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ABSTRACT

In recent times, alternative combustion technoleggh as Homogenous Charge Compression Ignition (HCC
has been studied and results have been positiv€l ld@8mbustion has the potential to reduce fuel oomsion and
NOXx emissions pertaining to the most stringentegidlation of both present and future. HCCI techgwlis attractive as
there is no need for major modifications to thesémg structure of IC engines and with significgridw NOx emissions,
after treatment systems are not required. Howeter difficult to control the process and achieanstancy every cycle.
Therefore, globally experts are studying HCCI cosilmn in depth to understand the associated idoysgnes.
Through advent of modern computers, it has becoossiple to simulate HCCI combustion by creating athmmatical
model that can solve complex equations within n@aufThis paper details mathematical modelling aggrado model
HCCI combustion using Visual Basic for Applicatio(BA), along with insight on different types of mhelling

techniques and submodels required to constructithelation model.
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INTRODUCTION

The current scenario of fossil fuel shortage, iaseein prices and environmental problems due tackeh
emissions, has motivated engineers, scientistanteal education institutes and companies globatlycome up with an
alternative technology to the conventional fornbafning the fuel and extracting energy out of @v&al approaches have

been adapted to solve this problem such as:

Alternative Fuel: Use of fuel having better properties than gasotingliesel in terms of self ignition temperature,

volatility and calorific value

Alternative Combustion Method: A combustion method that is more efficient thanvantional methods in terms of

work output and emissions.

Alternative Materials: Materials that can sustain higher forces, andefoee high pressure and temperature can be

used inside the cylinder so as to extract more work

Alternative Engine Structure: Radically change the engine structure so as taceesiumber of moving parts and

hence, reduce frictional loss
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Alternative Working Cycle: Explore the use of alternative working cycle tdaoGar Diesel cycle that can provide

more work output.

For the purpose of this paper, an alternative catitnu method namely, Homogeneous Charge Comprekgiition

(HCCI), is studied with the purpose of creatingrawdation model.

HCCI

HCCI combustion is achieved by premixing the awtfumixture, either in the manifold or by early dite
injection, as in Spark Ignition (SI) engine, andnmressing the mixture until the temperature ingide combustion
chamber reaches the auto ignition point and ignéesn Compression Ignition (CI) engine. It iscalsiown by following
terms —

« Controlled Auto Ignition

e Active Thermo Atmosphere Combustion

» Controlled Auto Ignition (CAl)

» Active Thermo Atmosphere Combustion (ATAC)

* Premixed Charge Compression Ignition (PCCI)

* Homogenous Charge Diesel Combustion (HCDC)
* Premixed Lean Diesel Combustion (PREDIC)

e Compression Ignited Homogenous Charge (CIHC)

HCCI engine combines the advantages of Spark tgngngine (Homogenous Charge) and Compressiondgnit
engine (increased efficiency) with reduced emissiddowever, unlike Sl and CI engine where startafhbustion is
controlled by spark timing and fuel injection tirginespectively, there is no direct way to conthd initiation of ignition,

and as a result, it becomes innately difficult dotcol the process in order to extract maximum wiookn each cycle.

According to various researches done on HCCI engimebustion happens simultaneously within thenclgr as
opposed to flame front phenomenon in conventionadrSCI engine. Hence the combustion duration imparatively
lower resulting in lower peak temperature. Therefdrarmful NOx emissions, which are temperatureedri are reduced
considerably. This has motivated scientists andnergs throughout the globe to undertake researdd@CI combustion
for better understanding and thereby exploring ipd&®es for commercial application. The followingection highlights

some of the research findings pertaining to HCCI.
LITERATURE REVIEW

Autoignition has been investigated from the sthdwomobile mass production era, albeit not aragss but to
understand fuel properties such as autoignitiorpgature. Only more recently, autoignition prodess been studied with

the purpose of extracting positive work from thgies.

Onishi et al. in 1979 examined the possibility ahming a two stroke engine on autoignition mode tfair
research. They concluded that there was littleechs! cycle variation with respect to peak combuspoessure and that
the reaction happened spontaneously at severakpwithin the cylinder. The importance of radicaias also studied and

it was shown that their concentration was higher lsad longer life than in an Sl engine.
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They also suggested maintaining uniform quantitynofture and the air to fuel ratio from cycle tocteyin order
to attain HCCI. They obtained adequate combustiogr @ wide range of air to fuel ratios and conctudieat HCCI

reduces both exhaust emissions and fuel consumfatidhe entire range.

In 1983, Najt et al. studied in detail what paraenetaffect HCCI combustion using a single cylinfber stroke
cycle engine with a pancake combustion chamberaastirouded intake valve. They concluded that thisignition
phenomenon was not knocking but an even energgselprocess that can be controlled by manipuld¢imgperature and
mixture strength. They independently controllecirtemperature and used EGR, simultaneously usffeyaht fuels for
their experiments and following conclusions werava:

e Chemical species in the EGR gases did not affectHbat Release Rate (HRR), as a result EGR wastased

modulate initial temperature of air fuel mixturea®to facilitate autoignition.

» The combustion process was sensitive to delivafy tarough changes in the concentrations of aif fael in the

fresh charge, i.e. at high delivery ratios the gpeelease became unstable.
* It was easy to ignite fuels having lower octane hers

Thring, in 1989, used a single cylinder four strakiernal combustion engine to examine the feasitolf HCCI
combustion. He performed several experiments withkie temperature as high as 425 equivalence ratios ranging from
0.33 to 1.3 and EGR rates up to 33 %, using bo#isaliand gasoline to map the satisfactory operatiugpns.
He observed that EGR was required in order to thiséntake temperature while there was low cyedidability and fuel
economy results were comparable with diesel engieeconcluded that there were three unsatisfactegions, dictated

by mixture strength, i.e. equivalence ratio —
» Mixture was too rich resulting in misfiring or krking, labelled as ‘misfire region’ and ‘knock reglo
*  Mixture was too lean resulting in low power prodoot labelled as ‘power limited region’

Lei Shi et al. investigated the effect of interaald external EGR on emissions and performance wf $toke
HCCI engine running on diesel fuel. They obsenred by injecting fuel before Top Dead Centre (T@Egxhaust stroke,
and employing negative valve overlap (NVO), the bgeneous mixture, when burned achieves low NOx sandke
emissions. It was also noticed that internal EGRefited in the formation of homogeneous mixturetHer reducing
smoke emissions, however, high load limit of HCCGlsnaffected negatively. Whereas cooled external BERyed the
start of combustion, thereby helping to avoid knogk this in turn expanded the high load limit ofc8I engine.
Due to no fuel rich regions in the cylinder, smakmissions were on lower side as compared to a otioval diesel

engine.

Osbourne et al. conducted a study on evaluating IH&@bustion mode for future gasoline power trains,
with prime objective being to develop a greaterarsthnding of in-cylinder processes. Based on éxjeeital results they
developed a 1D simulation model using Ricardo Wawfiware a CFD based 3D model to perform compuiatio
As per their observation, there was 99% reductiotN©Ox emissions and an 8% reduction in ISFC contpavi¢h the
baseline direct injection gasoline engine condifimna standard key point. Also, HC emissions f@ operation were
comparable to other conventional gasoline engindes®f operation. Finally, they suggest the conoépwo-stroke/four

stroke switching HCCI engine, made possible bygisimmless, electro mechanical variable valve actuat
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HCCI MATHEMATICAL MODELLING

Mathematical modelling is a cheaper, faster anttiefft way to gain an insight into the working ofkgstem.
It requires great deal of skills and resources &tup an experimental facility for HCCI combustioasting.
However, with knowledge gained from various expemts conducted on HCCI combustion, it is possibléotmulate a
mathematical model and derive a set of relatiorsshgtween various input parameters and outputtsediis model can
further be fine tuned by validating against knowperiment results or by conducting an experimeimgiexactly similar
set of control parameters, as used in simulatiomlahoThe following section provides details on fotation of a

mathematical model for the purpose of simulatioRl@CI combustion.
MODELLING APPROACH

There are mainly two types of mathematical modeds are used to describe the physical phenomenarow

within the engine cylinder:
Phenomenological Model (Black Box Model)

A phenomenological model or an empirical model &ivkd using experimental data only, using no prior
information about the system, i.e. engine cylindering HCCI combustion. Statistical principles arged to derive
relationships among sensitive parameters affedtiagfinal result. For such models, an experimerseisup where input
parameters are controlled and output is measumgult |parameters or experimental setup is alteredtudy the
corresponding effect on output result. From resoftexperiment, graphs are charted showing cofogidietween input
parameters and measured results. Phenomenologacidisnare more general and applicable to manyrdiftekinds of

problems. However, they provide less insight ifi® problem or its possible solution and less ptadicapability.
Mechanistic Model (Grey Box Model)

A mechanistic model is developed using prior infation about the system, i.e. results of previouskwo
conducted on similar topic. They provide deeper emstdnding and more accurate prediction as compared

phenomenological models.

Globally, research on HCCI combustion engine hasnbendertaken by almost every academic institution,
automobile manufacturers, and consultants sinde3agecades. Also, from the detailed research dpnéhe author,
the information gathered so far on HCCI combustiarglimpse of which is mentioned in Literature Revisection,

is sufficient to develop a mechanistic model on HE@nbustion.

The various mechanistic engine combustion models tlave been developed so far can by categorisgeras
below:

e Zero dimensional models
* Quasi-dimensional models
e Multi-dimensional models

The level of detail and closeness to the realglgsics increase as one moves from zero dimensioadels to
multi-dimensional models, along with the intricaafymodels and using these models. There is alwaseda-off between

the usability of the model and the ability to aately predict the outcome.
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Zero dimensional models are the simplest and matgtltde to model the effects of change of inputapagters on
heat release rate and pressure rise rate during ld@@bustion. Depending upon the assumptions matterespect to

division of zones inside the cylinder, zero dimensi models can be further classified into —

Single Zone:The entire cylinder is considered as a single zowkcalculations are done by applying first law of
thermodynamics. The combustible fluid mixture ie #ngine is assumed to be a thermodynamic sysemitklergoes the

process of energy exchange with the surroundings.

Two Zones: The cylinder is divided into two zones, a burnetl @an unburned zone. These zones are two
different thermodynamic systems with energy andsneashange between them and common surroundinghe.eylinder

wall.

Multi Zones: Multi zone models are used to evaluate energy raads interactions through several zones,

thus providing more accurate results, albeit wittréasing level of complexity.
For HCCI combustion modelling, two zones modeldsdito simulate the unburned and burned zones.
MODELLING PLATFORM

Several packages have been developed to simulate ititernal combustion engine system.

Most notable simulation packages, currently useabitomotive research are:
* Ricardo Wave

e Lotus Engine Simulation

« AVL fire
e GT-Power
« KIVA

e  MATLAB Simulink
« LabVIEW

However, software costs, hardware requirementstiaaing limitations, combined with project timeregraint
of the research work undertaken by the author, e@endany of the above software packages difficult use.
While above simulation platforms are primarily bésen computation fluid dynamics, simple mechanistiodels,
can be built and developed using any software pgekafering computation ability to solve enginegriproblems,
program event based automation and a graphic towisuialize outcome, such as Visual Basic for Aggilons (VBA)

with Excel spreadsheet.
SIMULATION STRUCTURE

The simulation structure is prepared based on abvassumptions related to thermodynamic principles,

which are listed below:
* The gases present in burned and unburned zonétealeyases with different properties
* No heat transfer between unburned and burned zone

* Instantaneous pressure in both the zones is the baoause flame is a deflagration combustion wave
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e The characteristic gas constants within both zaieesot vary much with pressure and temperaturease of any

variance, they can be modelled using thermodynagfétionships of gas constants with temperaturepaessure
» Since enthalpy connected with injected fuel isgn#ficant, it is ignored
» The work required to transfer fluid from unburnexhe to burned zone is negligible
» Average instantaneous heat transfer rates are agstanestimate heat transfer to the cylinder wall
» Crevice losses are ignored
SUBMODELS

Several submodels have been used or developedtaluz all relevant incylinder processes and aia for the
main model to work. The submodels used for the H&®hbustion modeling are as per below -
Cylinder Geometry: Cylinder geometry includes bore diameter, strad@npression ratio and connecting rod

length. These attributes determine the basic sirei¢d the simulation model.

Piston Motion: This submodel is also known as crank-slider mo@ké instantaneous position of the piston in
the cylinder is evaluated from this submodel. Fithm instantaneous position of the pistion, theaintstneous volume of

the combustion chamber is also determined, asdaifumof crank angle.

Air and Fuel Properties: For the purpose of simulation, air fuel mixtureassumed to have same properties as
air. Properties of air such as gas constant foraiio of specific heat capacities for air, andlfproperties such as Lower
heating value of the fuel and stoichiometric aifuel ratio are required to calculate pressuretantperature difference as

piston moves inside the cylinder.

Engine Cycle: HCCI combustion works on Otto cycle as compress{beat addition) and expansion
(heat release) happens at constant volume. Therefoe changing chemical state of the air fuel umetand changing
thermodynamic state of the cylinder are depictédgu®tto cycle equations. Based on previous knogdedf Otto cycle,
certain points like peak pressure and start of amtibn are fixed, in terms of crank angle degrd@@smaintain cycle to
cycle consistency, EGR percentage would be vargimgwarious degrees of negative valve overlap.sMiasvs through
open valves will be calculated by one dimensionahgressible flow equations for flow through a resiton of filling and

emptying models.

Heat Release RateThe heat release rate is the amount of heat reldes® the chemical reaction with respect
to crank angle degree. Pressure and correspondingss/of temperature are calculated for unit ineneinin crank angle
degrees. Heat release rate with respect to cragilk degree is calculated using the difference $taintaneous temperature
and temperature at fixed points in the engine cydhe heat release rate calculated is the gros®aaild when divided by

the specific content of the fuel, combustion reactiate is obtained.

Heat Transfer: Heat transfer occurs through conduction, convectind radiation from hot burned gases to
piston head, inlet and exhaust valves, cylindetsyallinder liners and coolant. For physical tegtiwater is circulated
through the cooling channels as engine runs ontélse rig. The difference between inlet temperatang outlet

temperature is used to calculate heat transfeheat energy dissipated and could not be usexttace work.

Valve Motion: This submodel describes the effect of valve motinrthe final output of the combustion model.
For the purpose of HCCI combustion modelling, in&#rEGR is used using Negative Valve Overlap (NV).vary the

percentage of EGR, the duration of NVO is varied gumactically this is possible via variable valhechnologies.
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An effective variable valvetrain enables the engtoe breathe smoothly to increase the volumetridciefficy,

while allowing the engine to operate on lean madewa load conditions.
CONCLUSIONS

The current paper presents an approach to matteinatimodel HCCI combustion using visual basic for
applications. In the current scenario of the neeih¢rease the power output and reduce fuel consamand emissions,
at the same time, HCCI combustion offers the bkstrative to conventional combustion concepts useghsoline and
diesel engine. There is no need to radically chahgeengine design for HCCI combustion to work, asdper major

experimental work conducted so far, NOx emissigrs@duced by 90 % to 95 % when operating in HCGtien

However, it is a challenge to increase the loadaciy and globally research is undertaken to urdedsin
cylinder processes in detail so as to enable HOGkdrk outside the laboratory, in a vehicle. Thiougathematically
modelling, HCCI combustion can be simulated antetefor sensitivity with respect to various paraengt Various types
of mathematical models have been presented an@ adne zero dimensional mechanistic model is fownbde a good
compromise between accuracy, computational spegdear! of detail. Various submodels that are usedonstruct the
simulation model have also been explained. Thel finadel is constructed on Microsoft Excel 2007 awhtrol
automation is achieved through visual basic forliapfions programming. The simulation results vai# presented in a

different paper.
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