

L = The distance that the rorler srides on the cam each
revofut ion.

The distance that the rofler slides 1s

roll_er contact width,b jf or any cam/roI
roll_er contact width is a function of
stress of the materi_af . This in turn
Therefore, b = wlp-- -T

WHERE,

Kl = constant for ror-rers of the same width to diameter
rat io

The sliding motion of the ror-ler on the cam results from
the outside edge of the rorler attempting to travel at a
greater surface velocity than that of the inside edge. The
dÍstance that the roller slips each revolution is:

t= (p+¡)r_ (n_lr)n
2

(Equation 4-16 )

Or

Substituting (

(Equation 4-r4

Z-rb
_t'l-nKtr'-- -T

Equation [-L{n) and (Equation 4_f 3) into
) and setting as constant



4.3-3 Piston Friction and piston size (con't)
: ã f ,l_r tta = constant,

we have
, % = constant, lbf. , Kn = constantr_-.i-

..^2 " Fll rì.

LIÐt-tI ñ Õñù

ff we use our

is

M

LIDIlI ñ ã

The power loss due to the

side force as the piston
can be expressed as:

LI,+

.2r
lr-,td' + 0.246KK d)..tDCsNrt6õ=-

zQl_

\
+ N 2t?a2 Ici.

a
sin'(360 L-'ñl (Equation 4 - r7)zg) I

66.

) )t c't+ o.l23KcLd .ar

t^'z(360-
ãÃ\-
¿\.'¿. )

cam induced

its bore

]r,"sz-"

A \.1
c1.

= O.IZ3d2

x^q (K-2al"

hypothe

K K 2tvid3oc
SlvG6o-

2oI

I.. -' ,)
'k -À

t

tical Dash-3 piston where its weight

sliding motion and

travels up and down

HPS¡, = (TANÖ) Ft U N 28 F
33000

WHERE:

_trr Distance that the piston
each revolution

(Equation 4-18 )

travel_s axially in its bore

(Equation 4-rg )

WHERE:

F = 2s + Zs = 2s¡ 1 * l_.r
Lñ I-û-

H

AND

F' ^ ñ¿UrI-f-1.
õ f - Jtì tr,-H

Substituting (Equation 4-tg) and

(Equation 4-18) we have with

(Equation 4-f3) into



4. ¡-: Piston friction and piston Size (Con't)

ol.

consta:rt, ---. ...i1 :
rr-?;

IJD
'- sF

stant,

I 
o"o

\

lbf.,
.2].n.

+

vttf -

K-d2
&

-v '̂äo
sNr36õ-/20) mfî60-

2ÐSubsti7uting ir/i = O.IZ3U'''r'
HPs¡, = Kú [^

sTñ'-6õ-ì e
-iõ(

d3 + ÇÄo4.27rìn*%; 
f

eXuutio,.-- 4-a-)

(Equation 4-ZI)

The total- power foss due to the centrifugal roading of the
piston as it slides in its bore (Equation 4-T) is illustrated
in Graph 4-r3. For an englne of a given intake displacement,
increasing the number of cylinders resul-ts in an increase
in the centrifugal power foss. rt shoufd be noted Lhat
these losses increase at a greater than llnear rate with
respect to intake dispfacement. Because these fosses afso
are proportionaf to the cube of the engine speed, engines
with an intake displacement considerably larger than that
being considered for the Dash-3 will be of the low speed

variety.

Graph 4-14 shows that the frictional power loss due to the
sliding motion of the roller contaet width agalnst the cam

running surface (Equation 4-t9) decreases for an increasing
number of cylinders for an engine of a given intake
displacement. Graph 4-ls illustraLes that the total poi^rer

l-oss arising from the cam pressure angle induced side force
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4.:-: Piston F.ricLion and piston Size (Con,t )

on the pistons will be virtuarly the same for engines of the
same size regardless of the number of cyli_nders. As was the
case with the centrifugal power l0sses, the latter two losses
also increase at a greater than linear rate with lntake
displacement and as the cube of the engine speed; strengthening
the caution that large scal-e K-cycle engines must be rimited
rotational speed.

As both the centrifugal and rolfer to cam power r_osses are
equally significant (refer to test data of the existing
prototype engines in Sectlon 5.1_3 ) and as they cannot be

simultaneously reduced by adjusting the geometric design
varÍables, the configuration optimi zation of the Dash-3

engine wil-l not be abl-e to provide a significant reduction
in these l-osses as compared to the Dash-3rs predecessors.

4. :-l+ Contlnuous Combustion

The design goals stated in chapter three point out that the
Dash-J engine be abfe to convert to continuous combustion
hot gas ignition after an initiaf research period using
spark ignition.

There are two methods proposed by continuous combustion theory
to attain the ignition of the air fuel_ mixture, as it approaches
TDC, by a jet of hot combustion gases from a preceeding cyrinder.lT
The first method uses a t'bleedback" or attby-passrt tube



TZ

/t ?-tr Continuous Combustion (Con r r )

to transfer the ignition gases from the burning cyli_nder to
the one forrowing. This method is irr-ustrated in Figure
4-76. Although the "by-pass" tube ignition system has the
advantage of being abfe to provide the optimum timing for
Lhe pick-up and discharge of the ignition gases regardress
of engine configuration used, the ffow of high verocity gas

through the required orifice presents some design probr_ems.

from a heat transfer point of view. Another undesirabr_e
characteristic is that the percentage of the totar gas

vol-ume required increases as engine speed is reduced.

The second method of obtaining continuous combustion is by
the t-ise of a smalf stati-onary ilmini-chamberil to vent the
hot ignition gases at the approprlate time (iltustrated
in Figure 4-r7). The mini-chamber gases are at the same

pressure as the burning gases of the cylinder that coincides
with the mini-chamber. This pressure is retained in the
mini-chamber in between cylinder ports as they rotate by and

are released into the preceeding cylinder when leading edge

of its port uncovers the mini-chamber orifice. The more

uniform igniti-on characteristics such as discharge volume

and temperaLure are much easier to controf with the mini_
chamber designrbut such a design has the disadvantage of
having its ignition timing set by the engine configuraLion
used.



S
ta

tio
na

ry
C

om
b 

us
 ti

 o
n

R
in

g

S
C

H
E

IV
iA

T
IC

 
O

F
 C

O
N

T
IN

U
O

U
S

C
O

M
B

U
S

T
IO

N
 I

G
N

IT
IO

N

C
yl

in
de

r
be

fo
re

 T
D

C

U
S

IN
G

 A
 B

LE
E

D
B

A
C

K
 T

U
B

E

\\ S
F

IG
U

R
E

 4
- ß

C
y1

 in
de

r
af

te
r 

T
D

C

B
le

ed
ba

ck
 T

ub
e

R
ot

\ti
on

--
l (,



M
in

i-C
ha

m
be

r

S
C

H
E

M
A

T
T

C
 

O
F

C
O

N
T

T
N

U
O

U
S

 C
O

M
B

U
S

T
IO

N

C
yl

in
de

r
be

fo
re

 T
D

C

N
 U

S
IN

G
A

 S
T

A
T

T
O

N
A

R
Y

I'I
G

U
R

E
 4

-1
7

\\ \
\ \\ \\

\ 
\\

M
IN

I_
C

H
A

M
B

E
R

C
y 

I 
i n

de
r

af
te

r 
T

D
C

S
ta

tio
na

ry
C

om
bu

st
or

F
in

e

-\
]

+



T5

4. :-4 Continuous Combustion ( Con rt )

The combustion gases stored in the minl-chamber must be

rel-eased into the to-be-ignited cylinder at pressure greater
than bhat already present. The ideal pressure raNio woufd
2.0:r. Pressure ratios greater than 2.0:1 are alrowabre
(even though they will resuft in sonic ffow) ¡ut ratios
significantly fess than 2.0:1 may not be abre to provide
the required pressure differential at part throttle settings.

Graph 4-18 shows several cylind.er pressure-engine rotation
curves for a hypothetical Dash-3 engi_ne. These curves were

evÒlved by the K-cycle computer combustion simuration.
This graph shows the size of cylinder port

openlng requlred to obtain a 2.0:r pressure ratio and also
have the ignition initiation occur at the desired time. rt
is thought that this form of combustion initiation will-
result i-n very littfe ignition ragrT making a significant
degree of ignition advance unnecessary. Graph 4-18 shows

that in order to meet these pressure ratios and ignition
timing constraints the maximum allowable cylinder port
opening is 4= to 50 d.egrees.

The effect of this port opening requirement on the alfowabl-e
engi-ne configuration is shown in Graph 4_tg. This graph is
based on the seal and port design parameters evolved in
Graph 5-r for a seal surface velocity of 6o fL/sec. Note

that this is not the maximum avail_able cylinder port opening__

that restricted by the cylinder bore-_but is I0% Iess to
al-l-ow room for a sear bed at the ends of the port opening.
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ENG]NE CONFIGURATION ENVELOPE
parameters:simple harmonic motion no^dwelf

- maximum pressure angle = 30oexpansion ratio = Z.O:I
- maximum seal surface velocity is6o ft/sec/ @ 3ooo RpM

, 
INT KF ITSPT'ACEMENT' IN3 ,Þ,

,!åola)
Iilrn
ld
lÈ
t
¡hôfc
[ '-ttç
I .lc-r
lolo
I l¿llO
lâl rJ
I I+¡ c-r

| ^l g -oiElo
ElI O.-f
Ol cdZla a)

-l-r ul
F-.1 l-O>lo r,o

'lã ,.El-l o
trl lr-l qr
Ê.ld

IB
C5 IE OZl= -tHIE -lZl'.1 cÙ

ftll x
Orlcd OolE +:

I

F-llo tEl.c a)
o l+¡ .+.)Orl o

ç-lcÙ
OSr

-l-)
Èqô
al-
-Jtn

BO

cvl .

200

cv1.

B.o

60

'\\

n-- ì\..Y a

3.0 4.0 5.0 6.0 7.0

IN.CAM PITCH CIRCLE DTAMETER

Crj

4iô)
a/^\Átt,

\7

GRAPH 4_13



nof (-).

4 . :-l+ ContÍnuous Combustion ( Con't )

The cylinder port opening does not have to utifize the
maximum opening LhaL the englne configuration arfows ., iL
can be reduced as required. For example, the maximum port
opening of a ! cylinder engine at a ! inch cam can be

red.uced from the 600 maximum to sâvr 4oo to meet the
conbinuous combustion requirements. A reduction of this
kind wilr red.uce the breathing capacity and such a penalty
should be avoided in trying to reach the optimum engine
configuratlon and will not be considered here.

4.2-! Selection of an Engine Configuration
Prior to selecbing a particular engine configuration for the
Dash-3 engine, the parameters that our optimizatíon process
has evolved should be reviewed.

section 4.3-r shows that to make optimum use of the cross_
sectionaf area of the K-cycle envelope, one shourd choose
either a four cyrinder or five cyrinder engi_ne with the
cylinders packaged in a I'cfose packed" manner.

The engine intake dispfacement is a function of the number

and si-ze of the cyrinders as wefr as the stroke lengLh with
the ratLer being conLrorled by the cam motion and expansion
rabio.

Section 4.2-t and 4.3-Z showed thaL a dwell_free cam which
generates simple harmonic motion wifr resurt in a peak

accel-eration of the teast magnitude and therefore minimum

inertia loads for the cam motions considered.
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J-! selection of an Engine configuration (con't)
section 4.3-z ar-so concluded that in order to avoid over_
expansion in the Dash-3 Engine a 2.0:L expanslon ratio wour_d

be the most suitabre. At the same time a maximum cam

pressure angle of 300 was selected as a conservative approach
to a design variable with which we have had fittre practicar_
experience.

cl^ ^!i ^ lròeclron 4'3-3 concl-uded there is a high probability that piston
weight wilr at least be proportionar_ to pisLon diameter
squared for the type of pì-ston thaL is being considered
for the Dash-l Bngine. rt was also iflustrated thaL for
the same intake displacemenL fewer and rarger pistons wiÌl
result in fractionalì-y greater total_ piston friction. rt
is felt that the signifi cant increase in engine packaging
efficiency on the basis of intake displacement per engine
vofume easiry bar-anced the slight lncrease in total piston
friction.

The range of cyrinder pitch circfe diameters avairabre to
the Dash-3 Engine are restricted by two design constraints:
that a face sear configuration with a maximum sear_ surface
velocity of 60 ft/sec. be used, and that the engine be abr_e

touse the conti-nuous combustion method of ignition 1f
required. The former is irrustrated in Graph 4-2 and the
Iatter in Graph 4-L9.

The combination of the seaf design constraints with the
previously optimÍzed variables resurts in the range of possible
engine configurations shown in Grpah 4_t9 

"
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t, ^+ . 3-, ö"Iu"tio ( Con, t )

,, "r" ,uickly be seen that the engine with the largest
possible displacement that meets all 0f our design criteria
is a T5 to 100 cubic inch 6 cylinder engine.

The final engine configuration decided upon \^ras Ínfluenced
by the availabiì-ity of suitabre off-the-sher_f piston rings
and the desire to have major engine dimensions in a

manageable form for the design and manufacturing processes.

The configuration can be summarized as:
Number of cylinders = 6

Cylinder bore= 2.75,,

Maximum alrowabre crose-packed cylinder diameter = ? 2Ã

(r = 0.85)

Cam pCD = 6.5,,

seal PCD = 4.58"

Cam Motion = Simple harmonic with no dwelfs
Long stroke Ìength = 2.212,,

Long stroke anguÌar duration = 1050

Short stroke length = I.L4Ttl
Short stroke angular duration = T5o

Expansion ratio = L,96:I
Engine intake displacement = Bl.T5 in3
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CHAPTER 5

THE PISTON,/CAI4 F'OI1LOI,{BR MECHANISM

5 . r r]$TRODUCTTON

One of the main attractions of Lhe K-cycle rotating cylinder
stationary cam concept is its i-nherent simplicity with fewer
moving parts when compared to the conventional crankshaft
engine. The K-cycle piston,/cam fol_l_ower mechanism is the
most important of these dynamic components in that it must

translate the work potential of the engine into useful out_
put with a minimum of losses.

The piston/cam fol-fower has a more complex function than
l"hat of its conventional counter-parts, and this complexity
can be a source of significant performance constraints if
it is improperly dealt with. Examination of the performance

characteristics of the first two prototype enginers piston/
cam followers indicates that signifi cant improvements are
possibre and these must be incorporated into those of the
Dash-l Engine so as to obtain a respectable engine output.

This chapter will re-d,efine the requirements of a successful
piston,/cam follower mechanism (refered to as ttpiston" here-
after) and wilf then re-examine the design of its predecessors

1n an attempt to determine what the optimum concept shoufd be.
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5.2

5 .2-l

The piston required by the K-cycre Engine is much more
complex than that of the conventionaf crankshaft engine.
rn the latter, the piston essentiarly forms the rower part
of the combustion chamber and, with its piston rlngs, acts
as a moveable sealing prug thaL srides up and down the
cylinder ¡o""18 rhe connecting rod and crankshaft transforms
the cyrinder pressure into usefuf work and defines the
motion that the piston is to folfow.

The K-Cycle piston serves as a
connectlng rod, while acting as

component whose only link with
through sliding contact and not

^ _Ln aodation to

Lo those of the

of the K-CycIe

combination piston and

an autonomous engine

the rest of the engine arises
via a fixed linkage.

major and minor side thrust loads (comparable

conventional pi_ston), the rotating motion
cylinder bl-ock or rotor results in a third

There are three basic differences between the K-cycle and
conventi-onal piston and they can be summarized as folfows:
l{ The K-cycle piston witr- have a much greater weight than

tha' of a comparable conventionar pÍston, because 1n
addition to the piston head and rings of the fatter, the
K-cycle piston also incfudes two sets of bearings and cam

fol-lower rol1ers.
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5.2-L Piston Performance Requirements (Con't)

centrifugar component which is imposed on the K-cycle
piston, and in turn resufts 1n a fricLion power loss
that is proportional- to the cube of engine speed.

iç rn the conventionar- engine, the gas and inertia loads
are transferred to the output shaft vla bearings with a

capacity that is a function of their projected road
carrying area. rn the K-cycle Engine these foads are
transnitted via rol-fer cam fol_fowers that rely on tine
contact for load transmission.

rn addition to being able to cope with these dlfferences,
a K-cycle piston must have the forfowing properties, some

of which wilf be part of the refinement process, to perform
properly:

A. The piston musL be abr-e to withstand the extremely
high pressures and temperatures generated by the
combustion process.

B- rt must be abre to withstand the bending forces imposed

by combustion pressures.

c. rt must have an adequate heat path to prevent excessive
piston head temperatures.

D. rt musL prevent the transfer of excessive heat to the
cam fol-fower bearings which would reduce bearing life.
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5.2-a Piston Performance Requirements (Con,t)

E. The piston must exhibit minimum dímensionar changes due

to thermal disLortion and expansion.

F. The piston head to cytinder bore clearance must be

maintained at a minimum Lo keep blow_by fow.

G. rt must have minimum weight so as to keep slde forces
and centrifugal sl_iding friction losses down.

H. To minimize frictionar fosses and wear, hydrodynamic
friction coefficients must be approached during the
sliding motion.

r. The piston must have high scuff and wear resistance for
a long fife.

J. To maximize bearing 1ife, adequate contaminate-free
lubricant must be suppried and sufficient lubri cant
drainage must be allowed for.

K. Piston motion must be sufficiently controll_ed so as to
maintain maximum rofler to cam line contact " The piston
structure must arso be sLiff enough to maintain

'parallelity of the roller axis with the cam surface to
mai_ntaln l_ine contact.

L. The cam forrower rorrer must be designed to minimize
the frictional r-osses arising from the sliding of the
roll-er on the cam.

M. The rolrer/cam/rorr-er cf earance must be kept to a minimum

so as to reduce impact loading and noise.
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5.2-L (Con't )

Because of the complexity and sheer number of the varÍables
involved, experts 1n the field have claimed that the design
of a successfuf piston for the conventional crankshaft
engine is more of an art than a ""i"rrc".19 The complexity
of the K-cycle piston is even more overwherming and many of
its additional sub-systems, such as its high speed rorrer/
cam followers are without significant engineering and real_
world precedents " fn addition, its focation in a rotating
cylinder as wel-l- as its autonomous nature make Iaboratory
duplication and instrumentation difficult if not lmpossible.
Desptte the lack of background knowledge required by the
reflnement process, a few basíc rules can be established so

as to opti_mize the initial piston concept.

5.2-2 Tlne Mark I and Mark II Protot eEn ne Plstons

The piston presently

been modified to such

nizable when compared

in Section 2.4-4.

installed in the Mark I Engine, has

an extent that ib is barely recog_

to its original design described

The orlginal piston design is i-ll-ustrated in Figure .'-r and

its final form in Figure 5-2. These modifications increased
the total piston weight to the extenL that friction fosses
increased dramaticalry resufting in poor engine output and

performance. One of the first changes made to the original
piston was the substitution of a cam foflower roller for the
sl-ider so as to take up the negative axiar r-oads. The
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The Mark I and Mark If protot Engine Pi-stons ( Con't )
).L-a

BB.

negative sfider was troublesome from 1ts firsL few hours
of use when galling was found on bhe camrs negative
running surfacu.2l Despite improved cam lubrication and

various slider materials, the slider,/cam r¡rear problem
continued to worsen until running rolj.er/cam/slider
clearances of over o.J-25 inches were experien".d,.22

The piston connector was modified to incorporate an off_
the-shelf cam fol-lower on an adjustable bracket. This
bracket could be shimmed to vary the roll er/cam/rolLer
running clearance.

The second major design change consisted of the substitution
of an off-the-shelf piston head and wrist-pi_n sub-assembly.
This was mounted to the existing connector via a bolt-on
adaptor bracket. This modifieaLion was instituted when

the orlginal fixed head piston faired: The femare thread
attaching the piston head to the piston connector fail_ed
in bending fatigue with the locking rivit bore acting as

a stres"-"i"u".23.

The addition of the negative rol_

to continue unhampered by severe

of theoff-the-shelf piston head

that worked.

f er allor,ved engine testing
cam wear and the incorporation

assembly was a quick repair

Although the

repairs drast

assembly: up

piston could now func

ically increased the

from f .T5 pounds to

tion without

weight of the

2.4 pounds.

Ì aa_Lure, cne

pis ton

This 40%
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q )_) The Mark r and Mark rr prot@r,s (con't)
increase brought the weight even further from the original_
design gcal of 1 pound and raised the inertla loading
and fri-ctionaf l-osses to onry tolerable heights for the
l-ow engine speeds and power output encountered.

The pj-ston designed for the Mark rr prototype engine
was essentially a streamlined version of the repaired Mark
piston (Figure 5-3) "

As indicated in chapter 2, to l_ower manufacture costs of
the Mark rr piston, the off-the-sherf piston head and

wrist pin was retalned whire off-the-shelf cam foflower
bearings were used for both the positive and negative
rol-l-ers.

Other design changes incorporated in the Mark rr piston
incl-uded the efimination of the negative rol_ler adjustment
bracket and the removal of the grooved surface finish used

on the initial pistons.

The Mark rr piston tÊchnologically was identicaf to its
predessor, and its manufacturing simplification resufted
in a slight weight reduction to 2 " I pounds.

5.2-3 Performance of trre Mark r and Mark rr pistons

Although the Mark r and Mark rr pistons al]owed the first
two prototype engines to be tested successfulry at row

pou/er settings wlthout cam follower faifures, the apparent
high piston friction along wiLh high seal friction and
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5 .2-3 Performance of the Mark r and Mark rr pistons

ot
)L

( Conrt )

ineffective combusti-on l_imlted both engines to fow net
output. The Mark r Engine developed a maximum of 10 BHp

at Boo RPM and had a maximum speed of l,250 RpM. The

Mark rr Engine developed the same BHp and coufd reach 1500
llq

HPivl. - For the Dash-3 engine to have an acceptable l_evel

of performance, it must exceed this output by many magnitudes

T's svaluate piston performance a cam and cam fol_l-ower test
rig was devised (Flgure 5-4 ) . The cam test rig consisted
of two opposed cams, driving a palr of pistons sharing the
same cylinder sleeve. The test rigrs components were

identical to those found in the Mark r Engine except that
the rig's cams rotated and the cylinder remained statlonary.

Early cam rig test results indicated that the cam follower
mechanism suffered from unexpectedly high plston friction
and these results were corroborated by non-fired motoring
tests of the Mark I Engine.

The tests highlighted several_

make up the piston friction:
and the cam running surface,

the cam running surfaces, the

friction from the centrifugal
angle lnduced side toading of

sources that combined to

the clearance between rollers
the sliding of the roflers on

piston rings, the sliding
loading and the cam pressure

the piston.

The experimentarly derived relati_onship between engine
friction power foss and RpM is ilfustrated in Graph 5-5.
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FIGURE 5-4:

CAM TEST RIG
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5.2-3 Performance of bhe Mark r and Mark rr pistons (contrd)

The frlction components due to the rings, bearings and

rolfers to cam were isolated in the cam test rig. piston

friction due to the cam pressure angle induced side roads

made up the remaining friction generated in the canl tesL

rig. By Subtracting tlie cam rig fricti_on and the known

seal friction from the total engine motoring friction and

estimating pumping losses, the remaining centrlfugal load

piston friction was identified.

rL is interesting to note that the majority of the engine

friction is produced by the pistons and consequently any

effort to significantly reduce engine friction shoul-d be

focused here.

Graph 5-6 shows the large penatty imposed by the piston
friction even with optimum indicated horsepower for the

Mark r Engine . The indicated horsepower curves were derived

for a 8.0:t compression ratio, 2.0 expansion ratio spark-
igniti-on engine which results in an ideal inherent

thermodynamic efficiency of 60/,. A stoicLriometric

air/ruel- ratio and an Bjf, vofumetric efficiency were assumed

Even with a combustion efficiency

burned of that which is available)

the Mark I Engine will not exceed

friction is of the magnitude shown

of 90f, (tfie amount of fuel

, Graph 5-6 shows Lhat

50 BHP if the total engine

in Graph 5-5.
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5.2-3 Performance ol the Mark r qnd Mark rr pisto4s (con,t)

Graph 5-B shows the mechanical efficiency of the Mark r
mechanism for the performance curves of Graph 5-6. This
is compared to Graph 5-7 which illustrates the mechanica]
efficiency and friction rosses found in a conventlonar
crankshaft otto-cycre 

".,gir.u.25 clearly the friction will_
have to be drastically reduced from that of the Mark r
Engine ' especiarry at higher speeds, if the Dash-J revel
of performance is to approach that of the conventionaf
engine.

5.2-4 Reduction of the Engine piston Friction

The three types of piston friction defined in the Mark rr
Engine research wilr be present and therefore musL be

dramatically reduced in the Dash_J Engine in order to obtain
respectible output. The rotating cylinders, stationary cam

and autonomous piston configuration specified, for bhe Dash_3
prevents the total efimination of any of these three fricti_on
components.

section 4.3-3 demonstrates that at any glven engine speed

the piston rolfer to cam loading and the cam pressure angle
induced side loading are a function of the gas pressure loading
and inertia loading, while the piston centrifugal loading
is a function of piston weight.
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THE MARK T ENGTNE

MECHANTCAL EFFTCTENCY VS. ENGTNE SPEED
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5.2-4 on Frictlon(Con,t )

The magnitudes of the piston friebion are a function of the
normal- force perpendicular to the sriding surface and the
coefficÍent of fricbion. whife it wourd be detrimentaf
to the indicaLed horsepower to reduce the cylinder pressure
induced gas roading, Equations 4-6, 4-tT adn 4-zt show

Lhat any reducti-on in piston weight wirr proportionatery
reduce the inertia roading and hence plston frl'ction for
any gÍven engine configuration aL any engine speed.

Any reduction in the coeffi-cient of frlction generated in
the sliding motion of the pisbon in its bore and the rorr_ers
on the cam wirf arso resurt in a friction horsepower
reduction.

The magnitudes of friction coefficients invor_ved in the
large power rosses illustrated in Graph 5-5 can be examined
with the use of Equation 4-V:

HPc¡,= (1.44 x 1o-10) u M.e d2 N3 ( r + 1)F-r¿z-ETñ-CEq E;
2g) rì

(Equation 4:l)
12.0 =(1.44 x 10-i0) u(2.4) (B) (2.5)2(rzoo)3 (r + 1)'T'36

I6
0r u - 0.089

This value is on bhe upper bounds of that for mixed fifm
]ubrication?T witn u = .OZ being possible for a refined
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5'z-4 Reduction of the Engine plston Friction (con't)
mixed fiÌm slider. Any further i-mprovement can only be
made with a transition to fufl thick film fubrication
which may not be possibr-e with a reciprocating slider.
such an improvement in the mixed film frictÍon coefficienL
is possible through carefur refinement of the sfider
mechanism but not within the scope of a basic optimi zation
such as this.

The sliding friction between the rorrers and the cam running
surfaces can arso be reduced. This frlction arises from the
sliding of the rofrer ]ine cont act. Because of the different
inside and outside diameters of the cam running surface, the
outside edge of the ror-r-er wir-r attempt to run aN a higher
surface vel0city than that of the inside edge resulting in
the sliding motion.

There are two possibre means of reducing". t,,e amounL of sliding:
introduce a taper into the cam running surface to efiminate
the differentiar surface velocity or to crown the roller
contact surfaee. The tapered roffer and cam is not a very
satisfactory sorution as it imposes an additional piston
side l-oad pararler to that of the centrifugal toad which is
already too high. A tapered surface may afso be difficurt
to machine. The crowned rofrer can be introduced at any
time i-n the Dash-3 piston Devel0pment program and can be
considered a refinement process.
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5.2-4 Friction (Con,t)

Because of the line-c ontact between the rofler and cam,

marginal thin fil-m or even metal- to metal- friction coefficients
wifl probably be alt that can be expected--at feast for the
type of configuration being considered for the Dash_J Engine.

rt is quite obvious that the most expedient and efficient
method of reducing alr three piston friction components is
No reduce the totar piston weight and subsequent inertia
loading. A successful_ Dash_3 piston must, therefore,
undergo a slgnificant weight reduction compared to its
predecessors in order to surpass the marginal performance of
the first two prototype engines.

3

J-1 Obtaining a Lightweight piston

rn determining the means of obtaining a lightweight Dash_l
Piston, whose function is essentially identicat to its
predecessors, the design of the latter shoul_d be examined.
for areas of possible weight reduction. At the same time,
the design parameters of Lhe earry pistons shour-d be re_
examined to determine if they are stirr varid. Figure 5-9
shows a piston from the Mark rr prototype engine with the
weight distribution for its components. rt should be noted
that the total weight is 2-3 pounds: a far cry from Lhe

original design goal of one pound for the simirar rvrark r

5

5
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5. 3-1 (Con'r )

pisbon (which weighs 2.4 pounds in its current form).

One of the design goals discussed

total- weight of the Dash-3 piston
As was the case with the original
this goal is met, the probability
component l_oad is quite remote.

in Chapter 3 is that the

not exceed one pound.

Mark II piston, unl_ess

of attaining reasonable

Examlnation of the piston in Figure 5-g reveals that there
are several 0bvious areas of possible weight reduction.
One is the sustituti-on of a fixed piston head (similar
to the original Mark r piston, Figure 5-1) for the heavier
off-the-shelf piston head and unnecessary wrist-pin.
Another area would be to lighten the piston body by

optimizing its strength to weight ratio.

As the piston body is to be constructed of alumlnum and

wil] retain the same basic function in the Dash-l Bngine,
only marginal reductions in piston body volume and hence

overall piston weight are possible without seriously
compromising the function of the design.

Scrutiny of Figure 5-9 shows i.haL the bearings and axles
account for almost half of the totar piston weight and their
weight a]one exceeds our design goal of one pound. rt is
obvious that any signifi cant weight reduction will have to
take place here.



timizín Rol- 1er,/Bearintr)a).)-¿
104

Three of the possible top cam roller/bearing configurations
which use commercially availab]e bearings are il_lustrated
in Figure !-10: the separate roller and live axle with
straddled bearings (5-10A) such as Lhat used in the Mark T

Engine, the combination radial and thrust bearing rtraek_

runner" (5-108) used in the Mark rr Englne and the needre
roller track runner bearing which requires a separate thrust
bearing ( 5-10C) .

ft can be seen that i_n configuration (5_10A) and (5_10C)

and to a somewhat lesser extenû in (5-roe¡, that significant
weight losses can be obtained by reducing the rol_l_er diameter.
since weight is proportional- to diameter squared, there are
severaf factors that are a function of rofler diameter:
the cam/rolrer Hert z contact stress and the effect of
increased roller speed on bearing 1ife.

A measure of the exLent that
the rolfer l_oads the running

by the Hert z eontact stress.
that the line contact deforms

area and for a rolfer and cam

be expressed as:

the line contact pressure of
surface of the cam is given

The Hertz stress assumes

into an elliptical_ contact

of the same materiaf can

Sc psa /Â(.Úquarl_on 5-I)
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). )-A- t imi zin the Ro f f er,/Bearin Combination (Con't )

I¡/HERE:

S^ = Hert z contacL stressc

F = Total_ force acting on the rolfer
Rt = Roll_er radj_us

R. = Cam radius
¿

b = Rof1er contacb width
and u and E are poissonrs ratio and the moduÌus of elasticity
for the common cam and roller material.

The Hert z contact stress is arso a good indi cator of the
wear life of the meteriar- if srid,ing and rolfing occurs
under lubricated conditions. ]dith the other variables hefd
constant we have the forfowing relationships which are
shown in Graph 5-rr. rt can be seen that reducing the
roll-er diameter or the rofler contact width has an equal
and non-excessive effect on the eontact stress.

Any reduction in rolfer diameLer for a given bearing will
result in an increase in bearing speed and a corresponding
reduction in bearing rife. The rated rife equation29 fo"
bearings operaLing at cons tant speed is:

Ltott
3

ffit$ìl /-
( trquarl_on )-Z )
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the Roll_ er/Bearin Combination (Con't )

I,{HERE,

LtOn = The basic rating life in operating hours
N = Rotational speed, RpM

C = Basic dynamic load rating
P = EquivaÌent dynamic bearing load

The inffuence that each variabr-e has on the basic r-i_fe
rating is shown in Graph 5-rz. rt is quite obvious that
bearing speed can undergo a large increase before having
a signifi cant effect on bearing rife. Graph 5-rz does
ill-ustrate the dramatic influence that the ratio of dynamic
load rating to equivalent dynamic r_oad has on beari_ng rife.
After minimizing the cam rolr-er size wiLh respect to weight,
further weì_ght reduction of the roller/bearing assembly
can be obtained by specifying a lighter bearing with a

proportionally lower dynamic load rating. The (C/p) curve
in Graph 5-72 shows that such a red.uction in dynamic load
results in an overwhelming drop in bearing life.

rn summary, it seems more plausibr-e to obtain a reducþion
in cam rol-ler weighL by minimi zing its diameter and perhaps
increasing the conLact width to meet loading requirements
rather than reducing the width and increasÍng the diameter.
A reduction in rolrer diameter alone wirr_ not overwhermingì_y
increase the Hert z contact stresses and the corresponding
increase in bearing operating speed willnot appreciabry
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5.3-2 Optimizing the Ro11er,/Bearing Combination (Con,t)
reduce the bearing fife. To obtain a truly significant

weight reducti-on of the cam rorrer/bearing system, a

reduction in bearing slze shoutd ar_so be considered.
This wirr infr-uence bearing capacity and rife and the
effect will be considered in the next section.

5.3-3 Dash-3 piston Revatuu@

It is quite obvious from Graph 5-6 that even with optimum
combustion efficiency that a significant reduction in
mechanical fosses must occur before respectibr_e engine
output can be obtained.

The previous section has concfuded that the most expedient
method of reducting these l0sses is by piston weight
reduction. some weight r-oss can be attained through carefu]
re-design by optimizing the strength to weight ratio of the
afuminum piston structure but more than fractional gains
wj-th thís method are quite unli_kely.

The truly significant weight reductions (those in
of 50%) are onry possible with compromised design
with bhe most obvious being those associ_ated wiLh
cam follower rollers and bearings.

the order

parameters

the heavy

It j-s appropriate at this time to
of the Mark I piston. The Mark I

re-examine the desÍgn goal_s

pisbon was initially designed
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3-3 Dt"h-3 Pirtot Rutufrud Du"ig.r prrur"t"""(con't)
to transmit the gas and inertia forces of a compression
ignition engine with maximum cyrinder pressures of looo
psi via a cam that generated cycl0idal motion with a

2.5:L expansion ratio and a 15o dwell at TDC and was

intended to reach a maximum engine speed of 4000 RpM.

L¡/ith the original design weight of one pound the top rorfer
bearings of this piston had a design r_ife of approximatery
50 hours at' an average engine speed of z5oo RpM when using
cubic mean average bearing loads.

The cubic mean is the reconmended method for assigning a

dynamic load value for a bearing undergoing shock loading such
as that encountered with the combustion process.

The final version of the Mark r and Mark rr engines were

spark igniti-on engines with a simple harmonlc cam using a
2.0:r expansion ratio. These engines utilized the heavier
pistons illustrated in Figure 5-Z and. Figure 5_3. Although
these pistons increased the inertia loading, the relaxed
combustion gas loading resur-ted in srightly better top and

bottom bearing life expectation for both engines in comparison
to the original Mark ris 50 hour life. The detair-s of the
reduced bearing roads and improved rife are shown in Table 5_13.

The Dash-3 Bngine will- also have the advantage of the more

lenient combusti-on gas loading--being specified as an B.o:t
compression ratio spark ignition engine (section 3.3-¿)--
and a more gentle cam motion (Section 4.:_2)__such as those
of its Tatter day predecessors.



TABLE 5-T3

LI2.

COMPARISON OF CALCULATED BEARING PBRFORMANCE
FOR THE MARK I AND MARK ENGTNES

simple harmonic motion
no dwell-
2.0:I expansion ratio

MARK I MARK ]I

Engine RPM 200 0 2000

Piston \tleight, lb. ))r 2.4

Peak TDC Cylinder Pressurerpsi Bro Bro

Top Bearing(s) cubic mean
average load, lbf 516B 5I6B

Bottom Bearing cubic mean
average load tbf 2047 204r

Top Bearing(s) used Tr/{o sKF NU 4903
See Fig. 5-104)

ONE SKF 305704
(See Fig. 5-108)

Top Bearing Life, hours 226 t¿

Bottom Bearing Used ONE SKF 361204 ONE SKF 305703

Bottom Bearing Life, hours 56 559
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5.3-3 Dash- PÍston Revafued Desi n Parameters (Con't)

Because of the ttone offil custom fabricated nature of the
Dash-3 Engine as were the Mark r and Mark rr, its pistons
are restricted to commercially avair_able bearings. The
most efficient in terms of weight per r_oad capacity being
those with integrated cam ro ILer/bearing outer races. A

comparison of b,o fives and weights for various ITSKFil track
runner bearings is shown in Graph 5_1 4.

rn conclusion, the Dash-3 piston can attain significant
improvement in totar- engine mechanicar- efficiency via a

lightweight design. rt has been shown that the greatest
reduction in piston weighb is obtained by carefuf sefetion
of the cam folfower rofrers and bearings. As bearing
capacity and tife is proportionar- to bearing size and weight,
bearing life wir-r- probably have to be compromiru¿33 in
exchange for reasonable piston friction losses.
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GRAPH 5_14 I].T,AIÍ-L]\G L-L},þj VS. BEARING I,{EIGHT
r or commercial_ly avaifãbl-ð-TKF-track runner bearings.

NOTE:
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CHAPTER 6

OPTIMTZATION OF THE INDTCATED POWER POTENTIAL

6.T INTRODUCTION

The optimi zaLion of the Dash-3 Engine woufd be a partial one
if the only factors consldered were those of the mechanical_
and geometrlcal configuration presented in chapter 4, or
those contrlbuting to minimar mechanicar fosses via a light_
weight piston in ChapLer 5. Not only must the Dash_3 Engine
ensure that its power potential is translated, to useful work
with a minimum of losses, but it must have a configuration
Lhat is inherently abre to rearize this potential in the
first place. rn this chapter, some of the factors t,,at tend
to detract from the optimum combustion process wilf be
examined and it will be determined if the majority can be
excfuded from the Dash_3 Engine configuration.

o.1 THB COMBUSTION PROCESS

2-1

As iq 'l-h^rÐ urrÇ case with the conventional spark igniti-on engine,
the K-cycre Enginers rear- f ife pressure-vor-ume diagram will
not realize the magnitude of indi-cated work associated with
its equivarent fuer-air cycle pv diagram. The difference
beLween the idear and the actuaf can be attributed to the
following factors:

A. Time Loss: Due to the time required for the mixinE of

to complete thethe air and fuel and the time taken
combustion process.
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6 '2-r (conrt )
Þ lJ^^¿-D. neau Loss: Due to the f10w of heat from the combustion

gases Lo the waffs of the combustion chamber.
c' Exhaust-Blowdown loss: Due to the foss of work potential

when the exhaust var-ve or port opens prlor to the end of
the expansion stroke.

D' Gas Leakage: Due to the piston rings and valves in the
crankshaft engine or to the piston rings and sears in
the K-cycle Engine. These rosses are negrigible in the
former but may be significant aL l-ow speeds in the fatter.

A graphical iffustration of how these r-osses affect the fuer_
air cycle of a conventionaf otto cycle engine is shown in
the PV diagram of Graph 6_t.

rn any englne, the magnitude of these losses is governed by
a number of primary design and performance variabfes:

l{ Spark plug position
x Combustion chamber shape
lç Mixture condition aL ignition
l{ Thermar- characteristics of the combustion chamber
x fgnition timing

Each of these parameters has an effect on bhe other 1n the
manner shown in Figure 6-2, and eombine and interrelate to
deternine the efficiency of the combustion process.

The engine configuration chosen in the mechanicar_ and
geometrical optimi zation of chapter 4 will be examÍned in
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FIGURE 6_Z: FROM REFERENCE 4B
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6.2-t tion process (Conrb)

the followlng sections for the severity of 1ts inherent heat
I ^^ -r-u:is, rr-me 10ss, and cylinder gas leakage characteristics.

The exhaust br-ow-down r-osses encountered in a conventionar_
engine resuft primarily from the nature of the exhausr
poppet-va1ve port system which requires the early opening of
the val-ve to overcome the mechanismrs inertia and the ffow
restricLion presented by the vafve itseff. The cylinder ports
of the K-cycle face-sear engine are refativery free from these
defects; therefore, it is expected L,'at the exhaust bfow-down
l-osses wiff be considerabry fess than those of the conven_
tional- engine. Because of the K-cycrers ronger exhaust stroke
the pumplng work during this stroke may be srightly greater
than that of the same stroke in the conventionaf four_stroke
engine. These l0sses wilf be assumed to have a negligible
effect on the overafr- performance of the K-cycle due to its
valveless exhaust port and l_ow exhaust pressure.

Heat Losses from the Dash_3 Engine Configuration

rt is generally acknowledged that there are two factors
inherent in any piston engine that determine the amount of
combustion chamber heat loss: the first is a nslze_effect,,
that is a function of the cylinder bore diameter and the
second is the surface-to-volume ratio of the combustion
chamber itseff.
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6 .2-2 ion (Conrt )

rt has been found 1n the conventionar piston engine Lhat the
heat loss varies with cylinder bore diameter: from a ,,hardry
measurabre quantity for very large cylinders working at high
specific output" to t'f5 percent of the fuel-air cycle work
for cyÌinders of automotive size operating at moderate piston
speed". This difference is iffustrated in the pressure_
volume diagrams in Graph 6_Z and in Graph 6_4: the former
a smafr- bore special cFR engine with a 12 percent heat 10ss
and Lhe latter, a wrlght aircraft cylinder with a 6.r2! inch
bore, and unmeasurabfe heat foss.

Taylor and Tayl or35 have

l-oss ratio (heat loss to
indicated power output of
is, among other variables

defined an expression for a heat
the coolant with respecL to the
the equlvalent fuel-air cycle) tf,at

, a function of cylinder bore diam_

Heat Loss Ratio = c) f(cd )-o "25 (, T )J \+g -c,

(Equation 6-1 )

WHERE:

C. = ConstanL
J

f = Ratio of the Índicated heat foss to the actuar jacketheat loss

q = Mass fl-ow of gas per unit time divided by piston area
q- = The cylinder bore diameter

tU = Mean cylinder gas temperature

T" = Mean coolant temperature
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Rolro of rmep ond ef frcrency . . O.9O3
Trme-loss roi¡o.............O.O8
Heol -loss rolro (opporent). . . . O.OO
Blowdown -loss rot¡o..,. . .. .. O.Oz

Cyliñder volume / cleoronce volume

(-'orn¡tlrison of l)r(Ìssrlrcs, rt'ul c¡.<:lc vs. o(luival(ìrìl
constÐnt-volurle fucl-rrir c¡.clc. \\right,\ircruft c¡.lirrdcr,
6lÁ' x 67t6", r = 6.ã0, s = 1850 f¡rnr, /"¡ = 1.175, p¡ = 16.l
l)sia, 2. = 14.7 psi:r, sa = I5', 7'; = 702'lì, ./ = 0.03Â, ¿rir
consumption = 0.008 lbm/cycle, (,i = 0.33+ lbnr,/sec ft.

(Courtes-r' $'right Aeronautical Corporation. )

GRAPH 6-4: FRO}.{ REFERENCE 50



I22

(,.t. Heat Losses from the Dash_ Engine Confi uration (Conrt )

If al_] the variables

he l-d cons t,ant :

l,'tith this rel_ationship

tions can be examined

other than cyllnder bore diameter are

Heat Loss Ratio = (constant) d,-0 -25

(Bquation 6-Z)

, the possibfe Dash-3 Engine configura_
for lnherent heat loss.

The engine configurations presented in Graph 4_19 have their
geometric parameters governed by (Equatlon 4_4),

Displ
¿'rr dJ O

r ù1 c rNr ( 36Ð-----.----.--.--¿ r\. Ð-Lr\ ,;-:-i (R) (nn¡(2Q )

Combining (Equation 6-Z) and (

k = 0.U5, R = Z.B9 and ER - Z.

tion, and soÌving for the heat
displacement and the number of

(Equation 4_4 )

Equation 4-4), setting
0, as per the chosen configura_

loss ratio in terms of intake
cyllnders:

obvious that,
the heat loss

increasing the

as is the

ratio of

cylinder

case with

the K-Cycle

bore.

(Equation 6-3)

iL is quite

bhe conventional engine,

Engine is reduced by



1Ca

Leaf bl_ank to correct
numbering
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o.¿-¿ Heat Losses from the Dash_ Engine Configuration (Conrt)

rt can be concfuded that the heat r_oss ratio of the conflgura_
tions of Graph 4-tg can be minimized by approaching the
maximum dispracement with the r_owest number of cyrinders
a1ì-owed by the continuous combustion port duration parameters.

The heat transfer from the combustion gases to the warls of
the combustion chamber is proportlonaf to Lhe surface area
of the combustion chamber itser-f . For any given cyrinder
bore diameLer, the fower the surface-to-vofume ratio, the
l-ower the thermaf losses. rn addition, a combustion chamber
with a lor,v surface,/vorume ratio wif r_ tend to have minimaf
exhaust emlssions with respect to unburned hydrocarbons,
resulting from fuer plating on the walfs of chambu".36

The sr.¡rfâce-to-volume (S/V) ratio aL TDC is governed by the
actual shape of the combustion chamber itseff. The rrdouble

hemisphererr chamber with a hemispheric depression in the
piston to match the hemispheric dome i_n the cylinder head
has one of the rowest possibte s/v ratios, whiì_e a now obsofete
'Lr head chamber has one of the highest. The combustion
chamber shape and TDC S,/V ratio of the Dash_3 Engine wilt be
determlned during the detaired design of the engine and is
not a funetion of the pri-mary design parameters 1n our con_
figuration optimi zation.

Whife the TDC surface-to_volume ratio wi
the enginets exhaust emissions and heat

11 conLrol some of

loss, the majority of
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^a. Heat Losses from the Dash_3 (Conrt)

the heat foss to the chamber wafls occurs not at rDC but
during the expanslon stroke and the exhaust browdown process.
The distribution of the heat r-oss during the four strokes of
a conventional Otto cycle engine are shown in Tabl e 6_6
which was compiled by Taylor and Tayfor.37 For this particu_
lar example, BB% of the heat r_oss occurs during expansion and
bl-owdown whife onry B% occurs during combustion . rt is quite
likely that the majority of the heat r_oss of the K-cycle
Engine wir-1 afso occur during its expansion sbroke.

The tendency of the Dash_3

heat during expansion is a

area presented to the gases

cylinder's S,/V ratio at the
(BDC-EXP).

Engine configuration Lo reject
function of the cylinder wall
, and can be examined via the
BDC of the expansion sLroke

rn the K-Cycle Engine, for a given combustion chamber shape,
intake dispr-acemenL, and. number of cyllnders, the S,/v ratio
at BDC-EXP is controfled by the maximum a110wab]e cam
pressure angle. rn the configuration opLimization of
section 4.3, a pressure angle of 3oo was chosen for the dwer-r_
free simple harmonic cam. This choice and its influence on
the configuration optimi zation with respecL to inherent heat
l-oss wif I now be re_examined.

F'or the sake of

by a flat-topped

simplicity,

piston and

assume a BDC_EXP volume bounded

a f l_at-faced cylinder head. The
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Relotive Heot Losl During Difierent phoses
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6.2-2 Heat Losses from the ÐAsn-3 Ensine Confi urat i on

S/Y ratio of such a chamber can be expressed as:

2 (d/E) + 4

_27TO E
--4-

lTdE

LITHERE:

d = CyJ_inder bore dia.
E = Expansion stroke tengLh

AND (a/n) = bore to expansion stroke ratio
d/E =RkSrN (360)

( 20r

By solving (Equation 4_4 ) for
(Equation 6-4),

127

( Con't )

(Equation 6-4)

(Equarion 6_5)

fd' and substituting this into

q

-=V

c_=
V

Rearranging to

2 (d/E) + 4

tt
(Equation 6-S)

obtain S/V ratío for any intake displacement:

(Disp r)7/3 =

(Equation 6-6)

This refatÍonshÍp, as a function of the number of cyrinders
and maximum cam pressure angle, is shown in Graph 6_f. The
maximum pressure angles were obtained from Graph 4_10 and
incorporated into (EquaLion 6-5) via the term fRr.

r$r 2 (d/E) + 4

I'Pryl-b
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l

=lñlrt
14l

?l

HI
HI
Êl
rdl
MI

fltzl
5l

I

xl

^l
HI
Þt
Ël
>l\l
3t
È<i

sl
Øl

LLO.

cylinder s

7 cylinders

---_

10.

6 cylinders
_ '\b

-_ \- - \__

5 cylinders

4 cylinders

\ \ \

-- 
ts__

GRAPH 6_7

SURFACE TO VOLUME RATTO

,r, . 

--

MAXIMUM CAM PRBSSURE ANGLE

-

MAXTMUM CAM PRESSURE ANGIE DEGREES



Heat Losses {rom the Dash_ Bn ine Confi urat ion

Graph 6-f indicated that
the S/Y ratio at, BDC_EXP

maximum pressure angle wi
increasing with a decreas

For engines wj_th more than T

the S,/V ratio increases with
3Oo.

t roL1).

(Conlt)

for engines with less than 7 cylinders
can be reduced by increasing the
th the amounL of S/V ratio reduction
ing number of cyl_inders.

cyJ_inders, Graph 6_f shows that
cam pressure angles greater than

For a six cyrinder engÍne, such as that specified for the
1\^ ^ r-
"d-sn-J trngfne, in section 4.3-5, increasing the maximum pres_
sure angle beyond the specified 30 degrees will_ result in
only a marginal drop in the S,/v ratÍo. In light of this,
there is no great advantage to increasing the Dash_3 maximum
cam pressure ang1e.

rn summary, the 6 cyrinder eonfiguration specified for the
Dash-3 Engine does not appear to suffer from overly large
heat r-osses in comparison Lo the remaining available configura_
tions for the chosen 3oo maximum pressure angÌe. some
marginal reductions in heat 10ss are available__but at the
expense of compromising some of the primary conflguratÍon
design parameters: the optimum continuous combusti_on cylinder
port duration being one example.
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6.2 TTME LOSS AND COMBUSTI-ON CHAMBER SHAPE

b. J-_L _Lntroduction

As indicated in sectlon 6.2-r, next to heat ross, time r_oss

is the next largest deviation accountlng for the differences
beLween an actuar indicator diagram and its equivalent fuer/
air cyc1e.

The time ross arises from the fact that in a spark ignition
engine, the flame starts from a single ignition point and
spreads at a finite speed. The distance that the flame must
travel to complete the combustion process, and Lhe rate at
which it travers, wifr determine the effecLiveness of the
combustion process and the effi-ciency of the shape of the
chamber within which it is conflned.

Two of the primary factors in Figure 6-2, which are inherent
to the engine configuration and which affect the actual com_
bustion process , a?e the spark plug posltion and the combus-
tion chamber shape. Both of these factors determine the
total distance the frame front must travel and contror the
sensitivity of the chamber to detonation. The shape of the
combustion chamber governs the rate of pressure rlse as
flame travel progresses and the point at which maximum
pressure occurs.

6.3-Z mbustion Chamber

The combustion chamber of the Mark r engine was originalry
designed for continuous combustion with continuous fuel
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6.3-Z Performance of the Mark T Combustion Chamber (Conrt )

The conversion of the Mark r Bngine from fuer_ injection to
carbureLion and spark ignition (S"I. ), (Section 2,4_3),
transformed the combustion chamber into a poor s. r. chamber
with an unacceptabry 10ng flame travel distance simifar to
Lhat' of the conventionaf rrl-headr englne now considered
obsol-ete.

combustlon experlments conducted by K-cycre confirmed that
Lhe peripheral port was ifr--suited to spark ignltion: Graph
5-6 shows Lhat even with the existlng excessive engine
friction, to attain the measured BHp the indicated power
output of the combustion process courd only be harf of what
might be expected from a well designed chamber.

injection. The chamber was ideally
narrow peripheral port enabling the
highly homogeneous spray pattern as

statlonary fuel injector.

Two factors were suspecbed as being
indicated power: excessive leakage
and poor pJ-acement of the spark pfug
ceptably long ffame travel distance.

engine Ì/üas modified to i_ncorporate
simifar to that of the Mark f Engi

suited for this with the
cylinder to receive a

it rotated by the

responsibfe for the l_ow

of the peripheral seals

resulting Ín an unac_

a combustion chamber shape

n".38 ,ni" test showed

To measure the inffuence of the spark pfug position, the
cylinder head of a single cylinder ,rL-head,, crankshaft
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6.3-Z Performance of the Mark I Combustlon Chamber (Conrt)

that with the modified chamber simirar to that of the Mark
Engine, the power output was 50iø of that obtalned with the
originar cylinder head which had a more centrar ignibion
point ' The ignition points and chamber shapes of these
cylinder heads are sholvn in Figures 6_8A & B.

Because of the nature of the experiment, exacL comparisons
between the Mark r chamber in the K-cycle Engine and the
simurated chamber 1n the single cylinder engine should be
avoided because of the overwhelming differences between a
valved stationary chamber and a ported rotating one.

The test did hightight that a tess
chamber shape and ignition point,
can dramatically cut the indicated

than optimum

as in the Mark

poürer o-fl that

combustion

f Engine,

engine.

The singre cyrÍnder crankshaft engine was ar_so used to
measure the effect of J-eakage on the power output. This
test38 found that with the reakage increased by a factor of
six to that of the original enginers piston rings and var-ves
(a leakage more severe than that in the Mark f), the enginers
por^/er output dropped by only 2r%. 

',ith 
the results of these

tests ' it became obvious thaL the poor combustion resulted
from the Mark's chamber shape and spark plug r_ocation and
not from seaf leakage. simifar resufts were found in the
development of the rtranker Engine3g *h""e increased apex seal
leakage increased engine oir- consumption without dramaticarry
reducing power output.
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MODIFIED SINGLE
CHAMBER SHAPE

FTGURE 6_BA: CYLTNDER ENGTNE COMBUSTTON

- To slmul_ate the Mark f Engine

Spark Plug positions

Simufat ed Mark f Chamber

Volume

Surfac e

= I.59 in3
Area = 16.92 in?
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FIGURE 6-BE: SINGLE CYLTNDER ENGINE ORIGTNAL COMBUSTTON CHAMBER SHAPE

Spark Plug Position

Volume = I.i9 in3
Surface Area = 15.6t in?
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DespÍte the ease of ascertaÍnlng that the peripheral port
chamber in the Mark r Engine is iff-suited to spark ignition,
the determlnation of what constitutes an efficlent combustion
chamber is quite difficult. obu"t40 points out that even
for the combustion chamber of the convenbionaf S. I. engine,
analyticar refatlonships of the primary design variabr_es
are unknown and the modern combustion chamber has evofved
through years of experimentaf development.

obert does point out some generar rures than an efficient
combustion chamber must foffow. such a chamber must have
the folfowing attributes:
A. Short combustion time obtained by faster burning (tnis

is the primary consideration).
B. Minimum frame travel 0btained by cenLrar_ focation of the

spark plug.

C. Turbulence during intet and compresslon"
D' tigh piston coverage of the cylinder head to concentrate

ilre charge near the spark plug.
B' Minimum quench thickness or cr-earance between tlie piston

and the cylinder head.

A short combustion time is desired so as to obtain the maximum
combustion pressure as cl0se to TDC as possibre without intrud_
ing on the compresslon stroke. some controf over the timing
of the peak combustion pressure is exercised by the ignition
timing, but the shape of the combustion chamber itself has
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6 .2-S Bffective Combustion Chamber ( Con, t )

afso Lo promote an early attainment of this peak pressure
without excessive combustion roughness.

combustion theory explains that the ffame front expands from
the point of ignition as the surface area of a sphere of
lncreasing diameter. The pressure rÍse is not directly
proportionar to the voÌume consumed by the spherlcal frame
front, but foffows the rer-ationship iffustrated in Graph 6_9.llloberL ' exprains that the idea] combustion chamber shape
would be that of a cone with a point of ignition rocated in
the middfe of its base. such a chamber wourd obtain the
required earry peak pressure whife minimlzing the vofume of
the chamberrs end gas so as to avoid detonation.

The piston in cyrinder mechanism does not
conically shaped combustion chamber, and
chamber in conventionaÌ engines has shown
in chamber shape can Lransform a workable
unacceptable performance .

l-end itsef f to a

past experience with
unat mt-nor changes

chamber to one of

)J)'-L'aub'- proposed that the raLe of pressure rise in a combustion
chamber be controlr-ed by designÍng the chamber shape to have
the rate of change of the burned volume (with respect to the
fl-ame travef) increase at a specified rate. This nethod is
called vor-ume control. Taub established empiricat fimits that
a successfuf combustion chamber must falÌ within and sub_
stantiated the validity of these r_imits with experimental
verification. Two examples of this are itr-ustrated in
Figure 6-fO.
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a^o. J-J ljeterminÍn the Sha e of an Effective Combustion Chamber (Conrt)

volume distribution does not give the totaf picture of a com_
bustion chamberrs characteristics in that piston movement,
ffame vel-oeity (which 1s often variabfe), mixture distribution
and turbur-ence are not taken into account. Despite this,

)tc0bert-J cfaims trat a generar idea of the relative performance
of chambers of the same size range and environment can be
established wiLh volume controf analysis.

6 .l-u Vol-ume ConLrol_ Anaf sis of the K-C cfe Combustion Chamber

rn an effort to charact erize the poor performance of the
first prototype engine in a spark igniLion situation, vorume
control analysis was conducted. The combustion chamber
shapes evaluated are shown in Figure 6-rr. The curves for
the Mark r and Mark rr Engines are shown in Graphs 6_tzp, & B

and are compared to Taubrs emplrical fimits.

rfl¡ ' 'L-'auD se' nas empirical parameter so as to obtain maximum rate
of change of ffame area: or rate of pressure rise within the
first 10/' to 30% of frame travel, so as to position the peak
combustion pressure rise as cfose to TDC as possible without
encountering combustion roughness. He then had the rate of
increase decrease linearly untir- compfetion of ffame travel
so as to avoid detonation. rt is quite obvÍous that both the
Mark r and Mark rr chambers do not stay within Taubrs n.'ê-
scribed volume conLrof l_imits.
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FIGURE 6-1T: THE MARK T AND MARK T] COMBUSTION CHAMBER SHAPES

o " 250"

MARK TT: rol_nf

Ignition
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6 .3-4 Volume Control- Anat E.Ls of the K-C cle CombustÍon ChamberCon 't )

An estimate of the rate of pressure rlse can be obtained by
applying the rerationship between the vofume consumed,/mass
burned and pressure rise relationship in Graph 6_f3 to the
percent vol-ume consumed vs. percent flame travel_ curve. rt
should be noted that this 1s onty a very rough estimate as
Graph 6-13 was established by examining constant vofume
combustlon.

The resul_ting pressure

afso shown in Graph 6_f
pressure rise shown may

tion efficiency is due
L- -,ournfng oï' the air/fuel

The proposed Dash_3 combus

plicity, a flat piston Lop

The port opening is curved

rr_se versus ffame lravef curves are
28. The particularly slow rate of
indicate that Mark Ifrs poor combus_

to late and possibly incompfete
mixture.

white it is beyond the scope of Taubrs vofume control theory
to pinpoint the exact cause of the poor indicated power of
the Mark r and rr Engines, hls theory can certainly be used
to compare the performance of the proposed Dash_3 Engine face
seal- spark ignition combustlon chamber to its predecessors.

The Dash-3 Engine configuration chosen in Sectj_on 4.3_5 has
the seal pitch circre diameter smar_fer than the cylinder pcD.
The resufti nø____*..b envelope for the Dash_3 combustion chamber
shape is shown in Figure 6_14.

Li ^{,-LOn cnamber shaoe

and a fl-at faced

to match the seaf

has, for sim_

cylinder head.

PCD, and its
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-^_, ,. Relationship between pressure r.rse ofcombus¿ron and mass hurned. (Frd*-L:' Wìiil"o,aud G. M. Rassweiter, G;;"*i Nì;;;iJ cäplj'""

GRAPH 6-13: FROM REFERENCE 53
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a^1,--o. J-4 Volume Control_ Anaf sis of the K-C cle Combustion Chamber(Con't)

wÍdth is set to obtain a maximum flow vel0city recommended
by o¡ert44 of z4o fL/sec at maximum engine speed. The depth
of the port is seb at 1/2 inch. The stationary combustion
chamber whlch contains the spark plug is conically shaped
and positioned at the mÍd-point of the cyrinder port opening.
The piston to cylinder head crearance was set to obtain an
B'o:t compression ratio. Graphs 6-15 a & B show the volume
rate distribution for the combustion chamber of Figure 6_t4.

The chamber shape of Figure 6-.'4 was artered by increasing
corner radii and addlng a spherical depression to the piston
head surface in an attempt to approach raub's recommend.ed.
vor-ume rate distribution. rt was found that although these
modifications had some effect on the volume rate distribution,
the prlmary variabfe that had the greaLest inffuence was the
disbance of the ignition point from the cytinder head. By
shifting the ignition point from a distance of 0.4orr from
the cylinder head to o.r0t' away, Lhe volume rate distribution
changes from an unacceptable one to one that falfs within
Taub 1s arbitrarv I imiiq

For the 0.I "ignition distance,r, the vofume rate
of the flame travel distance rather than at the
mended by Taub. This is due to the thickness of
head and cannot be avoided.

peaks at 32%

rc% recom-

the cylinder
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6.2-U 
bustion Chamber

rn comparing the Dash-l chamber to that of the Mark r and
Mark rr Engì-nesr several improvements are not,ed:

* The vofume rate distribution of the Dash_3 chamber is
quite close to thab recommended. by Taub,s theory.

lç The ffame travel distance is significantly shorLer
and shoufd resuft in faster burning and more effective
combustion.

)e' The croseness of the plston face to the cylinder head
should provlde significant squish and quench promoting
the creation of turbulence during compression and
cooÌing the end to red.uce the tendency to detonate.

The recommended chamber shape for the Dash_3 Engine. shown in
Figure 6-14 wirr- not be a success untir_ arl the combustion
variabl-es are considered and optimized. such an optimi zation
process will continue past the detailed design stage into
test bench evaluation.

ft is hoped that
the Dash-3 Engine

without inherent

the analysis of this
conflguration with a

handicaps.

chapter has provided

combustion chamber
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CHAPTER Z

CONCLUSTON

Although the material presented in the prevÍous chapters has
established the general direction that an optimi zation of
the K-cycre mechamisn shourd Lake, such an optimi zation and
the subsequent refinement process can only be brought to a
successful conclusion if the process is car_ibrated with
ac'uaf test results. rt is hoped that the conclusions
reached within will result in a fundamentatly correct Dash_3
Engine configuration LhaL can be fine-tuned by the use of
its designed-in component interchangeabitity to ar_10w a
respecLable engine ouLput.

ft should be once again noLed that the Dash_3 Engine con_
figuration was evofved within the confines of the K_cycle
Engines Ltd. companyrrDesign Manualil. Some of the design
goals' whir-e appearing quite vafid aL the time of the
writing of this document, flâv impose restrictions on the
future development of the Dash_3 Engine. For example, the
requirement of a r-ow surface-velocity face seal may impose
detrimental parameters on the combustion chamber shape.
The finnl nor¡,-, formance of the Dash_3 Engine shoufd therefore
be evafuated in not only how the engine met the goals
specif'ed in chapter Three, bui how it performed in light
of the restrictions imposed by these goals.

The gas seallng

inlet and outl_et

between the cylinder ports and the stationary
ports wil-l ultimately be brought to an
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acceptable r-evef because the requi'ed technol0gy has already
been evor-ved in simirar situations such as the seals of the
current l,rrankef Engine. The face seal is highly desirabre
for the K-cycle Engine at this stage as it operates at
conventionaf t'pressure-veì-ocity'r vafues ( similar to the
I,rlankef seals and piston rings) anA it removes the now
significant centrifugal friction seal power r-oss. The high
vel0city technor-ogy required by the original peripheral
seaf design wilr- eventuar-ly have to be devel0ped if the
ul-timate potential of detonatlon free combustion with r_ow

grade fuel-s, via continuous combustion and fuer injection,
is to be rearized. Although fuer_ injectÍon can be incorporated
into a face sear engine with some compromises, it wilr never be
capable of the performance of the much simpler pheripheral
port combustion chamber.

one of the areas that offers a great deal of freedom to the
designer of a K-cycle Engine is bhat of the cam generated
pisLon motion' A conservative approach was taken in
specifying a dwelf-free simpre harmonic moti_on with equally
spl_it stroke angular durations for the Dash_3 Bngine. ft
was felt that until respectable seal performance is obtained,
a TDC dwer-f shour-d not be considered as it megnlfies the
effect of seaf leakage. once the sealing and other problems
are overcome, the mur-titude of avaifable cam motions can be
investigated. some of the interesting possibilities are
tailoring the combustion process with a TDC dwelf to fimit
exhaust emissions and optimi zing the expansion stroke angular
duration to reduce combustion chamber thermal r-osses.
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The optimization of any of the avair-abr-e cam motions wilr-
be incomprete unress the infr-uence of maximum cam pressure
angle on characteristics such as piston side 10ads, piston
friction, combustion chamber surface to vofume ratio and
expansion ratio is determined. rf the maximum cam pressure
angle is constant with respect to cam motion and engÍne size,
then the method of engine configuration optÍni zation
presented in Chapter Four is fundamentally correct. ff the
maximum câm pressure angle varies with one or more engine
characteri-stics, the configuration optimi zation wil-1 have to
be re-evafuated.

Another aspect of the Dash-3 Engine which was lÍmited to a
conservative vafue, because of Lhe lack of test data: lvâs the
expansion ratio. The practical limit of this variable wir_1
be deLermined by part-throttfe operation of the engine and
the maximum potential of the K-cycre principle cannot be
realized unt1l the upper limit of the expansion ratio is
defined.

rt was indicated that piston fricLion accounts for bhe
majority of the K-cycle Engine's mechanicaf 10sses and thaL
a significant reduction in this friction can be obtained by
reducing piston weight. unfortunately, bearing r_ife is
greatly compromised in a right weight piston, and part of
the future devel0pnent of the K-cycle Engine wiff have to
focus on i-ncreasing bearing r-ife. The cam f olfowers of the
current pistons are restricted to commercially avalr_abr-e



ttoff-the-sheff rr bearings and the acquisition of
performance non-standard__non_catalogue bearings
most expedient method of improvlng bearlnE fife-
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superior

may be Lhe

until- additionar- test resufts are obtained, it is uncr_ear
as to which of the three piston friction components
(centrifugal, side reaction, or roller to cam) has the
greatest magnitude. rf the centrifugal foad friction is
the most signific ant, the number of cyrinders in the Dash_3
Engine shour-d be reduced whiÌe Lhe opposite holds true 1f
the rol-fer/cam sliding frlction is the greaLest. Excessive
piston side r-oad friction can be countered with a reduction
in the maximum cam pressure angle. centrifugal friction
losses can be totally elimlnated by the conversion of the
K-Cycle Engine concept to a stationary cylinder - rotating
cam engi-ne, but this configuration 1s not being seriously
considered aL this time because of the many assoclated
di sadvantage s .

As indicated in chapter six, it is not enough to minimÍze
the mechanicar Ìosses, but the abirity of the combustlon
chamber to devel0p maximum indicated power must also be
optimized. Although raub's 'vorume Rate Distribution
Theoryrf is capable of defining the general characteristics
that an effici-ent combustion chamber must have, final
chamber definition musL have experimental_ guidance.

Once the combustion

indicated power the

chamber is capable

heat l_osses to the

of producing sufflcient
surrounding walfs must
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be minimized so as to obtain optimum brake thermal efficiency.
Another area which must be contended with is that of exhaust
emissions: these must be easiÌy minimi-zed either inside the
engine or with the help of external apparatus if the K_cycle
Engine is to present itself as a viabfe alternative to the
conventional crankshaft engine.

It is hoped that the optimi zaLion of the Dash_3 Engine pre_
sented within wir-l resuft in an engine confÍguration that
is fundamentally correct and with the assistance of its
component interchangeability, wilf be able to bring the
K-cycl-e Engine concept cfoser bo being a truly more effic_
ient j_nternaf combustion engine.
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