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Posenadacmoca mexnonozia Mmo0en08anns/00CHioNCeHHA AU,
Mmenomeopents, mennogio0axi, meniosUKOPUCMAHHS Y 08UYHI WEUOKO-
20 GHYMPIUHDL020 320PAHHS, 6 OCHOBY AKOi NOKJIAOEHO NPUHUUNU NPAKCe-
oqozivnocmi. Busnano, wo nooanvuuii po3eumox Kaacuunux nioxooie 0o
MO00e1108aHHS POGOMUX NPOUECIE Y 068UYHI, CHUPAIOUUCH CYMO YU 30e0i1b-
w020 HA AHAIMUKO-ATIZOPUMMIMHI ONUCU, € NPAKMUUHO HEMONCTUGUM.
Tooxc 3anpononosano 3anyuumu 6 mMo0eib MAKO}C i peanvHull podouuii
npocmip 06uzyHa, CUCMEMHO NPUEOHYIOMU 1020 00 BIPMYANBLHOZ0, 6miJle-
H020 68 NPOZPAMHO-ANZOPUMMIMHOMY CePe0OSUWE, i MUM CAMUM 6NPO-
8A0MCYIOUU HACMUHY PeaNbHOCHI 8 M00eNb i€l Jc peanvhocmi. B pam-
Kax 00CioxceHHs 34 HAMYypHUiL PoGouull NPocmip UKOPUCMOBYEABCS
uuninop docnionuuprozo osuzyna BRIGGS&STRATTON, 3monmosarozo
HA CeUiaIbHOMY 6UNPOOYBAILHOMY CHEHOI.

IIpu ypbomy 3°1618€MbCA MOHCAUBICMB CYMMEBO CNPOCMUMU AHATTIMUY -
HY CKAA008Y MOOeavHO20 6i000paNrceHHs podouUX npouecie 6 Oeuzyi,
6u0Y00sYIOMU ii HA OCHOBI KAACUMHUX AHATIMUMHUX CNIGEIOHOUEHb, WO
8ido0parcaromv 3axomn 36eperncenis penosuni, 3aKon sdepeixcenns enepeii,
3aKoH menJi06i00ax4i, Pi6HAHH MEPMOOUHAMIMHOZ0 CMAHy Po004020 mina.
Modeav nabyeae xonxpemnocmi He 3a paxyHox CNEUiAILHUX eMNIPUHHUX
onucis, a 3a60aKu uepnanHio NOMouHoi ingopmauii 3 peanvrozo ingopma-
uitinoz0 npocmopy Ha 3acadax meopii nodioGrocmi.

Hompionoi egpexmuenocmi modeni naoae imimayis 6 npozpammomy
cepedosuui 63a€mo0ii Midic 06010 i 006KINNAM 060X 301, HA AKi NOdiaeHO
MoOesvHuil podouuii npocmip deuzyna. /l6030nHa MoOesb npomucmasiena
Max 36aHUM 6A2AMOIOHHUM, Y PAMKAX AKUX 3A6HCOU ICHYE BUCOKUL PUSUK
BUHUKHEHHS MAUdICe He KOHMPOTIbOBAHUX NOMUJIOK i NOXUOOK — MOOeAsAM,
AKI nompedyioms CKAAOH020 U MPYOoMicmK020 iHPOpMailinozo cynposo-
dy i o6cayeosyeanns. Came y pasi 06030HH020 MPAKMYEAHHA MOOETLHO-
20 P0001020 NPOCMOPY CMAE MONCUBUM BIOMOBUMUCH 610 AHANIMUUHO-
20 KOHMPOJIIO 3a XIMIMHOIO PiBHOBAZ010 8 POOOHOMY Cepedosuwi i He iCHYE
npuMuH, AKi 0 3YMOBNI06ANU PEHOSUHHUL 0OMIH Midc 30HaMu. A momy
meny06i0oauy y cminku pod04020 NPOCMOPY MONCHA BUSHAMAMU 34 NPU-
KA00M 00HO30HHOT MOOei.

3 nposedenozo 00CNI0IHCEHHA BUNAUBAE OOULILHICMb 3ACMOCYBAHHS
Bibe-(ynxuii 0nsa 6ipmyansiozo0 cuMyNI06aHHA AGUWA MENTIOMBOPEHHSL.
Sxicms CUMya08aAHH CYMMEBO 3POCMAE 3AB0AKU 3ATYHEHHIO THPOpMmauii,
ompumyeanoi y npoueci, max ou mogumu, <on-line-cninkyeanus> eipmy-
anvhoi (y hpopmi komn’romepnoi npozpamu) ma peanvioi (y popmi namyp-
H020 po601020 NPoCMoOpyY) Hacmun Mo0ebHO20 cepedosuuid.

Buxnao mamepiany cynpoeoodiicyemocs inocmpamueHum mamepia-
JIOM, KUl 81000pasicae maxy ompumany 3acodamu Mooear08ans ingop-
Mauito npo nepediz: po604020 Mucky 6 po6ouomMy npocmopi 0euzyHa,
memnepamypu po6o4020 mina, koediyicuma Hadmipy nosimps, Koedivicn-
ma mennogiodaui. Hasooamovcsa maxosic npuxnaou sminu inmencuenocmi
MeniomeopenHs ma iHmeHcueHoCmi menJi06idda4i y noeepxui: po6o4ozo
npocmopy 3azanom, 2iiv3u YUIIHOPA, KPUWKU WUTHOPA, 207106KU NOPUL-
#a. Ceped imocmpauiii — xapaxmepucmuxu 6HYmpiuHb020 (MiX*C30HHO20)
mennooominy

Kmou06i ciosa: 06uzyn weuorxozo 6Hympius020 320pAHHSL, MENJIOME0-
PeHHSL, MENTIOCRONHCUBAHHSL, NPAKCEOT0ZIMHI 3ACaA0U MOOETIO6AHHSL
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Heat formation and energy consumption are the most
complicated phenomena/processes that occur/take place in
aworking space of the internal combustion engine and which
largely affect energy efficiency, effectiveness, and environ-
mental friendliness of a given heat machine. The specified
processes are not fully subject to any existing theories.
Therefore, in the internal combustion engines, one is forced
to investigate them, relying largely on empiricism. That gave
rise to the idea to introduce a working space of the engine to

the modeling environment, thereby combining the natural-
ness and virtuality. Thus, a research within the framework
of this old problem could be undertaken by means of a hard/
soft-technology [1, 2]. This technology combines in a single
system a testing bench and a computer, thereby enabling the
“communication” between an actual examined engine and a
virtual engine in the form of a computer model.

There are quite objective reasons why the examined
object in this case implies only a rapid internal combustion
engine (a gasoline engine, Otto-engine, engine on light fuel,
engine with spark-ignition), disregarding the diesel engine.




The world has been refusing the services of the diesel engine
while losing hope to bring it to acceptable standards in terms
of the environment requirements. That is done both by auto-
mobile companies that produce “mass-market” cars and com-
panies that offer automobiles of “premium class”. Sometimes
this is achieved under a direct pressure from organizations
that fight for a cleaner future (an example is initiatives by the
environmental organization Deutsche Umwelthilfe (DUH)),
sometimes it is the decision of the authorities — urged by le-
gal means or motivated by their own understanding of the
problem. Some companies (specifically Toyota), while flatly
refusing the promotion of any new “diesel” technologies, are
focused on the technologies of hybrids, in the framework of
which, however, the internal combustion engine (gasoline, of
course) will take one of the leading places. At the same time,
it is appropriate to emphasize that the “achievements of the
diesel” were etched in the Otto-engine as well.

Internal combustion engines generate considerable
chemical (biological) and thermal pressure on the environ-
ment, burn a huge amount of fuel and air at a relatively low
productivity.

Therefore, improving the internal combustion engine
makes sense in terms of better efficiency of energy conver-
sion. Energy efficiency is among the most important attri-
butes of perfection of any mobile technology [3, 4]. Thus, the
only way to solve a general problem on energy efficiency of
the internal combustion engine is to improve the quality of
burning a working mixture and the efficiency of heat con-
sumption in its workspace. To completely understand the
process of heat formation/heat consumption, it is necessary
to be able to reproduce it many times in a controlled manner.
Because of the limited capabilities to apply measuring equip-
ment (imperfection of measuring equipment, measurement
errors, etc.) it is required to explore thermal processes that
take place in the cylinder of engines, and by analytical means
at that. Thus, the subject of this paper is highly relevant.

Research is conducted in different ways. Thus, for ex-
ample, by using the equations of chemical reactions of
interaction between fuel and air one could derive the rate
of combustion, or calculate the rate of energy conversion
considering the size, the laws of motion, the evaporation of
fuel drops, etc. However, these models of routine type have
a major drawback: they need significant simplifications that
provoke fundamental errors. It is much more accurate to
model thermal processes based on the measured pressure
and temperature in the engine cylinder.

An indicator chart is the most laconic means to render
information on the progress of a working process in the
internal combustion engine. Moreover, a procedure for
measurement and recording of alternating pressure is much
more efficient than a procedure for the identification of other
thermodynamic quantities. Studying indicator charts makes
it possible to comprehensively and objectively evaluate the
kinetics of a fuel combustion-burning process, the dynamics
of the processes of heat formation and heat consumption.
The chart can also be supplemented with the first derivative
from it based an angle of rotation of the cranked shaft [5],
which also provides useful information about the heat for-
mation process. Measurement of temperatures, although it is
a much more difficult thing, is feasible for an advanced tech-
nology anyway. It is the manipulation of charts of change in
pressure and temperature that makes it possible to achieve a
high praxeology level of modeling the processes in the rapid
internal combustion engine.

2. Literature review and problem statement

Modern gasoline engines are powered both by a fuel
injection technology, before inlet valves (to the intake tract)
and by the technology of direct fuel injection to the work-
space. Increasingly common is the so-called HCCI-technol-
ogy for the organization of a working cycle. The phenomenon
of combustion in the gasoline engine of direct injection and
in HCCI-engine has become an object or subject of thorough
studied relatively recently [6, 7], which is why the phenome-
non of heat transfer through the walls of cylinder in such en-
gines has been paid very little attention. And if one is to rely
on the research methods that directly combine experiment
and calculation, the difference between these engines in
the methodological sense of elucidating the features of heat
transfer is blurred. Therefore, a task related to modelling
the processes of heat transfer/ heat consumption, which is
touched upon in this paper, is quite general, and the method-
ology to solve it has every reason to become universal.

A working process of piston internal combustion en-
gine is an extremely complex phenomenon that refers to an
artificially provoked and, to a certain degree, controlled
consistent conversion of various forms of energy. The laws of
energy forms conversion are in general quite clear [8-10], but
when applied to engineering tasks, saturated in concrete-
ness, this transparency is lost almost entirely.

Modeling a work of the thermal engine in general is to
accurately compare the phenomena of heat formation in a
workspace, heat transfer beyond this space, heat exchange in-
side the space, heat consumption, and efficiency of the engine.

The hardest thing to model is the heat transfer inside
the cylinder and the heat exchange through the walls of the
cylinder to the means that cool the engine [11]. The heat,
which in this case is removed from a working gas, inevitably
causes energy loss. Therefore, the evaluation of heat trans-
fer/heat exchange, especially during combustion of fuel, is
extremely important and inexhaustible task, in terms of the
completeness of solution, arising each time when a research
into properties of thermal engines is undertaken. The degree
of thermal energy utilization defines the level of environmen-
tal impact [12, 13].

The processes of heat transfer are modeled based typi-
cally on the equations of the similarity of processes related
to forced convective heat exchange F(Nu, Re, Pr)=0, where
Nu, Re, Pr are the criteria of similarity by Nusselt, Reynolds,
Prandtl, respectively.

Instead, the description of heat generation in the internal
combustion engine typically employs a very convenient I.
Wiebe function [14]. The description that applies a Wiebe
function is quite simple both in content and form.

For example, in the framework of the so-called two-zone
model of combustion, paper [15] reported a detailed study
into the efficiency of ethanol with different content of water
as a fuel for the rapid internal combustion engine. In this
case, heat generation was rather reliably modeled by using
exactly a Wiebe function, and the heat transfer through the
wall of the cylinder was investigated with a simultaneous
comparative analysis of the adequacy of its four different
descriptions.

The application of a two-zone pattern is a positive feature
of the research. However, the conclusion about the benefits
of the description of Hohenberg is too categorical.

A source of valuable information is such studies into
processes of heat formation when the authors manage to



compare at the same time the efficiency of work of the inter-
nal combustion engine using different fuels — gasoline, eth-
anol, natural gas, busine-ethanol, busine-ethanol-hydrogen
mixture, etc. [16, 17]. It is in this case that it is possible to
achieve a high level of theoretical generalizations. Work [16],
in particular, focuses on acquiring mostly experimental infor-
mation and needs more meaningful interpretation. Paper [17]
addresses the development of a zero-dimensional (Zero-D)
computational model of fuel combustion that does not require
solving differential equations. However, the study is based on
experimental data and engage at once two I. Wiebe functions
into the model space. Actually, work [17] is a kind of model of
praxeological orientation of research methodology. However,
a zero-dimensional interpretation of the engine working space
too much simplifies the physical content of the model.

It is appropriate to note that the so-called zero-dimen-
sional models are the most attractive kind of thermodynamic
models that, due to its simplicity, has found widest applica-
tion. Paper [18] used the means of zero-dimensional mod-
eling to examine the sensitivity of model for heat formation
to a change in the parameters for a Wiebe function. Among
these parameters is the factor of combustion efficiency a, the
so-called form-factor m, angle ¢, of the crankshaft position,
corresponding to the onset of combustion process, the an-
gular duration of combustion process Ag. It was emphasized
that parameters m and ¢ require careful assessment, whereas
parameters a and Ag can be evaluate not too meticulously. It
was also highlighted that the initial and final stages of heat
generation are advisable to ignore, focusing on the accuracy
of reproducing a point of maximal intensity of heat trans-
fer — both in the case of ordinary and in the case of double
Wiebe functions. Subsequently, they managed to develop an
appropriate algorithm for the automated calibration of a ze-
ro-dimensional model of heat formation based on the Wiebe
function [19]. The algorithm, so to speak, is online-capable of
diagnosing and controlling the process of combustion.

Data set forth in [18, 19] apply to diesel engines and, in
general, can be used for engines with forced spark ignition
or HCCI-engines. What distinguishes these works is that
heat formation and heat removal within the model are seen
as interrelated and interdependent processes. However, it
would be more appropriate to apply the optimization of a
combustion engine model within the improved, the so-called
two-zone model of the working space.

One often resorts to using the so-called double (dual)
Wiebe functions (refer to [17, 18]). In paper [20], within the
framework of a single-dimensional toolset for simulating the
work of engine with spark ignition, this particular function
proved to be suitable for modeling the intensity of heat
formation for the case of ethanol-gasoline blends burning
at different values for the degree of compression of the fuel
mixture and the level of exhaust gases recycling. Parameters
for the Wiebe function were determined using the method
of least squares based on experimental information. In this
case, quality of the approximation was estimated based on
comparing the progress of pressure in the engine cylinder,
reproduced by the model, to that registered experimentally.

Benefits of the dual Wiebe function were also confirmed
in [21], whose authors, in the framework of a zero-dimen-
sional model, investigated efficiency of work of the engine
with spark ignition on methane and a mixture of methane
and hydrogen. Quality of simulation using an approximating
least square methodology was assessed based on the level of
adequacy of representation of a change in pressure in the en-

gine cylinder, as well as based on the accuracy of predicting
values for an average effective pressure.

In fact, the superposition of two Wiebe functions,
applied in papers [17, 18,20, 21], almost did not affect
the general complexity of the model for heat formation/
heat consumption in the rapid internal combustion en-
gine. However, there is a proposal from [22] to modify the
Wiebe function so that it contains only one constant —
a dimensionless parameter Ci (a factor or a coefficient of
combustion). The modified version of the Wiebe equation
makes it possible to consider a change in the intensity of
combustion (heat formation rate) as being dependent only
on a single parameter Ci, thereby facilitating the process to
accurately determine the parameters for form m and com-
bustion efficiency a. Thus, a possibility of superposition or/
and modification of the Wiebe functions is easy to predict
within any model if there is any need in it.

The absolute appropriateness of applying the Wiebe
function to virtually simulate a phenomenon of heat forma-
tion follows from the above. The mentioned modification
version of the Wiebe equation is also a useful tool to analyze
the influence of different factors on the engine efficiency.
And yet the information would be more valuable acquired
from the process of “on-line-communication” between the
virtual, in the form of software, and the actual, in the form
of a natural working space, parts of the model environment.
That gives rise to the task on rational correlation and combi-
nation of both the virtual and actual in a single model.

Heat transfer is often investigated by the tools of direct
measurement (where it is absolutely impossible to proceed
without abstract modeling representations). In addition,
they resort to model calculations (where it is impossible to
navigate without experimental information). Thus, it is only
natural to combine directly the means of experiment and
the tools for model calculations. It is in this case that there
appears a possibility to significantly simplify and visualize
the analytic part of model representation and reproduction.
Specifically, it becomes possible, by using relatively simple
means, to represent internal fluxes of heat in the model.

Internal heat transfer is the notion that motivates or
moves to distinguish at least two parts of the workspace, one
of which serves a source of heat, the other acts as its receiver.
A two-zone interpretation of the engine workspace is a mo-
tivated denial of the eligibility of a zero-dimensional model.

3. The aim and objectives of the study

The aim of this study is to develop, based on the so-called
two-zone interpretation of a working space, the praxeologi-
cal fundamentals of synthesis, and to evaluate the potential
effectiveness of the model for heat formation—heat consump-
tion in the rapid internal combustion engine. That would
improve the technology to construct a model of the working
process in the thermal engine, by rationally differentiating
between adequacy and complexity of modeling representa-
tions and by harmoniously combining, into an integrated
system, the means of experimental information support,
classic analytical descriptions and computer algorithms for
analysis.

To achieve the set aim, the following tasks have been
defined:

—to assess a possibility of using a two-zone model to
study processes inside engines;



— to construct a mathematical model of thermodynamic
processes in the engine working space with praxeological
attributes;

—to devise an analytical description of the process of
heat formation;

—to analyze, based on the information acquired by model-
ing-experimental means, the patterns in the course of process-
es of internal and external heat transfer-heat exchange.

4. Methods and results of studying the processes of heat
formation and heat transfer

4.1. A two-zone model of workspace

Immediately after the injection of fuel directly into the en-
gine’s cylinder workspace, such processes are activated that it
does make sense to split a given space, in the first approxima-
tion (conventionally, formally), into parts with specific char-
acteristics, Fig. 1. The same zones can be distinguished also
in the case when fuel is injected into the inlet tract and in the
case of exclusively external mixture formation. The concept
of zones within a working space is key for the methodology of
synthesis of the model of heat formation/heat transfer/heat
consumption in the internal combustion engine.

Of course, the zone model can be interpreted very differ-
ently, Fig. 2.

Fig. 1. Primitive schematic of zones in the working space
of the engine cylinder: 1 — a zone with the air that was
captured by the engine cylinder at inlet stroke; 2 — a fuel jet;
3 — a zone of fuel oxidation, the flame front; 4 — a zone of
combusted, burnt mixture

For example, a single zero-dimensional model (Fig. 2, a)
implies the complete uniformity of gas in the engine cylinder
throughout the entire working process, while the tempera-
ture and pressure (and all other parameters as well) are the
same at all points of the working space. This model is charac-
terized by simplicity, but it is considered perfectly acceptable
only for the case of simulating a gas exchange in the engine
or in the case when the engine’s accelerating operational
modes without fuel consumption are reproduced (these in-
clude the so-called external braking modes of the engine).
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Fig. 2. Schematics of model working space of the engine:

a — a single-zone zero-dimensional model; b — a two-zone
model; ¢ — a multi-zone model: 1 — a zone of the unburnt;
2 — a zone of the burnt; 3 —a zone of combustion; 4 — fresh
fuel mixture; 5 — exhaust gases; 6 — fuel mixture in the state
of combustion

The essence of a two-zone model, Fig. 2, b, implies that
the workspace is conventionally divided into two zones — a
zone of the combusted (burnt) fuel mixture and a zone of the
non-combusted (non-burnt) mixture. The first zone contains
exhaust gases, residues of unburned fuel. The second zone
contains a mixture of air and fuel and the residues of exhaust
gases from a preceding stroke. The first of these is behind the
front of the flame, and the second one is ahead. In the process
of combustion, a zone with non-burnt fuel is continuously
narrowing, whereas a zone with exhaust gases is expanding
in the same way. A layer of flame separating the zones, fun-
damentally different in terms of chemical composition and
parameters of the working body, is considered to be van-
ishingly thin and such that it does not have the properties
of real substance (mass, volume, etc.). Each zone is formed
by a completely homogenic mixture-gas, so the temperature
and parameters for the working body at all points of the zone
are the same. The pressure, since it propagates at the speed
of sound, is considered the same in both areas. Two-zone
models, due to their adequacy and relative simplicity, are the
most useful for studying thermal processes predetermined
by fuel combustion.

Multi-zone models imply the existence of several (many)
zones, for instance, a zone (zones) of non-combusted mix-
ture, a zone (zones) of combusted mixture, and a zone (zones)
of combustion (Fig. 2, ¢). These models are rarely used due
to the significant risk of barely controlled bugs and errors.
Thus, there is a need for a complex and time-consuming in-
formation support and maintenance.

Thus, in the case of a two-zone model (Fig. 3), somebody
must control pressure p of gases (same in both zones), mass
myy,, volume vy, temperature T, ete. of the working body in
the zone of the burnt, as well as parameters myy,, onn, Thn, ete.
(same in content) for the working body in the zone of the
non-combusted.
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Fig. 3. Abstract schematics of the engine model workspace

In the case of a two-zone model, we cannot, of course,
leave unattended both the external Q,, and, certainly, the
internal (intra-zone) Qy, heat fluxes.

4.2. Working pressure and temperature

Because the fundamental laws of thermodynamics involve
one way or another such quantities as pressure and tempera-
ture of a thermodynamic body, a change in these particular
magnitudes over time would provide a very desirable in-
formation for the estimation analysis of the process of heat
transfer. A procedure for measuring an alternating pressure
in the fleeting processes is the most perfect. Therefore, a key
role in the thermodynamic model could belong exactly to the
experimentally measured dependence of change in pressure
in the workspace on the angle of rotation of the engine shaft.

Fig. 4 shows the experimentally derived charts of change
in pressure p” in a cylinder of the specialized single-cylinder
test engine BRIGGS & STRATTON (USA); Fig. 5 demon-
strates the charts with the same content, reproduced in a



specially designed programming environment based on the
above-mentioned two-zone model (¢ — rotation angle of the
crankshaft; Ag — an offset of the chart relative to the upper
dead point; Ap — an offset of the chart relative to the line of
zero pressure; S and E — the beginning and end of a region of
high pressure; SC and EC - the beginning and end of com-
bustion region). In this case, somebody introduced respec-
tive amendments to the experimental indicator charts using
calculations in line with a single-zone model. The course
of the mean temperature of working gas T over a working
stroke is shown in Fig. 6 (T, — ambient temperature). All
these charts relate to the unchanged rotation frequency of
the engine crankshaft 7.=2,400 min~' and different loads
p.=0; 0.10; 0.18; 0.30; 0.45; 0.62 MPa (p. — average effective
pressure; pg and Ty — ambient pressure and temperature).
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Fig. 4. Indicator diagrams deployed based on

the rotation angle of the engine crankshaft:

a — under small loads; b — under large loads
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Fig. 5. Fragments of indicator diagrams reproduced by
computer based on experimental information
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Fig. 6. Charts of change in the working body temperature
averaged in the cylinder space: a — under small loads;
b — under large loads

The pressure in the engine cylinder in Fig. 4 is character-
ized by magnitude p” that satisfies equation dp'=dp (p — ab-
solute pressure). Counting the angle of rotation of the engine
crankshaft is not adjusted to the dead points. In essence, the
dependences shown in Fig. 5,6 are the standard indicator
diagrams deployed based on the crankshaft rotation angle
adjusted to the upper dead point ¢=0.

The base of any calculation of processes is the balance of
energy within a given process in the region bounded by the
walls of combustion space (Fig. 2, 3).

4. 3. Thermodynamic model of engine: fundamental
ratios

Underlying the calculation is a system of three equations:
equation of the law of conservation of matter, equation of the
law of conservation of energy, and equation of the thermo-
dynamic state of a working body. The first equation reflects
the balance of masses. The second is the record of the first
law of thermodynamics. The third is the equation of state of
a perfect gas.

The mass of the working body in the cylinder is the sum

m=m, +my, D

myy, of the mixture that did not burn, and mass m,, of the
mixture that was burnt. Upon differentiation, equation (1)
transforms to ratio

dm dm, dm,
R, nh 21. 2
do do ’ do @



And because in the process of mixture combustion (in
line with the law of conservation of amount of substance, the
law of indestructibility of matter) dm/de=0, then

D, @)
o de

Fig. 7 shows charts for the course of the mean (throughout
the entire workspace) value for the coefficient A of excess air
depending on the engine’s crankshaft angle of rotation. Here
1, 2,..., 6 are, respectively, p.=0 MPa (tan a=0.088 1/degree),
0.10 (0.167), 0.18 (0.258), 0.30 (0.417), 0.45 (0.555), 0.62
(1.177)). The magnitude A was determined from formula

_ m—(my +m},)

)

- y
I (my +mpy)

where m is the mass of the working body located within the
cylinder; my, is the mass of the fuel fed over a stroke; m'g is
the part of fuel, burned over a preceding stroke, contained
in the residual gases; [jis the theoretically required amount
of air for the stoichiometric combustion of unit mass of fuel.
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-100 -50 0 50 @, degrees
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Fig. 7. Charts of change in the excess air coefficient:
a — under small loads; b — under large loads

Ratios (1) to (4) do reflect the conservation of matter.
A change in the mass of a working body in the combus-
tion zone is calculated from formula

dm, _ m
d(P m_m;’;loa"'}"lo)

dm,,
(1+27y) do ®)

where my is the mass of burnt fuel (that participated in heat
generation).
For the zone in which there was no combustion, a work-
ing body state’s thermodynamic equation takes the form
pV

nh = mnhRnthh’ (6)
where R,,=const is the gas constant in the mixture, which
is determined from

My Mpi

Rnh =

mpl()
R+ Muig, Mg ™

nh mnh nh

where my, and Ry, are the mass and the gas constant of air;
mpp and Rpp) are the mass and the fuel vapor gas constant;
mplo and Rplo=Rpio (Tun, Az, p) are the mass and the gas con-
stant of residual gases; Vi, is the volume of the non-burnt
mixture; Ty, is the temperature inside the specified “passive”
zone. By differentiating expression (6) and taking into con-
sideration (7), we obtain ratios

vy +Va dp =R,T, dm, +my R, aT., +
de de do de
dR
+m, T, —2. ®
h* nh d(p

The law of conservation of energy for the specified zone
takes the form

" d;nh _do,, _ d(myu,,) +p dVy, , 9)
o do do de
where hyp=un+RonTon is the specific enthalpy of a working
gas; dQ.n/do is the heat transmitted from a zone in which
there is no combustion to the walls of the combustion
chamber and to a combustion zone; p-dV,},/de is the work
required to change the volume of the zone in which there
is no combustion, caused by the piston movement; uy,), is
internal energy.
The internal energy of the zone in which there is no com-
bustion depends on the coefficient of excess air and tempera-
ture of the working gas, and corresponds to equation

d(mnhunh) =m d‘/nh +u dm
d(p nh d(p

nh , 10
nh d(P ( )

Given that the zone under consideration is composed of
air, residual gases, and gasoline vapor, we shall obtain:

(11

My Uy, = MU+ U

ppl + ﬁ'lpl()upl()y
where uy, is the specific internal energy of air; up is the
specific internal energy of residual gases; upyp is the specific
internal energy of fuel vapors.

Bu substituting my,=myn—mpp—mpo in equation (11), we
obtain:

(12)

m m m m
— ppl plo ppl plo
m,, m m., m.,

nh

Equation of state for the zone of combustion takes the form

zh*Yzh* zh* (13)
The index «zh» indicates, as agreed, the fact that one or
another magnitude relates to the zone of combustion.
Upon differentiation of expression (13) , we derive ratio

vy +V, dl =R,T, dm,, +my R, dL, +
do do do de
+m, T, WRon. (14)
de

A gas constant, corresponding to the combustion zone,
depends on temperature, an excess air coefficient A and pres-
sure p: R;n=R,n (Tyn, A, p). The law of energy conservation
in this zone is expressed by ratio



del _h dmnh _ dQ/th - d(mzhuzh) +p d‘/zh

15
do " do (15)

dg de de’
where dQy1/do=h,-dmy,/d¢ is the energy of fuel, released as a
result of fuel combustion; dQ.,/d¢ is the heat that is trans-
mitted from the combustion zone to the walls of combustion
chamber and to the zone in which there is no combustion;
p-dV,,/do is the work required to change the volume of the
combustion zone, caused by the piston movement.

The internal energy of combustion depends on tempera-
ture,an excess air coefficient, and pressure u,, =, (Ton, Aoh, D),
and is in line with equation

dmzh

d(mzhuzh)z du,, +u,
zh d(p °

do " do

(16)

The ratios (5) to (16), taken together, comprehensively
enough reveal the actual current energy balance in the en-
gine’s working space, as well as peculiarities of its description.

4. 4. Analytical description of heat formation

In gasoline engines with forced ignition, heat formation
is typically a process that one can quite properly describe
analytically using an exponential ratio [2, 14]

z=1-exp(at™"), a7
where z=Q./Q. is the relative (specific) heat formation; Q is
the current heat formation; Q. is the total potentially possible
heat formation over a working stroke; m>0 is the characteris-
tic indicator for the quality of fuel combustion; a is the con-
stant that characterizes the completeness of fuel combustion;

1= s — P—Q
te_ts ?.— O

(18)

- relative (abstract, dimensionless) time.

Relative time is determined through current time ¢, the
moment of start ¢, and the moment 7. of completion of the
fuel combustion process within a workspace. Here, ¢s and o,
are the rotation angles of the crankshaft, corresponding to
the moments ¢, and . of the start and completion of the fuel
combustion process.

According to (17), (18), a change in the intensity of heat
formation over an abstract time is described by formula

b e
dv "dt

=—a(m+1)t" exp(at™") = a(m+1)1"(z-1), 19)
where tg=t.—t; is the duration of the process of heat forma-
tion within the engine working space. It is obvious that

dz 1dQ, _¢.—-¢,dQ
Le_ 2 B e T P 20
dv Q.dtv Q. d¢ 0

As an example, Fig. 8 shows dependence (19) charts at
different values for parameters a and m (a minimum of the
maximum value for magnitude dz/dt is achieved if t=1/e).
The actual heat release in the process of fuel combustion
under six modes of engine operation is represented (with a
certain advance) by charts in Fig. 10 (Qp — heat from the
combustion of fuel; n. — rotation frequency of the engine
shaft; p, — average effective pressure).

dz/dt

T — —a=-6,908; —---—a=-4,605

e 0,6 08 1 1,0

Fig. 8. Charts, identified analytically, representing heat
formation in the engine cylinder

Typically, one unconditionally accepts [14] that over
a working process one and the same proportion of fuel is
always burnt z;,=0.999, and thus, definitely, a=In(1-z;)=
=In(1-0.999)=-6.908 (Fig. 8). However, why not compare
the dependences, obtained by model-experimental means,
which reflect the actual course of the intensity of heat forma-
tion in the engine cylinder (Fig. 9), to the ones, analytically
identified by description ((19), (20)) provided a=—6.908. It
is obvious that we now have good reasons to consider the
magnitude a as one more modal, rather than formal purely
analytical, parameter (or even a regime characteristic) for
the process of fuel combustion in the engine cylinder. Spe-
cifically, if z;=0.99 (Fig. 8), an essentially different equality
a=-4.605 would hold. Instead, parameter 1 is to be appro-
priately deprived of the status of being (as if) a physically
real duration of the combustion process, in order to interpret
it as a measure of asymptotic behavior of the process of heat
production.

4.5. Heat transfer-heat release

Since the temperature of a working body in the zones
is different, it is appropriate to determine the heat trans-
fer-heat release for both zones separately. The basic object of
empirical and theoretical research is typically a coefficient
of heat release.

dQp /do , J/degree

pe=0,18 MPa
15 A
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a
dQp1 /do, J/degree
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30 A
204
10 4

0 e
-5

~100 -50 0
b
Fig. 9. Experimentally identified characteristics of heat
formation in the engine (dashed lines — possible approximations
(19)): @ — under small loads; b — under large loads

500, degrees



The flow of heat (the amount of heat per unit time) Q
from a fluid medium (gas) with the higher temperature T'to a
wall with a lower temperature penetrates the boundary layer
of this same medium (gas) by thermal conductivity. Accord-
ing to the law of thermal conductivity by Fourier

40 =, @%) dA,
n—0

21)
where A is the area of the heat transfer surface; 7 is the length of
the normal to the wall’s surface. The Newton’s “law” also holds
dQ =o(T. ~T.,)dA, (22)
where o= kg / ;. is the coefficient of heat transfer; T,, and T,
are the temperatures of gas space (away from the wall) and
the wall itself; A is the coefficient of gas thermal conductiv-
ity; 87 is the width of the temperature layer. In the case of a
forced convection, along with a temperature bound-
ary layer, there is a boundary layer of the flow, in which ve-
locity @ of gas in the direction of the wall descends from the
value w,, away from the wall to null directly at the wall.
Based on (21) and (22), one can obtain the so-called differ-
ential equation of heat transfer

a__L(al)
- Toe_Tw on n—>0y

that opens a possibility, at a known temperature field in a
fluid medium, to determine the coefficient of heat trans-
fer (the method to directly measure this coefficient is not
known). Pilot computer calculations testified to a greater
flexibility-adequacy of the Woschni model. A change in the
coefficient (23) of heat transfer due to a change in the angle
of rotation of the engine crankshaft, which corresponds to
the information given in Fig. 47, is demonstrated in Fig. 10.

(23)

o, W(m?*K) Hg= 2400 min’*
875

p=0,62MPa
6751 0,45

030
4751

275

751 §
0

100 50 0 50, degrees

Fig. 10. Charts of change in a heat transfer coefficient

It is obvious that the character of change in a heat trans-
fer coefficient under different modes of engine operation is
in some sense identical. However, this character is so special
that it defies representation by simple analytical tools (by
approximation).

4. 6. Certain types of external heat transfer

Based on information about the value for a heat transfer
coefficient, one can estimate a differential heat transfer to the
cylinder’s walls dQ, (22) whose course is shown in Fig. 11:

dQ.=dQ,., +dQ, +dQ,,, (24)

where dQ.;, is the heat transfer to the piston; dQ is the heat
transfer to the head (lid) of the cylinder; dQ.q is the heat
transfer to the sleeve of the cylinder. Individual components
of heat transfer (24) to the walls of the cylinder are deter-
mined from formulae

dQ., = oA (T-T,)dt; dQ, = oA, (T =T, )dr;

dqQ.,

where Acp, Ack, Acg are the areas of, respectively, the piston, the
head (lid) of the cylinder, sleeve. Patterns in these three quan-
tities are shown in Fig. 12—14. It is appropriate to emphasize
that determining the areas of surfaces of heat transfer A.p, Ak,
appearing in expressions (25), is quite a challenge.

= oA (T~T,)dk, (25)

dQ./dg, J/degree  n.=2400 min' dQ./d¢ J/degree  n.=2400 min’
0,5 0,5Ts
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»=0,18 MPa EC
-2 2 0,45
/0,62

-3 ‘ ‘ — =3 ; ‘ ‘
~100 -50 0 509, degrees —100 —50 0 509, degrees

a b

Fig. 11. Differential heat transfer, total to the surface of the
cylinder: @ — under small loads; b — under large loads
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Fig. 12. Differential heat transfer to the surface of the
cylinder’s sleeve: @ — under small loads;
b —under large loads

A fundamentally important role in the engine working
process also belongs to heat transfer from a zone of com-
bustion to the walls of combustion space and to the zone in
which there is no combustion



% = (thAczh(Tzh _Tc)+

do
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Fig. 13. Differential heat transfer to the surface of the
cylinder’s lid: @ — under small loads; b — under large loads
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Fig. 14. Differential heat transfer to the surface of
the piston’s head: a — under small loads;
b — under large loads

Not less important is the heat transfer from a zone in
which there is no combustion to the walls of the combustion
chamber and to the combustion zone:

d
%: aﬂhAcnh(Tnh _Tr:)+k14ff(Tnh _Tzh ) (27)

In formulae (26), (27), the following designations are
used: Ty, Typ is the temperature of the respective zone; Acp,
Acnn is the area of the border of the respective zone; A is the
flame front area; oy, o, is the coefficient of heat transfer of
the respective zone between gas and a wall; & is the coefficient
of thermal emission of soot (particulates) in a working gas; &
is the coefficient of the flame front’s thermal penetration. Pa-
rameter & determined from formula £=1/(1/0,,+1/a,p).

4. 7. Internal heat exchange

A determining characteristic for a two-zone model is the
characteristic of internal heat exchange Qy,=Qy.(¢) between
the earlier specified zones, Fig. 15. It follows from Fig. 15 that
in terms of intensity the internal and external heat exchanges
(Fig. 11) are qualitatively and quantitatively mutually similar.
This indicates that the use of a two-zone model to determine
heat transfer is completely justified and appropriate.
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Fig. 15. Characteristics of internal (intra-zone) heat
exchange: a — under small loads; b — under large loads

It is quite difficult to determine the magnitudes such as
Aczhy Aenh and Ags that vary so significantly over time ((26),
(27)). An idea about a flame propagation and a change in the
volumes and shapes of both zones could be obtained only by
using high-speed video recording. Typically, for the exam-
ined engines, there is no possibility to obtain this kind of
series of photographs. Thus, we have to rely on the informa-
tion about flame propagation in test engines-analogs, which
have a similar combustion chamber. The areas of zones are
formally determined by analogy, applying ratios

4 V
A = zh 14y A — _nh A, 28
czh vV cnh vV ( )

where A is the current area of the entire surface of the com-
bustion space. In the end, expressions (28) could be specified
in different ways.



It is possible to define the course of the process of heat
formation by following the first law of thermodynamics and
taking into consideration the expressions for determining
the internal energy of gases in both zones:

dQ, dm, dO.
- R, T, )—h  =ch
d(P (unh+ nh nh) d(p d(p
du,h dTh du,h dp dm . th

= Z! YA A . g , 29

m(df do dp de) " dg Pag Y

dm, d
(BT~ =
dT, dm AV

=M g U e TP g (30)

In order to derive dQ,/do from these two equations, one
must assign in advance such magnitudes as dT;,/do, dT,y/do,
dmzh/d(P’ dmnh/dq)’ dVZh/d(P7 anh/d(P

A change in volume can be determined from ratio dV/do=
=dV,/do+dV,,/de. A change in mass is calculated using (5).
Assuming m /(m—m,,(1+1l;))= A,, we shall obtain:

o (31)

Ratios (29) to (31) together constitute the analyti-
cal supplement to the experimental information flow that
should be sent to a computer. The character of change in
heat transfer in the process of fuel combustion has been rep-
resented above by charts in Fig. 10.

3. Discussion of results of studying the processes of heat
formation and heat transfer

Among the set of analytical-experimental studies, one can
select such in which basic regime parameters 7, and p, are al-
most (up to the second sign after the decimal point) equal. Next,
one can average additional regime parameters corresponding to
them. Among them, it makes sense to select the following: pq;,
Ty and oy, are the values for pressure, temperature, and a coef-
ficient of heat transfer, averaged over a zone of high pressure;
Pmaxs Tnax and o,y are the maximum values for pressure, tem-
perature, and a heat transfer coefficient. These parameters for
the six modes of engine operation are summarized in Table 1.

Among the parameters listed in the Table are the dimen-
sionless quantities pmax/Psry Tmax/ Tory Otmax/ sy K=0s:T5r/(PsiCim)s
Kn=0maxTmax/(Pmaxcm). Here, ¢,=Sn./30 [m/s] is the average
speed of a piston, S is the piston motion. Here, $=82.6 mm,
1,=2400 min~! and the average piston speed accepts a value
of ¢,=6.608 m/s. These parameters make it possible to for-
mally compare the different modes of engine operation and to
recognize the peculiarities of processes of heat formation/heat
consumption under different loads. The magnitude of Tjax/Ts,
for example, decreases with increasing p. (the weight of the
local, so to speak, is reduced), while the magnitudes of ppax/ps:
and o,,y/0g, Dy contrast, increase (a local extremum becomes
more pronounced against a general, let us put it this way, back-
ground). Parameters K and K, define engine operation modes
as rather similar. And we can still argue on that the mode under
load p.=0.30 MPa is the most heat-intensive in a sense that it
is matched by the largest value for magnitude K. Measure KK,
defines a special mode under load p.=0.62 MPa.

Table 1
Regime parameters
Pe, MPa 0 0.10 0.18 0.30 0.45 0.62
po, MPa | 0.0971 | 0.0971 | 0.0971 | 0.0971 | 0.0971 | 0.0971
Pmas, 0.3423 | 0.4965 | 0.7599 | 1.2601 | 1.8162 | 2.3212
MPa
Psy MPa | 0.2033 | 0.2847 | 0.3706 | 0.5144 | 0.6900 | 0.9363
Poa/Psr | 168 | 174 | 205 | 245 | 263 | 248
To, K | 3034 | 3063 | 306.1 | 3063 | 312.1 | 308.4
Tmax, K [1,820.92(1,967.01(2,069.46 | 2,277.44 | 2,341.46 | 2,223.53
Ty, K | 863.49 |1,054.62(1,123.72|1,224.18|1,287.72 | 1,226.62

Twax/Ter | 2.11 1.87 1.84 1.86 1.82 1.81

Olmaxs

W/ 170 220 315 495 675 800
(m’K)
aSl"v
W/ | 107.0
(m’K)
omad/osr | 159 | 165 | 192 | 235 | 254 | 236

133.6 | 164.0 | 211.0 | 265.5 | 339.5

K 0.0688 | 0.0749 | 0.0753 | 0.0760 | 0.0750 | 0.0673
K. 0.137 | 0.132 | 0.130 | 0.135 | 0.132 | 0.116
KK, | 0.0094 | 0.0099 | 0.0098 | 0.0102 | 0.0099 | 0.0078

Applying mainly the diagrams of change in tempera-
ture and pressure makes it possible to achieve a high
praxeological level of modeling working processes in the
rapid internal combustion engine.

In the future there are no obstacles to improve the
proposed methodology for the model-experimental rep-
resentation of processes of heat formation and heat con-
sumption. Of course, it would be possible to apply a model
that implies the division into three, or more, zones, but
in that case one would need to manage a much larger
number of unknown parameters. One could also resort to
describing heat formation using a set of two, and more,
Wiebe functions.

In general, the issue related to rational (optimal)
correlation and combination in a single model of both the
virtual and natural is not yet resolved to the end. One
should seek to ensure that the full-scale model workspace
of the internal combustion engine is standardized based
on specific criteria. That would make it possible to align
the parallel cooperation between different research cen-
ters and to organize a continuous exchange of the acquired
scientific information. An example that could be consid-
ered is the technology of using standardized test running
cycles for determining a car excellence — its operational
efficiency, fuel consumption, environmental friendliness.

Based on the general theoretical description of the
phenomenon of heat transfer, one typically relies on the
Newton’s law and the theory of similarity of the processes
of forced convective heat exchange with the obligatory
use of the notion of a heat transfer coefficient. In this
case, the main driver (the difference of potentials) is a
temperature gradient (difference). But other potentials
could also serve the main drivers. Moreover, a coefficient
of convective heat transfer in a natural environment is
only an abstraction, without which, however, it is not
possible to navigate the virtual medium. Estimating such
a theoretically meaningful magnitude employs indirect
measurements. Thus, it would be reasonable to eliminate
this notion in the theory of heat transfer. And that, of



course, will require a certain adjustment of the scientific
paradigm that would involve efforts by many scientists.
The interpretation of model views, proposed in this work,
might be a convenient basis for the implementation of this
grand plan.

6. Conclusions

1. Application of a two-zone model to study processes
inside the engine is appropriate, effective, useful. In the
case of a homogeneous interpretation of pressure and
temperature, it becomes possible to refuse the analytical
control over the so-called chemical equilibrium of com-
bustion products. In fact, in this case, there is no reason
that would predetermine a materials exchange between
the two zones, and thus a heat transfer to the walls of the
workspace could be determined using an example of a
single-zone model.

2. A mathematical model of thermodynamic processes
in the engine working space could be adjusted to rath-
er simple narratives that have praxeological attributes.
Specifically, the analytical component of the model itself
should be appropriately built based on the classical ana-
lytical ratios, reflecting the law of conservation of matter,
the law of conservation of energy, the law of heat transfer,
the equation of the thermodynamic state of a working
body. The desired flexibility in the model is provided
through the simulation in the programming environment
of interaction between two zones, as well as between them
and the environment, into which the engine workspace is
divided. The model acquires specificity as it collects infor-
mation from a real information space in real time based on

the theory of similarity. The essentially different means of
simulation function together as a single unit, rather than
serving each individually to solve a particular separate
problem.

3. The most rational description of the process of heat
formation is the analytical Wiebe representation, which is
characterized by substantial visibility, structural simplic-
ity, qualitative/quantitative adequacy and which allows
further improvement.

4. An analysis of patterns in the course of processes
of heat transfer/heat release, applying the proposed mod-
el-experimental means, testifies to a notable manifesta-
tion of internal heat exchange under almost all possible
modes of engine operation. Moreover, the internal flows
of heat are not related transparently enough to a load
on the engine, and the prediction of their manifestation
cannot be elucidated by any general theory. In addition,
the character of change in a heat transfer coefficient
under different modes of engine operation is so special
in general that it defies modern capabilities of analytical
representation. The same applies when one argues about
heat transfer to the outside. Interestingly, the differential
heat transfer to the surface of a cylinder sleeve, in the
qualitative sense, is better connected to the pattern of
temperature in the workspace, while the differential heat
transfer to the surface of a cylinder lid a piston head — to
the pattern of pressure in the working body. However,
classic theory disregards this at all. All the foregoing al-
lows us to recognize the exceptional praxeologicity in the
technology of modelling working processes in the rapid
internal combustion engine given that this model incor-
porates an actual workspace and that there does not exist
a more efficient alternative.
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