m ABTOMOOGMNBLHLIA TPaHCNOPT, Bbin. 39, 2016

ABUTATEJIN U QHEPTETUYECKUE YCTAHOBKH

VK 621.43

MATHEMATICAL MODELING OF THE COMBUSTION PROCESS
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Abstract. There were considered the main stages of mathematical modeling of carburation, combus-
tion and formation of noxious substances in the combustion chamber of a four-stroke diesel engine
operating at maximum torque in a 3D nonstationary problem statement. The combustion products
composition was evaluated for such components as NO and solid particles.
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MATEMATUYHE MOJEJIOBAHHS ITPOLHECY 3I'OPSAHHSA TA ®OPMYBAHHSA
HKIJJIMBUX PEHOBUH Y KAMEPI 3IrOPAHHSA AU3EJIA

A.M. ABpaMeHKO, aCHUCT., K.T.H.,
XapkiBcbKUil HANIOHAJIbHUIT ABTOMOOLILHO-T0POKHIii yHIBepcUTeT

Anomauia. Pozensinymo pe3yiomamu 4uceivHo20 MOOEn08aAHHI poOOY020 YUKTY OU3ETbHO20 08ULYHA
1Y 120/105 npu pobomi na xapaxkmepuomy excniyamayitnomy pexcumi. Ilokazano, wo mamemamu-
YHe MOOeN08AHHS POOOU020 YUKTY OU3els 3 GUKOPUCHIAHHIM CYYACHUX YUCETbHUX MemOodi8 0036015€
ompumy8amu O0OCAMHbO MOUHY IHGOPMAYilo CMOCOBHO POOOYUX NPOYECI8 OBUSYHA.

Knrouoei cnosa: ouzenvhe nanugo, 20pinHs, meMnepamypa, Kamepa 320PAHHs, MOKCUUHE peuO8UHU.

MATEMATHUYECKOE MOJAEJIUPOBAHUE IMPOLHECCA CI'OPAHUSA
N ®OPMUPOBAHUA BPEJJIHBIX BEIHIIECTB B KAMEPE CI'OPAHUSA JU3EJIA

A.H. ABpaMeHKO, aCCUCT., K.T.H.,
XapbKOBCKM HAMOHAJIbHBIA ABTOMOOUJIbHO-10POKHbI YHUBEPCUTET

Annomayusn. Paccmompenvl pezyivmamul YUCIEHHO20 MOOEIUPOBAHUS PAOOUE20 YUKLA OU3ETLHO2O
osueamens 1 9 120/105 npu pabome na xapakxmepHom 3KcnayamayuonHom pesicume. Iloxazano, umo
Mamemamuieckoe MOOeIuposanue paboyeco Yuria ouseisi ¢ UCNOIb308AHUEM COBDEMEHHBIX YUCTIeH-
HbIX Memo008 NO0360Jem NOLYHAmMb O0CMAMOYHO MOYHYIO UHDOpMAYUI0 O pabouux npoyeccax
odguzamers.

Knwueevie cnoea: ousenvhoe moniueo, copeHue, memnepanmypa, Kamepa CccopaHusl, MmOKCUYHblE
seujecmsda.

Introduction in piston engines [1-8]. In Ukraine, the main
sources of air basin pollution are transport vehi-
Many studies have dealt with investigating and cles running, primarily, on petrol and diesel fuel.

improving the combustion of hydrocarbon fuels Developing effective measures for influencing
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piston engine duty cycles to improve their fuel
efficiency and reduce emission toxic levels is a
critical and priority task. The development of
modern software packages based on numerical
simulation — computational fluid dynamics ena-
bles considering piston engine duty cycles with
a significant level of information content and
validity [1-4]. When modeling a diesel duty cy-
cle, some authors consider the entire duty cycle
(injection, compression, combustion stroke and
exhaust) or only certain duty cycle fragments
(strokes) from the instance of intake valve clos-
ing and to the point of exhaust valve opening
[2]. For mathematical modeling of the duty cy-
cle in this case, computational domains are used
which describe the configuration of the combus-
tion chamber in both the 3D axisymmetric
statement — a sector of the combustion chamber
(CC) — and in the full dimensions statement —
the entire CC volume [3].

During mathematical modeling of a duty cycle,
such an approach enables reducing significantly
the time for choosing the most effective design
and operating parameters when streamlining the
diesel duty cycle and evaluating the impact of
CC configuration, fuel injection equipment, car-
buration methods, specific features of combus-
tion in the CC, and other factors.

Analysis of publications

In-depth studies in fuel combustion in the diesel
cylinder and formation of noxious substances
will improve diesel fuel efficiency, reduce its
toxic emission level and boost the quality of
manufactured products.

According to modern publications, the function-
alities of software packages for modelling an
ICE duty cycle enable accounting for CC con-
figuration, CC material, the design features of
the engine and its systems, fuel supply parame-
ters, fuel composition and environmental pa-
rameters [1-4].

Authors [3, 4] have provided evidence that nu-
merical methods for modeling a diesel duty cy-
cle can provide about a 100 % match of compu-
tational and experimental indicator diagrams,
with the computed values of nitrogen oxide NP
emissions differing from experimental ones on
average by 5-15 % depending on diesel duty
cycle conditions.

With account of more strict requirements to tox-
ic levels and diesel exhaust smoke, further re-

search is required to improve the diesel duty
cycle, and performance and environmental indi-
cators.

Hence, efforts focused to studying and stream-
lining the processes of carburation and combus-
tion, and reducing the formation of noxious sub-
stances in the diesel CC are topical.

Purpose and problem statement

The goal of the study is in-depth research into
diesel fuel combustion and formation of toxic
components in the CC when the engine is run-
ning under typical duty cycle conditions.

The study involved the following tasks:

— Reviewing the literature in modern methods
for mathematical modeling of a diesel duty cycle;
— Forming a computational domain and grid
describing the configuration of the diesel com-
bustion chamber and the elements of injection
and exhaust ports;

— Forming a set of boundary conditions for
mathematical modeling of a diesel duty cycle;

— Diesel duty cycle analysis under maximum
torque conditions in the 3D nonstationary state-
ment;

— Evaluating the composition of combustion
products for such components as NO and solid
particles (SP);

— Comparing the results of diesel duty cycle
mathematical modeling with those of experi-
mental research; and

— Drawing conclusions and offering recom-
mendations on improving the economic perfor-
mance of a diesel engine.

The main stages and results of the study

The basic research stages and results to be ob-
tained are as follows. Object of research — duty
cycle parameters and toxicity of exhaust gases
of transport diesel 2Ch10,5/12 when running
under maximum torque conditions. A brief tech-
nical characteristic of the diesel is given in the
Table 1 below.

Table 1 Diesel technical characteristics

S/D ratio, mm 120/105
Compression degree 16,5
Rated power, kW 18,4
Maximum torque, nM 102
Rota_tional speed cor_re_sponding to 1.600
maximum torque, min ’
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The computational domain and the grid used for
mathematical modeling of the diesel duty cycle
are shown in Fig, 1. To account for air flow
from the compression volume to the chamber
during the piston stroke to the top dead point
(TDC), the computational domain has an area
describing the annular gap between the lateral
surface of the piston crown and the cylinder
face, making it possible to model more accurate-
ly fuel spray interaction with the ring swirl
(Fig. 1a). A hexahedral grid is used to describe
the computational domain. The computational
grid has 305,150 computational cells (Fig. 1, b).
Adjacent to the mobile boundaries, the minimal
height of the intermediate layer is 0,1 mm.

a b

Fig. 1. Combustion chamber configuration in
diesel 2Ch10,5/12: a — CC computational
domain; b — computational grid describing
the CC configuration

The study involves the calculation of the com-
pressed turbulent flow of an air-fuel mixture in
the diesel cylinder in the nonstationary state-
ment. With account of the recommendations of
the AVL compani for describing turbulent flows
in an ICE, the k-e model was selected [6, 7].

To model the dynamics of fuel spray propaga-
tion in the CC, the study uses the Wave Breakup
Model [8-10]. Cylinder charging calculations
take into account the presence of residual gases
in the cylinder and intake port.

The initial conditions are as follows: pressure,
temperature, mass of residual gases in the com-
bustion chamber and intake port, and the flow
velocity in the CC.

The software package uses the Total Energy
model to describe the heat exchange between the
working medium and the cylinder walls. It al-
lows simulating fairly well the heat exchange for
compressible liquids and gases, and taking into

account the effect of working medium heating in
the interface layer during flow motion with big
velocities.

The boundary conditions (BC) are as follows:
intake air pressure and temperature, fueling pa-
rameters, stroke characteristics of the piston, and
those of the intake and exhaust valves. Calcula-
tion accounts for working medium heat ex-
change with the walls of the intake and exhaust
ports and the CC, as well as the surface finish of
CC parts.

The averaged temperatures of the walls of the
piston flame head and the cylinder head were
specified based on previously obtained experi-
mental thermal profiling data (the piston and the
cylinder head were temperature-profiled using
chromel-aluminum thermocouples and a contin-
uous current pickup. The signal from the ther-
mocouples was transmitted via an amplifier and
an ADC to a PC with reference to the crankshaft
position [11]).

The portable «Autotest» five-component gas
analyzer was used to control the toxicity of ex-
haust gases during the experiment.

The following models were used to simulate
combustion in the diesel cylinder:

— eddy dissipation model;

— flamelet model,

— finite rate chemistry model;

— combined model;

— hydrocarbon fuel model.

The following mechanisms in the software
package were used to simulate NO formation in
the diesel cylinder:

— The Zeldovich thermal mechanism;

— The «Fast» mechanism of NO formation;

— NO formation as per the «N,O» mechanism;
— «Fuel» NO; and

— The mechanism describing NO destruction.

The «Magnussen and Hjertager» [11, 12] model
in the software package was used to simulate
carbon and sulfate formation in the diesel cylin-
der.

Fig. 2-5 show the results of analysing the diesel
duty cycle and the formation of noxious sub-
stances. Fig. 2 shows the pressure and tempera-
ture change in the diesel cylinder vs crankshaft
rotation angle. The maximum estimated cycle
pressure is P, = 7,42 MPa (Fig. 2, a), whereas
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the maximum cycle pressure registered during
the experiment, with the diesel running under
identical conditions, was P, = 7,38 MPa [11].
The difference between the computational and
experimental values of maximum cycle pressure
was within 2 %, indicative of a valid description
of boundary conditions for mathematical model-
ing of the diesel duty cycle. The maximum re-
sulting estimated cycle temperature was 1,820 K
(Fig. 2, b).

Fig. 3 shows the results of mathematical model-
ing of fuel injection into the diesel CC for the
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position of 345 degrees of the crankshaft rota-
tion angle (c.r.a.). The fuel injector spray nozzle
has three nozzle orifices. The Figure shows the
CC sector (120 deg.) wherein one of the fuel
sprays is propagating.

Fig. 3, a shows the distribution of the mass frac-
tion of diesel fuel (fuel spray propagation) in the
CC sector volume. As Fig. 3, b shows, the fuel
spray interacts during fuel injection with CC
walls formed by the cylinder flame head and the
piston.
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Fig. 2. Pressure and temperature variation in the diesel cylinder vs crankshaft rotation angle: a — pres-
sure variation in the diesel cylinder; b — resulting temperature variation in the diesel cylinder
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Fig. 3. Results of mathematical modeling of fuel injection into the CC: a — distribution of diesel fuel
mass fraction in the CC sector volume; b — distribution of diesel fuel mass fraction across the CC
section; ¢ — distribution of fuel spray propagation velocity across the CC section (m/s)
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When the fuel gets onto the walls, it spreads
across them and evaporates intensely -—
the diesel being investigated implements the
volume-film carburation method.

The maximum fuel propagation velocity is 115
m/s in the area of the fuel injector nozzle orifice
(Fig. 3, ¢). In the CC walls area, the fuel spray
velocity drops to 25—-15 m/s.

The results in Fig. 3 allow for an in-depth inves-
tigation into the process of carburation in the
diesel cylinder and evaluate the influence of de-
sign and duty cycle conditions on the parameters
of fuel spray propagation, its interaction with
CC walls, and diesel fuel evaporation and igni-
tion conditions. The results of valuation of die-
sel fuel combustion and formation of toxic com-
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ponents in the diesel CC for different crankshaft
positions are shown in Fig. 4. Flame temperature
distribution across the CC section for different
crankshaft positions is shown in Fig. 4, a, c. The
maximum local estimated flame temperature is
registered as early as at a rotation angle of ¢ =
365 deg. c.r.a., and equals 2,500 °C (Fig. 4, a).
The distribution of NO mass fraction across the
CC section for different crankshaft positions is
shown in Fig. 4, b, d. The local NO mass frac-
tion values depending on the crankshaft position
change over a wide range (Fig. 4, b, d).

The results of analyzing SP formation in the die-
sel CC for different crankshaft positions is
shown in Fig, 5. As evident, SP mass fraction
distribution across the CC section is clearly lo-
cal (Fig. 5, a, b).
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Fig. 4. Results of analyzing diesel fuel combustion and formation of toxic components in the diesel
CC for different crankshaft positions: a, ¢ — flame temperature distribution across the CC section,
(°C); b, d — NO mass fraction distribution of across the CC section
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Fig. 5. Results of analyzing SP formation in the diesel CC for different crankshaft positions: a — SP
mass fraction distribution across the CC section (370 deg. c.r.a.); b — SP mass fraction distribu-

tion across the CC section (380 deg. c.r.a.)
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The maximum values of the SP mass fraction
are in the area of the CC walls. This is indicative
of a local shortage of oxygen in these CC areas,
and points to the need to intensify interaction of
the fuel spray with the air swirl during fuel car-
buration and combustion.

The results in Fig. 4 and 5 allow for an in-depth
investigation into ignition, combustion and for-
mation of noxious substances in an engine cyl-
inder; for identification of critical factors affect-
ing the flow of the above-mentioned processes.
Hence, they present valuable information for
improving diesel performance indicators. Com-
putations have shown that averaged per cycle
NO emissions were 1,498 ppm, whereas during
the earlier experiment, NO emissions were
1,545 ppm [11]. This is indicative of a good
agreement of computational and experiment re-
sults, and confirms the adequacy of the mathe-
matical model of the diesel duty cycle.

Conclusions

The research results are indicative of the follow-
ing:

— mathematical modeling of the diesel duty cy-
cle with application of advanced numerical
methods enables obtaining fairly accurate and
valid information about processes inside the cyl-
inder;

— in-depth studies into carburation, combustion
and formation of noxious substances in the die-
sel cylinder enable evaluating its performance
and environmental indicators as early as the en-
gine design stage, thus helping to improve prod-
uct quality and reduce its cost;

— flame temperature distribution, and respective-
ly, of areas of noxious substances formation in
the diesel cylinder is evidently local and linked
to carburation features;

—to improve the environmental indicators of
modern diesel engines, it is necessary to intensi-
fy carburation and combustion, and employ lay-
er-wise cylinder charging with fuel (by multi-
stage fuel injection). This will allow for simul-
taneous air-fuel mixture combustion over the
entire combustion chamber volume, and thereby
reduce the «fast» NO emission levels. This also
enables usage of controlled recirculation of ex-
haust gases to decrease the maximum cycle tem-
perature, and respectively, reduce the thermal NO
emission level.
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