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ABSTRACT

In this paper the problem of engine thermal state detection is approached by means of measured in-cylinder pressure cycle
analysis for Sl engine. The proposed procedure could overcome the difficulties related with the direct cylinder wall temperature
measurement which is fundamental for engine control application and cycle modeling, due to its influence on engine heat flow,
emissions and friction losses.

The proposed technique is based on the treatment of measured in-cylinder pressure cycle which brings in itself most of the
information concerning heat flow, engine operation and emission formation processes. The developed methodology relies on the
identification of the instantaneous polytropic compression coefficient as function of crank angle and pressure data in order to
estimate the occurrence of an adiabatic condition between cylinder wall and engine gas mixture during compression stroke. The
crank angle position where the detected polytropic coefficient approaches the value corresponding to the local adiabatic one is
assumed as the inversion point for the net heat flux between cylinder wall and gas mixture. Under steady-state heat flow condition
it is customary to accept that both gas mixture temperature and cylinder wall temperature are the same at the occurrence of the
detected adiabatic condition. Therefore, the mean gas mixture temperature is computed from a simple thermodynamic relationship
as function of pressure, volume displacement and polytropic coefficient.

The technique is explained in detail, also discussing the influence of measurement errors and the computed wall temperature
profiles for a large set of experimental data during steady-state engine operating condition. A preliminary numerical analysis has
been conducted by modeling unsteady heat flow between cylinder wall surface, thermal boundary layer and mixture gas in order to
evaluate the accuracy of the steady-state hypothesis assumed for the proposed technique.
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on production engines, due to costs and measurement

difficultiesinvolved.
Since many decades, researchers have developed

INTRODUCTION
The evauation of engine thermal field is a

significant objective for both internal combustion severa  techniques based on pressure  cycle
engine modeling and control design due to its strong measurement, oriented to optimum spark control,
influence on engine heat flow and engine performance knock control, air-fuel ratio control, charge
(e.g. fuel consumption, emission levels, mechanical temperature estimation and misfire detection [1]. The
|osses). authors themselves have already approached a

engines the cylinder wall temperature represents one
of the critica parameters and plays a key role for the
definition of transient control strategies. Nowadays,
the engine coolant water temperature is taken into
account for control purposes, though it exhibits
inadequate dynamic signal features due to the high
thermal inertia related with the heat exchange process
between gas mixture, chamber wall and coolant fluid.
Thus, direct information of engine in-cylinder wall
therma state would be beneficial for most engine
control problems and congtitutes an essentia
information for thermal heat transfer computations in
engine models as well. The direct measurement of the
cylinder wall thermal field by classical experimental
techniques seems not suitable for on-line applications

and Patrick [2], for air-fuel ratio estimation based on
measured pressure cycle statistical moments [3], [4].

Actually, limited application of PBC (Pressure
Based Control) techniques can be observed due to the
high cost of the pressure sensors. Nevertheless, this
approach would alow to obtain all the required
information  from  one  measurement,  thus
compensating for the higher effort required [6].

The proposed methodology is based on the steady-
state heat transfer theory which states that the
adiabatic heat flow condition is reached when zero
temperature gradient occurs. As it will be explained in
the following, this condition is detected by means of
thermodynamic polytropic process modeling. A
preliminary analysis, mainly devoted to test the
proposed approach has been described in previous



works [4], [5]. The results obtained from a direct use
of this methodology, for both steady state and transient
engine operating conditions, have shown the
potentiality for engine thermal state detection
application. Thus, further analyses have been
conducted in order to assess the technique with respect
to the measurement errors induced by sensor
resolution and to the approximation of a steady-state
heat transfer model.

In the following the technique adopted for the
estimation of the mean combustion chamber wall
temperature is described and the most relevant results
are presented.

CYLINDER WALL TEMPERATURE EFFECTS

The cylinder wall temperature is a meaningful
information on the engine thermal state, and earlier
studies showed that it influences remarkably the
engine heat transfer and the exhaust emissions [7].

Except than in early stages of cold starts, at the
beginning of the compression stroke the chamber
surface mean temperature is greater than the gas
temperature. As the compression proceeds the gas
temperature increases and the heat flux between the
cylinder walls and the gas core region, across the
thermal boundary layer, is inverted, as result of the
compression work exerted on the gas by the piston.
The influence of cylinder wall temperature variations
on the surface heat transfer during the combustion
process can be neglected, due to the relatively high
temperature of burned gases, while it is more
significant during intake and compression strokes
when the gas temperature is lower. In these conditions
a reduction in the wall temperature would cause a
decrease in the surface heat transfer and in the bulk
temperature of the wunburned gases prior to
combustion, and consequently a reduction in the
temperature of the burned gases.

The in-cylinder wall temperature has aso a strong
influence on the exhaust emissions, particularly HC
and NOx. For HC, two of the man sources of
formation, such as the fuel absorption in the oil layer
and the crevice volume, reduce dramatically as the
chamber surface temperature increases [8]. The former
due to a reduction in the oil layer thickness which is
directly related to the wall temperature, the latter
because variations on cylinder and piston temperatures
produce changes in their therma dilatation and
consequently in the top-land volume, thus changing
the amount of fuel trapped within this region.

Unlike the HC, the NOx emissions increase
substantially with the wall temperature. This effect can
be explained considering that wall temperature
influences the maximum temperature in the core
region, by means of its effects on the thermal flow at
the beginning of the compression. The NOx exhaust
emissions are primarily driven by chemical kinetics
mechanisms which are non linearly dependent to the

highest temperature reached in the cycle, thus even a
dight increase in the peak temperature produces a
large increase in emissions [9].

CYLINDER WALL TEMPERATURE
ESTIMATION

The proposed procedure alows to evaluate the
characteristic in-cylinder gas temperature during
compression stroke which is assumed as a reference
mean combustion chamber wall temperature. The
technique is derived from  thermodynamic
considerations, assuming that during the compression
stroke the in-cylinder mixture experiences a process
with a heat flux between gas and cylinder wall. Except
than in early stages in cold starts, during the first
stages of the compression the net heat flux is directed
from the wall to the gas (the wall temperature is
greater than gas temperature), while as the
compression advances the inversion of the heat flux
takes place (the gas temperature reaches levels higher
than the wall temperature). Starting from these
considerations, it is customary to postulate the
occurrence of an adiabatic condition (i.e. zero net heat
flux between gas and wall) during the compression
stroke. The compression process can be described with
a polytropic relationship with variable exponent as
function of crank angle:

pV™¥=const (1)

Neglecting the effects of the entropy production due to
irreversibility and to gas friction, the adiabatic
condition can be found in correspondence of the crank
angle where the exponent m(q) reaches the
instantaneous value of the specific heat ratio k=cy/c,
(i.e. the exponent of the adiabatic isoentropic process).
If it is assumed that the adiabatic condition represents
a thermal state where the temperature gradient
between the wall surface and the gas is zero, it follows
that in this condition the gas temperature is equal to
the average cylinder wall temperature.

Nevertheless the above considerations are valid
under the hypothesis of a steady-state heat transfer
process, while more detailed analyses have shown that
the time at which a thermal flux can be neglected is
not necessarily the same at which a zero temperature
gradient is reached. This is due to atime lag between
cause (temperature gradient) and effect (thermal flux)
(9], [10], [11], [12], [13], [14].

A further unsteady process has to be considered
concerning with the surface temperature cyclic
variation, which have been analyzed by means of
theoretical studies on heat transfer within an infinite
slab [10], [11], [15]. These studies have evidenced that
the thickness of the penetration layer within the wall
where the unsteady thermal field occurs is limited to
few millimeters. Moreover surface temperature
fluctuations are locally relatively small (i.e 510 K)



enforcing the hypothesis to assume a constant surface
temperature over an engine cycle [10], [11], [15].

It must be also pointed out that in a combustion
chamber a complex thermal field takes place, with
significant spatia distribution as well as cyclic time
fluctuations. In particular, the "effective" wall
temperature tends to increase as compression phase
proceeds, due to the increasing influence played by the
regions closer to the TDC, where the wall temperature
is higher.

At the present stage of this work, neither the
surface temperature cyclic variation nor dynamic
effects due to boundary layer have been considered,
because of the computational constraints imposed by
an on-board real-time estimation. Therefore, the
proposed technique alows to determine an index
representative of the thermal state rather than an exact
knowledge of the wall temperature distribution. To
derive the gas mixture temperature at the identified
inversion heat flux crank angle the gas law is used,
starting from the knowledge of pressure, volume, air
fuel ratio, residual fraction and gas temperature at
IVC. Classical gas property routines have been used
for these calculations [10].

Applying equation (1) between two generic crank
angle positions g-Dg and g+Dq, the value of the
polytropic exponent is given by:
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The desired local value of polytropic exponent
m(qg) could be in principle computed for each crank
angle (2), referring to a small Dg (eg. Dg =1, 5
[deg]). Nevertheless, the measurement error, due to
the influence of transducer resolution and to
measurement noise, can significantly affect the
resulting value of the polytropic exponent, particularly
for small Dqg. This effect is remarked in Figure 1,
where adiabatic and polytropic index, computed from
measured pressure data, are plotted vs. crank angle*
for Dg = 1 [deg]. In the figure, the different trends of
the polytropic index are due to the fact that pressure
values are not continuous but assume discrete values,
according to sensor resolution (0.05 [bar] in the actua
case). Therefore, a zero polytropic index is computed
when the pressure increment is lower than sensor
resolution (i.e. up to -105 [deg]), while over estimation
and under estimation occur when this value or its
multiples are detected (i.e. 0.05, 0.10 [bar], etc...).
However, this problem can be overcome making use of
classic filtering techniques which allow to reduce the
discretization effects in order to obtain an univocal

m@) =
log

! Crank angle degree isreferred to TDC (i.e. -180
[deg] corresponds to BDC while O [deg] is TDC).

trend of the polytropic index along the compression
stroke. Furthermore, a strong influence on polytropic
index estimation is exerted by the reference pressure at
the BDC, which is commonly referred to the mean
manifold pressure. A parametric study has been
conducted showing that even small error in setting
initial pressure value (i.e. about 0.01 [bar]) giverise to
strong discrepancies between expected polytropic
trends and those derived from eg. 2. This analysis has
confirmed the need of estimating the correct absolute
BDC pressure value for each cycle. Unfortunately a
direct identification of this value by means of classic
least sguare techniques applied to pressure cycle
experimental data is unfeasible due to strong
correlation between initial pressure and polytropic
index trend.
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Figure 1 — Comparison between k(q) and m(q)
computed by eq. 2 making use of measured pressure
cycle with Dg = 1 [deg]. (Torque = 50 [Nm], rpm =
2000, AFR = 14.6, Spark adv. = 25 [deg]).

In order to test the technique avoiding the
discretization effects deriving from measurement
resolution and the uncertainty due to initial pressure
value, a detailed analysis has been carried on a set of
simulated cycles referred to 157 experimental engine
operating condition. The simulated cycles have been
computed using a two zone thermodynamic model
with a given wall temperature and assuming a
Woschni  heat transfer model [16]. According to
Woschni model assumptions the polytropic index
estimated by (eg. 2) presents a linear trend over the
whole set of data and the assumed wall temperature is
properly reproduced. In Figure 2 the values of
polytropic index, computed according to the described
procedures are shown for a generic engine condition.
It is worth to mention that the range of variation for
the polytropic index is in a good agreement with the
expected theoretical values [9], while the direct
application of eq. 2 resulted in unphysical values as
shown above (Figure 1).



Therefore for each engine operating condition the
polytropic index has been expressed as linear function
of crank angle. The coefficients a and b have been
computed via linear regression from simulated
pressure data:

m) =a>q +b (©)

The coefficients a and b exhibit a strong correlation
(Figure 3) such that a can be expressed as function of
b and engine speed:

rpm
=0 +0, X+, Xx—— 4

The three coefficients q;, @ and gz have been
identified with least square technique from the whole
set of simulated data.
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Figure 2 — Comparison between k(q) and m(q)
computed by egq. 2 making use of simulated data
(Torque = 50 [Nm], rpm = 2000, AFR = 14.6, Spark
adv. = 25 [deq]).

The correlation between a and b (eg. (4)) has been
applied for the simultaneous identification of both
initial pressure and parameter b from measured
pressure cycles:

a (p()- pin()?
miny| =L (5)
b, pg N

where pg is the initial pressure, p is the experimental
pressure data, N is the number of sampled data and p;i,
is computed through the following iterative relation:

. ..m(i)
P = P~ DT 02

where M(i) is the mean value between m(i-1) and

m(i) computed by egs. 3 and 4. In eqg. 6 the first value
is the initial pressure p, to be identified. The
polytropic index trend computed starting from the

(6)

identification results is then used to evaluate the
inversion point for the net heat flux between cylinder
wall and gas mixture. It is worth to remember that the
correlation between a and b implies the assumption of
a steady-state heat transfer model, according to which
gas temperature at inversion point corresponds to a
reference temperature for the engine thermal state.
Within these hypothesis, the hest-transfer coefficient
is assumed to be continuous and positive, thus heat
transfer flow is zero only for a zero temperature
gradient.
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Figure 3 — Correlation between a and b, R*=0.936 (eq.
3).

RESULTS

A set of averaged pressure cycles corresponding to
157 steady-state different operating conditions have
been used to assess the developed technique. The
experimental tests have been carried at Istituto Motori
CNR on a commercial FIAT two liters, four cylinder
engine, equipped with multi-point injection system
with speed-density electronic control system, also used
for the development of other researches whose the
present work is part [4], [16]. The engine is mounted
on a dynamic test bench, equipped with classica
measurement systems, employed for its parametric
characterization. The pressure cycle is measured with
a Kistler 6001 piezo-electric sensor inserted in one
combustion chamber and an AVL Indiskop device is
used for sampling and signal conditioning. The mean
pressure cycle is obtained from the averaging of 288
sequential pressure time traces. The range of the
operating variables for the working conditions is
shown in the next table |.

The proposed technique for estimating the
reference wall temperature has been applied to the
whole experimental data set. At any engine operating
condition, the BDC absolute pressure has been
identified minimizing eq. 5, and the polytropic trend
has been estimated by means of egs. 3 and 4.



Lower limit | Upper limit
Engine Speed [rpm] 1000 3000
Torque [Nm] 10 90
Spark Advance®” [deg] 5 45
Air-Fuel ratio [ 11 18

(*) A variable spark advance range has been chosen
consistently with correct engine performance to avoid
knocking and incomplete combustion.

table | - Limit values of the engine operating variables
for each working condition.

In the figures 4, 5 and 6 the estimated reference
temperature, T,, has been plotted as function of air-
fuel ratio and manifold pressure for three engine speed
regimes. The plotted surfaces have been derived
interpolating the results referred to different spark
advance conditions. In these figures the estimated
temperature exhibits different behavior depending on
engine speed, mainly due to its influence on heat
transfer dynamics which has not been modeled at the
present stage of work. The influence of engine
operating variables on reference wall temperature has
been evaluated through a linear correlation anaysis
and the corresponding indices are reported in tables I1-
[11-1V for different engine speeds.

At lower engine speed (Table Il, Figure 4) T,
increases with residual gas fraction (.67)?, while a
remarkable inverse correlation is detected for air mass
flow (-.70), and its correlated variables (manifold
pressure, torque). Moreover, a dlight influence is
exerted by spark advance (.19) while an inverse
correlation is detected for Air Fuel Ratio (-.31). The
resdual gas fraction effect can be explained
considering that the greater gas charge energy
produces an increase in the bulk temperature during
compression and consequently enhances the heat
transfer towards the wall. Nevertheless, an increase in
the air mass flow produces a greater turbulence in the
fresh charge and consequently enhances the heat
transfer between cylinder wall and gas during
induction phase. Such behavior is expected because an
increase in turbulence levels promotes gas mixing and
energy transport close to cylinder walls leading to a
reduction of therma boundary layer thickness on the
combustion chamber surface. On the other hand, at
higher engine speed (Table IV, Figure 6), T,, increases
with air mass flow (.51); this effect can be explained
considering that an increase in the air mass flow,
which produces a greater turbulence enhancing the
heat transfer, is not able to balance for the greater
energy amount due to the combustion of a greater
amount of fresh charge. Moreover a weak inverse
correlation is detected for residual gas (-.42) due to its
relative smaler amount with respect to intake gas
charge. It has to be remarked that at high engine speed

2 The values in brackets are the computed linear
correlation index.

and low load conditions the inversion section point
was detected earlier than inlet valve closing, probably
due to a lower wall temperature with respect to gas
charge.

In the Figure 7, the mean reference wall
temperature is plotted vs. engine speed and engine
torque for the whole experimental data set, from which
it emerges that the maximum temperature values are
reached for higher engine torque and speed, as
expected from basic physical consideration. On the
other hand, the results presented in a previous paper
[5] evidence a different trend with respect to engine
load with a reduction of wall temperature as the
engine load increases. This behaviour is mainly caused
by a different procedure used for the inversion point
detection while other effects are related with a rough
approximation for the initial pressure evaluation.
Nevertheless, the results presented herein are more
accurate though an unpredictable effect due to heat
transfer dynamics has to be investigated as discussed
in the following section.

Figure 4. Mean wall temperature as function of
manifold pressure and ar fuel ratio (Engine
speed=1000 [rpm]).
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Sparkadv. 1.00 -66 .06 -56 -65 .19 .70
Manif. pres -66 100 .16 .98 100 -69 -97

AFR .06 .16 100 .09 .18 -31 -13
Torque -56 .98 .09 100 .98 -72 -9
AirMassF. -65 100 .18 .98 100 -70 -97
Tw 19 -69 -31 -72 -70 1.00 .67
Res. gas .70 -97 -13 -95 -97 .67 1.00

Table I1: Linear correlation indices between operating
engine variables for the 43 steady-state engine
working condition considered at 3000 [rpm].
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Figure 5. Mean wall temperature as function of
manifold pressure and ar fuel ratio (Engine
speed=2000 [rpm]).
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Spark adv. 1.00 -46 .25 -33 -44 -68 .39
Manif. pres -46 100 -05 .96 100 .25 -.95

AFR 25 -05 100 -16 .01 -44 .06
Torque -33 96 -16 100 94 24 -91
AirMassF. -44 100 .01 .94 100 20 -9
Tw -68 25 -44 24 20 100 -14

Res. gas 39 -9 06 -91 -94 -14 1.00

TableI11: Linear correlation indices between operating
engine variables for the 53 steady-state engine
working condition considered at 2000 [rpm].
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Figure 6: Mean wall temperature as function of
manifold pressure and ar fuel ratio (Engine
speed=3000 [rpm]).
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Spark adv. 1.00 -39 -07 -12 -43 -36 .57
Manif. pres -39 100 -14 94 100 54 -93

AFR -07 -14 100 -31 -08 -22 .00

Torque -12 94 -31 100 .92 46 -81
AirMassF. -43 100 -08 92 100 51 -9
Tw -36 54 -22 46 51 100 -42

Resgas .57 -93 00 -8 -95 -42 100

Table 1V: Linear correlation indices between operating
engine variables for the 30 steady-state engine
working condition considered at 3000 [rpm].
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Figure 7 - Mean wall temperature as function of
torque and engine speed.

HEAT TRANSFER DYNAMICS

In order to take into account the effects of heat
transfer dynamics and the time lag between thermal
flux and temperature gradient, a boundary layer model
is actualy being developed. The mode has been
designed following the energy baance equation
applied to a control volume close to the cylinder wall
surface, neglecting the internal energy sources and the
mean fluid motion normal to cylinder wall, and
assuming one-dimensional heat transfer processes in
the normal direction with respect to cylinder surfaces
[12], [13] :

T _dp, T € Tu
9P ey 4k .
Pt dt+‘ﬂx§( +ho) x H ™

where x is the upward normal coordinate while k and
kr are the thermal conductivity and the turbulent eddy
thermal conductivity respectively. This latter has been
introduced in order to simplify the term accounting for
turbulent convection motion and is function of the




temperature T and the normal coordinate x. The
energy balance equation has been solved making use
of an explicit numerical method [19].

An example of the obtained results is given in
Figure 8 where typical simulated temperature profiles
are plotted vs. the upward normal coordinate at
different CAD and for different wall temperatures.

650

600 -
— <@ &&
X 3
= i N AD=-
t 550 G ¢ 60
5
IS
g
£ 500
@ CAD=-90
D 450 B2 2%%0ey
CAD=-95
CAD=-110
400
0 1 2 3 4

upw ard normal coordinate x [mm)]

Figure 8 — Comparison between temperature profiles
along the upward normal coordinate at two different
crank angle positions and for two different wall
temperatures. (Torque = 50 [Nm], rpm = 2000, AFR =
14.6, Spark adv. = 25 [deg]).

Depending on wall temperature (T,, = 450, 550
°C), the figure evidences a 15 or 30 CAD lag between
the time at which a zero heat flux is reached on
cylinder wall (CAD = -110 or CAD = -90) and the
time when the gas bulk temperature approaches the
wall temperature (CAD = -95 or CAD = -60), thus
confirming that dynamic effects exert a strong
influence on engine thermal state estimations. More
over these results demonstrate that the time lag
depends on both engine operating conditions (in
particular engine speed) and wall temperature itself.

Further work is needed to establish a procedure to
account for the heat flow dynamics effects to be used
for engine thermal state detection from pressure cycle
measurements.

CONCLUSIONS

A technique for the estimation of cylinder wall
temperature, based on the measured pressure cycle for
a spark ignition engine, has been described and
applied on a large set of engine steady-state operating
condition. The feasibility of deriving the engine
thermal state reference temperature from pressure
cycle has been verified by means of a comparative
analysis on simulated and measured engine data. A
detailed study has been performed in order to verify
the influence of BDC absolute pressure and measured
data resolution on the estimated polytropic index. A
linear correlation has been derived in order to hold up

a least sguare technique for initial pressure and
polytropic index identification.

The development of a boundary layer model isin
progress in order to take into account the time phase
between thermal flux and temperature gradient within
bulk gas and cylinder wall, thus replacing the
assumption based on the steady-state model approach.
Moreover, the boundary layer model will be assessed
making use of motored engine cycle in order to avoid
the combustion effects and to estimate more accurately
temperature distribution near cylinder walls.

Further studies are in progress to reach a more
complete assessment of the technique and to integrate
it within advanced pressure cycle based engine control
systems, together with the development of other
engine variables detection techniques from pressure
data.
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DEFINITIONS, ACRONYMS, ABBREVIATIONS
LATIN SYMBOLS

AFR [/] air-fuel ratio

a b, q regression coefficients

BDC Bottom Dead Centre

CAD [deg]crank angle degree

C [KJkg K] specific heat capacity

IVvC [deg] inlet valve closing angle

k [/] specific heet ratio

k [W/m?] thermal conductivity

kt [W/m?] turbulent thermal conductivity

m [/] polytropic relation exponent.

p [bar] in-cylinder pressure

Po [bar] initial pressure

Prnan [bar] manifold pressure

R? coefficient of determination

rpm [/min] engine speed

t [sec] time

TDC Top Dead Center

Tw [K] average cylinder wall temperature

v [m?] actual displaced volume

X [mm] upward normal coordinate
GREEK SYMBOLS

q [deg] crank angle position

Os [deg] spark advance

r [kg/m?] density



