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Abstract
This paper presents heat release model, based on in-cvlinder pressure data from spark ignition engine,
which uves instantancous properties of working fluid to calculate cumulative heat refease characteristios used 1o
guantifv comhustion develaopment.
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1. Introduction

The cylinder pressure can give valuable information about the combustion process and
the analysis of cylinder pressure data over the closed part of engine cycle is a classical tool for
engine studies. [t 1s expected that 1t will also be interesting to use pressure sensor in
production engine. The present work develops and applies heat release analysis for ST engine
pressure data. Mass fraction burned (MFB) is used to interpolate the in-cylinder gas properties
for the burned and unburned charge.

2. Equation of heat release rate

Cylinder pressure built by combustion process 1s also affected by the changes in the
volume of combustion chamber (due to piston travel) and chemical composition (and hence
thermodynamic properties), heat transfer and gas flows. To examine (and further to develop
combustion process). It is necessary to relate each term to measured in-cylinder pressure
changes and then combine them to quantify the combustion effects.
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Fig. 1. Control volume in engine combustion chamber

i*dme +i*dmy;

If the First Law of Thermodynamic is applied to a control volume (Fig. 1), the heat released
by combustion of fuel is given by the equation:
dQ, =dU +dQ, +dL+i'dm_ +idm,, (n
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Whure: d@2e 1s the change in chemical energy released from the fuel:
dU denotes the change in internal energy of the mass in control volume (CV):
dQyy, represents heat losses to the cylinder wall across the CV boundary:
dL is elementary work.
The last two terms represent the changes in the enthalpy due to flows of the mass out and into
the CV. We assume that (as in [6]):
dm..>0 when the fluid flows out the CV into the crevices (the gas is trapped in
crevices until maximum pressure) and oim,,<0 when the gas returns to the CV;
dmy represents the non-return leak flow (blow by) from CV to engine crankcase;
{7 is evaluated at cylinder conditions (dm.,>0) or at crevice conditions (dm,.,>0).
The change of the mass in CV is given by:  dm =—dm,_ —dm,,
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Fig. 2. Influence of mass changes on mean teimperature of evlinder charge
With the 1deal gas model, acceptable for S1 engine [10], the change in internal energy can be
expressed as: dU = udm + mdu = udm + me dT (2)
and the Eq.(1) rewritten:
dQ ., = udm+me dT +dQ,, +dL+i'dm  +idm,, =
=mc, dT + pdv +dQ,, +(i' —u)ydm,  +(i—u)dm,,
The mean temperature of the working fluid and its change are determined from the ideal gas

oY (4) dT=-—1—(Vdp+ pdvﬁﬂdmwﬂdR) (3)
mR mR m R

Finally. we arrive at heat release rate equation:

(3)
equation of state: 7 =

C C C
10, =—Vdp+(—+1)pdV +dQ, ———mIdR +
cQ:h R (p (R )p Qhr R (6}

(C.T—~i" —w)ydm  +(cvT +1—u)dm,,

Applying the concept of net heat release rate dQ,., [6.7], which represents the work and
internal energy change, the chemical energy or gross heat release rate can be expressed as:
(!(-’-)\ 4 = (/Qm'i + (!an + (!Q. r + (/QM (7)
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Each term of the above equation requires the knowledge of instantaneous thermodynamic
properties of the working fluid. MFB [8.9] is used to interpolate the in-cylinder gas properties
tor the burned and unburned charge (Fig. 3).
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Fig. 3 Mass fraction hurned and gas constant of oylunder charge

3. Specific heats model

The specific heats of working fluid are represented by specific heat ratio which i
frequently modelled as a linear function of tlemperature. In the well known single-zone heat
release model developed by Gatowski et al. [6], the ¢/c, ratio is represented by a lincar
function of mean charge temperature: x(7)=a+bT . Such a function {applied also e.g.in
[1. 4D underestimates the value of the cp/e, vatio (Fig. 3) and that is why Heywood and
Cheung [3] proposed to approximatc this ratio by a constant value during the combustion
pertod.
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In the present study, the polynomial model [10] was applied and the MFB was used to
interpolate the specific heats for the unburned and burned charge (Fig. 5).
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Fig. 5. Specific heat ratio corrected with MFB

4. Crevice and blow by model

There are several crevice volumes in the engine combustion chamber (e.g. top land
above the top ring between the cylinder and piston, around the spark plug etc.). Crevice
volumes are difficult to estimate with precision because they can vary with engine
temperature. The crevice volume used in present analysis is the sum of all relevant crevices in
the combustion chamber. 1t is assumed that the crevice walls are cold and the temperature of
the thin layer of the gas in crevices is close to the wall temperature. The mass in the crevices
is given by Gatowski et al. [6]:

i, = pV.
" RIw
1%
and dm_ = —‘L]dp
RTw

where T, — constant temperature of the wall;

V,,— resultant volume of the crevices (ca. 2-5% of cylinder clearance volume).

Some gas escapes (blows by) through the piston rings to the space behind (to the
crankcase). The assumption of constant specific heats (for that mass loss only) allows the
derivation of relatively simple equation - the change of charge mass due to blows by can be
expressed using the choked flow equation [5]:

dm,,
dt

where: A denotes the overall cross sectional area of leak flow;

p and v are cylinder pressure and specific volume.
The throat area A is proportional to ring gap and piston clearance. Its value 1s not known with
certainty. In the present work, its magnitude was matched by simultaneously integrating the

p

v
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ilow equation (it was assumed that maximum leak flow can not exceed 2 g/s). Mass changes

in the considered control volume are illustrated in Fig. 6.
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Fig. 6. Crevice and leak flows

Heat transfer model

:JI

The heat transfer from the in-cylinder gas occurs by convection and radiation but is
usually assumed that the radiation component is “included” in the convection heat transfer
correlation derived from experiments (the greatest uncertainty is caused by assuming the

wrong rate of heat transter [2]).

n the present analysis, the heat transfer coefficient (HTC) is calculated using the dimensionless correlation of

the from:

Nu =0.035Re""
assumed by Woschni [12].

where: Ne= "’_1‘2 - Nusselt number
Re = i A Reynolds number
H
It - heat transfer coefTicient M - gas dynamic viscosity
k - gas thermal conductivity p - gas density
D — characteristic dimension (bore diameter) w — characteristic velocity

VT
w=CC, +C,—~(p— pm)
) I'Vr
with V- swept volume
V., T, pr — parameters evaluated at reference conditions (inlet value closure)
pwm — motored pressure.
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Waoschni applied transport properties of air taken as a in-cylinder working fluid. In the present
study & and g (Fig.7) are evaluated for a given chemical composition and thermodynamic

parameters of cylinder charge [11].

The comparison of heat transfer coefficient calculated according to presented procedure and

that of Woschni equation for HTC is given in Fig. 8.
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6. (ross heat release rate and cumulative heat release

An cxample of the use of Eq.7 to analyze a pressure data (Fig.9a) versus crank angle tor
a spark tgnition engine is shown i Fig.9b. The figure presents gross heat releuse rate
components (Eq.7) and cumulative (integral) heat release. The curve at the top of the figure
tdenoted as Ed=MER) 1s the mass of the fuel delivered times its lower heating value (Ed) limes
MEB. The difference between the linal value of the gross heat release (., (being the measure
ol both the energy added to the engine cycle and its utilization) and Ed represents the
combustion inefficiency (few percent of Ed) and the error of applied model of gross heat

releiase rake.
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There are several possible causes for such discrepancies. The most plausible (besides the
inaccuracies in pressure data) are deficiencies in the heat transter model (the in-cylinder heat
transfer varies with position and crank angle; dimensionless correlation neglects spatial
variations) and approximations in the thermodynamic model of in-cylinder processes
{incomplete energy balance, ideal gas assumption etc).
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