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This paper describes the development of an empirical
thermodynamic single-zone model to predict auto-
ignition in an internal combustion engine. In this
case the development basis is a 1.4L multi port
injection (MPI) internal combustion engine. A
model was created to calculate the probability of
auto-ignition with regards to the engine design,
thermodynamic laws and the carburetion of the air-
fuel mixture. The theoretical model developed was
verified with measurements. Adequate correlation
between the predicted and measured probability
results was obtained.

Additional Keywords:  Knock detection modelling

Nomenclature

Roman
CB  combustion beginning ["CA]
CE  combustion end [°CA]
h enthalpy [kJ/kg]
I integral ignition delay factor
K knock assessment factor
KHB knock occurance range ["CA]
m mass [kg]

MB  mass fraction burnt
n engine speed [rpm]
p (measuredh-cylinder(combustionpressurg¢Pa]
Q energy [kJ]
R universal gas constant [kJ/kg K]
T in-cylinder temperature [K]
u enthalpy [kJ/kg]
\% calculated displacement volumeJACA]
X knock probability [%]
Greek
a specific crank angle [*]
K isentropic exponent (1.33)
A combustion chamber air-fuel ratio
) crank angle [°]
Subscripts
B burnt fuel
E exhaust, knock assessment
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| inlet

K knock
max. maximum
min.  minimum
prob. propability

ref. reference

SHP start of high pressure phase
SK  start of knock

W wall

1. Introduction

Computer based simulation of the thermodynamic gsses
in an internal combustion engine have assisted nengi
designers for more than 25 years now. It saves am#
therefore costs since less testing is necessahis gaper
describes the development of a simulation modelckvhi
predicts auto-ignition during hot start conditioriBhe point
at which auto-ignition will appear is very importdrecause
it influences significantly the effective enginefigkncy.
The challenge is to achieve results close to thEmojm
efficiency. The model developed will assist thelagation
of the engine maps for the 1.4L MPI engine in the
electronic control unit.

The principle guides for the model development were
the dissertation by Franzkeand the research report by
Spicher and Worrét® In his dissertation Franzke used an
integral ignition delay to describe the processethé end-
gas mixture. On the basis of the investigation$-ianzke
and Spicherand Worret, the integral ignition delay is also
used to calculate knock probability in this casélhe
momentary ignition delays, relative to temperated
pressure during compression and combustion, will be
integrated for every degree of crank angle. Thegirmal,
linked to proportional factors such as temperatare
pressure, is an indicator of the concentration exction
determinant intermediate products in the end-gagund.
Franzke choséc" *to describe this pre-reaction condition.
This paper uses the same nomenclature. The pcéerea
situation when auto-ignition starts is critical.

During compression and combustion the concentration
of the reaction determinant semi-finished prodiumtseases
until they reach a critical value. This value detmes
when auto-ignition will occur in the end-gas mixur

2. Combustion Analysis

Combustion analysis yields important informationoat
engine operation and is necessary for further inyatsons
(e.g. knock prediction). In detail, the heat rekeper degree
crank angle and the percentage of the mass frabtiont
will be calculated. Four different points are sfigant for
the assessment of combustion behaviour. Combustzots

at 1% and normally ends at 95 % mass fraction tburn
However, Spicher and Worfet® ascertained that
combustion ending at 75 % of the mdsaction burnt has
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the accuracy suitable for knock prediction. Instipiaper dQ, _

combustion duration is defined as being 1 to 75 #ssn d_¢‘0 (2)
fraction burnt. The 50 % point (centre of combus}iis
used as an indicator to assess combustion and allo
comparison of the different measurements. Thereeuwit
combustion should lie at 8° crank angle (CA) aftgr dead
centre (TDC) in an engine operating at constaned@nd
load" ® "8 In terms of the first law of thermodynamics, thedMe =g 3)
combustion chamber is an open system. In thisesyst d¢ "

different events occur per degree crank angle. urkigl

shows the input and output quantities of the coribus The air-fuel ratio X) in the combustion chamber is

“Wass flow is zero due to the fact that only thehhpgessure
phase is investigated.

chamber. homogenous.
dm,
do a2 _ 0 4)
dm, d¢
u
de The ideal gas law is valid (R = constant). Takintp
b consideration these assumptions, using the idedlagg the
! :_’ heat release [kJ/°CA] equation is simplified to:
System mp, T,V T I
boundary 1 1
| l-- L dQ, 1 dv dpj
—=—UkpEF—+VIEF— (5)
dw d¢ «-1 d¢ dg
de
Mass fraction burnt is the integral of the heatask
calculation. This result is scaled to 100 % andwshthe
progress of combustion accordingly. At the igmitipoint
_ ) _ (6° before TDC), 0 % of the mass fraction is band it is
Figure 1: First law of thermodynamics assumed that at the end of the calculation (360°@B %
(open system)” of the mass fraction is burnt. These conditions tre

_ _ ) calculation limits for the integral. Merk8recommends the
Heat release in the combustion chamber is calallatg|iowing equation to calculate the combustion pess:
from an energy balance. The energy balance foopan

system, with reference to figure 1, is given as: cE
d(mml) _dQ vV dQ, dm d MB:H%]W ©)
:—B+p9d—+—+—'m +_rel:h£ (1) cB
dg dg dp dp b a
where
where:
d (mCu) a9 heat release [kJ/°CA]
d—¢ = change in internal energy [kJ/°CA] d¢
g Figure 2 shows the calculation result from a noadking
< = input fuel energy [kJ/°CA] engine cycle: S
d ¢ e —Heat relee;se ﬁi;:U
dv ot 1o o3 | I
p EI(E = work per crank angle [kJ/°CA] - / oz
% 0 a £
d QN ) % - / —{50 {%
—=w = heat transfer to the cylinder [kJ/°CA] / l\ o b
d¢ 200 i '/
d -jfm/ ‘ ‘ 10
(T‘E h . =inlet/ exhaust mass flow [kJ/°CA] K R 0
4 o3 B 5y S S S S TER =
2'g 375[]-~~Tntegral 50 % mass fraction burnt e OU%;
The following assumptions by Mahmith reference to £} ‘ //\
Hohenberg are adopted in this paper to calculadehtmat 5 ™ R S
release to mass fraction burnt ratio. The heatfea to the T _
cylinder wall is zero during the heat release datoun. Figure 2:  Combustion analysis for a non-knocking
engine cycle
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3. Knock Criterion

The calculation of the auto-ignition point is based the
integral ignition delay time. The critical pre-ofian value
(starting point of auto-ignition) occurs when thesult of
equation 7 equals one. The associated anglerislative to
degree crank angle. The following equation wadduse
calculate the integral ignition defagly ):

Psi 4179
1 [E 1 jDJ‘ p1.299|]a-|' d¢

e =—f—— 7
“ 6 (237016 ), ")

Figure 3 below shows the result for the integralitign
delay calculation for the heat release curve ptesein
figure 2:

Integral ignition delay calculation for
anon knocking engine cycle
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Figure 3: Integral ignition delay

The factor k¢ shows at which point the critical pre-

reaction value for the start of knock would theimadty be

reachedli = 1). Franzke’s investigations showed that autc

ignition would not necessarily always occur at fhignt. In

this case figure 3 shows a definite non-knockin
It introduces tlefactor which leads to

measurement.
another anglex:. This angle must be comparedde and
only then a prediction of knock probability is pifss. The
relationship between the different angles will bglained
in section 4.

4. Crankshaft Angle a.

The results from equations 7 and 8 yield the reguangles
og andOCK.

5. Probability Ky

The equations calculate crank angle positionsiveldb the
critical pre-reaction situation and the characterigrank
shaft angle. These two angles relative to eacérgitovide
evidence of knock probability.  Spicher and Wdrret
investigated approximately 400 measurements anddfou
that Ix and K¢ values were repeatable over a measured
range. They decreased this rangelfoto 15 % andK to

5 % during their investigations. Consequently timeans
that every angle has a lower and an upper limitte B the
position ofag and oy it is therefore possible to formulate a
logical inter-dependency to describe knock proligbilThe
different input signals cause different results anthis case
different angle positions. Figure 4 illustratese th
relationship:

No knock (0 % probability)

! 'w\ KHB max — Knock occurrence

Qe area maximal
| (o 13
Lk
| K — Range of dispersion | Ik — Range of dispersion

| [o (3 |

Knock (100 % probability)
[ (3

| (o 13 I

5igure 4: Knock probability vs. the angles ag and ax

2

The two principal limits for the inter-dependenag &
and 100 % probability. The 0 % probability occuvken
the angleaxmin is in front of ogmax The ranges do not
overlap and therefore, with reference to Spicher\Atorret,
auto-ignitiorf' * is impossible. Whemmay is behindagmin
the probability is 100 % and auto-ignition will dafely
happen. The probability is 50 % when the angleanday

The integral ignition delay factog lshows when the air-fuel are the same. The probability is 100 % when

mixture will achieve its critical pre-reaction ldvend leads
to the anglenx. On the basis of global flame propagation, kHB

Franzké developed a second assessment fagigrwhich

leads to the angle:. Both these angles, in relation to each

other, provide evidence of knock probability. Gdédion of

the assessment factKr requires a measurement of auto-

ignition which will be used as a reference. Thedmant
values needed to calculate this reference factdr lve
obtained from a reference measurement in whictethers
audible knock and substantial pressure oscillatiohhe
following equation will be used to calculate theyl@u:

(8)

a, =K, [(CE+CB)+ CB
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<0 (9)

KHB

max

becausdKHB will be zero and therefore the result is zero.

KHB _ =Aa, +Aa, (10)

KHBax. remains constant and can be calculated from the
intervals ofag andao.
Aag =a, a (12)

Emax.  “E min.

55

http://www.saimeche.or g.za (open access) © SAIMechE All rights reserved.



Auto-ignition Prediction During Hot Start Condition S

expected knock probability was therefore set t@/8@nd
(12) the adoption factor modified accordingly.
Only measurements with severe auto-ignition weetus
e o for analysis of the 100 % knock probability poinfThe
The probability is 0 % when average peak heat release for these points is JATURA.
Correspondingly the adaption factor was modified to
>1 (13) achieve a probability of 100 % with equation 15.haf
KHB, means in this case the position«f must be moved until
Oemin @ndoxmax are almost equal. Analysis of combustion
because KHB becomes greater thHéHB,,,, which can showed that a connection between the adaptionrfémta:
have only the value of the accumulated intervéiguation and the peak heat release exists. The lowestiaddpttor
9 indentifies the range in which equation 10 wil iised to (1.01064) is necessary for a cold start to reacth O
calculate the probability between 0 and 100 % wiik probability and the highest adaption factor (1.088fr

Aa, =a

K max. _aK min.

KHB

assumption of linear dependency. 100 % probability. The 20 and 80 % adaption factie
between these two values. Figure 5 clarifies theselts
KHB and shows the average value of the peak heat eelgas
(0< <1J (14)  axis) for the measurements printed over the adaptat
max factor (y-axis):

A small peak heat release (cold start) requiresnalls
adaptation factor and a greater peak heat releakk (

Xpmp,=—100|3ﬂ+ 100 (15) calibration level/always auto-ignition) requires greater
KHB_, adaptation factor i.e. the worse the start the drigthne

adaptation factor. The assumed linear dependenalles
e L the calculation of the adaptation factor as a foncof the
6. Verification _ o peak heat release which will be obtained from the
The results from the pre-investigations showed that ~ombustion analyses. The theory developed (adaptat
additional adaption factor is necessary to adjustvalue of he angley) was verified by measurements. Table 1 shows

the angleze. This adaption factor is linked to the peak heahe probability for the adaptation of the chardster crank
release measurements at different calibration $esid angleog.

conditions during start. Four points were investgl in

detall to Obtaln SuCh approprlate adapt|0n faCton-g]ese Correlation between the adaptation factor for ae and the peak heat release
points are: ,
1,060 )<\
1,055 -
O Cold Start Hot start with old
. . . 1,050 1 calibration level
QO Hot start with old calibration level oo (aways futcigniton)
U Hot start with new calibration level '
N n ags . 1,040
QO Hot start with severe auto-ignition during start s = 8E-05x + 0941
g 1,035
The cold start analysed shows a peak heat relelase 1 | fotsaruin e
about 870 J/°CA without auto-ignition. Due to flaet that Loz N
. . . . . . u
the entire engine is cold, the engine is less yikel knock 10201 Hot start with od
during start because the air-fuel mixture cannaeed the o] B
spontaneous ignition temperature. As a result thetowo ’.\
o . . . . Cold start
probability for auto-ignition must be 0 % i.e. thdaption 1,005 ‘ ‘ ‘ : ‘
.. . 800 900 1000 1100 1200 1300 1400 1500
factor must move the position af until agmax @andogmin are Peak heat release [J/CA]
almost equal. Figure 5: Adaptation factor for ag vs peak heat release

The analyses of hot starts with the new calibrakiwe!
show an average peak heat release of 915 J/°Ch value )
is greater than the peak heat release from the staid Random data sets from measurements with the old
analysed. The investigations showed that the regign C@libration level were used for the probability ifieation.

changes minimized auto-ignition during start b émgine 1he combustion a?alysis shows a peak heat relezaeén
was still very hot. There is a small probabilitf o 1160 and 1200 J/°CA and peak pressure of betweemd9

spontaneous ignition of the air-fuel mixture in the>2 bar. The high value of the peak heat release/sihat a

combustion chamber. The probability for this tyfestart high quantity of fuel is available in the combustio

was set to 20 % because auto-ignition is still jmssbut chamber. The adaptation f_actor calculated liesvéen

less likely. Therefore the position @f was modified by the 1.0338 and 1.0370, depending on the peak heatseelea

adoption factor until equation 15 delivered the eotpd COnsequently the knock probability is between 7ar@l

probability. 85.7 %. These results are realistic due to thk pepk heat
Analysis of the measurements with the old calibrati '€leéase of the measurements analysed.

level showed an average peak heat release of YOTHAJ

Auto-ignition appeared almost during every hottstarhe
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7. Summary 3. Spicher U and Rothe M Extremklopfer -
The focus in this paper is the prediction of agpoition. A Ursachenforschung nach schadensrelevanten klopfende
simulation model was built and configured to caitell Arbeitsspielen,  final report, Institut ~ far
knock probability for a 1.4 L engine during hot rsta Kolbenmaschinen, University of Karlsruhe, 2005.
Different steps in the analysis are necessary toraglate 4. Heywood, JB Internal ~Combustion  Engines
the required data e.g. a combustion analysis pesvid Fundamentals, ~ McGraw-Hill ~ Book  Company,

information about the peak heat release and thes mas
fraction burnt. This information is used to caktel the S-
integral ignition delay, characteristic crankshafigle and
probability. The probability calculation is based a linear
equation which was developed in this paper.

Table 1: Knock probability calculated with adapted
angle ag

8. Conclusion

The probability results show adequate correlatietwben
the calculated and expected results derived from th
measurements which were used for verification.
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