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Numerical Simulation of Turbulent Combustion of Liquid Fuels:
Comparative Analysis of Benzene and Tridecane

The work presents a numerical simulation of the combustion process of two liquid fuels (benzene and tride-
cane) with the application of KIVA-II computational program. The research is focused on evaluation of the
effect of fuel mass and spray angle on the combustion process and temperature distribution in a cylindrical
combustion chamber. The fuel mass is varied from 5 to 20 mg and the spray angle ranges from 2° to 15°.
Temperature fields are analyzed over time to determine heat release characteristics and flame structure for
both fuels. The results demonstrate that increasing the injection mass leads to a significant rise in flame
height and combustion temperature, which is attributed to enhanced heat energy release. The effect of spray
angle is found to be significant only at small values, while at higher values it has little influence on the tem-
perature fields of both fuels. Comparative analysis between benzene and tridecane shows that benzene com-
bustion occurs more intensively and at higher temperatures than the combustion process of tridecane fuel.
These findings are essential for optimizing fuel injection parameters and improving the design of combustion
systems in internal combustion engines. The results of the study can be applied to enhance combustion effi-
ciency and reduce harmful emissions into the environment.
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Introduction

Combustion of liquid fuels is characterized by complex physical and chemical reactions. The process of
combustion of liquid fuels can depend on various factors such as initial parameters, chemical properties of a
fuel or parameters of turbulence. If one can optimize these factors, it is possible to increase the combustion
efficiency and to minimize emissions of harmful substances. In this work the object of numerical research is
the combustion process of benzene and tridecane in a closed cylindrical combustion chamber.

The relevance and practical significance of this study are determined by the widespread use of liquid
fuels in power plants, in industry and in vehicles. The problem of environmental pollution from combustion
products of various fuels and fuel mixtures also remains important. In addition, the processes of combustion
and turbulence are complex physical and chemical processes. When modelling it is necessary to take into
account multiphase flows with sprays, the presence of chemical reactions and turbulence process.

The importance of modeling the combustion process of liquid fuels is confirmed by modern research.
For example, in work [1] it is considered how the injection rate affects the combustion of liquid heptane. The
authors conducted the analysis of the concentration fields of reacting substances in the combustion zone of
liquid heptane.

In the study [2] the authors analyzed how the excess air ratio affects the combustion and atomization of
benzene. As the result of numerical modeling the authors have shown that complete oxidation of the fuel
does not occur when rich fuel mixtures burn. This results in increased fuel consumption and reduced com-
bustion efficiency due to the presence of unburned hydrocarbons in the exhaust gases.

The work [3] demonstrates the features of liquid fuel combustion when the initial air temperature in the
combustion chamber is changed. A numerical study has allowed to obtain temperature fields of fuel,
concentration fields of liquid fuel combustion reaction products for different initial temperatures of the
oxidizer in the combustion.

In the article [4] the authors have examined the influence of the temperature on the vortex combustion
of liquid fuel. It has been found that flame oscillations appear due to the uneven flow of liquid fuel droplets
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at low temperatures. As the result of the analysis the authors have demonstrated that increasing the
temperature helps to stabilize and to improve the fuel combustion.

In the work [5] a numerical study of the combustion of fuel mixture of ammonia and hydrogen has been
performed to assess the posibility of using this mixture as an alternative fuel. The authors have examined the
combustion process of this mixture and have studied the combustion temperature as well as the fuel burning
rate. The authors of the article have concluded that the addition of hydrogen improve the combustion process
of the mixture by increasing the combustion temperature and by making the process more uniform which
helps reduce the emission of harmful substances into the atmosphere.

Study [6] is dedicated to the comparison of various turbulence models. It includes the simulation of do-
decane combustion with multiple injections. The numerical experiment has been conducted at different am-
bient temperatures. The results obtained by the authors have shown good agreement with experimental data.

The scientific novelty of this work lies in the comparative analysis of the influence of spray mass and
angle of two different types of fuel (benzene and tridecane) in the combustion chamber using the KIVA-II
computational program.

The aim of this study is to identify the optimal combustion conditions for two types of fuel (benzene
and tridecane) through numerical simulation by varying the fuel mass and the spray angle of the liquid fuel.

Methods and materials

A mathematical model based on the equations of turbulent flow with fuel spray into a cylindrical com-
bustion chamber has been used for the numerical simulation in this study. This model includes the equations
of motion for the liquid phase of the fuel, the mass conservation equations for the various combustion reac-
tion components and the k-¢ turbulence model [7].

The mass conservation equation for the component m is expressed as follows [7]:

p

where p, is the density of the mixture, p is the total density, u is the flow velocity.
The momentum equation in this model:
olpu) - - ~ - ~
M-kV(pﬁﬁ)=—i2Vp—AOV£zpkj+V6+FS+p§, 2)
ot a 3
where p is the pressure of the fluid.
The parameter A, takes the value 1 for turbulent flow and 0 for laminar flow.
The energy conservation equation:

opl) =, . - = == Lo
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The calculation of the heat flux vector J is carried out according to the following relation:
J=—KVT-pDY h,V(p, /p), 4)

where T is the temperature of the fluid, /,, is the enthalpy of m. Q¢ is the amount of heat generated by chem-

ical reactions, Q° is the amount of heat supplied to the combustion chamber during fuel injection.

The equations of the /—& model where £ is the turbulent kinetic energy ¢ is the kinetic energy dissipation
rate are calculated using the following formula:

a’lﬁ(pak):—%pk?maww B VK [—pe+w, (5)
t 3 Pr,
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The standard 4—€ model was chosen because of its reliable performance for engine turbulent flows.
Moreover, it has full integration with KIVA-II code. The standard k—€ model gives reliable results and re-
quires less computational resources. This model is commonly used for spray combustion simulations and it
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has shown good performance in previous studies [1-3]. Other models like RNG k- model may be applied
but they are computationally expensive.

Numerical simulation of liquid fuel combustion has been performed in a cylindrical burner chamber
with a height of 15 cm and diameter of 4 cm. Initial conditions of the numerical experiment: air temperature
is 900 K, wall temperature is 353 K, pressure is 4x10° Pa.

The computational domain consisted of 600 cells. Parameters are as follows: nx =20 (number of cells
along x axis, ny =1 (axisymmetric task usual for cylinder), nz = 30 (along z axis, z is a height of chamber).
The minimum cell size is 1 mm in the radial direction and 5 mm along z axis. The minimal time step is 1 mi-
croseconds. A grid and time step were selected based on established practices in KIVA-II modelling. The
mesh and time step were found to provide consistent and stable results [1-3, 7].

The KIVA-II software package has been used for numerical simulation, detailed information about this
software is provided in the source [7]. In this article, the authors have examined the combustion of two types
of fuel: benzene and tridecane. The fuel mass has been varied from 5 to 20 mg. The influence of the spray
angle (from 2° to 15°) has also been studied.

The reaction of benzene combustion producing water and carbon dioxide:

2C¢He+ 150, — 12C0O, + 6H,O (7)

Benzene is a flammable hydrocarbon with a boiling point of 80,1 °C and a density of 0.7 g/cm®. Ben-
zene is used as a feedstock for engines and has a freezing point of —60 °C [8].

The combustion reaction of tridecane which also results in the formation of water and carbon dioxide:

Ci3Hazs + 200, — 13CO, + 14H,0 (8)

Tridecane is a colorless liquid from the alkane group with a density of 0.7568 g/ml and it is used as a

component of diesel fuel [9].

The formation and oxidation of soot during the fuel combustion are described using a global multi-step
chemical reaction [10-12]:

k
C,H,, +0,—L 5IR" 9)

In this reaction, the fuel reacts with oxygen leading to the formation of radical, branching agents and in-
termediate reaction products.

2m

k
R*+(F+1)(lCnHm+p02j—P>gP+f1B+f4Q+R* (10)
m
k
R’ +Q%R* +B (11)
B —t5 R (12)

where R” is radical, B is branching agent, Q is intermediate reaction product.
Coefficients I', p,g are formulated as follows:

M, + f M —

r-tMatfMo ) _n@-Wtm  _n (13)
My M, 2m m
m 2

The coefficient A characterizes the ratio between the components of the reaction products
CO/CO,=r/(1-A), L=0.67 [10]. The molecular masses of the global components M ,, M, are calcu-

lated based on the mass balance equation.
During the reaction intermediate compounds are formed and they can be described as follows:

M, K M

k
0—2- Pr,, Q—S>VQS, S%ﬁPr

(14)

59
Pr, N Pr,

where S defines soot particles (soot), Pr, is global soot oxidation products, M is molecular weight of soot
particles.
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Results and discussion

The results of the numerical study of the influence of fuel injection mass on the combustion process of
liquid fuels are shown in the figures below.

The temperature fields obtained as a result of tridecane combustion simulation are shown in Figure 1
for three time points from the start of the fuel injection. Data analysis has shown that by 4 ms the most of the
chamber has warmed up to temperatures above 2000 K.

o

7 ’ C13H28 C13H28 C13H28
T T i &
2069.55 2069.55 2069.55
6 195202 1952.02 1952,02
4 1834.49 1834.49 1834.49
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4 1481.89 — 1481.89 —1{ 1481.89
£ 1364.36 1364.36 —{ 1364.36
°© 4 1246.83 1246.83 1246.83
N 1129.3 11293 11293
1011.77 1011.77 1011.77
3 894.237 804.237 884.237
— 776.706 776.706 776.706
1 659.175 1 659.175 659.175
2 541.644 541,644 541.644
424112 424112 424112
306.581 306.581 306.581
1 189.05 189.05 189.05

Figure 1. Temperature field during combustion of tridecane for times: @« — 1.5 ms; b — 2.5 ms; ¢ — 4 ms

The data in the Figure 2 show the change in temperature in the combustion chamber at three different
time intervals for the case of liquid benzene spray. The maximum temperature is observed in the center of
the temperature flame and reaches 2385 K. From graphs 1 and 2 it can be seen that benzene burns with a
high heat release despite the smaller size of the temperature flame.

C6H6 C6H6 C6H6

T T T
2385.12 238512 238512
2186.45 2186.45 218645
1987.77 1987.77 1987.77
£ 1789.09 1789.09 1789.00
o 1590.42 1590.42 1590.42
N 1391.74 1391.74 1391.74
1193.06 1193.06 1193.06
994 385 994 385 994 385
795708 795708 795708
597031 597.031 597 031
398.354 398 354 398354
199677 199.677 199.677

% 2 a 4 4
R,cm
a) b) c)

Figure 2. Temperature field during benzene combustion for times: a — ¢ =1.5ms; b —¢t=2.5ms; c — ¢t =4 ms
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Figure 3 shows the height of the temperature flame depending in the injection mass of tridecane. The
greater the mass of the fuel the greater the height of the temperature flame. The increase in the height of the
flame is associated with the increase in the amount of heat released during the fuel combustion. All of this
also leads to a raise in the high temperature zone where intense combustion is observed. The graph also
demonstrates small fluctuations due to the influence of spray and mixing of the combustion mixture.

The growth in the height of the temperature flame with the raise in the injection mass indicates the
increase in the rate of combustion product outflow and the intensity of thermal convection, which is typical
for diffusion combustion with the increase in the supplied fuel mass.

Thus, the dependence presented in the Figure 3 demonstrates the characteristic nonlinear dynamics of
the temperature development with variations in the mass of the injected fuel which can be used too diagnose
the combustion mode and optimize injection parameters in practical fuel supply problems.

7

cm

0,0075 0,0100 0,0125 0,0150 0,0175
m,g
Figure 3. Effect of fuel mass on the height of the temperature flame

Figure 4 shows the effect of tridecane fuel mass on the formation of carbon dioxide in the combustion
chamber. At low masses, a sharp increase in carbon dioxide is observed and then the influence of mass is
already insignificant. At a mass of 10 to 20 mg the concentration of formed CO; stabilizes and this indicates
that the limit of its formation during the combustion of tridecane has been reached.
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Figure 4. Effect of tridecane mass on carbon dioxide formation
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Figure 5 shows how the injection mass of tridecane fuel affects the formation of soot during its combus-
tion. Analysis of graph 5 demonstrates that increasing mass leads to a raise in the amount of soot. At a mass
of up to 10 mg, the increase of soot concentration is insignificant; at a mass of more than 10 mg, a sharp in-
crease in soot concentration is observed. Thus, the increase in mass leads to a raise in the formation of soot
during the combustion of tridecane.

100 - —e— soot concentration
Q0
80+
70
60

Soot, g/m?3

50
40
301

201

0.006 0.008 0.010 0.012 0.014
m, 10-3 gm

Figure 5. Dependence of the concentration of formed soot on the mass of tridecane injection

To validate the reliability of the simulation results the comparison with the experimental data available
in the literature has been done. The calculated ignition time is within reasonable agreement with the experi-
mental results presented in. The comparison confirms that the combustion model accurately reproduces the
behavior of tridecane.

The results of the numerical calculation have shown that the optimal injection mass for liquid tridecane
is 9 mg according to the graphs 4 and 5. Further increase in fuel mass leads to the raised formation of soot
and carbon dioxide, which are harmful products of the chemical combustion reaction. At the same time, the
mass of unburned particles also increases and this reduces the efficiency of fuel combustion.

A study on the influence of the spray angle on the combustion process of benzene and tridecane in the
combustion chamber has also been conducted. The results of the numerical experiment for benzene (Fig. 6)
show that the temperature change occurs at small spray angles. The subsequent increase (5—6°) has virtually
no effect on the temperature field in the combustion chamber. It can be concluded that only at low values this
parameter can influence the process of atomization and combustion of liquid fuel.
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Figure 6. Effect of spray angle a on the maximum temperature during benzene combustion
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From the analysis of the graph of the dependence of the maximum temperature during the combustion
of tridecane (Fig. 7), it follows that the spray angle has no effect on the process of combustion and tempera-
ture changes remain insignificant.

Thus, it can be concluded that the spray angle does not have a significant effect on the process of mix-
ing and combustion of liquid fuel, compared to other processes such as the concentration of fuel and oxi-
dized or turbulence.

2315
2314
2313

2312

T, K

2311

2310

2309

2308

Figure 7. Distribution of maximum temperature for tridecane with changing spray angle a

Conclusion

In this article the authors have performed a numerical calculation of combustion of two types of liquid
fuels: benzene and tridecane. A study has been conducted to investigate the influence of fuel mass and spray
angle on the process of atomization and combustion of these fuels. Based on the results of numerical experi-
ment the following conclusions can be drawn:

1. With the increase in the mass of fuel injection, a raise in the height of the temperature flame is ob-
served which is associated with the increase in the amount of heat released during the chemical reaction of
fuel combustion. There is also an increase in the high temperature zone where the most intense combustion
occurs.

2. When adding small amounts of fuel, an increase in the amount of produced carbon dioxide is ob-
served. When the injection mass reaches more than 10 mg, the process of carbon dioxide production stabiliz-
es. Its concentrations remain practically unchanged with a further increase in the mass of fuel supplied to the
chamber.

3. The mass of the fuel has a significant impact on the formation of soot in the combustion chamber,
with a mass less than 10 mg the increase in soot concentration is insignificant; with a mass of more than
10 mg, a sharp increase in soot concentration is observed.

4. The analysis of the results has shown that the spray angle of liquid fuel droplets from 2 to 15° has lit-
tle effect on the combustion parameters of the studied types of fuel. However, an increase in the injection
mass of these fuels leads to a raise in heat exchange and temperature during the combustion of fuels.

The significance of the presented work is the possibility of practical application of the results for im-
proving combustion and spraying processes in internal combustion engines operating on different types of
fuel.
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M. PricniaeBa, M. bepe3zoBckas

CyiibIK OTBIHHBIH TYPOYJICHTTI KaHYBIH CAHABIK MOJIeJb/Aey:
0€H30J1 MEH TPUAEKAHbI CAJBICTBIPMAJIBI TAJIIAY

Kymeicta KIVA-II ecentik O6arnapiaaMachH KOJIaHy apKbUIbI €Ki CYWBIK OTBIHHBIH (OCH30JI MEH TPHUICKAH)
JKaHy MPOLECIHIH CaHABIK MOJEIbCY] YCHIHBUIFaH. 3epTTey jKaHy MPOIECiHe, TeMIIepaTypaHbIH IMIHHAPIIK
JKaHy KaMepachIH/arbl TapallyblHa OTBIH Maccackl MEH OYpKy OYpBIIIBIHBIH dcepiH Oaraiayra OarbITTaiFaH.
OteiH Maccacs! 5-TeH 20 Mr-ra neiin, an Oypky Oypsimsl 2°-taH 15°-ka nmeiiin esreprinmi. Exi oTeIH Typi
YIIH KbITy 06y cumaTTaMalapblH JKOHE JKaIbIH KYPBUIBIMBIH aHBIKTay MaKCaThIHAA TeMIIepaTypajbIK
epicTep yakpIT OOHBIHIIA TagaH bl HoTmxkenep oThIH OYPKY MacCachIHBIH apTYhI KaJIBIH OHIKTITi MEH KaHy
TEMIIepaTypachIHbIH aNTapJbIKTail ©cyiHe OKeNeTiHiH, OYJ >KbUTy SHEPTHACHIHBIH OeiHYyiHIH apTybIMEH
0alTaHBICTHI €KEeHIH KopceTTi. BypKy OypBIIIBIHBIH dcepi TeK a3 MOHIEPAE eNeyli eKeHI aHBIKTANAbI, all
YJIKEH MOHIEpAE OHBIH €Ki TYpJi CYHBIK OTHIHHBIH TEMIIEPaTypajbIK epicTepiHe ocepi Imamainbl OOJIbI.
beHsonm MeH TpuIekaH apachlHIAFrbl CAJIBICTBIPMANBl Tajjay OCH30JJBIH JKaHy IIPOLECi >KOFapsl
TeMIlepaTypaja JKOHE KapKbIHIBUIBIFBI JKarblHaH TpHUJEKaHHAH OacklM OOJATHIHBIH KepceTTi. byn
TYKBIPBIMIAp IIITEH J>KaHATBIH KO3FAITKBIIITAp/a KONJAHBUIATBIH JKaHy OJKYHeJepiHiH KypbUIBIMBIH
JKETUIAIPY JKOHE OTBIH OYpKy MapaMeTpiepiH OHTaiIaHIBIPy YINIH MaHbI3Ibl. 3epTTey HOTIIKEIepi jKaHy
THIMJIUIITIH apTTBIpyFa JKOHE KOpIIAFaH OpTara 3WSHIBI 3aTTapliblH LIBFApbUIYBIH a3aiiTyFa KOJJaHBUTYBI
MYMKiH.

Kinm ce30ep: xaHyabl CaHIBIK MOJEIbACY, CYHBIK OTHIHIAp (OEH30J, TPUICKaH), aianaTblH OTHIHHBIH
Maccachl, OYpKy cHmarTamaiapbl, TeMIIepaTypa epici, KOHIIEHTpalHs epicTepi

M. PricniaeBa, U. bepe3zoBckast

YucseHHOe MOAeJUPOBaHNEe TYPOYJIEHTHOT0O TOPEeHMsl sKUAKHUX TOIJIUB:
CPaBHHUTEJIbHBIN aHAJN3 0€H30/1a U TPUIEKAHA

B paboTe mpeacTaBieHo YHCICHHOE MOJCIMPOBAHHE MPOLiecca CrOpaHusl ABYX XHUAKHUX TOIUIMB (OeH3051a 1
TpHUJEKaHa) ¢ TMPUMEHEHHWeM BbrauciuTenbHOW mporpammel KIVA-IL. MccrenoBanue cocpemoToueHO Ha
OILICHKE BIIMSTHUSI MAcCHI TOIUIMBA M yTJIa paciibula Ha MPOIECcC CTOPaHMs, a Takke Ha paclpe/ereHie TeMIe-
paTypsl B IIIMHAPHIECKON Kamepe cropaHus. Macca TommBa BapsupyeTcs oT 5 10 20 Mr, a yroJ pacmbuia —
oT 2° no 15°. AHanu3upyloTcs TemIiepaTypHbIe MOJSi BO BPEMEHHU C IENbIO ONpPEAETICHUs XapaKTepUCTHK
TEIUIOBBIJICNICHHUS U CTPYKTYPBI IUITAMEHU U1 JBYX BUAOB TOIUIMBA. Pe3ynbTaThl MOKA3bIBAIOT, YTO YBENUYE-
HHME€ MacChl BIPBICKA IPUBOAUT K 3HAYMTEIBHOMY YBEITHMUCHUIO BBICOTHI INITAMEHH U TEMIIEpaTyphl CrOpaHus,
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YTO ONpPEAEIISIeTCS YBEIMYCHUEM BbIIICICHUS TeIUIOBOI SHepruu. [TokasaHo, 4To BIMSHUE YIIa paclbLia 3Ha-
YMMO TOJIBKO IPH MaJIbIX 3HAUECHHAX, B TO BPeMs Kak MPH OONBIIMX 3HAYEHHUSAX OHO MAJIO BIIMSECT HA TEMIIe-
paTypHbIe MO 00OUX THIIOB XMAKUX TOIIMB. CpaBHUTEIBHBIH aHAIN3 MEKTY OCH30JI0M U TPHACKAHOM IO-
Ka3bIBAaeT, YTO TOpeHHe OSH3011a IIPOMCXOMUT OoJiee HHTEHCHUBHO U NIpH Oojiee BHICOKHX TEMIIepaTypax, 4eM
HpoIecC CTOPaHMs TPUACKaHa. DTH BBIBOJIBI HEOOXOIMMEI ISl ONTUMH3AINH ITapaMeTpOB BIPHICKA TOIUINBA
U COBEPLICHCTBOBAHUS KOHCTPYKIMH CHCTEM CTOPaHMs B ABUTATEISIX BHYTPEHHETO CTOpaHMs. Pesynbrarel
HCCIIEIOBaHMSI MOTYT OBITh MPUMEHEHBI IS MOBBIICHUS d(D(QEKTUBHOCTH CTOPAHHS M CHIDKEHHS BPEITHBIX
BBIOPOCOB B OKPY’KAIOIIYIO CpEy.

Knioueswie cnosa: 4ucieHHOE MOJIEMPOBAaHUE TOPEHHUS, KHIKHE TOIIMBA (O€H301, TPUAEKaH), Macca BIPbIC-
KHUBAaEMOTO TOIIHBA, XapaKTEPUCTUKH PACIIBUICHHS, TEMIIEPATYPHOE M0JI€, 0N KOHIIEHTPAI[UU
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