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ABSTRACT

This paper presents the results of computational experiments to study the formation of a spray and a
temperature plume of non-isothermal liquid injections under high turbulence. Numerical modeling of
atomization and combustion of liquid fuel injections and the influence of the initial gas temperature in the
combustion chamber on these processes has been carried out. The temperature in the combustion chamber
varied from 700 K to 1500 K for two types of liquid fuels: octane and dodecane. The distributions of liquid
fuel droplets along the radii and temperature at various points in time are constructed. The influence of the
initial temperature on the concentration characteristics of various types of fuel is revealed. As a result, it was
found that at a pressure of over 80 bar with high turbulence, the gas temperature equal to 900 K was taken
as optimal. At this temperature, the chamber is heated to high temperatures and the concentration of the
resulting reaction products is the lowest. The obtained results can be applied in the construction of the liquid
fuels’ combustion theory and will contribute to a deeper understanding of the complex physical and chemical

phenomena that occur in combustion chambers.
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1. Introduction

In the modern world, the limited resources of
fossil fuelsdictate theneed tofind more economical
ways to burn it. The scale of industrial production
is such that the problem of the formation of
harmful substances during the combustion of
organic fuels comes to the fore. In the total air
pollution by waste from the production of thermal
power plants and the activities of vehicles, dust
emissions account for 20%, for sulfur dioxide -
50%, for nitrogen oxides - 30% [1-5].

Road transport is the most aggressive in
comparison with other modes of transport in
relation to the environment, which is a powerful
source of its chemical, noise and mechanical
pollution. It should be emphasized that, with
an increase in the car park, the level of the
harmful effects of vehicles on the environment is
intensively increasing.
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Whendesigningenginesofpreviousgenerations
of cars, insufficient attention was paid to the
problem of environmental friendliness, which led
to increased emissions of toxic substances. Also,
catalytic exhaust gas cleaning systems were not
used in cars. For cities and industrial centers, the
share of vehicles in the total volume of pollution
is much higher and reaches 70% or more, which
creates a serious environmental problem that
accompanies urbanization. The largest share of
chemical pollution of the environment by road
transport is accounted for by the exhaust gases
of internal combustion engines. Because of the
physical and mechanical processes in the engine
cylinders, the actual composition of the exhaust
gases is very complex and includes over 200
components, a significant part of which is toxic.

The composition of the exhaust gases of
engines on the example of passenger cars without
their neutralization is shown in Figs. 1 and 2.
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Fig. 1. The composition of exhaust gases on the example of diesel engines without neutralization.

The composition of the exhaust gases of gasoline engines
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Fig. 2. The composition of exhaust gases on the example of gasoline engines without neutralization.

As seen from the figures, the composition of the
exhaust gases of the considered engines differs
significantly, primarily in the concentration of
products of incomplete combustion of carbon
monoxide, hydrocarbons, nitrogen oxides and
soot. The difference in the composition of the
exhaust gases of gasoline and diesel engines is
explained by the large excess air coefficient of
diesel engines and better fuel atomization.

New technologies and equipment are based
on a deep scientific understanding of the laws of
physical and chemical processes that determine
the characteristics of the combustion of liquid
hydrocarbons depending on their composition,
dynamic and thermal conditions implemented
in specific modes and devices. The development
of promising injector jet devices for burning
liquid hydrocarbons requires the study of several
interrelated processes, such as fuel dispersion,
the formation of a spatial structure of a two-
phase reacting flow, interfacial heat and mass
transfer, the formation of soot particles, mixture

formation, ignition, gasification and burnout
of fuel, the output of combustion products,
including toxic components. These processes are
the subject of many modern studies devoted to
the development of scientific foundations and
the creation of methods for intensifying heat and
mass transfer processes in multiphase reacting
systems [6-10].

Thus, one of the promising directions for
reducing the volume of harmful automotive
emissions into the atmosphere and optimizing the
combustion process is the use of mathematical
modeling methods for spraying non-isothermal
liquid injections during the combustion of low-
octane liquid hydrocarbon fuels. This allows,
first of all, to reduce the concentration of toxic
oxides of carbon (CO and CO,) and nitrogen,
which are released as a result of the operation
of thermal engines and increase the efficiency
of fuel combustion The study of the regularities
governing the characteristics of the combustion
of liquid fossil fuels is an urgent scientific and
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technical problem, the solution of which is of
fundamental importance for the creation of
promising technologies for energy production and
engine building.

The solution of the tasks set contributes to
the transition to an environmentally friendly and
resource-saving «green» thermal power industry
while expanding the raw material base, reducing
the emission of harmful industrial emissions, and
solving the problem of optimization and efficiency
of fuel combustion.

2. Mathematical and physical statement of
the problem

All heat and mass transfer processes taking
placein combustion chambers ofthermal machines
are turbulent and the state of turbulence in the
flow movement impresses the flow parameters
such as momentum transfer, temperature, and
concentration of substances in the mixture. In
this paper, we have used a mathematical model
of atomization and dispersion of liquid injections,
which describes the process of ignition and
combustion of liquid fuels based on equations of
conservation of mass, momentum, energy, and
concentration of components.

The mass conservation equation is planned as
below [11-15]:

mass

5
L L div(piiy =S (1)
ot

where uis theliquid velocity. Ifa gas-liquid mixture
is considered, the source term S, represents the
local change in gas density because of evaporation
or condensation.

The momentum conservation equation for the
gasis[13, 15]:

ou =
p—+p(ﬁ-gmd)z'i=div§+p§+Sm (2)
ot

If the one-phase gas flow is considered, S,,,,=0;
if the two-phase flow, S, represents the local rate
of change of momentum in the gas phase because
of droplet motion.

Equation of conservation of internal energy
[12-16]:

pa— = % . 5 - pleﬁ - dlvq + Senergy (3)
t

where q is the specific heat flux, represents the
Fourier law of heat transfer. The source term Se,e.gy
refers to the contribution to the change in internal
energy because of atomized liquid or solid phase.

The concentration conservation equation for
component m has the form [17, 18]:

a(pcm) :_6(pcmui)+i[p_Dc .%j_{_smms (4)
ot ox, ox, "o,

i

where p,, is the mass density of component m, p is
the total mass density.

Two liquid fuels were used in our work: octane
and dodecane, which are liquid hydrocarbons of
the alkane class and are found in large quantities
in oil, straight-run gasoline (up to 10%), and
also in large quantities in synthetic gasoline
produced from CO and H,. The oil of Kazakhstan
is characterized by a predominance of normal
paraffin hydrocarbons, so straight-run gasoline
from it is characterized by low octane numbers.

Calculation experiments on atomization and
temperature plume formation during octane and
dodecane combustion were carried out in a model
cylinder-shaped combustion chamber. A general
view of the chamber is shown in Fig. 3. This Fig.
also shows the model of the injector with multiple
holes, which is most often used in modern
internal combustion engines. Ratio Li/Di is a
very important parameter for multi jet injectors,
as it affects the formation of the internal flow at
the outlet of the injector orifice and the spray
formation. The computational domain comprises
650 cells. Liquid fuel is injected through a nozzle,

Fig. 3. General view of the combustion chamber and
virtual prototype of a multi-hole injector of an internal
combustion engine, where Li is injector’s hole length,
D, denotes nozzle orifice diameter, and parameter 8
shows the injection angle from the central axis of the
injector.
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which is in the center of the lower part of the
combustion chamber. The initial gas temperature
in the combustion chamber is 900 K.

In this paper, we investigated the effect of
initial gas temperature on the formation and
evolution of the liquid injection temperature
plume under high turbulence. The temperature
in the combustion chamber varied from 700 K to
1500 K. The pressure in the combustion chamber
was 100 bar for octane and 80 bar for dodecane
and the injection velocity was 350 m/s in both
cases. These values were taken from previous
works of the authors [19-23].

3. Results and Discussion

Figures 4 and 5 show some results of

distribution of liquid fuel droplets (octane and
dodecane), respectively. Analyzing the obtained
data, we can say that with increasing temperature
in the combustion chamber, the droplet size of the
liquid fuel decreases, but is insignificant.

Comparing the behavior of octane and
dodecane, it can be seen that droplets in both fuels
spread within the same limits: they rise to the same
height of 1.2 cm at a time and there is also uniform
distribution of droplets up to 0.2 cm across the
chamber width. Octane and dodecane vapors
reach the same height and their concentration on
the axis is approximately the same.

Consider the dispersion of liquid fuel droplets
by specific temperature in the combustion
chamber (Figs. 6 and 7). At the bottom of the
chamber, both fuel droplets have a temperature
of about 300 K, but the temperature of dodecane
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Fig. 4. Distribution of octane droplets along the radii in the space of the combustion chamber at different initial
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Fig. 6. Temperature distribution of octane droplets in the combustion chamber space at the different initial

1.7%

T
631547
609444
587341
565.236
543,134
5214031
436.928
476,575
454,722

1.6 T
541.059
1.5 o L
5 508.918
1.4 492.548
1.3 4768.777
450,708
1.2 444638
i 428,565
. 412,494
N, ‘.’ 396,424
L L ® L 380.353
0.9 354,283
® 348212
0.8 ® 332,141
L4 316.071
0.7 ” p
0EfE @ Y
St
0.8
L 27
0.4
0.3 1 1 I 1 1
0.2
a) 1000 K
temperatures.
- T
- 626,616
r 604.841
o 583.067
Lt]= 561.293
C 539.518
E 517.744
150 495969
- 474.195
r 452.421
NI.25 - 430,646
F ° 408.872
r 387.098
1 ’. L J 365.323
C PY 343.540
F & 321.774
07SE 9 ®
- %W
Lo @ ®
E’ o e
025 T [ T TN R T [ T O R A N |
0 0.2 0.3

a) 1000 K

N1.25 432819

410516

88413

1 356,309

b4 ‘ 344206

22,103
0.75
0.5

05

X
b) 1500 K

Fig. 7. Temperature distribution of dodecane droplets in the combustion chamber space at the different initial

temperatures.

droplets reaches 565 K. This indicates that a
temperature of 1500 Kis sufficient for evaporation
and subsequent ignition of dodecane.

Because of a calculation experiment, it was
found that no combustion occurred at pressures
over 80 bar and temperatures of 800 K and below,
as seen from the Fig. 8 showing the dependence
of the maximum gas temperature on the initial
temperature in the combustion chamber (Fig. 8).
As the analysis of Fig. 8 shows, if the oxidizer in
the combustion chamber has a temperature above
900 K, then liquid fuel combustion with high heat
release and heating of the chamber is observed in
this case.

Thus, during combustion of octane at T =900 K,
T,=1726Kisreleasedandasaresult,at T=1500K,
T, = 2208 K is released. The initial temperature

in the combustion chamber has the greatest
influence on the combustion of dodecane because
an increase in the initial temperature from 900
to 1500 K leads to an increase in the maximum
temperature from 2080 to 2685 K.

Figure 9 shows a graph of the distribution of
the maximum concentration of CO, for the two
fuels combusted as a function of the initial gas
temperature in the combustion chamber. During
dodecane’s combustion, the concentration of
formed carbon dioxide takes the highest value of
0.148 g/g at the initial gas temperature of 1000
K and the lowest one of 0.120 g/g at T = 900 K.
When burning octane at T = 900 K and above, a
slight increase in CO, concentration is observed,
which is 0.085 g/g.



68 S.A. Bolegenova / TOPEHHME U ITIJTABMOXHWMMA 20 (2022) 63-72

2500
2000
& 1500

1000
R C12H26

500
700 800 900 1000 1100 1200 1300 1400 1500
T,K

Fig. 8. Flame temperature distributionas a function of
the initial gas temperature in the combustion chamber.

Figures 10 and 11 show the change in
temperature over time in the combustion
chamber for two liquid fuels at an initial oxidizer
temperature of 900 K. At the initial point in time
in the fuel atomization area, the temperature
decreases slightly because of the heat input for
evaporation of the fuel droplets. An increase
in pressure understandably reduces the high-
temperature region and delays the ignition
time, and most of the combustion chamber has
a temperature of about 1000 K. When the fuel
vapor/oxidizer mixture ignites, the fuel burns,
and most of the chamber width is covered by the
flame. At 100 bar, octane combustion proceeds
with a heat release of 1726 K, while dodecane
combustion reaches a maximum temperature of
2080 K.

As shown in Fig. 12, at high pressure the area
of maximum oxygen consumption decreases as
the fuel concentration decreases. At time 3 ms in
octane combustion (Fig. 12 a), this region is in the
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Fig. 10. Temperature plume distribution during octane and dodecane combustion at time t = 2.5 ms.
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Fig. 9. Dependence of the formed carbon dioxide
concentration on the initial gas temperature in the
chamber.

flame’s core between 2.9 to 4.8 cm in height of the
chamber and contains the least amount of oxidant
0.0125 g/g compared to dodecane combustion
where the O, concentration is 0.05 g/g (Fig. 12 b)
at 3.8 to 4.6 cm.

Also, during computational experiments, we
considered the evolution of liquid injection vapors
in the presence of evaporation, which gives a deep
understanding of the propagation of spray drops,
its structure, and the formation of a homogeneous
combustible mixture.

Figure 13 shows the results of numerical
simulation of the fuel vapor fraction (octane) in
the vertical sections of the combustion chamber at
two points in time after the injection starts. Fuel
vapors are released in the center of the spray itself,
their trajectories and shapes are well separated
from each other. When moving downstream, the
fuel vapors surrounding the torch merge with
each other.
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Fig. 11. Temperature flare distribution during octane and dodecane combustion at time t = 3 ms.
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Fig. 13. Distribution of fuel vapors in the vertical section
injection starts.

Analyzing Fig. 13, one can see that at this
stage of the atomization process itself, the fuel
vapor fractions have the shape of a hollow cone.
The spread of the spray jet can theoretically
be divided into two regions: the first region is
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of the combustion chamber at various times after the

located near the nozzle and the second refers to
the downstream region where a change in the
spray angle is observed. At this point in time,
depending on the location of the nozzle, the spray
angle changes.
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According to all obtained results, the gas
temperature in the combustion chamber is taken
as the optimum temperature equal to 900 K. Based
on these results, the optimum combustion modes
for octane and dodecane are determined: at high
pressures and high turbulence, according to which
at oxidizer temperature of 900 K the ignition and
combustion process of fuel occurs, the chamber is
heated to high temperatures.

4. Conclusion

Based on a mathematical model, computational
experiments were carried out to study the
atomization and combustion of liquid fuels
depending on the initial temperature of the gas in
the combustion chamber.

Computational experiments of the initial
temperature influence on the processes of
atomization and combustion of liquid fuels at
high turbulence were carried out. Distributions
of droplets for two types of liquid fuel (octane
and dodecane) along the radii and specific
temperature were plotted depending on the initial
temperature of the gas in the chamber, which
showed that octane and dodecane vapors reach
the same height, and their concentration on the
axis approximately coincides.

The distribution of the temperature flame
depending on the initial temperature in the
chamber showed that the maximum of 2080 K for
octane and 2685 K for dodecane falls on T = 1500
K. The temperature profiles and concentration
fields of the consumed oxygen at the moments of
ignition (t = 2.5 ms) and intense combustion (t =3
ms) were obtained.

The  distribution of carbon dioxide
concentration showed that, as expected, the more
intense the reaction is, the more CO, is formed. At
900 K, a minimum amount of 0.120 g/g of carbon
dioxide is released for dodecane and, for octane,
an insignificant concentration of carbon dioxide is
0.085 g/g, which lies within the permissible limits.

The optimal temperature of the gas in the
combustion chamber is taken to be 900 K at
high pressures and high turbulence, at this
temperature of the oxidizer, ignition and fuel
combustion occurs, the chamber heats to high
temperatures, with complete combustion of the
fuel, the concentrations of the formed reaction
products (CO,) are the smallest.

In a numerical study of the evolution of fuel
vapors during evaporation in vertical sections of
the combustion chamber at different times, it was
found that at the initial stage of the combustion

process, fuel vapors gain a closed structure, which
then turns into a hollow cone shape.

The obtained results of numerical simulation
on the study of the physics of liquid injections
provide a deeper understanding of the spray
multiplication, the interaction of cocurrent air
and liquid jets, the structure and formation of the
mixture, the phenomenon of jet-to-jet interaction,
which ultimately has a huge impact on the global
injection structure.
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YucseHHoe MoJAe/IMpOBaHHUE oﬁpasoBamm
TeMnepaTypHoro (])al(ena HEU30TeEPpMUYECKHUX
KUAKHUX BIIPBICKOB

C.A. BosierenoBa®?*, A.C. AckapoBa®?, III.C. OcianoBa?,
AH. Anpusposa®

'MHCTUTYT 3KCIEPUMEHTAJbHOM U TeOpeTUYeCKOU
¢usuky, Kazaxckuil HallMOHA/bHbIM YHUBEPCUTET UM.
Anb-®apaby, np. anb-Papaby, 71, Anmartsl, Kazaxctan
?KazaxCKH HallMOHAJIbHBIN yHUBEPCUTET UM. Asib-Pa-
pa6wy, np. anb-Papabdu, 71, Anmarsel, Kazaxcran

AHHOTanuA

B naHHOU pa6oTe nmpeACTaBJeHbl pe3yJbTaThbl
BBIYMCJIUTENbHBIX 3KCIIEPUMEHTOB MO HCCJEJ0-
BaHHIO 00pa30BaHUsl paclbljia U TEMIEPATYPHO-
ro ¢axesa HEU30TEPMHUYECKUX KHUJKHX BIIPbI-
CKOB IIPU BBICOKOU TypOyJeHTHOCTH. [IpoBeseHO
YHCJIEHHOe MO/IeJITMPOBaHUe Paclbljia U TOPEHHUs

KUJKUX BIPBICKOB TOIJIMB W BJUSHUS Hada/lb-
HOU TeMIepaTyphl rasa B KaMepe CropaHus Ha
JlaHHble npolecchl. TeMnepaTypa B kaMepe cropa-
HUs MeHssack oT 700 go 1500 K /151 ABYX BUJ 0B
KUJKUX TOMJIUB: OKTaHa U JojiekaHa. [loctpo-
eHbl pachpejieJieHUs Kamesb XHUAKHUX TOIJIUB
o pajiuycaM W IO TeMIlepaType B pas3JUYHble
MOMEHTBl BpeMeHHU. BbIgBJeHO o0Ka3bIBaeMoe
BJMSIHHE HayaJbHOU TeMIlepaTypbl Ha KOHIEH-
TpallMOHHbIE XapaKTePUCTUKH TOIJIMBA Pa3/ivy-
HOTO BH/JIa TOIJIUB. B pe3ysbTaTe yCTaHOBJIEHO,
YTO NMpPHU JaBjeHUU 6oJsiee 80 6ap mpu BHICOKOU
TYpOYJIEHTHOCTH 33 ONTHMAaJ/IbHYI0 NMPUHUMAaEeT-
cs1 TeMmnepaTypa ra3a paBHas 900 K. [Ipu ganHoi
TeMIlepaType KaMepa NporpeBaeTcs 0 BbICOKUX
3HAYEeHUH TeMIlepaTyp U KOHILleHTpalus o6pasy-
IOLUXCS MPOAYKTOB peaKIuu HauMeHbluas. [lo-
JIy4eHHbIe Pe3yJIbTaThl MOTYT ObITh MPHUMEHEHDI
NpPU NMOCTPOEHUN TEOPUH TOPEHUS XKHUJKUX TO-
IJIUB U OYAYT CIOCOOCTBOBATh 60Jiee TJIyGOKOMY
NOHMMAaHUI0 CJOXHBIX PU3UKO-XUMHUYECKUX SB-
JIEHUH, KOTOpble MPOUCXOAAT B KaMepax cropa-
HUSI.

Knrueswvle caosa: JKUJKOe TOIIJIMBO, pacCnbli, TeMIle-
paTypHbId dakes, BbIYHUCAUTENbHBbIA 3KCIIEPUMEHT,
ropeHue

HU30TepMUSIBIK, €MeC CYHBIK OYPKYJIepAiH,
TeMIlepaTypaJjiblK aJayblHbIH TY3iJyiH caH-
ABIK MOJeJIbJey

C.A. Boserenosa'?*, A.C. Ackaposa®?, III.C. OcnanoBa?
AH. Anpusaposa®

1JKCrepUMEeHTTIK XKoHe TeOPUSIIBbIK pU3UKA UHCTUTY-
Thl, a/1-Papabu aTbiHAarbel Kaszak y/ATTbIK YHUBEpPCU-
TeTi, as1-Papabu ganF., 71, Anmarsl, Kazakcran
Zan-®apabu aTbiHAAFbl Kasak yITTHIK YHUBEPCUTETI,
an-®Papabu gaHf., 71, Anmartsl, Kazakctan

AHjgaTna

Bysl KyMbICcTa KOFapbl TYpOYJEHTTiJMiKTeri
H30TEPMUSIIIbIK eMeC CYHbIK OYypKy/aephiH Oyp-
Ky K9He TeMIlepaTypaJiblK aJjayblHbIH Ty3iJyiH
3epTTey OOUMBbIHIIA ecenTeyill TaxipubesepiHiy
HOTHWXKeJslepl YCbIHbLIFAaH. OTBIHAAPABIH CYWBIK
OYpKyJiepiHiH OYpKy >XoHe »KaHy MpoliecTepiHe
»K9He OChbl NpOoLEeCTepre KaHy KaMepacblHJAaFbl
ras/iblH, 6acTtankbl TeMIlepaTypachlHbIH acepiHe
CaHJbIK MoOJiesbJey KyprisisreH. XKany kamepa-
ChIH/IaFbl TeMIlepaTypa KOC OThIH TYypi - OKTaH
*koHe nojekaH yuin 700 K-ven 1500 K-re peitin
e3repin oThIpAbl. Op TYpJli yaKbIT Me3eTTepiH/er]
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CYMBIK OTBIH TaMIUbLJIAPbIHBIH PpaJiUyChl >XoHE
TeMIlepaTypachl 60HbIHIIA Tapaybl TYPFbI3blJI-
Abl. bacTankel TeMnepaTypaHblH 8p TYpJi OTbIH
TYpJIepiHiH, KOHLEeHTpaUuUAJIBbIK CUIIaTTaMaJja-
pbiHa 9cepi aHbiKTaAbl. HaTmxecinge 80 6Gap
KbICBIM/Ia KoHe >Xofapbl TypoOy/eHTTiiKTe 900
K-re TeH ras Temnepartypachsl TUIMJi Aen Kabbli-
JaH[bl. ATa/IFaH TeMIlepaTypaja KaMmepa >KoFaphbl
TeMIlepaTypa MaHJepiHe JeHiH KbI3[bIpbLIabl

’)KOHe TY3iJIeTiH peakyus eHIMJepiHiH KOHIeH-
TpalUsiIaphl eH a3 60J1aAbl. AJIbIHFAH HOTHXKeJIep
CYUBIK, OTBIHJAP/AbIH, KaHy TEOPHUACHIH KaJbINTa-
CThIpyZAa KOJIZaHbLIaJAbl KoHe >XaHy KaMepaJja-
pbIHJIa KYy3ere acaTblH Kypjesi QU3uKa-XUMHU-
SIJIBIK, KYObLIBICTapAblH TepeH TycCiHyre TYpTKi
60J1a/Ibl.

Kinm cesdep: CyWbIK OTBIH, OYPKY, TEMIIEPATYPAJIBIK,
aJsiay, ecenreyim Taxipube, )xaHy.



