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Abstract

The methods prescribed by the ASTM for Research and Motor octane number ratings are
generally accepted as indicative of the anti-knock properties of gasoline when applied in spark
ignition engines. However, it has been shown by the author that the manifestation of
autoignition in the CFR engine that is used for octane rating differs significantly from that which
is typically experienced in a modern production engine under knocking conditions (SAE paper
2005-01-2081).

The present research examines the knock measurement system prescribed by the ASTM
method and demonstrates how knock intensity is defined by the pressure rise associated with
bulk autoignition heat release and that it is insensitive to the high frequency pressure
fluctuations. Significantly, the extent of pressure fluctuations present during octane rating at
‘standard knock intensity” was shown to vary considerably between fuels of different
composition.

In a production engine, potentially damaging knock arises from a localised and near-
instantaneous autoignition phenomenon involving a relatively small fraction of the trapped mass
(less than 10%) and is characterised by significant pressure fluctuations. In the CFR engine
however, it was found that the autoignition that occurs during octane rating could involve
anything from 30% to 80% of the trapped gas, depending on the octane value of the fuel being
tested. This manifestation of autoignition is characterised by a rate of heat release exceeding
the rate associated with normal flame propagation, but which is insufficient to produce a
substantial localised pressure discontinuity and the associated characteristic pressure
fluctuations. It is therefore believed to be an example of cascading autoignition similar to the
phenomenon associated with Homogeneous Charge Compression Ignition (HCCI) type
combustion. A pre-requisite for such a cascading autoignition is a non-uniform end-gas
temperature profile that was found to be a unique function of the engine geometry and
independent of the fuel tested. The profile of the inferred thermal gradient was quantified by
theoretical calculation and the hypothesis was validated for the primary reference fuels and the
toluene standard fuels, as well as for gasoline surrogate blends.

The research findings have important implications for octane modelling and prediction, HCCI

combustion research and engine performance simulations.



Acknowledgements

| wish to acknowledge the following peopie:

o My fellow students at the Sasol Advanced Fuels Laboratory and colleagues from Sasol
for their assistance in different facets of thrz research.

o Mr. Trevor Cloete from the University of Cape Town, for the original suggestion of
combining three exponential functions as a descriptor for autoignition delay, as well as
for his suggestions about modelling the bouncing pin.

e Mr. Ting-Pang Hsiao from the University of Cape Town, for performing the CFD analysis
and making the results, presented in Appendix C, available.

¢ Mr. Carl Viljoen for his patient response to countless requests to try and elevate my
understanding of fuel chemistry. His provision of ignition delay data and the chemical
kinetic model results was central to the success of this project. Mr. Viljoen played
another critical role in the preparation of the fuel blends for the engine tests.

e Prof. Kevin Bennett for his consistent support of the fuels research effort at the
University of Cape Town.

e The management of Sasol Technology Fuels Research, in particular Dr. Johan Botha
and Dr. Hein Strauss who gave me the opportunity and support to pursue this research.

e My colleague and supervisor, Prof. Andy Yates, for his guidance, encouragement and
inputs throughout the pursuit of this research.

This thesis is dedicated to my wife, Joey and sons Edu and Kehan for their love, patience and
support. They made innumerable sacrifices, in the absence of which, | would not have been

able to conclude this work.

SOLI DEO GLORIA



Table of Contents

ADSEIACT ... ..ciiecrnencnsctnestonetsmnsine s stateir et tanranassaassanssnarsnnnarssnantasasnanansnanansannureernarenssnes ii
AcCKkNOWIedgemEentS ....cccoiiictestmntrrcree sttt ren e nrersan s s anessns e naarenssnnesnarananasnaranatn i
Table of CoNtents........cccveeriiiirimniirei i srercsess s sses s ssn s s s nan s snesanassamnsensarensason iv
L= o 8 T (] P viii
List Of TableS....c.ooiececceireeirccncenr s nner st s snennns s e n s sn s mnmnsenesnesssssann s snnasnnns xiii
ACTONYITES .oeivueneiieiimemuusttrertretarrrerearsrrtteresireraassassoaesssaaesassassssnsbnsnnssnsasssnnssnsssnasssnnsanseraes Xiv
R 14 o T 10T (Lo T o S O 1-1
1.1, General INTOQUCHION ... et ee et e e e se e s ve e sarneens 1-1
1.2.  Current relevance of 0Ctane NUMDBETIS ..............c.coocviiieviiiniesie e 1-3
1.3.  Chemical and physical atiributes of octane rating............ccccoveeeeeeviniiie e, 1-4
1.4. Research and theSiS OVEIVIBW........c.c.c.ccccceieieeeiie et ae e ettt ia e e e ereaeaesaeeas 1-4
2. Literature reVieW......c.ccie i iisinsiissicessssesssnensmenusnssesstanssaenunmssasnsanssrssaes s e 2-1
2.1, Knock in a Spank ignition @NQINE............c..c.oieueeeeiiiiie et eateee e sea e e asareie s 2-1
2110 General desSCrPON .. ...ooiii ettt 2-1
2.1.2.  Autoignition and detonation theories .............ccccooc i 2-2
2.1.3. Inhomogeneous autoignition ............cooiiiiiii i 2-3
2.1.4. Normal flame propagation effects on engine knock ..............ccoeeeiiiiiciniiiis 2-5
.20 AUIOIGIUEION ...ttt et vttt a et an e e e e e aanns 2-8
221, General desCriDlON . ..o et a et s a e e e e aeanns 2-8
2.2.2. Kinetic models of autoignition.............ccooocoviiiiii i 2-10
2.2.3. Ignition delay models............ooiiiiiii 2-11
2.2.4. Autoignition reaction rat@s............ccoiiiiiii i 2-13
2.3, OCIANE MEASUIBIMENT..... ...t ee e et et eaa e s sttt et eaa e e e e et seereeananeea 2-15



2.3.1. Early history of octane rating ........ccooov i 2-15
2.3.2. Knock measurement SYSIEIM . ... 2-16
2.3.3. Octane rating conditionNS ... 2-21
234. CFRengine design features ..ot 2-21
2.4. Autoignition inthe CFR @NGINE ...........ccooviiiiiiiiiiieeiee e 2-22
241, Measurement in CFR GNGING ... i e 2-22
2.4.2. Pressure developmentinthe CFRengine .............c oo 2-23
2.4.3. Mass fraction BUMt ... ..o e 2-25
2.4.4. Possible explanations of the knock-point..........cccccvviiiiii e 2-26
245 Knockintensity onthe CFR engine.......c.coo e 2-26
2.5. Octane number PrediClion............coccvvueiii et et a e ee e reaa e 2-29
2.5.1. Empirical octane number prediction ..........coco oo, 2-29
2.5.2. Physical contributions to octane rating................ccocoi i 2-30
3. Experimental methods..........coovorrieninciiinniensncrnrc e 3-1
3.1, EXPEAMENTAl SQI-UD..........oove i ettt ettt ettt e e 3-1
3.2, Mode! fUel COMPONEIMIS. ... ettt e et aa e e e e 3-2
3.3.  Calculation of cyclic vanability and average pressure trace ...................ccccooeevveiieennn, 3-3
3.4, MaSS FraCtion DUIMIE...........co..veeeie ettt et ees e e e e 3-4
3.5. Emulation Of the KNOCKMEIET ............ovviiieieeeeecie ettt 3-5
4. Experimental results and diSCUSSION......cccceceeriiniimrienmunesniensmss e 4-1
4.1, KNOCKMEIEE SBIINGS ..ottt 4-1
4.2, ANQUIAE NESUIES.......ccoo oottt s et e et e et e e et a et a et e et eer -2
4.2.1. TYPICAl PrESSUIE traCES. ..ottt et ee e et ettt e e ee e e e e e es bt b et e eeaeaeeeeenaane 4-2
4.2.2. Knock-point IoCation ... e 4-5
4.3 TeMPOFAI FESUIES......ooeiiiiii ittty 4-7
4.31. RONPRF DIENAS ......ooiiiiiie ettt 4-7
432, Compression ratioeffect..........ooo 4-8
4.3.3. Air-fuel ratio ffeCt..........ccoii i 4-12
434, RONand MON compared...........ccooe vt 4-17
4.4, Pressure fIUCIUGLIONS ..............ooeieee ettt ettt 4-18
441, RONTESUIS ..ottt e et en e e e e e e e e sabnreane 4-18


















































































































































































































































































































































































































Appendix B

If the surface is viewed in plan, contours of constant ignition delay can be seen in Figure B-9:
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Figure B-9: Plan view of the ignition delay surface, showing contours of constant ignition delay.
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CFD made| results

C. CFD model results

Wulti-dimensional fleid dynamiz analysis of the inlet process in the CFR engine was perfarmed
using Fluent CFD software. Details of the model are contained 1in the M3g thesis by Hsiao dus
for publication in 2006 (Hsian, 2006}

C. 1. Temperature results

Figure -1 shows the temperature values at inlet valve closure (146 "BTEC) for a2 compression
ratioc of 7.5.1. The colour plate on the left shows a herizontal section at the level of the sgpark
plug. about 15 mm from the top of the cylinder. The plan position of the inlet valve, shroud and
spark plug 15 indicated for reference. The nght hand colour plate-shows a verical section
through the inlet valve. The variation in temperatures at this time ranges between 335 K and

355 K for both the horizental and vertical viewing planes.
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Figure C-1: Predicted temperature values at |VC during gas exchange in CFR gnging

Figure C-2 shows the predicted temperatures at TDOC during the compressions stroke and
reveals that the temperature range has diminished to about 10 K in the horizental plane and
slightly more in the vertical plane, with thermal stratification clearly visible Note that the model
considerad only gas exchange and that the effect of combuistion and flame propagaticn was nod
taken inta account.
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Figure C-2: Predicted temperature values at TDC during the compression stroke in CFR engine

C.2. Velocity results

The same model was used to predict the magnitude of the velacity at TOC in order 1o assess
the effect of the shrouded inlet valve on the fow pattern inside the cylinder. The results.
presented in Figure C-3, show strongly swirling flow on a horizomtal plane at the level of the

spark plug for a compression ratio of 525 1. Two conditions are show: VO an the left and TGO

ar the right.
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Figure C-3: Velocity contours at IVC (left} and TDC {right) for a compression ratio of 5.25:1.

Figure ©-4 show similar results as previously, but for 2 compression ratic of 7.51. As with the
low compression ratio example. the velocity magnitude at TDC varies with radis: from close to
zero at the centre to ~6.5 m/fs at the cylinder wall

-2
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Figure C-4: Velocity contours at IVC {left) and TDC {right) for a compression ratio of 7.5:1.

C 3. Transported flame modef

The knowledge of the velocity magnitude at TDC allows for the caleulation of the flame front
position in twe dimensions using a fransported filame assumption. The model considers &
number of “packetz” on an initial semi-circular flame kernel with velocity vectars directed radiatly
cutward from the spark plug This i1s illustratvely represented in Figure C-5. where the
circumfarantial flow velocity is shown as dotted arrows; with the radial flame velecities far thrae

packets are shown as sclid arrows.

anr i,
at T

Figure C-5: Graphical representation of transported flame concept
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Appendix C

A linear radial variation of the circumferential flow velocity was imposed, as suggested by the
CFD resuits, whilst the magnitude of the flame velocity was chosen to ensure the complete
consumption of the end-gas in correspondence with to the observed normal combustion
duration. The flame velocity was assumed constant throughout the calculation and the
calculation was initiated at the instant of spark discharge.

The model methodology considers the vector addition of the two velocity components and
tracks the progress of each of the packets. An example is shown in Figure C-6 for a
compression ratio of 7.5:1. The increment between successive symbols corresponded to an
angular increment of 1 "CA at 600 rpm.

Figure C-6: Packet trajectories of transported flame at a 7.5:1 compression ratio.

The position of the flame front with respect to time can also be tracked to visualise the location
of the end-gas at any instant. This is shown in Figure C-7 for the case above and indicates a
crescent shaped end-gas only slightly non-diagonally across from the spark plug. The
observation is in line with observations made by Groff and Matekunas (1980) for a shrouded

C-4
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inlet valve cylinder operated at 2000 rpm as well as with results from a high swirl spark ignition

engine studied by Kumar et al. (1988)

Figure C-7: Position of the transported flame front at different crank angle increments for a 7.5:1
compression ratio.
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Engine model details

D. Engine model details

D.1. Interpretative model

To enable the interpretation of recorded ‘pressure data, the ignition delay model was applied
according to the flow-charts given in Figure D-1 and Figure D-2 for the estimation of initial
temperature inhomogeneity and heat loss gradient, respectively. The different polytropic
coefficients in the latter give rise to the proposed heat loss gradient.

/ Cylinder pressure data /

A
Estimate temperature at spark

discharge using ideal gas law

Calculate specific heat ratio at
spark discharge

A
Apply ignition delay model to estimate initial

temperature for autoignition at the knock-point

!

Estimate initial temperature in the next

autoignition element to ensure autoignition

No Peak pressure

reached?

l Yes

Figure D-1: Flow diagram for the estimation of the initial

temperature inhomogeneities.
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D-2

/ Cylinder pressure data /

Estimate temperature at spark

discharge using ideal gas law

Calculate specific heat ratio at

spark discharge

A
Apply ignition delay model to estimate initial

temperature for autoignition at knock-point

’

Estimate polytropic coefficient in the next

B autoignition element to ensure autoignition,
assuming uniform initial temperature

!

No

Peak pressure

reached?

Figure D-2: Flow diagram for the estimation of the polytropic

coefficient, giving rise to the heat loss gradient.
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D.2. Predictive model

General description

A two-zone thermodynamic engine model was used for the predictive part of thesis. The model
solves the overall energy balance in accordance with standard textbooks on the subject.
(Heywood, 1988)

Assumptions
The following assumptions were made:
e The two zones are each homogeneous and well mixed
o The two zones are separated by a flame front of negligible thickness
o Blow-by and crevice volume effects were ignored
¢ The cylinder pressure was uniform at all times
e The fuel was fully evaporated and well mixed.

Mass fraction burnt (normal combustion)
The mass fraction burnt, attributable to normal flame propagation, was calculated according to
the fuel-life function (Oppenheim, 1998)

o _oxpl-0(1-0)"]- exp(-a) (D-1)
¢ 1-exp(-a)
where
0-6, .
0 =( v ) | (D-2)

with 6 the position in “CA, A6 the burn duration, 8, the instance of spark discharge. The

balance of the symbols are empirical constants.

Thermodynamic properties
All thermodynamic properties were calculated using data from the JANAF thermodynamic tables
(National Bureau of Standards, 1671)
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D.2. Predictive model

General description

A two-zone thermodynamic engine model was used for the predictive part of thesis. The model
solves the overall energy balance in accordance with standard textbooks on the subject.
(Heywood, 1988)

Assumptions
The following assumptions were made:
¢ The two zones are each homogeneous and well mixed
¢ The two zones are separated by a flame front of negligible thickness
e Blow-by and crevice volume effects were ignored
¢ The cylinder pressure was uniform at all times
o The fuel was fully evaporated and well mixed.

Mass fraction burnt {(normal combustion)
The mass fraction bumt, attributable to normal flame propagation, was calculated according to
the fuel-life function (Oppenheim, 1998)

X = exp[-— a(l1-0)P ] - exp(—o) (D-1)
® 1-exp(—a)
where
08, _
9"( 260 J | (>-2)

with 0 the position in °CA, A8 the burn duration, 6, the instance of spark discharge. The

balance of the symbols are empirical constants.

Thermodynamic properties
All thermodynamic properties were calculated using data from the JANAF thermodynamic tables
(National Bureau of Standards, 1971)
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Burnt gas composition
The effect of dissociation reactions in the bumt gas was included by allowing for the equilibrium
of the water-gas-shift and CO2 dissociation reactions:

200, < 2C0+0, (D-3)

H,0+CO & CO, +H, (D-4)

The equilibrium composition was assumed “frozen” at temperatures below 1750 K.

Ignition delay model incorporation
The ignition delay model was incorporated according to the flow diagram given in Figure D-3:

D-4
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Start at inlet valve closure

4
Estimate life function parameters to match

normal combustion pressure traces

Divide end-gas into equal elements at
the instant of knock-point

Calculate ignition delay integral value
for unreacted elements

v
Assign mass of autoignited

element to "burnt-gas”

v
Perform energy balance and equilibrium

burnt-gas composition to predict pressures

'

Exhaust valve

open?

Figure D-3: Flow diagram for the incorporation of the ignition
delay model with the predictive engine model.
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