THERMAL SCIENCE: Vol. 12 (2008), No. 1, pp. 85-102 85

A QUICK, SIMPLIFIED APPROACH TO THE
EVALUATION OF COMBUSTION RATE FROM AN INTERNAL
COMBUSTION ENGINE INDICATOR DIAGRAM

by

Miroljub V. TOMIC, Slobodan J. POPOVIC, Nenad L. MILJIC,
Stojan V. PETROVIC, Milos R. CVETIC, Dragan M. KNEZEVIC,
and Zoran S. JOVANOVIC

Original scientific paper
UDC: 621.43.054/.056:66.011
BIBLID: 0354-9836, 12 (2008), 1, 85-102
DOI: 10.2298/TSCI10801085T

In this paper a simplified procedure of an internal combustion engine in-cylinder
pressurerecord analysis has been presented. The method isvery easy for program-
ming and provides quick evaluation of the gas temperature and the rate of combus-
tion. It isbased on the consideration proposed by Hohenberg and Killman, but en-
hances the approach by involving the rate of heat transferred to the walls that was
omitted in the original approach. It enables the evaluation of the complete rate of
heat released by combustion (often designated as” grossheat releaserate” or “ fuel
chemical energy release rat€”), not only the rate of heat transferred to the gas
(which is often designated as “ net heat release rate” ). The accuracy of the method
has been also analyzed and it is shown that the errors caused by the simplifications
inthe model are very small, particularly if the crank angle step isalso small. A sev-
eral practical applications on recorded pressure diagrams taken from both spark
ignition and compression ignition engine are presented as well.
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Introduction

Classical demands. high power output, shape of torque curve, reliability, production
costs, etc., are still important but not sufficient in modern internal combustion (1C) engine de-
velopment. Fuel economy, exhaust emission and engine noise have become important parame-
tersnot only for engine competitiveness, but also are subjected to | egislation becoming more se-
vere every few years. To satisfy and fulfill all these demands, avery comprehensive knowledge
on complex chemical and physical processes occurring during energy transformation in the en-
gine are required in order to characterize complex influences and find out the ways and direc-
tions how to improve in-cylinder processes and, if possible, avoid undesirable effects.

The combustion is the key process crucially influencing engine performances (power
output, torque, specific fuel consumption) as well as engine environmental characteristicsi. e.
exhaust emissions, noise, etc. Normally, power output, torque and fuel consumption are mea
sured during engine testing, and also, if necessary, exhaust gas composition, noise, etc., so that
the global engine efficiency can be recognized. However, more sophisticated information about
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in-cylinder inventsisnecessary in order to have insight in the sources and distribution of energy
losses, exhaust gas pollutants formation, etc.

One of the most frequently used waysto obtain necessary information about the work-
ing processisrecording of thein-cylinder pressuretrace, or so-called “indicator diagram”. Even
without any calculation the pressure record provides some information about combustion in en-
gine cylinder, for example: peak pressure and its position, the rate of pressure rise (influencing
basi cally combustion noise), etc. Research engineer can obtain more detailed information by the
analysis of pressure diagram. Computation of mean indicated pressure of high pressure and low
pressure parts of the cycle enables the determination of engine mechanical losses and gas ex-
change losses. The combustion process and its losses are, however, more complex, and there-
fore, far more sophisticated thermodynamic analysis of the pressure datais required. Therate of
heat released by combustion or simply “the rate of combustion” and the mean gas temperature
appear as major results of that analysis.

The importance of the information that can be obtained from an engine in-cylinder
pressure trace has been recognized since early days of engine development. Scientistsand engi-
neers have been paying great attention to indicator diagram analysis even when test instrumen-
tation and the calculation possibilities where rather limited before the days of digital computers
and data acquisition systems. The early publications on these topics, such as Neumann [1],
Zinner [2], and List [3], take into account rather realistic thermodynamic properties of cylinder
gas. However, theinterest and possibilitiesfor refining the methodsincreased asdigital comput-
ers had been introduced in modeling and computation of engine working cycle. The develop-
ment and application of digital dataacquisition systemsin enginetesting have further gained the
possibilities of measurement high speed engine variables and significantly improved the accu-
racy of acquired data.

With the introduction of digital computers and ever increasing application in engine
working cycle modeling, the computer-aided methods for indicator diagram analysis have been
simultaneously developed and reported. The works of Vibe [4] and Lange and Woschni [5] are
well known, but the most comprehensive analysis was reported by Krieger and Borman [6] and
their method has been regarded as a reference for indicator diagram analysis. Another remark-
ably in-depth work, introducing the number of influences, was given by Jankov [7], although
this method, as well as [6], is primarily intended for compresion ignition (Cl) engines. A good
survey over numerous approaches and methods and appropriate discussion was given by Hey-
wood [8].

However, even with modern test equipment and calculation possibilities, the record-
ing of indicator diagram and its thermodynamic analysis remain very sensitive and demanding
task subjected to number of possible errors. Some of these problemswill be discussed in text as
well.

Theoretical background

Engine combustion chamber as open thermodynamic system is presented schemati-
caly infig. 1. The basic equation for al known methods is the first law of thermodynamic ap-
plied to an open system [6-8]:

dQ =dU + pdV (1)

Here, dQ is the change of elementary energy entering/leaving the system (except ki-
netic energy which is omitted), dU is the elementary change of cylinder charge internal energy
and pdV is elementary mechanical work delivered to the piston.
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The derivative dQ consists of the energy released by the e Sgsfdr;ry

combustion dQ;, the energy transferred to the walls dQ,, and =i e 1L
the energies taken into/out the system by means of the mass \
flows through the boundaries ~hdm, where h, and dm are | I
the enthalpies and elementary mass flows, respectively. I
Thus, we can write: \ m

dQ =dQ; ~dQ,, +=hdm @ i
Thechange of internal energy dU isfurther evaluated as:
dU =d(mu) = mdu+ udm 3

Substituting the egs. (2) and (3) in eg. (1), the elementary
energy released by combustion can be expressed asfollows:

dQ; =mdu+ pdV + udm- % hdm +dQ,, 4

Since the high pressure part of the cycle is considered, intake and exhaust valves are
closed and there are no flows through inlet and exhaust ports. In the absence of fuel injection
(the case of spark ignition engine) only flow into and out of creviceregion dmy, ispresent. Inthat
case the terms representing the elementary change of the system mass and the energy enter-
ing/leaving the system by mass flows can be specified as:

dm=—dm,; Thdm =—hdm, (5)
Regarding Cl engine, the portion of fuel isinjected near the end of compression and

the considered terms become:
dm=dm; —dm,; ?hidm = h;dm; — hdm, (6)

Thermal enthalpy of the fuel injected is very small (h; ~ 0) compared to its heating
value H;, and can be neglected, whiletheincrease of cylinder charge can be afew percent at full
load. Introducing terms from eqg. (6), the eq. (4) becomes as follows:

hdm,,

B

Figure 1. Engine cylinder asan
open ther modynamic system

dQ; =mdu+ pdV + udm; + (h—u)dm, +dQ,, (7
or expressed per crank shaft angle:
d&: %4_ pdV dm f +(h U) drncr dQW (8)
da da da da da da

Infurther evaluations, itisnecessary toincludetheideal gaslaw in differential form:

pV =mRT
1dp 1ladv _ 1dm ldR 1dT

9
p do Vda " mda Rda Tda ®

In general, the thermodynamic properties of the cylinder gas are the functions of pres-
sure, temperature, and gas composition. The composition both prior the combustion (fuel-air
mixture or pure air plus residual gas) and after combustion (combustion products), depends on
fuel composition and mixture strength, usually represented by air excess ratio — A = m/mL,,.
Then, in general, we have:
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u=u(p,T,A) and R=R(pT,1)
du_8u@+@d_T+@Q and dR_SR@Jr@d_TJFSR%

(10)

do opda T du oA da do opda 8T da di do

After substituting egs. (9) and (10) in eg. (8), the eq. (8) can be solved numerically and
the rate of the heat released by combustion can be evaluated. The recorded cylinder pressure
yields p(a) and dp/de, while initial mass of the system m, and mixture strength A must be
known. The appropriate models for the thermodynamic properties of the working fluid and heat
transfer term dQ,,/da are also required.

In the case of Cl engine, an aternative approach yielding the fuel mass burning rate
dm/de is often applied — egs. (6) and (7). The connection is simple:

dQ; Y dmy,
—~t_H,—T
do do
where H; isthefuel lower heating value.

In the expressions (10) for thermodynamic properties of the working fluid the gas com-
position is expressed asthe function of air excessratioA. If asimple model isapplied, the compo-
sition of combustion productsis evaluated by means of stoichiometric equations for fuel-air mix-
ture combustion. More comprehensive models consider chemical equilibrium or chemical
reactionskinetics, enabling dissociation of combustion productsto betaken into account. The heat
transfer to combustion chamber walls can be modeled using well known Newton’s convective
heat transfer equation and thisterm will be evaluated and discussed later on. Since crevice effects
are usually small, asufficiently accurate, yet smple model for their overall effect isto consider a
single aggregate crevice volume where the gasis at the same pressure as the combustion chamber
but at different temperature. Since these crevice regions are very narrow, next assumption regards
the crevice gas at the wall temperature.

Figure 2 shows ageneral distribution of cumulative heat release. All traces are normal-
ized, i. e. divided by thetotal fuel chemical energy taken into cylinder Q;,= mH;. Dashed linerep-

resentsthenet heat release Q,, i. . heat de-

livered to the gas. The addition of heat

i transfer to the walls Q,, and energy dueto
e Gombustion inefficiency croveatiow  Creviceflow, yields the fuel chemical en-
L " effect ergy release Q; or gross heat release The
= straight line at the top represents the total

fuel chemical energy taken into cylinder

(normalized). The difference between this

Q¢ /Qup line and final value of Q; should be equal
to the combustion inefficiency. The com-
bustion inefficiency can be determined
fromthe exhaust gas composition. Inaccu-
raciesin the cylinder pressure dataand the
hest release calculation will aso contrib-

(11)

06 +

04 +

0.2 +

00 50 0 50 100 « [degCAl ute to this difference.
Top dead centre (TDC) The approach yielding the eg. (8), in
combination with comprehensive models
Figure 2. Cumulative heat release distribution vs. for gas properties (9) and (10), provides a

crank angle (CA)
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considerable level of sophistication. However, it still contains the assumptions and uncertainties
making the results only approximate. For example, the uniformities of temperature and gas com-
position are assumed. Also, fuel-air mixture formation (in the case of Cl engine) isomitted and all
available modelsfor wall heat transfer and crevice flow arerather inaccurate. Theterm“ apparent”
is often used to describe these uncertainties, i. e. the obtained results are frequently named as*“ ap-
parent rate of heat release” or “apparent fuel mass burning rate”.

Krieger and Borman [6] carried out the sensitivity analysis for critical assumptions and
variables. They found that the effect of dissociation was negligible. They also neglected the effect of
creviceflow. All this permits the substantial smplification in egs. (8), (9), and (10), but, in generd,
the model remainsrather complex and inconvenient for engineering practice. The method explained
in the text below is very simple and easy for programming, but still accurate enough for practical
purposes. Namely, its practical application isextremely smpleand low cost, and it could beevenin-
corporated in engine testing control system to provide “on ling” information about combustion.

Simplified method for the
evaluation of heat release rate

Pressure diagram recorded using data acquisition system is the series of pressure val-
uestaken in discrete crank shaft positions. The series of pressure-crank angle data can be easily
transformed into pressure-volume data. Since modern crank angle (CA) encoders have a very
fine angular increment, the changes in pressure and volume are small. So, if we consider the
changes between two recorded pointsas elementary, the error will bewithin reasonablelimits.

During the gas state change between two consecutive points 1 to 2 (fig. 3), the amount
of fuel chemical energy AQ; isreleased by combustion. If we neglect the effect of crevice flow,
this heat is partly transferred to the gas AQ, (formerly designated as “net heat release”), and
partly transferred to the walls AQ,,. Then, we can write:

AQs =AQ¢ +AQy (12)
The evaluation of AQ,, and AQ,, can be performed in asimplified way, convenient for
engine laboratory testing, but still sufficiently accurate.

Heat transferred to the gas p )

Hohenberg and Killman [9] proposed a
simplified method for the evaluation of the 2
amount of heat transferred to the gasAQ,,. The 2s
real process (1 to 2) is virtualy divided into
two steps (fig. 3). First step is the adiabatic
isentropic expansion (or compression) from
point 1 to point 2s (from volume V; to volume
V,) with no heat transfer to gas. In the second
step, the heat added to gas by combustion is
being considered at constant volume (V, =
= const.). The required parameters in charac- ™C | |Aa a
teristic points can be obtained using the ideal T
gas law and the equation for isentropic staté  Figure 3. Recorded p-o diagram; gas state change
change. If gas behavior isconsidered asideal  from point 1 to point 2
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(which is, actually, not to far from real process) we can write:

VA c
Pos = p{—l] ;K== (13)
V2 Cv
PV | PV,
T,=—L; T,= 14
1= TR 2= 5 (14)
PV,  PVIVSE
T.. = = 15
e R (15)
C
AQn = AQ|;f =mc, (TZ _TZS) = Evvz(pz - p25) (16)

Finally, after substituting, we obtain the amount of heat released by combustion and
transferred to the gas between points 1 and 2 in the form:

o-p |
) prZ

Described approximation is obviousin T-s diagram shown in fig. 4 where the amount
of heat calculated using eg. (17), AQ,, is shaded.

For the evaluation of eq. (17) the thermodynamic properties of the gasin combustion
chamber are required. Several approaches, appropriate ssmplified expressions and their influ-
ence on heat release rate evaluation accuracy are laid down and discussed in Appendix.

AQn = &VZ

= (17)

r \ Heat transferred to the walls

The convective heat transfer rate to the
combustion chamber walls can be calcul ated
from the general relation:

dqQ,,
dt

wherea,, isthe heat transfer coefficient (aver-

aged over the chamber surface area), A, is

combustion chamber surface area, T, is the

mean wall temperature of combustion cham-

= bersurfacearea, and T isthe mean gastemper-

=i s ature. Heat transfer to the walls surrounding

combustion chamber is usualy considered

separately for characteristic parts of combus-

tion chamber surface area, since they have sig-

nificantly different temperature. Hesat transfer

coefficient ismainly taken as average for the whole combustion chamber because of lack of accu-
rate data for different parts. Than we have:

dq,,
dt

:awAw(T_Tw) (18)

Figure 4. Gas state change from point 1to 2in
T-sdiagram

Ay ?’Awi(T_Twi) (19)
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Usually, piston crown, cylinder head and cylinder liner are considered as the ele-
mentsin expression (19), the last having variable surface according to piston motion and vari-
able temperature from the top (at top dead centre— TDC) to the bottom (at bottom dead centre
—BDC).

Therefore, the amount of heat transferred to the wall s between two consecutive points
1 and 2 can be calculated as:

AQy =lory T Aw (T =T At =[oy TAG (T ~T, 15 (20)

where A is angular increment and n engine speed in rpm.
For the heat transfer coefficient several models are widely used. One of the recent is
Hohenberg’ s expression which is relatively simple and convenient for use [10]:

a,, = 0013V -006 nO8T -04 (¢ 1+14)08 Jm2K (21)

where V is instantaneous cylinder volume, p and T cylinder pressure and temperature, and c;,
mean piston velocity. Alternatively, some other models, for example Woschni’s or Annand’s
can be used [7].

Calculated heat transfer to the walls should be considered as an approximation
rather than quite accurate result. Firstly, whichever model for heat transfer coefficient is
used, it isbased on limited experimental data and itsvalidity can hardly be universal for all
engine categories. Secondly, accurate temperatures of combustion chamber walls are un-
known. Direct measuring of walls temperatures is very demanding and complicated task,
hardly feasible during normal engine testing. These temperatures are usually estimated on
the base of literature data but such estimation can be rather inaccurate for concrete case. Lit-
erature datamainly correspond to walls maximum temperatures for appropriate engines cat-
egories, but wall temperature changes with engine speed and |oad can be hardly found. Hav-
ing al thisin mind, calculated heat transfer to the wallsis often corrected in order to obtain
logical result — for example, at the end of combustion process, to reach reasonable agree-
ment between calculated heat released by combustion and fuel chemical energy taken into
engine cylinder per cycle.

Fvaluating the accuracy of the methodology

The calculation of the heat transferred to the gas AQ,, according to eqg. (17), is an ap-
proximation which can be clearly seen in entropy-temperature diagram shown in fig. 4. The dif-
ference between real heat transferred to the gas (proportional to the area under the curve 1-2)
and cal culated val ue (proportional to the area1-2s-2-1) isbeing designated asAQg, (error). This
difference can be estimated using the entropy rise (As, fig. 4) which isthe samefor real process
(1-2) and considered approximation (1-2s-2):

. 2AQ,

AS~
Ty + T,

(22)

Tl _TZS AS= AQ Tl _TZS
2 n

A ~
Qe Ty + Ty

(23)

After substituting egs. (14) and (15) in eq. (23) the error can be expressed as.
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k-1
]
— (24)
P2 (VZ j +1
PV
The error is negative before TDC (calculated AQ,, is greater then the real heat trans-
ferredto gas) and positive after TDC (calculated AQ, islessthenthereal heat transferred to gas).
It isobvious that the most influencing factor is the volume change between the points 1 and 2.
Thelessisthe volume change, the lessis calculation error. For small angular increment Act, the
error practically diminishes and become negligible. Figure 5 showsthe real example according
to data given in section Some results of the method' s practical application. With angular incre-

ment 0.35156 deg CA the absolute value of relative error does not exceed 0.15%.
Other errors could be caused by us-

AQer ~ AQ,

020 1020 ing approximate, simple modelsfor the
F . ron Vv, gasthermodynamic properties (expres-
g an bl 1 |1 sions given in Appendix for constant
g ol _TWW L p ey 1010 volume specific heat and gas constant).
= oos AN 1}{ I =~ N Certain error is also produced due to

simple summing portions of heat re-
, | leased between two discrete points (1
008 [ " A 0005 and 2), instead of numerical evaluation

op T | el f " kel 55 of differential equation. This kind of
| - error is also minimized by CA interval

0.00 % 1.000

o] 100-AQe/AQ)

o | | 0% decrease, and for small angular incre-
020} —— ‘ +——1— 0580 ment becomes negligible.
260 280 300 320 340 360 380 400 420 440 460 . .
« [deg GA] The overall result is often influ-
enced by other types of errors, for ex-
Figure5. Relative calculating error dueto the ample possible measuring inaccura-

approximation of real heat transferred to the gas

between two consecutive points by eq. (17) ces: cylinder pressure record and its

synchronization with CA, measured
fuel and air mass and the estimation of residual gasmass. A model describing heat transfer to the
wallsisalso inaccurate. In order to estimate thetotal error of the method (but free of other kinds
of possible errors), a numerical experiment was curried out using a sophisticated commercia
software for engine cycle modeling — AVL Boost [11].

Engine system simulation BOOST uses exact models for real gas thermodynamic
properties (as the functions of pressure, temperature and composition), takes into account crev-
iceflow, usesaccurate differential equations solver, etc. With appropriate data and defined rate
of heat release, engine cycle was modeled using BOOST to obtain cylinder pressure diagram.
This diagram was subsequently analyzed using described method for simplified evaluation of
therate of heat release and results were compared. Figure 6 shows the comparison of the rate of
heat release and cumulative heat release defined in engine cycle modeling (solid lines) and the
results obtained by pressure diagram analysis using described method (dashed lines) appliedto a
1.4l Sl engine at full load and 5500 rpm. As can be seen the agreement is quite acceptable. The
maximum difference in heat release rate, appearing around the peak, is less than 5%, while the
difference in final cumulative heat release value is ~1.8%. The difference between the results
obtained using the expressions (al) and (a2) for specific heats givenin Appendix areto small to
be visible in the graph.
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Thedescribed method for the evalu-
ation of the rate of heat release is dem-
onstrated on several practical exam- 204
ples. In addition to standard engine
testing equipment (dynamometer with 10
engine torque and engine speed mea-
suring system, intake air and fuel flow 0 s #oo
measuring systems, inlet air, exhaust S
gases, engine coolant, and oil tempera-

tures measuring system), the Sl engine  Figure 6. The comparison of modeled rate of heat release
was equipped with the system for (solid line) and therate of heat released obtained by the

. . . analysis of modeled pressure diagram usin desctibed
in-cylinder pressure recording. The | o4a (dashed line)

water cooled, temperature compen-

sated piezoelectric pressure transducer was installed in cylinder head yielding direct access to
the first cylinder combustion chamber (top of the transducer coincides with the combustion
chamber wall). Signal conditioning was accomplished through charge amplifier and led to digi-
tal dataacquisition and control system. The main characteristics of this system are given in tab.
1.

plbar]

o
=]

-y
o
dQy/de|Jideg CA]

1
@
=]

Table 1. Measurement system —technical specification

Pressure transducer Water cooled, drift-compensated AVL 8QP500C
Charge amplifier KISTLER 5001
Acquisition system National Instruments PXI
NI-PX1 6123S
Acquisition board No. of chanels: 8
Sampling rate: 8 x 500 kilo sampling per second
DAAM CSAS-10
Angle sensor Angular resolution: 1024 incriments per rpm

The optical angular encoder with 1024 marks per revolution was fitted to the engine
crank shaft. Pressure signal was recorded for 100 consecutive cycles and mean cyclewas evalu-
ated for subsequent analysis.

A specia attention was paid to exact determination of absolute pressurelevel and pres-
suretraceto CA synchronization, since these problems could significantly influence the results
of heat release analysis. The piezoel ectric pressure transducers, because of their physical char-
acteristics show only pressure differences, which meansthat the absolute value (zero line) hasto
be measured or evaluated separately. Moreover, this must be done for every recorded cycle
since signal has tendency to float (zero drift). This problem was solved by application of ther-
modynamic determination of absolute pressure level [9]. The procedureisbased on the compar-
ison of recorded pressure trace and theoretical compression line (at the characteristic part of
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compression stroke), cal cul ated with polytrophic coefficient 1.32 for Sl enginesand 1.38 for Cl
engines. Method has been widely used in practice and proved to be very effective [9, 13].

The precise synchronization between pressure signal and CA position is actually the
problem of exact determination the TDC position. Since piston motion near TDC isvery small,
mechanical registration of TDC position is inaccurate. Besides, in operating condition, under

load, TDC position can vary alittle bit fromits sta-

\ tionary position dueto engine partsthermal and me-
P e chanical deformation. Actual TDC position was de-
termined by recording pressure diagram of the cy-

cles without combustion (pure compression and ex-
pansion). It was achieved by switching off the igni-
tion in the cylinder fitted with pressure transducer.
The position of maximum pressure is advanced
compared to the TDC due to energy losses, asit is
shown in fig. 7. This angle named “the thermody-
namiclossangle’, @ 0s dependson heat transfer to

—

TDC a thewallsand creviceflow [12, 13]. Ingeneral, it can
vary in the range of 0.4-1 deg CA [13] and in this
Figure 7. Thermodynamic loss angle case it was taken to be 0.5.

Basic technica data for the engine used in this
experiment are givenintab. 2. Theengineisfueled
by carburetor directly fitted on cylinder head, with-
Producer DMB Belgrade out intake manifold. Inlet runners, very short and of
Engine type SI, 100 GL different length are cast within the cylinder head.
Due to layout of inlet pipes significant cylinder to
cylinder mixture strength variation can be ex-
Number of cylinders | 4 pected. It was not possible to determine mixture
strength distribution; hence, the air excess ratio
marked on each graph is the overall for the engine
and the actual valuefor recorded cylinder can differ
Cooling system water from this value.

Figure 8 shows the results of pressure diagram
analysis for one of recorded engine operating con-
ditions: rate of heat release dQ/de, cumulative
heat released Q; and the mean gas temperature T. As mentioned before, the mean value of 100
consecutive cycleswas analyzed and no curve smoothing procedure was applied. Neverthel ess,
the obtained curve dQ/d« is sufficiently smooth although it is very sensitive to measuring noise
that can be superposed to pressure record. As it can be seen the combustion process starts at
approx. 345 deg CA and ends at approx. 415 deg CA. If we consider 5 to 95% of fuel burned
mass, what is usual in combustion analysis, it occurs between 350 and 400 deg CA.

In fig. 9, the same results are shown in normalized form, i. e. X = Q;/Q;, and dx/da =
= (U Q) (dQy/der), where Q;y = mH;. At the end of combustion x reaches the value of approx.
0.94. Considering that crevice effects are omitted and engine operateswith slightly rich mixture
(2 =0.97), thisvalue could be quitereal. Since therich mixture’ slower heat valueisactually de-
creased, Q;, could be corrected for the carbon monoxide concentration in exhaust gas (calcu-
lated theoretically). In that case the final value of x would be approx. 0.976. However, deter-
mined air excess ratio of 0.97 is the mean value for the engine, and its slight variation in the

Table 2. Main engine data

Bore/Stroke 65/68 mm/mm

Compression ratio 9

Max. power output 30 kW/5600 rpm

Fueling system carburetor
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cylinder instrumented with the pres-
sure transducer hasto be considered in
afinal assessment of the result.

It isinteresting to examine the sen-
sitivity of heat release analysis to the
most frequent possible errors. Figure
10 shows the results of analysis where
heat transfer coefficient has been in-
creased and decreased by factor 1.5.
Pressure-crank angle synchronization
has been aso changed for +1 and +2
deg CA, and such analysisis presented
infig. 11. All results are given in nor-
malized form.

With relatively large change of heat
transfer calculation (£50%), the change
in the rate of heat release (dx/dt) is not
so obvious, but cumulative maximum
reached value of heat released (X) dif-
fersapprox. £6%. Besides, if heat trans-
fer is over estimated, line x continue to
increase after combustion has been
ended and decreases (thisis often called
droop) in the case of heat transfer under
estimation. The influence of pressure
measurement — CA synchronization is
much greater. As it can be seen, the er-
ror of only 1 deg CA, which is quite
possible if special care was not paid to
TDC position determination, produces
the significant error in calculated re-
sults. It changes not only maximum
reached values of x and dx/de, but also
their shapes, i. e. the combustion is
falsely interpreted to be faster or dower
than real process occurred. Of course,
analyzed influences on accuracy of cal-
culation are not characteristic only for
described method and have a universal
character.

As mentioned in the introduction,
the rate of heat release is very conve-
nient parameter for engine combus-
tion effectiveness analyses. Theinflu-
ence of engine load on combustion is
illustrated in fig. 12, where the rate of
heat release is plotted for three differ-
ent loads at approx. similar engine
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Figure 8. Theresults of pressure diagram analysis. rate
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0.022 — 11 speed. As it can be seen, engine load
® oneg|—— 08 ermini — w0  significantly influences the burning
= Pe = 4.96 bar R / - e 8 — .
£ o018t —pg P — 09 vequty. At all three loads the com-
S oot6 / - a2 0.8 bustion starts at the same CA position
2 001 Y 07 (approx. 335 deg CA), but in the case

0.012 s 06 of smallest mean effective pressure

0010 ] 2 : 05 (Py=2.12bars) combustion issubstan-

0.008 o o4  tialy slower. The main reason is the

0.006 i ]\1‘ 03 increased residual gas concentration,

0.004 j R 02 which slows down the combustion

0.002 / v 0.1 process.

0.000 Polimcsatacbbibieg] 0.0 Figure 12 al so showsthat some ana-

i 3‘”’ S . lyzed pressure records contain a sub-
stantial noise, producing the oscilla-

Figure 11. Theinfluence of pressure—crank angle tionsin calculated rate of heat release.

synchronization on the heat release evaluation This could be eliminated by applying

some curve smoothing technique on

0.016 - pressure record before the heat release
. n = 3003 per minutg .

T 0014 Pa=73qbar evaluation.

£ AN o

%‘ i ~3038)p \,( s Compression ignition engine

g 0.010 minute '

° L b / . The experimental installation was
0.008 = similar asin the case of Sl engine. The
N i /}, M main difference was that the pressure

Pe=2.12par / i transducer Kistler type 7507 SN79399,

R 3 - ST angular encoder with 180 marks per

0002 / 'y ':... | revolution and data acquisition and

J/’ Ll Wkl | control system ADS 2000 [14] were
O e T o0 amo a0 a4, Used. The encoder angular increment

a[deg CA] of 2 deg CA wasdivided by factor 8 us-

Figure 12. Theinfluence of engine load on the rate heat ing the data acquisition system hard'

release ware, so the actual pressure recording

increment was 0.25 deg CA. For heat

release analysis the mean val ue of 50 consecutive cycleswas used without any curve smoothing
technique prior the calculation. The main engine data are given in tab. 3.

Figure 13 shows the results of pressure diagram analysis for one of recorded engine
operating conditions, namely rate of heat release dQ;/de, cumulative heat released Q;, and the
mean gas temperature T. It can be noticed that analyzed pressure record contains a substantial
measuring noise producing the oscillationsin the evaluated rate of heat release. In spite of these
oscillations, acharacteristic shape of direct injection Cl enginerate of heat release can be recog-
nized. The negative slope at approx. 345-350 deg CA caused by injected fuel evaporation, isfol-
lowed by the expressive peak due to premixed combustion typical of part load operation (p, =
= 2.67 bars). Thediffusion phaseisrelatively small and represents asmall portion of the whole
event.

Therecorded injector needlelift h,isalso showninfig. 13 (dashedline). It can be seen
that the dynamic injection timing was approx. 18 deg CA before TDC. Asthe combustion pro-
cess started at approx. 351 deg CA theignition delay period was ~9 deg CA. Thelong delay fa-
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ment it becomes negligible. The errors due to simplified gas thermodynamic properties also re-
main at the level of few percents. In comparison, the experimental inaccuracies such as the er-
rors in pressure measurements, measured fuel and air mass, and CA synchronization can
produce much grater errors than simplifying assumptionsin the model. As an example, special
care should be paid to pressure to CA synchronization (TDC position error). The error of only 1
deg CA in TDC position produces the error of approx. 5% in final calculated heat release value
and changes significantly the shape of the calculated rate of heat release, giving false informa-
tion about burning velocity.

Theanalysisof the sensitivity to heat transfer calculation indicates that the slope of the
heat release curve at the end of combustion can be used for qualitative assessment of the validity
of the heat transfer coefficient estimation.

The noise superposed on recorded pressure can produce oscillationsin calcul ated rate
of heat release. This problem can appear even when mean value of many engine cyclesis used
and can be probably reduced by applying some of curve smoothing techniques.

Considering the described method simplicity, which makesit to be “easy to use”, and,
on the other hand, its satisfactory accuracy, it can be claimed very convenient for combustion
analysisin enginetesting practice. It cloud be evenincorporated in enginetesting control system
to provide “on ling” information about combustion.
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Nomenclature
A —area, surface area, [m?] Qgr — heat calculation error, [J]
A, -—surface areaof thewall, [m? Q; —heat released by combustion, [J]
Cn  — piston mean velocity, [ms™] Qi —amount of heat brought by fuel into
c, - specglc_Teat at constant pressure, cylinder per cycle, [J]
[Kkg™K™] Q. —net heat released (heat transferred

¢ - speci{ic Teat at constant volume, to the gas), [J]
H L‘ﬂiﬁ all|c<)y ][ 1 Q,, —heat transferred to thewalls, [J]

- ’ : 1,
h - spedific enthalpy, [Jg™] R~ special gascondant, [kg K] e
h,  —thermal enthalpy of fuel, [kg™}] Ry —gas constant of combustion products,_g\]k_q K™]
H;, —lower fuel caloric value, [Jkg™ Rmix —gas constant of fuel-air mixture, [Jlflg 7I1< ]
h, —injector needlelift, [mm] R, —gas constant of unburned gas, [Jkg~K™]
L, - stoichiometric amount of air, [-] S —entropy [JK™] o
m  —mass, [Kg] s - specn‘u: entropy, [Jkg~K™]
m, —air mass, [kg] t —time [
m, —mass flowing into crevice, [kg] T —temperature, [K]
m —fuel mass, [kg] T, —wall temperature, [K]

—internal energy, [J]

— specific internal energy, [Jkg™]
—volume, [m?]

— specific volume, [m*kg™]
—normalized heat released, [-]

my, —fuel massburned, [kg]

n —engine speed, [rpm]

p —pressure, [Pa]

p. —mean effective pressure, [bar]

Q —heat,[]]

X< <cC
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Greek letters Abbreviations

o —crank angle, [deg CA] Cl —compression ignition
@, —heat transfer coefficient [Jm°K™] IC  —internal combustion
Qposs — thermodynamic loss angle, [deg CA] SI —spark ignition

k  —ratio of specific heats at constant pressure TDC ~top dead centre

and at constant volume, [-]

A —air accessratio, [-]
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APPENDIX - Thermodynamic properties of the working fluid

For the evaluation of eq. (17) the thermodynamic properties of the gasin combustion
chamber are required. Since one of the main benefit of the proposed method is to be simple to
use, but yet enough accurate, several approaches, appropriate expressions and its effect on the
calculation results has been analyzed.

The simple expression for instantaneous specific heat at constant volume ¢, has been
proposed in [9]:

c, =07+T-103(0155+ A) [kIkgK]  (al)

1.3

7

o ?%@ﬁ For S| engines parameter A takes a constant value 0.1,
22 / and for Cl engines A depends on mixture strength, A =
2 / = 1/101, where 1 isair excessratio. The linear expression
S g A ; (al) isquite smple; neverthel ess the authors show that ac-
= %@ curacy issufficient for most cases. Figure A1 comparesthe
1.0 / A results obtained using the expression (al) and values re-

M. LB sulting from Zacharias' equations.
0.9 /// A// However, expression (al) in the case of Sl engine
_ doesn’t take under account mixture strength which can
0] el normally vary in therange 1. = 0.8-1.2 (in some cases, for
' Zacherias equation example stratified charge or HCCI engine even much
N TN T more). The expression originating from linear regression
O'Zoo 1000 1600 2000 Of data obtained using Zacharias' model for combustion
T[K] products thermodynamic propertiesisgivenin[15]. Itis

_ ) N also very simple and takes under account the influence of
Figure A1 Comparison of specific g excessratio in the case of S| engine by varying coeffi-

heat according to Zachariasand ients f hand | ixture:
expression (al) [9] cients for reach and lean mixture:

c, =692+015T + % (175+01094T) [J kgK] for CI engines and SI enginesfor 1 >1
(a2)
¢, =55862 +03669T + % (15088 — 010747T) [J kgK] for SlenginesA <1

The results obtained using expression (a2) and the real values taking under account
gas reality and combustion products dissociation (according to Zacharias) are compared in fig.
A2[7]. According to [ 7] the maximum differences are under 2.5%.

The results obtained using expressions (al) and (a2) are compared in fig. A3. Asit can
be seen the differencesare small and don’ t exceed 2%. Figure A1 and A2 show that both expres-
sions enable good approximation of the values resulting from Zacharias' model (mostly consid-
ered as accurate) in the range relevant for heat release rate evaluation. The significant disagree-
ment appears only for high temperature and low pressure, but this situation is not possible in
normal engine process. Small differences between expression (al) and (a2) can not producevis-
ible difference in calculating result (se also fig. 6). However, the expression (a2) has been
adopted for further work sinceit provides slightly better approximation in the case of Sl engine.

For most cases agas constant R can be taken asfor ided gas. Theinfluence of gasredlity
isfor normal pressure/temperature range at thelevel of max. 2.5% (for examplefor p =100 bar and
T=2500K thedifferenceis~2.1%) [7]. Inthe case of ideal gas, agas constant depends only on gas
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composition. For Cl engines, before the
start of combustion, pure ar has been
compressed and gas constant hasthe value
287 JkgK. In the case of SI engines, the
fuel-air mixture has been compressed and,
with the assumption that fuel is octane
(CgH,g), gasconstant of the mixture can be
caculated as:
8314

Roix = 804 [V koK] (a3)

B+—
1+5954

Gas constant of combustion products
depends on fuel composition and mixture
strength. If usual gasoline and diesel fu-
els are considered the differences due to
fuel composition are very small and can
be neglected. With sufficient accuracy
combustion products gas constant R,
can be calculated using the equations:

Rep ®3726 - 8271 [J/ kgK]
for S| engines with rich mixture
opearion (A < 1
P @<1) (@)

R¢p ~29065 - 054 [J kgK]
for Cl and Sl engines with
stoichiometric and (a4)

The expressions (a4) are the linear fit
of the values cal culated using theoretical
exhaust gas composition (evaluated by
means of stoichiometric equations for
C8H18 and C16H34 fuel-air mixture
combustion). The values obtained theo-
retically as well as the fit curves are
shown infig. A4.

During the combustion process the
gas in combustion chamber can be con-
sidered as the mixture of unburned gas
and combustion products, and gas con-
stant can be cal culated from therel ation:

fo fo

R z[l—&JR b +§—f R (@5)

where gas constant of unburned gas R,
has the value 287 for Cl and R, for Sl
engines.

30 ——p=10bar
4 -——p =100 bar
é%’ 26| — Expression (a2
2
J 22
/ /
/l
1.8 o
ho=1g
,// gy
1.4
=1 |4 ,ﬂ”
1.0 = —
H‘,r;’/ Bxpressfon (a2)

0.6
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Figure A2. Comparison of the real specific heat (taking
under account gasreality and combustion products
dissociation according to Zacharias) and theresults
obtained using expression (a2) [7]
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Figure A3. Comparison of theresults obtained using ex-
pressions (al) and (a2)
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