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SIMULATION OF ATOMIZATION AND IGNITION OF HIGH-PRESSURE JET STREAM

This work is a significant study in terms of modern combustion physics of the problem of computer
modeling of atomization, ignition, and combustion of high-pressure reactive liquid fuels under high turbulence.
The need for a detailed study of the physical and chemical processes occurring during the combustion of
reactive fuels is determined by the increased requirements for the efficiency of various technical devices, the
accuracy of ignition prediction, and the combustion rate conditioned by the current environmental
requirements for environmental protection.

The processes of atomization, ignition, and combustion of atomized jet fuel (heptane) at high pressures
were investigated using a numerical model. Numerical simulation methods were used to get profiles of the
temperature plume, distribution of concentrations of the oxidizer, and reaction products (carbon dioxide and
soot) in the combustion space. The optimum value of the initial pressure for heptane has been determined.
The practical significance of the computational experiments presented in this paper is that the results obtained
can be used in designing various reactive technical devices using combustion, which would simultaneously
solve the problem of optimizing the process, increasing fuel combustion efficiency, and minimizing emissions
of harmful substances.

Keywords: pressure, fuel jet, combustion, atomization, ignition, simulation.
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HKoFapbl KbiCbiMAbl PEaKTUBTI aFblHLLAHbIH, BYPKY aHe TyTaHyblH MOAENbAEY

ATanfaH *KyMbIC 3aMaHayu KaHy GM3MKaAChl KO3KAPaAChl TYPFbICbIHAH KOFapbl TYPOYAEHTTINIKTEr }KoFapbl
KbICbIMbl PEAKTUBTI CyMbIK OTbIHHbIH, BYPKY, TYyTaHy KoHE XaHyblH KOMMbIOTEP/IK MOAeNbey MaceneciHe
HarbiTTanaabl. 9cepneceTiH OTbIHAAPAbIH KaHybl HapbICbiHAA 6TETIH GU3NKA-XMMUABIK NPOLECTEPAI MyKMAT
3epTTeYAiH KaKeTTiNIr TYpAi TEXHUKAbIK KYyPbIAFblNApAbIH, HKYMbIC TUIMAINITIHE KOWbINATbIH TananTapabiH,
apTybIMeH, TyTaHyabl 60/Kay A2NAINMMEH, KaHy XKblA4aMIbIFbIMEH Herisaenefi aHe KoplafaH OpTaHbl
KopFfay DOMbIHLLIA 3amaHayM 3KONOTMANLIK TafanTapMeH aHbIKTanaapl.

CaHAbIK, MOAENbAIH KEMETiIMEH KOFapbl KbiCbiMAa DYPKiNTEeH PeaKTUBTI OTbIHHbIH, (renTaH) BypKy, TyTaHy
OHEe XaHy npouecTepi 3epTreniHai. CaHAblK Mogenbaey OAiCTepi apKblibl TemnepaTypanblK anay
npoduabaepi, TOTbIKTbIPFbIL MEH KaHy eHIMAEPiHIH, () KOHLEHTPALMANAPbIHbIH, *KaHy KeHICTiriHae Tapanaybl
aHbIKTaNabl. TenTaH ywiH 6acTankbl KbICbIMHbIH TUIMAI MaHi aHbIKTaAabl. ATanfaH XymMbiCTa KenTipinrex
ecenTeyil TaxipnbenepaiH NPaKTUKaNbIK KYHAbINbIFbl afiblHFAH HITWXKENEepLiH, *KaHyFa HerizgenreH TypAi
PEaKTUBTI TEXHWMKANbIK KypblAFblAapabl *obanayaa KONAaHbINATbIHABIFbIMEH aHbIKTanadbl. Onap Hipmesringe
NPOLECTi OHTaNNaHAbIPY, OTbIHHbIH KaHYy TUIMAINITIH apTTbIPY *KAHE 3UAHAbI 3aTTapAblH, WbIFbIHBIH a3alTy
CUAKTbI Macenenepai Wewyre MyMKiHAiK bepesi.

TyliH ce34ep: KbICbIM, PEaKTUBTI OTbIH, XKaHy, BYPKY, TyTaHy, MoAeNbAgeY.
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Simulation of atomization and ignition of high-pressure jet stream
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MogenuposaHue pacnbiia U BOCN/IaMeHeHna peaKTMBHOﬁ CTPpyu BbICOKOIo gasneHma

JaHHan paboTa nNoceAlleHa BaXKHOMY MCC/1e40BaHNIO C TOYKU 3PEHUS COBPEMEHHON GU3UMKN TOpeHUs
npobaemMbl KOMMbIOTEPHOTO MOAEIMPOBAHUA PACrbl/ia, BOCM/IAMEHEHUSA N TOPEHUA PEaKTMBHOIO KUAKOro
TOM/IMBA BbICOKOrO [AA@BAEHWUS MPU BbICOKOM TypbyneHTHOCTU. HeobxoamMmocTb AeTanbHOro Mccieao0BaHus
OUBUKO-XMMMYECKMX MPOLLECCOB, MPOTEKAoWMX MNPU  TOPEHUW pearupylolmnx TONAmWB, onpeaeseHa
BO3POCWMMN TPEOOBAHUAMM K IPPEKTUBHOCTM PaboTbl Pa3/IUUYHBLIX TEXHWUYECKUX YCTPOMCTB, TOYHOCTM
NPOrHO3MPOBaHUA BOCM/JIAMEHEHUA, CKOPOCTU FOPeHUA M 0ByC0BAEHa COBPEMEHHbIMM 3KONOrMYECKMMM
TpeboBaHUAMM MO OXPaAHE OKPYKAKOLLEN Ccpeapbl.

Mpn NOMOLWM YMCNEHHOM MOAENWN MCCAef0BaHbl MPOLECChl pacnblia, BOCMAAMEHEHMA W FOpPeHMs
PaChbIIEHHOTO PEeaKTUBHOro TOM/MBa (remTaH) npW  BbICOKMX JAaBaeHuax. MeTogamu  YUCNEHHOro
MOAENMPOBaHMA NoAyYeHbl Npoduam TemnepaTypHoro dakena, pacnpeaeneHmns KOHUEHTPaUui OKUCAUTENS
M NPOAYKTOB peaKumMit (ABYOKUCh Yraepoda M caxka) B NpOoCTpaHCTBe ropeHua. OnpeaeneHo onTMmanbHoe
3HaYeHue HavyanbHOro AaBfeHMA A1A renTaHa. MpaKkTUYeckan 3Ha4YMMOCTb BblYMCANTE/IbHbBIX SKCMEPUMEHTOB,
NpeacTaB/ieHHbIX B AaHHOM paboTe, COCTOUT B TOM, YTO MOJIyYEeHHbIe Pe3y/ibTaTbl MOTYT ObiTb UCMO/Ib30BaHbI
NpWY NPOEKTUPOBAHUMN Pa3INYHBIX PEAKTUBHbBIX TEXHUYECKMX YCTPOWCTB, MCMO/b3YIOWNX FTOPEHMEe, KOTopble
pewann bbl 0AHOBPEMEHHO Npobaemy ONTUMM3ALMM Npolecca, yBenundeHua 3PPeKTUBHOCTU CropaHma
TOMNANBA U MUHUMM3ALMW BbIBPOCOB BPeaHbIX BELLECTB.

Kniouesble cnoBa: [daBfieHue,
MOAEeNNPOBaHME.

Introduction

The space sector of the global economy currently
demonstrates dynamic and stable development due to
the transfer of space technologies from the military
sphere to the civil sphere and the development of a
whole range of commercial services related to the
space industry and developments. All in all, this
contributes to the commercialization of space
activities and rapid growth of the space industry,
development, and sales of space products,
technologies, and services, which, in turn, gives a
major thrust to increasing industry competition at
different levels: global, interregional, interstate and
national.

In turn, the global space market is a large and
rapidly developing segment of the global market of
high technology. Innovative technologies in
microelectronics, digital and information systems,
software, communications, telecommunications, new
composite materials, etc. are known to be one of the
key drivers of modern economic progress. Most of
these developments originate in various spheres of the
space industry and significantly impact the most
diverse areas of modern life.

According to the 2007 Euro consult analytical
report, 79 states were involved in space activities to a
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greater or lesser extent. Of this number, 30 states
stand out, which actively and purposefully develop
their national space (civil and military) programs,
have their spacecraft, provide certain space services
commercially, and actively take part in international
space projects. These states are a group of highly
competitive space market players [1, 2].

Due to the global pandemic in 2020, the growth
in energy consumption in the world decreased by 4%.
For comparison, in the period from 2000 to 2018, the
average annual rate was 2%, and in 2019 it fell to
0.8%. Energy consumption has decreased in most
countries. The exception is China (24% of
international energy consumption in 2020), the
largest consumer of energy and quickly recovered
from the COVID-19 crisis. Energy consumption in
China increased by 2.2%, which is much less than in
previous years. In 2020, isolation measures were
taken, and economic activity decreased, which
significantly affected energy consumption. It
declined strongly in the US (-7.6%), declined by
about 7% in the EU (the strongest declines occurred
in large markets such as Spain, France, Italy, and
Germany), Japan, and Canada, and also fell by 4. 8%
in Russia (Figures 1 and 2) [3-6].
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Figure 1 - Energy consumption trend
for the period 1990 — 2020 [3]

The distinctive feature of the Asian market is the
high degree of commercialization and integration of
space services into the economic system. According
to expert estimates, the Asian market has long-term
growth potential and is, along with the North
American market, one of the most promising and
capacious for the next 10-15 years. Asia is going
through a phase of the technological economy, and
the presence of a powerful scientific and technical
base (Japan, China, South Korea, Taiwan) and
significant financial opportunities stimulate the
development of the space technology market.
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Figure 2 - Energy consumption by type for 2020 [3]

The Asian market demonstrates a steady
increase in competition in the field of rocket and
satellite construction and launch services, which, in
turn, affects the global conjuncture: competition
develops at the intra-regional and international levels.
A great commercial interest in Asia is observed on the
part of all major space equipment manufacturers and
operators of space services. Today our republic
aspires to take its place among the space powers of

the world. International procedures are currently
underway for Kazakhstan to join the Missile
Technology Control Regime, which will allow it to
become a full-fledged participant in international
space activities.

In recent years, the global space industry has
undergone major changes related to the growing scale
of international cooperation in space exploration and
use, rapid globalization, and the commercialization of
space activities. Many countries, including
Kazakhstan, have come to understand the importance
of their geopolitical interests in space, and as a result,
space exploration and utilization have become a
priority of national policy.

Under the approved State Program for the
development of space activities, a joint Russian-
Kazakh space project entitled «Baiterek» is being
implemented for the construction of a space rocket
complex with high environmental safety and
environmental protection requirements.

Because of this investment project, Kazakhstan
will have favorable opportunities to develop its
national aerospace industry and space program,
operate advanced, environmentally safe rocket and
space equipment, meet all international standards,
and create new jobs.

The national company «Kazkosmos» works
actively; it has nine space projects in its arsenal, one
of which, a special design office for space equipment,
to be jointly established with the Russian space
corporation «Energia», will be implemented at the
cosmodrome.

The Astrophysical Research Center has got
certain results in implementing scientific research in
the space sphere. This applies to research work on
participation in creating an international system for
radiation monitoring of outer space, drafting a
comprehensive program of scientific research and
experiments of Kazakhstan on board the International
Space Station, comprehensive studies of optical
phenomena in the upper atmosphere, and other
studies. In this way, space research and utilization
play an ever-increasing role in the economic,
scientific, technical, and social development of our
State.

A turbojet engine gets the oxygen necessary for
fuel combustion from the surrounding air, while a
rocket engine carries the oxygen supply along with
the fuel and is therefore not dependent on the
presence of an atmosphere. Rocket engines can be
divided into two dominant classes: two-component
fuel engines, in which the fuel and oxidizer are placed
in different tanks and injected in a certain proportion
into the combustion chamber; single-component fuel
engines, in which the fuel and oxidizer are in a bound
state [7-10].
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A wide variety of fuels can be used in liquid
propellant rocket engines. The choice of fuel
combination depends on the general data
characterizing the engine: its purpose, power, and
duration of operation. When choosing a fuel, it is
necessary to evaluate the following properties:
ignition rate, combustion rate, stability of
components, density, volatility, specific heat capacity
in the liquid state, corrosiveness, toxicity, freezing
point, viscosity, and availability of sufficient stocks
and cost. Fuels with a lower average molecular
weight of the combustion products have the greatest
practical value because such fuels require lower
temperatures in the combustion chamber for a
specific thrust than do fuels with a higher average
molecular weight of the combustion products. Hence,
fuels with a relatively high percentage of hydrogen
are of most interest - especially such widely used
hydrocarbons as gasoline, kerosene, diesel fuel,
methyl, and ethyl alcohols [11-13].

The key factors determining a good engine
design are good mixing and atomization of fuel
components by nozzles; small internal surface area of
the combustion chamber walls, not allowing much
heat transfer; completeness of combustion mixture
provided by the proper combustion chamber volume;
strength of the chamber body; good streamlined
internal chamber surface in order to avoid local
overheating and related burn-out of chamber walls;
small engine weight and ease of manufacturing.

The combustion process can be divided into
several successive stages: the atomization of fuel
components and their mixing, heating the mixture to
ignition temperature, and combustion. These
processes overlap to a greater or lesser extent
depending on the engine design, for instance,
atomization can be accompanied by mixing, heating,
and even partial combustion. The combustion
reaction proceeds faster if the components are in a
gaseous state, so it is necessary to mix the fuel as
thoroughly as possible and to make it gaseous before
ignition.

Nozzles have for the most part been created
empirically, so many different types of nozzles have
been developed. The best-known of these is the
vortex nozzle. The liquid enters the swirl nozzle
chamber tangentially to its inner surface. The
resulting swirl produces a very fine rotating cone as
the fluid enters the combustion chamber. In many
types of injection devices, the fuel components are
injected through a large number of orifices to ensure
uniform mixing. The high-temperature regime and
continuous heat inflow create more stressful
operating conditions for a rocket engine than for any
other heat engine. The temperature in the combustion
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chamber of most existing rocket engines ranges from
1500 to 2500°C.

In this paper, a straight-flow rocket engine was
considered, which is an open cylinder with fuel
injected inside. The mixture of air and fuel in this
technique is ignited and burns continuously while the
airflow passes through the combustion chamber. The
gases flow out through the exhaust port at a much
higher velocity than the airflow rate entering the air
intake. This difference in velocity is what gives rise
to the engine's thrust. The straight jet engine in its
pure form becomes practically applicable already at
high subsonic speeds, but the maximum efficiency is
achieved at Mach numbers equal to 2.5-3.0 when its
weight consumption is about six times less than the
fuel consumption equal in a thrust rocket engine.

One of the important units of a direct-flow
engine is the automatic fuel regulator. It performs
three different functions: it regulates the fuel supply
according to the flight speed; it automatically doses
the fuel supply according to the flight altitude; the
fuel regulator is supposed to prevent the engine from
stalling if the projectile in controlled flight assumes
such large angles of attack that it might affect the
operation of the air intake.

Mathematical model and methods

In this work method of floating stochastic
particles was used. This method of simulation of the
liquid core simulation was proposed in [14].

This method is based on the following
assumptions:

1. At each time, simultaneously with the
computation of flow in the gas, the liquid non-
depleted jet has a random geometrical configuration.
Each geometrical configuration is determined by the
spatial trajectory of specific floating stochastic
particles with zero masse.

2. At different times, the random configurations
of liquid non-depleted jet represent an ensemble of
independent realizations in space. The floating
stochastic particles are injected one after another;
each particle proceeds its own path, which ends up
after a length of time referred to as the lifetime of the
particle. The last one is determined from the
dimension analyses. It is assumed that the overall
time of the primary air-blast atomization is controlled
by three physical values.

3. In the downstream direction, each stochastic
particle is moving with a constant axial velocity equal
to the convection velocity.

4. During the particle motion, each position
indicates the cell containing the instantaneous
interface, separating the liquid non-depleted domain
from the gas (Figure 3).
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5. The spray around the non-depleted liquid core
is assumed to be thin (the droplet around are assumed
to be negligible volume but with significant mass in
comparison to the gas).

y/ D
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Trajectory of the stochastical particle
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' Pasition of the storhastical particie
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Figure 3 - Schematic of simulation of the liquid core
configuration [14, 15]

In computational fluid dynamics, the immersed
boundary method originally referred to an approach
developed by Charles Peskinin 1972 to simulate
fluid-structure interactions [16].  Treating the
coupling of the structure deformations and the fluid
flow poses a number of challenging problems
for numerical simulations (the elastic boundary
changes the flow of the fluid and the fluid moves the
elastic boundary simultaneously). In the immersed
boundary method the fluid is represented on
an Eulerian  coordinate and the structure is
represented on a Lagrangian coordinate (Figure 4).

The basic equations of the mathematical model
of the problem of atomization and combustion of
liquid fuel are represented by the equations of
continuity, motion, internal energy, k-¢ model of
turbulence [17-20].

Oy (t) n

o(t)

Figure 4 - Fluid domain separated by immersed
massless boundary

The continuity equation for the reaction

component m has the form [17, 19]:
apm i — = = pm -c - s
— +V(pU)=V| pDV|— | |+p +p 3, (1)
ot p

where D is diffusion coefficient, V is gradient
operator, om is mass density of liquid phase, pis total

mass density, O is chemical source term; p° is

source term due to injection; u - velocity of the liquid.

Let us use Fick's law with the diffusion
coefficient D. The component m; is the component
from which the injection droplets are formed, and & is
the Dirac delta function. Since mass is conserved in
chemical reactions, summing equation (1) for all
components we obtain the continuity equation for
liquid, which has the form below [18]:

op -
L iN(pui)=p'. )
ot

Equation of motion for a mixture of liquids:

a(pi) - 1. .
) +V(plt) = ——ZVp-ADV(% oK) +
ot a (3)

+V&+F + pg,

where p is fluid pressure. The measureless value «
is used in the PGS method. This is a method that
improves computational efficiency in low Mach
number flows where the pressure is approximately
homogeneous. In equation (3), Ao is 0 in the case of
laminar flow and 1 when one of the turbulence
models is used. The viscous stress tensor has the form
[21]:

o=pulVa+@a) [+ aval. (@

1 and /4 are viscosity coefficients, and g is gravity
acceleration.

The internal energy equation [22] is presented
below:

a(pl)

+V(plil) = —pVii + (L- A )oVii -

ot

- o , (5)
~VI+Aps+Q +Q

where | is the specific internal energy, Q°®is the
source term due to heat release from the chemical
reaction, and Q° is the heat brought by the injected

fuel. The vector of heat change J is composed of the
electric conductivity and enthalpy transfer:

J=-KVT - pD> h V(p, ! p), (6)

where T is liquid temperature, hy is the enthalpy of
component m. When one of the turbulence models is
used (4o=1), two equations are solved for the

turbulence kinetic energy k and its dissipation rate &
[19, 20]:
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These are the standard k-¢ equations. The expression
2 S .
(E c,,—C,,)V-U in the e-equation accounts for the

length of the scale changes when there is velocity

propagation. Initial conditions attract a value of W*,
resulting from the interaction with the atomizer. The

values of C_, C_,, C, Pr,, Pr_ are constants that are

determined from experiments and some theoretical
considerations [17]. The value of c¢s=1.50 is
proposed that it is based on the postulate of the length
of scale conservation in the interaction of the
turbulent jet and agrees well with the size of diesel
jets.

In this paper, the atomization of fuel (heptane) in
the combustion chamber at high turbulence and
different pressure values is considered. A liquid fuel
with a mass of 0.06 g at a temperature of 300 K is
atomized through a nozzle in the center of the base of
the combustion chamber. The optimal values of these
physical quantities were taken from the previous
works of the authors [6, 7, 20, 23].

The fuel injected into the combustion chamber,
which is filled with air, undergoes a process of rapid
evaporation, after which it burns in the gas phase. The
process of liquid fuel combustion takes on average 4
ms. During the computational experiment, the
pressure in the combustion chamber varied from 20
bar to 200 bar with an interval of 20 bar for heptane.

Heptane is used as rocket fuel and is a colorless,
flammable liquid with a flash point of minus 4°C and
an auto-ignition temperature of 223 °C. The
inflammability range of heptane vapors in the air is
1.1-6.7% (by volume). Heptane belongs to hazard
class 3. Heptane is a hydrocarbon of the paraffinic
series.
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Results and Discussion

This section presents the results of computer
simulation of the atomization, ignition, and
combustion of high-pressure jet fuel (heptane) in high
turbulence.  Computational  experiments  were
performed depending on the initial pressure value
from 20 to 200 bar.

Figure 5 shows the dependence of temperature
on pressure for heptane. Looking at the figure, we can
see that the maximum temperature of heptane
droplets reaches 561 K at a pressure of 100 bar, and
then it does not rise above this value when the
pressure in the combustion chamber increases.

562
560
2558
556
554 + } } } }
20 60 100 140 180 P, bar
Figure 5 - Dependence of the temperature of liquid
fuel droplets (heptane) on the pressure in the
combustion chamber

Figure 6 contains a general picture of the effect
of the pressure in the combustion chamber on the size
of the atomization area. We see that for heptane, an
increase in pressure in the combustion chamber from
20 bar to 200 bar leads to a decrease in the
atomization area from 1.3 cm to 0.4 cm, i.e. the
penetration height of droplets decreases.

The combustion mechanism of liquid fuels is
characterized because the boiling point of liquid fuels
is always below the autoignition temperature, so the
combustion of liquid fuels occurs in the vapor phase.

0,9
0,8
g 0,7
o
T 0,6
0,5
0,4 T T T T T T 1

20 50 80 110 140 170 200
P, Bar

Figure 6 - Pressure dependence of the size of the
heptane droplet spray area

The combustion mechanism of liquid fuels
includes several stages: a spark (or other extraneous
sources), ignition of the vapor-air mixture,
combustion of the vapor-air mixture at the liquid
surface, increase of the vaporization rate due to heat
transfer from the flame (until equilibrium is reached).
The ignition temperature of liquid fuel is considered
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to be the heating temperature of the liquid fuel base,
at which the fuel droplets ignite and a continuous
process of fuel combustion occurs.

Figures 7-8 show the results of the investigation
of the effect of pressure in the combustion chamber
on the ignition and combustion processes of liquid
fuel under high turbulence.

Analysis of Figure 7 shows that for heptane, a
change in pressure from 40 to 60 bar leads to a quite
obvious increase in the temperature in the combustion
chamber, which lies between 741 K and 1923 K at 40
bar, and between 762 K and 1936 K at 60 bar. At the
same time, an increase in pressure leads, for obvious
reasons, to a decrease in the area occupied by fuel in
the combustion chamber and to a delay in the ignition
time fromt=5.75-10*s to t = 5.82-10*s.

tn

)]

R,tm

0

1
b)

Figure 7 - Temperature distribution at the moment
of heptane ignition at various pressures:
a) P =40 bar and t =5.75-10%s,
b) P =60 bar and t = 5.82:10*s

A further increase in pressure leads to the fact
that at a pressure of 100 bar, the area occupied by the
fuel in the combustion chamber and the temperature
are maximal. A further increase in pressure to 150 bar
and higher reduces this area, as well as the
temperature in the combustion chamber, slowing
down the ignition process (Figure 8).

Figure 9 shows the results of a numerical
simulation of the effect of pressure in the combustion
chamber on the combustion process of liquid fuel
(heptane).

Atomizing liquid fuel in a stationary or moving
gas produces a two-phase reacting jet that burns to
form a liquid fuel plume. As shown in Figure 9 (a, b)
for heptane, an increase in pressure in the combustion
chamber leads to an increase in the high-temperature
region. This behavior can be observed up to a
pressure of 100 bar for octane. A further increase in
the pressure in the combustion chamber leads to a
narrowing of the high-temperature range, and already
at a pressure of 150 bar, this range decreases 9 (c).

Figure 8 - Temperature distribution at the moment
of heptane ignition at various pressures:
a) P =100 barand t = 7-10™s,
b) P =150 bar and t = 8-10*s

b
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Figure 9 - Distribution of the maximum temperature
of heptane at time t = 1.5 -10-3s at pressures:
a) P =80 bar, b) P =100 bar and c) P = 150 bar
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Analysis of Figure 10 for heptane shows that, as
expected, with increasing pressure up to 100 bar, the
area of maximum oxygen consumption decreases as
the fuel concentration decreases. At a pressure in the
combustion chamber of 150 bar, the fuel
concentration increases slightly, so the area of
maximum oxygen consumption decreases (Fig. 10 c).

The soot formation process is complex. Soot is
an amorphous carbon residue produced by the
incomplete combustion of fuel. The soot produced by
internal combustion engines is emitted together with
the products of combustion into the atmosphere as
harmful fumes. Soot particles do not interact with air
oxygen and are therefore removed only by
coagulation and deposition.

The results of the computational experiment on
the effect of pressure in the combustion chamber on
the formation of soot and carbon dioxide during the
combustion of heptane are shown in Figures 11 and
12. Analysis of Figure 11 shows that with increasing
pressure, the area of maximum soot concentration
decreases because, as the density of the oxidizer in the
combustion chamber increases, the resistance exerted
by the oxidizer on soot also increases.

Figure 12 shows the effect of the pressure in the
combustion chamber on the distribution of carbon
dioxide concentration. As the pressure increases from
40 bar to 100 bar, the maximum concentration of CO;
decreases, as does the area of high concentrations of
carbon dioxide.
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Figure 10 - The distribution of oxygen
concentration during combustion of heptane at
various pressures:

a) 100 bar, b) 150 bar at time t = 1.5 -103s
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Figure 11 - Distribution of soot concentration
during combustion of heptane at time
t=1.5-103s at pressure:

a) 40 bar, b) 100 bar
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Figure 12 - Distribution of carbon dioxide
concentration during combustion of heptane at time
t=1.5-103s at pressure:

a) 40 bar, b) 100 bar

Conclusion

In this work, based on a numerical model of
droplet atomization, computational experiments were
performed to simulate the ignition and combustion of
liquid fuel in the combustion chamber under high
turbulence. Depending on different values of pressure
in the combustion chamber, the temperature fields
and distributions of the combustion products of
heptane, which are most commonly used in rocket
technology, were obtained.
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When investigating the effect of the pressure in
the combustion chamber from 20 to 200 bar at high
turbulence on the particle temperature, it was
determined that the droplet size for heptane
practically did not change with increasing pressure in
the combustion chamber. Regarding pressure, we
determined that the optimal pressure for heptane is
100 bar. At this pressure, the droplet temperature
reaches its maximum value. For heptane, it is 561 K.
In this case, intensive evaporation of liquid fuel
begins and the number of liquid droplets sharply
decreases. A few of the smallest fuel droplets remain
in the combustion chamber.

A study of the effect of pressure in the
combustion chamber on ignition and combustion of
liquid fuel at high turbulence showed that, for
heptane, an increase in pressure in the combustion
chamber leads to an increase in the region of high
temperatures and a delay in the ignition time. This
behavior can be observed up to a pressure of 100 bar.
A further increase in the pressure in the combustion
chamber causes the area of high temperatures to

narrow, and already at a pressure of 150 bar, this area
decreases. With increasing pressure up to 100 bar, the
area of maximum oxygen consumption decreases as
the fuel concentration decreases. At a pressure in the
combustion chamber of 150 bar, the fuel
concentration increases slightly, so the area of
maximum oxygen consumption decreases. The soot
concentration increases significantly up to 10.41
o/m3, and the carbon dioxide concentration
decreases.

The results can be used for the development of
such fields of science as combustion physics,
computational fluid dynamics, numerical methods in
thermal physics and thermal power engineering, as
well as in the design of new generation internal
combustion engines.
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