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A thermodynamic model for calculat-
ing the operating process in the cylinder 
of a spark-ignition engine with internal 
mixture formation and stratified air-fuel 
charge based on the volume balance me- 
thod was developed. The model takes into 
account the change in the working fluid 
volume during the piston movement in the 
cylinder.

The equation of volume balance of 
internal mixture formation processes 
during direct fuel injection into the engine 
cylinder was compiled. The equation takes 
into account the adiabatic change in the 
volume of the stratified air-fuel charge, 
consisting of fuel-air mixture volume and 
air volume. From the heat balance equa-
tion, the change in the fuel-air mixture 
volume during gasoline evaporation in the 
fuel stream and from the surface of the 
fuel film due to external heat transfer was 
determined.

Basic equations of combustion-expan-
sion processes of the stratified air-fuel 
charge were derived, taking into account 
three zones corresponding to combus-
tion products, fuel-air mixture and air 
vo lumes. The equation takes into account 
the change in the working fluid volume 
due to heat transfer and heat exchange 
between the zones and the walls of the 
above-piston volume. Dependences for 
determining the temperature in the three 
considered zones and pressure in the 
cy linder were obtained.

Graphs of changes in the volumes of 
the combustion products, fuel-air mix-
ture and air zones with the change of 
the above-piston volume in partial load 
modes (n = 3,000 rpm) were plotted. With 
increasing load from bmep = 0.144 MPa to 
bmep = 0.322 MPa, at the moment of fuel 
ignition, the volume of the fuel-air mix-
ture increases from 70 % to 92 % of the 
above-piston volume. At the same time, the 
air volume decreases from 30 % to 8 %.

Analysis of theoretical and experimen-
tal indicator diagrams showed that dis-
crepancies in the maximum combustion 
pressure do not exceed 5 %
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1. Introduction

Despite the global record decline in CO2 emissions [1], 
which characterizes mainly the amount of fuel burned, the 

share of renewable energy consumption is increasing due to 
lower demand in the global energy sector.

Therefore, current requirements for fuel consumption, in-
cluding alternative, and toxic emissions into the atmosphere  
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pose a complex problem of efficiency of internal combustion 
engines (ICE) [2].

Fuel consumption and toxic exhaust gas (EG) emissions 
of road transport can be reduced using hybrid drives [3] 
based on ICE, alternative to them or with electric traction.

To this end, studies have been carried out to improve 
the reliability of traction induction motors of electric ve-
hicles [4]. Using mathematical modeling of operating pro-
cesses of pneumatic motors, the possibility of installing them 
in low-tonnage vehicles as the main or auxiliary power gen-
erating system was estimated [5].

A modern solution to the problem of reducing harmful EG 
emissions of land and water transport [6] is the conversion of 
existing ICE to gas [7], alcohol [8] and alternative fuels [9].

An effective way to increase the technical and econo-
mic [10] and environmental performance [11] of spark-igni-
tion (SI) engines is organizing internal mixture formation 
with direct injection (DI) and ensuring combustion of stra-
tified fuel-air charge (SFAC) [12].

It is promising to use two-stroke DI SI engines having 
higher specific torque and effective power at partial loads 
compared to four-stroke ICE. At the same time, two-stroke 
SI engines have high specific weight and volume [13], which 
helps to expand their scope and reduce cost.

In the direction of converting ICE to renewable fuels, 
studies were carried out on using gasoline-ethanol mixtures 
on a 1D 8.7/8.2 two-stroke DI SI engine [14].

Rather high technical-economic and environmental per-
formance of the 1D 8.7/8.2 s DI SI engine when operating on 
gasoline was obtained [15]. An increase in engine parameters 
was due to effective interaction of gas exchange [16], mixture 
formation [17] and stratified fuel-air charge (FAC) combus-
tion processes [18].

To further meet the current standardized requirements 
for harmful EG emissions [1] and reduce the consumption of 
various fuels, it is advisable to carry out scientific research 
using mathematical modeling of ICE operation.

The results of modeling will allow evaluating and pre-
dicting the impact of the peculiarities of internal mixture 
formation and SFAC combustion processes, identifying the 
main factors affecting engine performance. At the same 
time, the results will reduce the time and cost of experimen-
tal research.

Therefore, the development and refinement of mathema-
tical models of ICE operation are relevant.

2. Literature review and problem statement

The thermodynamic method for calculating the ICE 
operating process is widely used in practice. One-zone, two-
zone and multi-zone models have become widespread.

The work [19] uses the thermodynamic method, in par-
ticular, to calculate an ideal operating cycle of the SI engine 
according to the one-zone model, which does not take into 
account heat transfer during internal mixture formation.

The one-zone multistage model [20] for calculating the 
two-stroke engine specifies stages of scavenging processes, 
but does not take into account joint processes of mixture 
formation with DI in the cylinder and open valves.

In [21], using the one-zone thermodynamic model for 
calculating the operating process of biogas SI engines, the 
Vibe combustion formula was specified, while it would also 
be desirable to specify a heat transfer formula.

The zero-dimensional diagnostic model [22] allows real- 
time calculation of the combustion process, determining the 
gas temperature in the cylinders in stationary and transient 
modes, but the model can only be used for diesel engines.

One-zone models allow conducting the thermodynamic 
analysis of the ICE cycle [23], determining specific fuel con-
sumption, torque, power, thermal efficiency [24] and power 
balance [25]. But there are still unresolved issues related to 
modeling the processes in the cylinder in the mixture forma-
tion and combustion zones, which limits the completeness of 
the description and understanding of these processes.

Intra-cylinder processes are considered in more detail in 
two-zone models [26–30], which take into account two zones 
during the combustion process: the zone of combustion pro-
ducts (CP) and the zone of fuel-air mixture (FAM).

At the same time, two-zone models present the following 
assumptions:

– in the above-piston volume, during the combustion 
process, the CP zone is separated from the unburned FAM 
zone by the flame front surface;

– at each timepoint, the composition of the FAM zone 
is homogeneous, the composition of the CP zone is assumed 
equilibrium;

– the speed of the flame front is much less than the speed 
of sound, so the pressure in the above-piston volume is as-
sumed identical, and temperatures in the FAM and CP zones 
are different.

In the two-zone model [26], the above-piston volume 
during combustion is divided by the flame front into the 
unburned FAM zone and the CP zone. The zones under 
consideration are characterized by the following values: tem-
perature T, volume V, number of moles of zone components ni 
and air-fuel ratio l in the FAM zone.

The model takes into account heat losses to the walls of 
the above-piston volume due to radiation and convection. 
The surface areas of the flame front and both zones are un-
known. The model considers the air mass passed through the 
flame front from the FAM zone to the CP zone and the excess 
air mass not participating in combustion (l > 1). However, 
the model does not include heat release from the flame front 
in the FAM zone.

In the two-zone thermodynamic model [27], the total 
volume occupied by the working fluid in the above-piston 
volume of the engine is divided during combustion into two 
zones – unburned FAM zone and CP zone. Each zone has the 
following parameters: instantaneous value of volume V and 
mass m, temperature T, specific enthalpy h, specific internal 
energy u and gas constant R.

The model considers the heat transfer from each zone to 
the walls of the above-piston volume and the heat transfer 
between the burned and unburned zones, which brings the 
mathematical description closer to actual processes. How-
ever, the model does not take into account the possible SFAC, 
where, in addition to the FAM and CP zones, there is the air 
zone that does not participate in the combustion process.

In [28], the two-zone model characterizes the FAM and 
CP zones by the following parameters: total pressure p, tem-
perature T, volume V, and mass change dm of the working 
fluid in each zone. The process of heat release in the CP zone 
is taken into account. To simulate the combustion process, 
gas equations for the zones, mass and energy balance are 
used. The model takes into account heat and mass transfer 
between the FAM and CP zones during combustion. In the  
combustion reaction zone, the local air-fuel ratio lloc is 
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calculated taking into account the EG content. The mathe-
matical model considers the heat transfer to the walls of the 
above-piston volume in each zone. The disadvantage of the 
model is that it does not take into account the air zone when 
organizing SFAC.

In the two-zone model [29], the above-piston volume 
during combustion is divided by the propagating flame front 
into two zones: FAM and CP. Each zone has the temperature T 
and the same pressure p throughout the above-piston volume.  
Heat transfer between the zones is taken into account by the 
radiation component.

In the model, during combustion, the mass flow rate 
of the FAM depends on the area of the flame front, which 
propagates from the ignition source in the form of a sphere 
bounded by the walls of the combustion chamber, cylinder 
and the surface of the moving piston head. The of the flame 
front surface is approximated in the form of a sphere surface, 
the geometry of the combustion chamber and the location of 
the spark plug electrodes are taken into account. The volume 
of the CP zone is calculated as a function depending on the 
radius of the propagating flame front.

The new two-zone thermodynamic model for SI engines 
estimates variable parameters of the CP and FAM zones 
with high accuracy. The simplified structure of the model, 
consisting of two ordinary differential equations, describes 
an idealized thermodynamic process in the unburned zone, 
which allows increasing computing speed to the level of one-
zone model [30].

Two-zone models do not allow determining local para-
meters of the working fluid in the CP and FAM zones, which 
reduces the reliability of determining the rate of nitrogen 
oxide formation.

The use of the multi-zone model, considering the division 
of the above-piston volume into 13 zones during combus-
tion [31], makes it possible to positively influence the accu-
racy of modeling temperatures in the zones.

In [32], the three-zone model is presented, in which, in 
addition to the CP and FAM zones, a combustion zone near 
the walls is introduced, where the temperature is lower than 
in the main reaction zone due to heat loss into the walls. 
Using several zones allows taking into account temperature 
and concentration gradients of the FAM in the flame front.

The development of a multi-zone combustion model 
is given in [33], which presents detailed chemical kinetics 
based on a thermodynamic model for calculating CP forma-
tion in a natural gas engine.

In [34], a multi-zone model is presented that can pre-
dict the heat flow to the walls and laminar flame quenching 
distance in the FAM of synthesis gas and air. The use of the 
multi-zone combustion model [35] allows estimating the 
effect of the initial turbulization rate and hydrogen volume 
fraction in synthesis gas in the FAM zones on the outward 
propagation velocity of turbulent flame.

Using the method of thermodynamic modeling of multi-
zone combustion [36] of lean methane-air mixtures, taking 
into account experimental results, made it possible to prove 
higher efficiency of laser ignition compared to SI.

In [37], a multi-zone phenomenological model of flame 
combustion was used, which allows predicting the characte-
ristics and harmful emissions of SI engines. The model takes 
into account flame combustion turbulence, flame geometry 
interaction with the walls, heat transfer from the gas to the 
walls, CO and NO emissions from combustion zones and hy-
drocarbon emissions from relatively cold zones.

In the considered single-zone, two-zone and multi-zone 
models, the possibility of formation of an air zone when or-
ganizing SFAC in the above-piston volume is omitted. At the 
same time, the peculiarities of internal mixture formation and 
SFAC combustion processes are not fully taken into account, 
which limits the determination of local parameters of the 
working fluid simultaneously in the CP, FAM and air zones. 
Therefore, developing a three-zone model considering SFAC 
in the above-piston volume during mixture formation (FAM 
and air zones) and combustion (CP, FAM and air zones) of 
zones by layers seems relevant.

3. The aim and objectives of the study

The aim of the work is to develop a three-zone thermo-
dynamic model based on the volume balance method for 
calculating the operating processes of the SFAC SI engine.

To achieve the aim, the following objectives were set:
– to draw up a differential equation for internal mixture 

formation, including compression stroke heat balance, taking 
into account the change in heat due to heat transfer to the 
adjoining walls and gasoline evaporation in the fuel stream 
and from the fuel film;

– to derive basic equations of the three-zone model of the 
SFAC combustion-expansion processes, differential equation 
taking into account three zones corresponding to the CP, FAM 
and air volumes, equations for the heat flow change in the zones;

– to derive dependencies for determining the working 
fluid parameters: pressure in the above-piston volume during 
combustion and temperatures in the zones (CP, FAM and 
air), taking into account heat transfer;

– to build graphs of changes in the volumes of the FAM, 
CP and air zones with the change of the above-piston volume 
in partial load modes according to the load characteristic;

– to compare the results of theoretical and experimental 
studies using indicator diagrams and determine the average 
temperature in the above-piston volume and zones (CP, FAM 
and air) using a three-zone combustion model.

4. Materials and methods for studying operating 
processes of the DI SI engine 

The theoretical and experimental studies are based on 
the fundamental provisions of the ICE theory, basic laws of 
thermodynamics and heat transfer using mathematical and 
physical modeling methods, methods of parametric identifi-
cation of mathematical models.

Theoretical studies of engine operation are based on the 
thermodynamic method of volume balance.

The general differential equation takes into account the 
change in the above-piston volume over time (dτ) with the 
piston movement in the cylinder and the change in the work-
ing fluid volume during ICE operation (Fig. 1).

The differential equation is based on the volume ba-
lance [38] and gas exchange equations [39].

dV dV dV dV

dV dV dV dV
apv ad s f

mol Qleakage losses

= + + +

+ + + + ,  (1)

where dVapv – change in the above-piston volume during 
piston movement (m3), dVQ – change in the volume of the 
working fluid in the above-piston volume due to heat trans-
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fer (m3), dVad = –(Vapv/k ·p)dp – adiabatic volume change 
with pressure change р, obtained from the adiabatic equation 
p·vγ = constant (γ = Cp/Cv – the ratio of specific heats for the 
gas, where Cp is the specific heat at constant pressure and Cv 
is the specific heat at constant volume) (m3), dVs – change 
in the volume of fresh charge (air or FAM) with parame-
ters (pS and TS) in front of intake valves, which entered the 
above-piston volume (m3), dVCP+air – change in the volume of 
the CP and a part of the air charge that did not participate in 
combustion with parameters (pT and TT) after exhaust valves, 
released from the above-piston volume (m3), dVleakage –  
change in the volume of the working fluid (air and/or FAM, 
as well as CP), released from the above-piston volume during 
its leakage with overlapped (intake and exhaust) valves (m3), 
dVlosses – change in the volume of the working fluid released 
from the above-piston volume due to losses through clea-
rance between piston rings and cylinder walls (m3), dVmol – 
change in the volume of the working fluid in the above-piston 
volume due to the change in the number of moles in the FAM 
and during combustion processes (m3).

 
Fig.	1.	Design	diagram	of	SFAC	SI	engine	operation

The developed three-zone thermodynamic model for 
calculating the operating processes of the SFAC SI engine 
was implemented in the Matlab programming environment.

The results of modeling, in particular, the indicator dia-
gram showing the change in the gas pressure in the engine 
cylinder by the crank angle, were compared with the experi-
mental indicator diagrams.

To study the actual processes in the above-piston volume 
of the engine, the experimental-statistical method of signal 
processing by measuring equipment based on the least-
squares method was used.

Experimental studies of ICE operation were carried out 
on the Schenk hydraulic brake motor bench. The bench is 
equipped with instruments that allow researching engine 
operation in accordance with ISO 3046-3:2006.

To record the indicator diagrams, a measuring system 
based on the E14-140 analog-to-digital converter (ADC) 
manufactured by L-Card (L-783 motherboard). was used. 
The pressure in the engine cylinder was measured using  
the 8QP505CS piezometric pressure sensor manufactured  

by AVL and PowerGraph software (Russia) in order to pro-
cess signals from sensors. Processing of indicator diagrams 
to determine combustion pattern (m), combustion dura-
tion (jz), fuel burnup characteristic was carried out according 
to the Vibe method using the written program in Mathlab.

The EG toxicity was monitored with the CT 300.02 gas 
analyzer. Gas analysis by the device for SI engines corre-
sponds to the 1st accuracy class.

The experiment and estimation of measurement errors 
were carried out on the basis of the recommendations set 
forth in [40, 41].

The developed three-zone model based on the volume 
balance method is used to calculate the operating pro-
cess [42] of the 1D 8.7/8.2 s two-stroke DI SI engine, the 
parameters are given in Table 1.

Table	1

Parameters	of	the	1D	8.7/8.2	s	two-stroke	DI	SI	engine

Parameters
Unit of mea-

surement
Value

Maximum power (at n = 4,500 rpm) kW 15

Diameter mm 82

Stroke mm 87

Compression ratio (geometric/real) – 16.3/11.3

Fuel – gasoline А-80

Number of cylinders – 1

Ignition dwell angle CAD BTDC 10

Fuel injection point at the maximum 
fuel delivery per stroke

CAD ATDC 224

The engine is air-cooled and crankcase-scavenged. DI makes 
it possible to organize stratified lean fuel-air charge [43].  
Experimental indicator diagrams were obtained in load charac-
teristic modes at n = 3,000 rpm.

5. Results of studies of the operating process  
of the stratified fuelair charge SI engine 

5. 1. Differential equation of the volume balance of 
internal mixture formation processes

The equation describes the course of internal mixture 
formation processes of the SFAC DI SI engine at the com-
pression stroke (Fig. 1) with closed valves (general view):

dV dV dV dV dV dV dVapv ad s CP air leakage losses Q= + + + + ++ .  (2)

The left side of the equation (dVapv) corresponds to 
the change in the above-piston volume during the piston  
movement. The right side of the equation considers the sum 
of changes in the working fluid volumes.

Adiabatic change in the volume of the stratified FAC, 
consisting of FAM volume and air volume with the distri-
bution of CP residues over the considered volumes, m3:

dV
dp
p

V V
ad

FAM

FAM

air

air

= − +




γ γ

,  (3)

where p, dp – pressure and pressure change in the above-piston 
volume Vapv, respectively (Pa), VFAM – volume of FAM with 
a part of CP (m3), Vair – air volume with a part of CP (m3),  
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γFAM – adiabatic index in the volume of FAM with a part of CP,  
γair – adiabatic index in the volume of air with a part of CP.

The change in the volume of the working fluid in the 
above-piston volume due to external heat transfer, m3:

dV dV dVQ Q Qw evaporation
= + ,  (4)

where dVQevaporation  – change in the volume of FAM with a part  
of CP (VFA) due to liquid fuel evaporation (m3), dVQw – 
change in the volume of the working fluid due to heat ex-
change with the walls of the above-piston volume (m3):

dV dV dVQ FAM airw
= + ,  (5)

where dVFAM – change in the elementary volume of FAM 
with a part of CP (m3), dVair – change in the elementary 
volume of air with a part of CP (m3).

The change in the volume of FAM in the above-piston 
volume due to physical processes during liquid fuel evapora-
tion (m3) [38]:

dV dV

V
M

dM

M physic process of evaporation FA

FAM
physic proce

= =

=

   

 sss of evaporation  ,  (6)

where М – number of FAM moles (kmol), dMphysic process of evaporation –  
change in the number of molecules during physical processes 
of liquid fuel evaporation (kmol):

dM

A
p p

physic process of evaporation

saturated steam partia

   

 

=

=
− ll vapor pressure

apvp
  ,  (7)

where papv – pressure in the above-piston volume (Pa),  
psaturated steam – saturated steam pressure of evaporating liquid 
fuel (Pa), рpartial vapor pressure – partial vapor pressure at the 
evaporation temperature of liquid fuel (Pa), А – coefficient 
depending on evaporation surface, gas and liquid relative 
flow rate, etc.

The change in the FAM volume, composition and air 
volume over time (dτ) is preferably determined by analytical 
studies of three-dimensional gas dynamics and directly by 
experiment.

With insignificant losses of the working medium (dVlosses) 
from the above-piston volume through the clearance between 
piston rings and cylinder walls, these values are not taken 
into account in the calculations.

Heat balance at the compression stroke.

dQ dQ
dQ

dQw

evaporation of gasoline in a fuel jet

evaporat

= −
+

+
      

iion from the surface of the fuel film       









 ,  (8)

where dQw – change in the amount of heat due to heat trans-
fer between the working fluid in the above-piston volume 
and the adjoining walls over a period (dτ) (J),

dQ F T T dw w w w working fluid= ⋅ −( )α τ ,  (9)

where Fw – current surface area of the walls of the above-pis-
ton volume (m2), TW – average wall temperature over the 
surface of the above-piston volume Fw (K), Tworking fluid – cur-
rent temperature of the working fluid (K), αw – heat transfer 
coefficient between the gas and the walls of the above-piston 
volume (W/m2·K). 

For the 1D 8.7/8.2 two-stroke, crankcase-scavenged, air-
cooled DI SI engine, the Woschni heat transfer formula was 
corrected [44] for the combustion-expansion section for the 
three-zone combustion model, W/m2·K [45]:

αw apv

m
apv a

a a
apv

D p T

C C C
V T

p V
p

= ⋅( ) ×

× ⋅ +
⋅

⋅

− − −100 100 2 5 0 75 0 55

1 2

. . .

−−( )







p0

0 75.

,  (10)

where D – cylinder diameter (m), рapv, р0 – pressure in the 
above-piston volume with the engine running and cranking, 
respectively (MPa), ра, Vа, Та – pressure (MPa), volume (m3) 
and temperature (K) in the above-piston volume at the time 
of closing valves, respectively, Vapv, Vj, Vc – above-piston 
volume, current above-piston volume, combustion chamber  
volume, respectively (m3), С1 = 2.28+0.308·(Сt/Сm) – constant 
in the compression-combustion-expansion section (Сt and  
Сm – tangential speed of the working fluid near the walls of 
the above-piston volume and average piston speed, respec-
tively (m/s), C2 = 2.24·10-4, (K–1) – corrected constant taking 
into account the organization of the process of volume-film 
mixing and combustion of the stratified lean FAC [46].

The change in the amount of heat over a period (dτ) 
during gasoline evaporation in the fuel jet, for example, based 
on the wake theory, according to the method proposed in [47]:

dQ

F T T d

evaporation of gasoline in a fuel jet

D c s

      =

= ⋅ −( ) =α τ α0 0 ⋅⋅ ⋅ −( )π τD T T dc s
2 ,  (11)

where α0 – heat transfer coefficient from gas to dro- 
plet (W/m2·K), Tc – average temperature in the above-piston 
volume (K), Ts – saturation temperature (K), D – average 
droplet diameter in the front of the fuel jet (m).

The change in the amount of heat during the evaporation 
of the fuel film located on the surfaces of the combustion 
chamber over a period (dτ) is determined from the condition 
for the balance of heat supplied to the liquid film and spent 
on its evaporation. The process of fuel film evaporation can 
be calculated, for example, by the method, J [48]:

dQ

t

evaporation from the surface of the fuel film

enviair

       =

=
α rronment evaporation

evaporationfuel fuel

t

t t

−( )+

+ −( )












α

dd

pevaporation coefficient above the surface of the fu

τ

β

=

= ⋅      eel film i ⋅ Δ ,  (12)

where αair, αfuel – heat transfer coefficients of air and fuel, 
respectively (W/m2·K), βevaporation – evaporation coefficient 
related to the difference in partial vapor pressures above the 
surface of the fuel film pabove the surface of the fuel film and in the en-
vironment, Δi – increase in fuel enthalpy (J), tenvironment, tfuel, 
tevaporation – temperature: ambient air, fuel film surface from the 
side of the heated surface and evaporation (°С), respectively.

Pressure change equation for the single-zone model for cal-
culating the engine operating process.

To calculate the operating process at the compression 
stroke, we take the one-zone model as a basis and consider the 
adiabatic index and temperature in the above-piston volume  
as average [39, 45, 49].

Taking into account the processes of fuel evaporation 
during internal mixture formation at the compression stroke,  
it is proposed to calculate the pressure change in the above- 
piston volume by the formula, Pa:
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where dQw is the amount of heat supplied or removed from 
the working fluid to adjacent walls, J;

dQevaporation = dQevaporation of gasoline in a fuel jet+

+dQevaporation from the surface of the fuel film

is the amount of heat spent for fuel evaporation in the fuel jet 
dQevaporation of gasoline in a fuel jet and from the surface of the fuel 
film dQevaporation from the surface of the fuel film, (J).

Temperature change equation for the single-zone model for 
calculating the engine operating process.

Assuming that the temperature at the compression stroke 
in the FAM and air volumes is the same, and has an average 
value (Тaverage), if we take dp = (Тaverage/Vapv)·dVapv, after 
transformations, the temperature change equation, (K), takes 
the following form:
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.  (14)

5. 2. Threezone combustion model for the stratified 
fuelair charge SI engine 

In partial load modes, when organizing SFAC, during 
combustion, three zones or three volumes are formed in the 
above-piston volume (dVapv). The CP volume (VCP) in the com-
bustion zone, FAM volume with a part of CP (VFAM) and air vo-
lume (Vair) with a part of CP, remained from the previous cycle.

The CP and FAM zones are separated by the flame front, 
the FAM and air zones are conditionally separated from each 
other (Fig. 1) and do not mix during combustion.

The volumes of the CP, FAM and air zones are related by the 
ratio, respectively, during the combustion-expansion processes:

V V V VCP FAM air apv+ + = .  (15)

With full flame engulfment of the FAM (completion of 
combustion processes) and during expansion:

V V VCP air apv+ = .  (16)

Ratios of volumes in the zones:

υCP
CP

apv

V
V

=  – for the CP zone; (17)

υFAM
FAM

apv

V
V

=  – for the FAM zone; (18)

υair
air

apv

V
V

=  – for the air zone. (19)

Taking into account the piston movement and the combus-
tion process in the cylinder, we have volume changes in the zones:

dV dVCP FAM= −  – zone of CP volume change; (20)

dV V dxFAM FAM=  – zone of FAM volume change; (21)

dV dVair air apv= υ  – zone of air volume change. (22)

The differential equation of the volume balance of com-
bustion-expansion processes taking into account three zones 
in the VCP, VFAM and Vair volumes (general view):

dV dV dV dVapv ad x Q= + + ,  (23)

where

d V
dp
p

V V V
ad

CP

CP

FAM

FAM

air

air

= − + +




γ γ γ

,  (24)

d V V dxx FAM= −( )β 1 ,  (25)

where dxV is the change in the working fluid volume due to 
the change in the number of molecules during chemical com-
bustion processes, m3; β is the molecular change coefficient; 
x is the fuel share in the FAM volume (VFAM) reacted during 
combustion for the calculated time interval (dτ).

The change in the volume of the working fluid in the 
above-piston volume due to heat transfer and heat exchange 
between the zones and the walls of the above-piston vo-
lume, m3 (Fig. 1) (general):

dV
dQ dQ

pQ
x w

apv

=
−

⋅
±γ

γ
1

.  (26)

The change in the amount of released heat dQx during 
fuel combustion for the calculated period (dτ) is determined 
by the dependence:

dQ Q m dxx LHV f= ⋅ ⋅Δ ,  (27)

where Δmf is the mass fuel delivery per stroke into the 
above-piston volume, kg, QLHV is the lowest heat of fuel com-
bustion, kJ/kg; x is the share of fuel burned.

It is assumed that the amount of fuel burned is 99.9 %.  
To determine the fuel burnup characteristic x by the crank 
angle j, the Vibe dependence is used [50]:

x c

z c

m

= − −
−
−



















+

1 6 908
1

exp . ,
j j
j j

 (28)

where jс, jz are CAD angles of the beginning and end of 
combustion, respectively; j is the conditional duration of the 
combustion process; m is the combustion pattern.

The values of jс, djz and m are determined by processing 
experimental indicator diagrams [46].

The change in the heat flux for the CP zone with the tem-
perature ТCP is taken into account by the heat transfer to the 
adjoining walls (dQw.CP) with temperature ТW and to the FAM 
zone (dQx.CP-FAM) with temperature ТFAM. Heat transfer occurs 
through the corresponding surface areas (Fw.CP and Fw.CP-FAM) 
taking into account the radiation heat flux (dQR). The heat flux 
dQR acts over the entire surface area (FCP) surrounding the CP 
zone in the form of a heat balance (29) and over time (dτ) (30):

dQ dQ dQ dQCP w CP x CP FAM R= + +. .  ,  (29)

dQ
dt

a T T F

k T T F dQ

CP
CP CP w w CP

CP FAM CP FAM w CP FAM R

= −( ) +

+ −( ) +

.

 .  ,  (30)

where αCP is the heat transfer coefficient for the CP zone, 
adjoining the walls of the above-piston volume, W/m2 K;  
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kCP-FAM is the heat transfer coefficient between the CP and 
FAM zones; dQR is the radiation heat transfer.

Convective heat transfer, referred to the zones separa-
tion area, is considered as heat transfer between the zones 
through the flame front surface and FAM and air separation 
surface (zone interfaces).

Assuming that the thickness of the front line is Δ→0, the 
heat transfer coefficient for the CP and FAM zones is the 
reduced heat transfer coefficient [27]:

kCP FAM
CP FAM

CP FAM
− =

⋅
+

α α
α α

,  (31)

where αCP, αFAM are the heat transfer coefficients for the CP 
and FAM zones, respectively [51].

For the area of separation between the CP and FAM zones:

dQ k T T F dx CP FAM CP FAM CP FAM w FAM CP. . ,− − −= −( ) τ  (32)

where kCP-FA is the heat transfer coefficient of the CP and 
FAM zones; Fw.FAM-CP is the area of separation of the FAM and 
CP zones; ТCP is the temperature of the CP zone; ТFAM is the 
temperature of the FAM zone.

The change in the heat flux for the FAM zone is taken into 
account by heat transfer from the CP zone (dQx.CP-FAM) to the 
adjoining walls (dQw.FAM) and to the air zone (dQx.FAM-air).  
The change in the heat flux is presented as heat balance (33) 
and over time (dτ) (34):

dQ dQ dQ dQFAM w FAM x CP FAM x FAM air= + +− −. . . ,  (33)

dQ
d

T T F

k T T F

k

FAM
FAM FAM w w FAM

CP FAM CP FAM w CP FAM

τ
α= −( ) +

+ −( ) +

+

− −

.

.

FFAM air FAM air w FAM airT T F− −−( ) . .  (34)

The coefficients of heat transfer (k) and heat exchange (α) 
between the zones (CP and FAM) and the adjoining walls  
of the above-piston volume are taken by analogy with the 
CP zone.

The change in the heat flux for the air zone with tempera-
ture Tair is taken into account by heat transfer (dQw.air) to the 
adjacent cylinder walls with temperature Тw and in the piston 
head (dQw.p) with temperature Тp. During the combustion of 
the FAM zone, heat transfer (dQx.FAM-air) is carried out from the 
FAM zone, taking into account the FAM temperature (ТFAM). 
With the complete combustion of the FAM zone, heat trans-
fer (dQx.CP-air) occurs from the CP zone with temperature (ТCP). 
Heat transfer is carried out through the wall areas (Fw.air and Fw.p) 
and separation areas between the zones (Fw.FAM-air and Fw.CP-air) 
in the form of heat balance (35) and over time (dτ) (36):

dQ dQ dQ dQair w air w p x FAM air or CP air= + + − −. . . ,  (35)

dQ
d

T T F T T

F k

air
air air w w air air air p

w p FAM air o

τ
α α= −( ) + −( ) ×

× + −

.

. rr CP air FAM or CP air

w FAM air or CP air

T T

F
   

 

−

− −

−( ) ×

× . ,  (36)

where TFAM or CP is the temperature of the working fluid (FAM 
or CP) in the corresponding time interval (K).

The coefficients of heat transfer and heat exchange 
between the air and FAM or CP zones are taken for the cor-
responding time, and with the adjacent cylinder walls and 
piston head, they are taken into account by analogy with the 
CP zone. In this case, the contact area of the CP zone with 
the walls Fw.CP is assumed proportional to the corresponding 
specific volume υCP:

F Fw CP w CP. ,= ( )⋅τ υ  (37)

where FW(τ) is the total instantaneous area of the heat-re-
ceiving surface of the above-piston volume.

The contact areas of the FAM FW.FAM and air zones Fw.air 
with the walls of the above-piston volume are determined 
respectively by analogy with the CP zone.

5. 3. Dependencies for determining working fluid pa
rameters

The pressure change in the above-piston volume during 
combustion, taking into account the volumes presented in 
the CP, FAM and air zones:

dp p
k k k

V k k V k k V k k
CP FAM air

CP FAM air FAM CP air air CP FAM

=
⋅ ⋅

⋅ ⋅ + ⋅ ⋅ + ⋅ ⋅
××

× ⋅ −( )⋅ +
−

⋅
−

−








V dx

dQ dQ
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x w

apvβ
γ

γ
1

1
.  (38)

Determination of the gas temperature in the zones of the 
above-piston volume during the combustion process.

The change of the temperature of the working fluid in the 
CP zone, taking into account heat transfer at VCP > 0:

dT
V C

dQ dQ

C T dV p dV
CP

CP v CP

x w CP

v CP CP CP CP

=
⋅

−( ) −

− ⋅ ⋅ − ⋅













1

.

.

.

,,  (39)

where Cv.CP is the heat capacity at constant volume of CP.
The change of the temperature of the working fluid in the 

FAM zone, taking into account heat transfer:

dT T
dp
p

T
V

dQ
pFAM

FAM

FAM
FAM

FAM

FAM

FAM

FAM

FAM=
−

⋅ ⋅ + ⋅
−

⋅
γ

γ
γ

γ
1 1

.  (40)

The change of the temperature of the working fluid in the 
air zone, taking into account heat transfer:

dT T
dp
p

T
V

dQ
pair

air

air
air

air

air

air

air

air=
−

⋅ ⋅ + ⋅
−

⋅
γ

γ
γ

γ
1 1

.  (41)

The correctness of the calculations is checked by the 
simultaneous achievement of υCP+υair = 1, VCP+Vair = Vapv and 
VFAM = 0 at the end of the combustion process.

The three-zone model of the operating process of the 
SFAC SI engine based on the volume balance method allows 
determining the parameters of the working fluid in the zones 
of the above-piston volume, depending on the features of 
internal mixture formation.

5. 4. Graphs of volumes of the fuelair mixture, com
bustion products and air zones with the change of the 
abovepiston volume

Modeling of the operating process is carried out taking into 
account the three-zone combustion model in partial load modes 
according to the load characteristic at n = 3,000 rpm (Fig. 2).
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When modeling the combustion process according to 
the three-zone model, at the moment of ignition, in the first 
approximation, it is assumed that in the maximum load mode, 
there is no FAM stratification and the FAM volume occupies 
the entire above-piston volume. The specific FAM volume is 
υFAM = 1. With a decrease in the load and, accordingly, fuel 
delivery per stroke, the FAM volume in the FAC decreases.  
In the minimum load mode (bmep = 0.144 МPа), at the moment 
of ignition, the specific FAM volume υFAM is 0.7 (Fig. 2, a).

5. 5. Comparison of the results of theoretical and ex
perimental studies by indicator diagrams

Experimental and theoretical indicator diagrams, curves 
of average temperature changes in the cylinder by the crank 
angle in the load characteristic modes at n = 3,000 rpm are pre-
sented. Using the three-zone combustion model, the curves 
of temperature changes in the air, FAM and CP zones were 
obtained (Fig. 3).

When using the three-zone combustion model 
with a change in the FAM volume (VFAM = var), at 
the moment of ignition, taking into account SFAC 
peculiarities, the heat transfer formula (10) and 
the constant C2 were refined. Correction of the 
heat transfer formula made it possible to reduce the 
discrepancy of the рz values to 5 % in partial load 
modes (bmep = 0.322 МPа) between the simulation 
results and experimental data (Fig. 3).

As a result of the calculation using the three-zone 
model, the characteristics of temperature changes in 
the CP, FAM and air zones were determined. After 
voltage is applied to spark plug electrodes (10 CAD 
BTDC), the fuel in the FAM zone ignites, forming 
the CP zone during combustion with an increased 
temperature before BTDC. With the further course 
of the combustion process, due to heat transfer from 
the CP zone, the temperature in the FAM volume 
zone rises, which subsequently contributes to an 
increase in the air zone temperature.

The average temperature of the working fluid in the 
above-piston volume during the combustion process 
was determined according to the one-zone model (14).

The level of average temperatures in the above-piston 
volume is lower compared to the CP zone determined by the 
three-zone model and is shifted along the piston movement 
after ATDC (Fig. 3).

6. Discussion of modeling results compared  
to experimental data

The analysis of the studies shows that at partial loads 
when organizing SFAC, it is advisable to use the three-zone 
model with the change in the FAM volume (VFAM = var) at the 
moment of ignition (Fig. 2).

As a result of the experiment on the load characteristic at 
n = 3,000 rpm, it was found that with an increase in the load 
and fuel delivery per stroke on the surface of the symmetric 
hemispherical combustion chamber, the carbon formation 
spot increases. The area of the carbon formation spot increa-

ses in the direction from the spark plug located along 
the cylinder axis to the peripheral parts of the sur-
face, adjoining the cylinder wall. Thus, based on the 
experiment and results of 3D modeling [16] of the 
working fluid motion, an increase in the FAM vo-
lume with increasing fuel delivery per stroke from the 
spark plug electrodes to the cylinder wall was found.

The three-zone combustion model takes into ac-
count the change in the volume of the CP, FAM zones 
and formation of the air zone volume when organizing 
SFAC in the above-piston volume (15). After fuel igni-
tion (10 CAD BTDC), the FAM volume (21) decreases 
and the volume of the CP zone (20) increases according 
to the fuel burnup characteristic (28) and the change 
in the above-piston volume (23). The volume of the 
air zone (22) changes in proportion to the above-pis-
ton volume and is not mixed with the FAM volume.

With increasing load from bmep = 0.144 МPа 
to bmep = 0.322 МPа, the volume of the FAM zone 
increases from 70 % (Fig. 2, a) of the above-piston 
volume to 92 % (Fig. 2, d). An increase in the FAM 
zone volume is associated with an increase in the 
fuel delivery per stroke of DI. At the same operating  
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Fig.	2.	Changes	in	the	volumes	of	the	FAM	(VFAM),	CP	(VCP )		
and	air	(Vair)	zones	with	the	change	of	the	above-piston	volume	(Vapv)	
in	the	modes:	a	–	bmep = 0.144	МPа;	b	–	0.192	MPa;	c	–	0.274	MPa;	

d	–	0.322	MPa
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Fig.	3.	Theoretical	(Рmodel)	and	experimental	(Рexperiment)		
indicator	diagrams,	calculated	values	of	temperatures	in		

the	cylinder	(Тaverage),	in	the	CP	(ТCP),	FAM	(ТFAM )	and	air	(Тair)		
zones	in	the	modes:	a	–	bmep = 0.144	МPа;	b	–	0.192	MPa;		

c	–	0.274	MPa;	d	–	0.322	MPa
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conditions of the engine, at the moment of ignition, the 
volume of the air zone decreases from 30 % to 8 % of the 
above-piston volume. The volume fraction of the CP zone of 
the FAM zone volume at the piston position in TDC with in-
creasing load changes from 48 % (Fig. 2, a) to 12 % (Fig. 2, d).

At the end of the combustion process, the volume of the 
air zone is mixed with the volume of the CP zone to a homo-
geneous composition throughout the above-piston volume, 
which contributes to intense air supply during the after-
burning of unburned fuel particles. The process of additional 
oxidation of fuel continues until the opening of the outlet 
window (102 CAD BTDC) (Fig. 2, a–d).

Using the three-zone combustion model based on the 
volume balance method allows determining the nature of 
changes and quantitative volume values of the CP, FAM and 
air zones simultaneously during the piston movement.

However, the configuration of the zones volumes during the 
charge movement should be refined by experimental methods.

The volume of the air zone decreases with increasing load 
and is absent at the maximum load. Therefore, in the range 
of increased loads (bmep = 0.322 МPа), it is preferable to use 
the one-zone or two-zone combustion model.

The developed three-zone combustion model makes it 
possible to simultaneously determine the change in gas 
pressure in the cylinder (38), temperature in the CP (39),  
FAM (40) and air (41) zones when organizing SFAC. The air 
zone is located near the walls of the above-piston volume.

In the partial load modes (bmep = 0.144 МPа (Fig. 3, a), 
bmep = 0.144 МPа (Fig. 3, b), bmep = 0.144 МPа (Fig. 3, c), 
bmep = 0.144 МPа (Fig. 3, d)), using the three-zone combus-
tion model, gas pressures in the cylinder by the crank angle 
were calculated. With increasing load from bmep = 0.144 МPа 
to bmep = 0.322 МPа, the maximum combustion pressure (рz)  
increases from 3.75 MPa (8 CAD ATDC) (Fig. 3, a) to 
44.21 МPа (13 CAD ATDC) (Fig. 3, d). The discrepancy bet-
ween the results of modeling and experimental studies does 
not exceed 5 %. Therefore, the three-zone combustion model 
allows, with sufficient accuracy for practical purposes, calcu-
lating the operating process of the SFAC SI engine taking into 
account the air zone near the walls of the above-piston volume.

Formation of the air zone near the walls helps to reduce 
heat losses and increase the efficiency of converting fuel chemi-
cal energy during combustion into efficient operation. How-
ever, creating a uniform air layer near the walls is challenging.

In the engine operating modes (bmep = 0.144, 0.192, 0.274, 
0.322 МPа), the characteristics of temperature variation in the 
CP (39), FAM (40) and air (41) zones were calculated. The 
values of average temperatures in the cylinder were determined 
according to the one-zone combustion model (14) (Fig. 3).

In the minimum load mode (bmep = 0.144 МPа), the maxi-
mum temperature value in the CP zone is ТCP max = 2002 K at 
5 CAD BTDC (Fig. 3, a). During the combustion process, the 
temperature in the FAM volume and air zones rises. The ma-
ximum average temperature of the working fluid in the above- 
piston volume is Тaverage = 1,849 K (11 CAD ATDC).

In the engine partial load mode (bmep = 0.192 МPа), the 
maximum temperature of CP is ТCP max = 2234 K at 4 CAD 
BTDC (Fig. 3, b). Further course of the combustion process 
is accompanied by a temperature increase in the FAM volume 
zone and in the air zone. The maximum average temperature in 
the above-piston volume is Тaverage = 2,047 K (14 CAD ATDC).

In the medium load modes (bmep = 0.274 МPа and 
bmep = 0.322 MPa), temperature values for the CP, FAM, air 
zones and average temperature in the cylinder were deter-

mined (Fig. 3, c). The maximum temperature of CP is 2,994 K 
(4 CAD BTDC) at bmep = 0.274 MPa, and bmep = 0.322 MPa –  
3,084 K (2 CAD BTDC). The maximum average tempera-
ture in the cylinder at bmep = 0.274 MPa – 2,427 K (17 CAD 
ATDC) and 2,578 K (19 CAD ATDC) at bmep = 0.322 MPa.

Using the three-zone combustion model, which makes it 
possible to more accurately determine the temperature in the 
CP zone, relative to the average temperature over the entire 
above-piston volume, is undoubtedly expedient in modeling 
combustion products, in particular, nitrogen oxides.

The developed three-zone combustion model based on 
the volume balance method is the basis and can be improved 
and supplemented with various sub-models describing phy-
sical and chemical processes of internal mixture formation 
and SFAC combustion.

For example, a combustion submodel can include a com-
bustion model taking into account the flow rate of laminar 
or turbulent flame, various models for calculating the con-
centration of complete and incomplete combustion products, 
nitrogen oxides. Calculations of combustion processes can 
also take into account the impact of alternative fuels, exhaust 
gas recirculation on exhaust gas toxicity.

The three-zone combustion model allows estimating the 
combustion rate by calculating the change in the CP zone vo-
lume relative to the FAM zone volume, however, the composi-
tion or density of the working fluid should be taken into account.

The results of calculating indicator diagrams using the 
three-zone combustion model can be used to determine the 
indicator and effective parameters of engines. However, in 
the high load modes, where there is no FAM stratification 
with the air zone, or with homogeneous composition of FAM 
over the entire cylinder volume, other models should be used 
that do not take into account the air zone.

The three-zone model can be refined by adapting the ini-
tial data based on three-dimensional modeling of operating 
processes in the engine cylinder. The use of experimental 
methods for recording physical processes, for example, high-
speed filming, thermal imaging, laser, X-ray devices, etc.,  
allows taking into account real volumes of zones, their pa-
rameters and compositions in the model.

The research results do not contradict the main provi-
sions of fundamental works [12, 26, 28, 29, 49, 52–54]. At the  
same time, the results of the studies are consistent with the 
hypothesis of stratified FAC during the formation of a sepa-
rate air zone during combustion.

7. Conclusions

1. The differential equation of the processes of internal 
mixture formation with DI and SFAC at the compression 
stroke with closed valves was compiled, including:

– adiabatic change in the SFAC volume, consisting of 
the FAM volume and air volume with the distribution of CP 
residues over the considered volumes;

– change in the volume of the working fluid in the 
above-piston volume due to external heat transfer;

– change in the FAM volume in the above-piston volume 
due to physical processes during liquid fuel evaporation;

– change of the above-piston volume during the piston 
movement;

– change in the above-piston volume during leaks of the 
working fluid through the clearance between the piston rings 
and cylinder walls.



Applied physics

55

Based on the obtained heat balance equation, the change 
in heat amount due to heat transfer between the working 
fluid and the adjacent walls of the above-piston volume is 
taken into account. The equation takes into account the heat 
involved in gasoline evaporation in the fuel stream and from 
the surface of the fuel film.

2. Basic equations of the SFAC combustion-expansion 
processes were derived on the basis of the three-zone model, 
taking into account the volumes in the corresponding CP, 
FAM and air zones, as well as their ratios. At the same time, 
the differential equation of the volume balance of combus-
tion-expansion processes was created taking into account 
three zones in the corresponding CP (VCP), FAM (VFAM) and 
air (Vair) volumes, as well as their ratios. The equation takes 
into account the change in the volume of the working fluid 
due to heat transfer and heat exchange between the zones 
and the walls of the above-piston volume. On the basis of 
the obtained heat balance equations, changes in heat fluxes 
for the CP, FAM and air zones were determined due to heat 
transfer and heat exchange between the zones and the walls 
of the above-piston volume.

3. Dependences for the simultaneous determination of 
the working fluid temperature in the VCP, VFAM and Vair  
volume zones are presented taking into account heat trans-
fer between the zones and the adjoining walls. Pressure 
in the above-piston volume is determined by the depen-

dence considering the corresponding three zones during  
combustion.

4. Based on the calculation results, graphs of volume  
changes of the FAM, CP and air zones with the change 
in the above-piston volume and organizing stratified  
lean FAC in partial load modes at n = 3,000 rpm were 
plotted. With increasing load from bmep = 0.144 MPa to 
bmep = 0.322 MPa, at the moment of ignition, the volume of 
the FAM zone increases from 70 % to 92 % of the above-pis-
ton volume. In this case, the volume of the air zone decreases  
from 30 % to 8 %.

5. Comparative analysis of theoretical and experimental 
indicator diagrams in the load characteristic modes (n =  
= 3000 rpm) of the 1D 8.7/8.2 two-stroke DI SI engine was 
carried out. The research analysis showed that when adjust-
ing the heat transfer formula and the constant C2, taking into 
account the peculiarities of the operating process with the 
SFAC, discrepancies in the maximum combustion pressure 
do not exceed 5 %. The level and nature of temperature 
changes in the volumes of the CP, FAM and air zones, de-
termined by the three-zone model, are consistent with the 
theory of ICE operating processes. The use of the developed 
three-zone model for calculating the operating process of the 
DI SI engine will reduce the time and costs for conducting 
experimental studies on the refinement of the operating pro-
cesses with SFAC. 
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