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1. Introduction

In the diesel engines fuel ignition occurs by compress-
ing the air charge in the engine’s cylinder. During compres-
sion, there is an increase in the pressure and temperature of 
the charge. The reliable ignition and rapid fuel combustion, 
which is injected into the engine’s cylinder, temperature of 
the air charge must exceed 450‒500 °C [1, 2]. 

When starting an engine at low ambient temperatures, 
temperature of the air charge may not reach the specified 
limit, which leads to a failure in the engine start or to 
an increase in the emission of harmful substances. A de-

crease in the charge temperature is due to the following 
processes. When the air charge is compressed, it is cooled 
by the cold walls of the engine’s cylinder. There occurs 
an increase in the leakage of part of the air charge due to 
the lowered seal in the pair piston-barrel due to the in-
sufficient thermal expansion of cold parts of the engine’s 
cylinder-piston group.

In engines with a turbocharger, the starting rotations 
are accompanied by a decrease in the degree of compres-
sor compression, which also reduces the temperature of 
the intake air. In these cases, auxiliary means are used to 
facilitate the start of internal combustion engines.
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Дослiджувалася проблема пiдвищен-
ня енергоефективностi систем полег-
шення пуску дизельних двигунiв за раху-
нок пiдiгрiвання повiтряного заряду. В 
основу пiдвищення енергоефективнос-
тi закладено пiдiгрiвання лише частини 
заряду. У результатi в цилiндрi двигуна 
утворюється повiтряний заряд, що скла-
дається з двох шарiв повiтря з рiзною 
температурою.

Для обґрунтування нового мето-
ду полегшення холодного пуску багато-
лiтрового дизельного двигуна проведено 
чисельне дослiдження стиснення рiз-
нотемпературного повiтряного заря-
ду в двигунi. Чисельно дослiджувалася 
змiна температурного поля заряду пiд 
час стиснення з урахуванням вихрових 
потокiв, що виникають при формуван-
нi заряду в цилiндрi двигуна на прикладi 
двигуна типу 6ТД. З аналiзу темпера-
турного поля заряду виявлено наявнiсть 
умов для надiйного самозаймання палива 
у зарядi пiд час його стиснення. Для фор-
мування двох шарiв повiтря, що мають 
рiзну температуру, за умов моделю-
вання задавалося спочатку нагнiтання 
холодного повiтря в цилiндр двигуна при 
температурi 253 K. Далi здiйснювалось 
нагнiтання пiдiгрiтого повiтря при тем-
пературi 773 K. Об'ємна доля пiдiгрiтого 
повiтря в зарядi склала 10 %.

За результатами моделювання вияв-
лено, що при стисненнi зберiгається 
наявнiсть шарiв заряду з рiзними тем-
пературами. Пiдтверджено досягнен-
ня температури самозаймання палива в 
попередньо пiдiгрiтому шарi повiтря при 
температурi впускного повiтря – 20 °С.

Отриманi результати можуть бути 
використанi для обґрунтування вимог до 
енергоефективних систем полегшення 
холодного пуску дизельних двигунiв

Ключовi слова: холодний пуск, дизель-
ний двигун, чисельне дослiдження, процес 
стиснення, полегшення пуску
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As regards powerful engines, there are commonly applied 
auxiliary means for a cold start, which enable the heating of an 
engine in general or the heating of air that enters the engine’s 
cylinder [3]. Warming up an engine in general is energetically 
costly and requires a lot of time [4]. Heating the intake air 
is more energy efficient compared to energy consumption 
when warming up an engine. However, this method for start 
facilitation has certain disadvantages. In particular, the appli-
cation of torch air heaters leads to a significant reduction in 
the concentration of oxygen in the intake air, which causes a 
failure to start or a prolonged engine start. Electric air heaters 
require excessive high power, which leads to the additional 
load on a rechargeable battery with a corresponding decrease 
in the probability of starting the engine [5, 6]. In order to 
increase energy efficiency of the start, it was proposed to heat 
only a part of the intake air to create a two-temperature air 
charge in the engine’s cylinder [1].

Thus, it is a relevant task to improve energy efficiency of 
the systems that would facilitate the start of diesel engines 
based on heating a part of the air charge.

2. Literature review and problem statement

A task on improving energy efficiency of the system that 
facilitates the start based on the heating elements was ad-
dresses in paper [7]. It was proposed to connect an electric 
heating element to the power source with variable voltage, 
which changes over time in line with a specialized algorithm. 
The application of such a technique to facilitate the start 
made it possible to ensure a reliable start of the engine at 
an inlet air temperature of −25.5 °С to −16 °С, to reduce the 
time required to heat the system before the start to 10 sec-
onds, to limit a voltage drop at rechargeable batteries to 
15 %. However, this system provides the heating of the entire 
volume of air that enters an engine, which is a constraint for 
the further improvement of the start energy efficiency.

The authors of papers [8, 9], based on the results of experi-
mental studies, revealed another issue related to a cold start of 
the diesel engine when biodiesel fuel or liquefied gas are used. 
They identified the reduced indicator work in such engines at a 
low inlet air temperature. This testifies to the need to increase 
the temperature of the intake air, which requires the employ-
ment of energy-efficient systems that facilitate the start.

Paper [10] investigated the development of a flame in 
the engine’s cylinder at an inlet air temperature of −29 °C. 
The displacement of the flame front was determined based 
on its optical radiation. The authors found that the sponta-
neous combustion of fuel occurred in a zone of the elevated 
temperature near a spark plug. This allowed them to argue 
on that the presence of a local high-temperature zone in an 
air charge would be enough to ensure the conditions for the 
self-ignition of fuel. A variant to solve the problem on cold 
starting the engines equipped with spark plugs, investigated 
in [11], implied the injection of a pilot portion of fuel. It was 
found that combustion of the pilot portion of fuel creates a 
high-temperature zone in the charge. That is why, during 
subsequent injection of the main portion of fuel, there are 
conditions in the charge for its intense combustion. Thus, 
the formation of a high-temperature layer in the air charge 
enables a reliable start of the diesel engine.

The research, reported in paper [12], shows a more acute 
problem related to cold-starting the diesel engines with a 
turbocharger. This is due to the reduced compression ratio in 

such engines. That is why there is an increase in the number 
of diesel power units that are equipped with systems to facil-
itate their cold start. Study [13] addressed the effect of the 
cold state of an engine on the toxicity of combustion prod-
ucts. It was established that an increase in the air charge 
temperature inside an unwarmed engine results in the more 
complete fuel combustion and reduces the emissions of 
harmful substances.

Papers [1, 14] proposed a new method for facilitating 
the start, whose energy efficiency is ensured through 
heating, beyond the engine’s cylinder, only a part of the 
inlet air. As a result, a two-layer air charge with different 
temperatures forms in the cylinder. Based on the results 
of numerical studies into the process of compression of an 
ideal two-temperature charge, the presence of conditions 
for the reliable fuel self-ignition was established [14]. Along 
with this, paper [14] failed to consider the effect of turbu-
lent eddies of air that emerge in the engine’s cylinder at the 
time when it is filled with an air charge.

The above allows us to argue about the expediency of 
conducting a study into the process of compression of the 
turbulized two-temperature air charge, in order to elucidate 
the conditions for reliable fuel self-ignition in the diesel 
engine.

3. The aim and objectives of the study

The aim of this work is to study numerically a tempera-
ture field of the two-temperature turbulized air charge at 
its compression in order to reveal the existence of condi-
tions for the reliable fuel self-ignition.

To accomplish the aim, the following tasks have been set:
– to consider in the numerical study the effect of vortex 

flows that emerge during the formation of a two-tempera-
ture layer air charge on a change in the temperature field 
of the charge at its compression in the cylinder of the 6TD-
type engine;

– to establish the existence of conditions for the reli-
able fuel self-ignition in a turbulized two-temperature air 
charge at its compression.

4. Statement of the problem and a mathematical model of 
air charge compression in the 6TD-type diesel engine

The problem on modeling was stated in relation to the 
engine 6TD. This is a valveless, two-stroke, opposed engine 
with counter-moving pistons. Schematic of the cross-section 
of the engine’s cylinder-piston group is shown in Fig. 1.

Diameter of the cylinder is 120 mm. Maximum distance 
between the pistons is 245 mm. A full stroke of each pis-
ton is 120 mm. Air charge in such an engine forms at the 
intake stroke by pressurizing air into the cylinder through 
the inlet windows. The inlet windows are of the following 
dimensions: height ‒ 25 mm, width ‒ 16 mm, tangential 
slope is to 20°. Due to the tangential slope, vortex flows 
form in the air charge. In order to form two air layers with 
different temperatures we assigned under the conditions for 
modeling, first, the injection of cold air at a temperature of 
253 K, followed by the injection of heated air at a tempera-
ture of 773 K. The volumetric fraction of the heated air in 
the charge was 10 %. Velocity of air flow at the inlet to the 
cylinder was taken to be 30 m/s. The air was pressurized un-
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der atmospheric pressure. The calculation accounted for the 
heat exchange between the air charge and the walls of the 
combustion chamber, as well as the process of thermal dif-
fusion in a two-temperature charge. It was accepted that the 
surface temperature of the cylinder and piston was constant 
and equaled 253 K. Leaks of the gas charge at compression 
between the piston and the cylinder were neglected. Initial 
distance between the pistons prior to the start of compres-
sion was 195 mm. This distance corresponds to the closing 
angles of the intake and exhaust windows in the engine 6TD. 
It was accepted that the frequency of starting rotations 
of the engine was 150 min-1. By recalculating the starting 
frequency, and taking into consideration the structure of the 
crank mechanism, the speed of each piston was assigned by 
equation ν(t)=0.943∙sin(5π∙(t+0.056)) in m/s. The calcula-
tion was performed in the time interval Dt=0.144 s, which 
is equal to the time of a compression stroke at the accepted 
starting rotations. The pistons were assigned in the form of 
flat boundaries that cannot be penetrated by gas, and which 
are movable. The resulting distance between the pistons that 
is observed at the top dead center (TDC) was 13 mm. At a 
given distance, the resulting volume matches the volume of 
the combustion chamber in the engine 6TD at TDC. An in-
crease in the resulting distance between the pistons is due to 
that the actual surfaces of this engine’s pistons are not flat.

3D-simulation of the air charge compression process in 
the engine’s cylinder was performed employing the program-
ming environment ANSYS. In order to study numerically 
the stated problem, a system of the Navier-Stoke equations 
[15‒18] is applied, which includes the laws of preservation 
of mass, pulse, and energy of the non-stationary spatial flow 
within the Euler approach in the Cartesian coordinate sys-
tem (xi, i=1, 2, 3) in the general form:
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where ρ is the density, u is the speed, t is the time, p is 
the pressure, E is the energy, τ is the stress tensor, q is 
the heat flow; lower indexes denote summing different di- 
rections.

A stress tensor is calculated from expression:
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where μ is the dynamic viscosity coefficient; δik is the Kro-
necker Delta.

When calculating density, pressure, and enthalpy h of the 
layered air charge, the mixing rules are applied:
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where c is the concentration of a component.
In order to determine the concentration of components 

in an air charge, the system of equations (1) to (7) is supple-
mented by an equation for determining the concentration of 
components:

∂
∂

+
∂

∂
=

∂
∂

+
∂
∂







r
r

c
t x

u c
x

D D
c
x

b

k
k b

k
ij ij

t b

k

( ) ( ) , b B= 1 2, , ... , , (8)

where cb is the concentration of a b-component in the air  
 
charge yb

b

B

=
∑ =

1

1;  Dij  and and Dij
t  are the coefficients of mo-

lecular and turbulent diffusion, which are governed by the 

Fick’s law, that is, D Dij ij= d ,  Dij
t

ij
t= d

m
σ

.

A diffusion heat flow is modeled using the following 
equation
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where μl is the laminar viscosity; μt is the turbulent viscosi-
ty; Pr is the Prandtl number; σ is the Schmidt number; ср is  
the specific heat at constant pressure; T is temperature.

Thermophysical properties of the liquid medium were 
determined from equations of state, empirical and semi-em-
pirical dependences. That is, we applied the dependences of 
density, viscosity, thermal conductivity, specific heat capac-
ity, diffusion coefficients of the liquid medium components, 
on pressure, temperature, and the concentration of compo-
nents in the medium.

In order to solve the non-stationary Navier-Stokes equa-
tions, we employed the Reynolds averaging method.

5. Results of the numerical study into the process of 
compression of a turbulized two-temperature air charge 

in the 6TD-type engine 

The distribution of temperature in a turbulized air charge 
upon completion of air injection prior to the onset of compres-
sion is presented in Fig. 2

The result obtained indicates that given the turbuli-
zation of an air flow, the cold and heated layers in the air 

Fig.	1.	Schematic	of	the	cross-section	of	a	cylinder-piston	group	
of	the	6TD-type	engine:	1	‒	cylinder,	2	‒	pistons;	3	‒	intake	

windows;	4	‒	exhaust	windows;	5	‒	flow	of	inlet	air;	6	‒	intake	
collector;	7	‒	flow	of	exhaust	air;	8	‒	exhaust	collector.	Arrows	

indicate	a	direction	of	the	piston	motion	at	compression
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charge partially mix. The result of mixing is an increase in 
the volumetric share of the charge with an elevated tempera-
ture. In this case, the cold air concentrates in the center of 
the cylinder.

At compression, there is an increase in temperature in 
two layers of the air charge (Fig. 3, 4).

Specifically, at 80 degrees to TDC, in the layer of the 
charge, which had an initial elevated temperature of 773 K, 
temperature of the gas rises to 1,000 K (Fig. 3).

In another part of the charge, where the initial tempera-
ture was 253 K, the gas temperature increases to 500 K. 
When approaching TDC, the presence of layers with dif-
ferent temperatures in the charge is maintained, but a layer 
with the low temperature is observed only in the center 
of the cylinder. At the periphery, air layers with different 
temperatures mix. When approaching TDC, temperature 
of the layer with preheating amounts to 1,200 K, while in 
the layer without heating it reaches only 650 K (Fig. 4). 
In this case, there are local different-temperature zones in 
the layers.

6. Discussion of results of studying the process of 
compression of a turbulized two-temperature air charge 

in the diesel engine 

This study is continuation of work aimed to improve 
energy efficiency of the cold start system by heating part of 
the air charge [1, 14]. The advantage of the present study is 
accounting for the effect of vortex flows on the temperature 
field of the air charge, which made it possible to bring mod-
eling conditions closer to the actual conditions for the charge 
formation in an engine.

It is known [2] that the reliable start of the die-
sel engine occurs when the charge temperature reaches 
700‒850 K. The results obtained indicate that even under 
conditions of turbulization of an air charge, at compres-
sion there is the presence of charge layers with different 
temperatures. In a colder layer, temperature of the charge 
does not reach the temperature limit of reliable fuel 
self-ignition. The preheated layer of the charge exceeds 
the temperature limit, which creates conditions for the 
reliable start of an engine. This is explained by that due to 
compression of the preheated charge layer there is a faster 
increase in its temperature. Thus, the fuel that penetrates 
the high-temperature layer of the charge will lead to its 
reliable self-ignition. Combustion of fuel in this layer will 
ensure a further increase in pressure in the combustion 
chamber, which would contribute to forming the condi-
tions for the self-ignition of fuel, which penetrated the 
low-temperature layer of the charge.

Limitations of this study are related to the idealization of 
conditions for filling the engine’s cylinder with an air charge. 
Specifically, the presence of residual gases after the previous 
cycle of combustion was not taken into consideration.

The shortcomings of the present study are due to the 
application of a condition for an instantaneous interrup-
tion in the supply of a portion of heated air. However, the 
elimination of this drawback will not lead to a qualitative 
change in the result obtained, and under actual conditions 
that could be neutralized by changing the time when heat-
ed air is supplied.

The obtained results could be applied to substantiate 
the requirements for an experimental sample of the sys-
tem that would facilitate engine start, which provides for 
a partial heating of the air charge. Further experimental 
studies would make it possible to refine the requirements 
to energy-efficient systems for facilitating cold start of the 
diesel engines.

Fig.	2.	Distribution	of	temperature	in	a	turbulized	two-
temperature	air	charge	prior	to	the	onset	of	compression

Fig.	4.	Distribution	of	temperature	in	a	turbulized	two-
temperature	air	charge	in	the	air	charge	at	TDC

Fig.	3.	Distribution	of	temperature	in	a	turbulized	two-
temperature	air	charge	at	80	deg.	to	TDC
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7. Conclusions

1. Based on the results of numerical modeling of 
compression of a two-layered air charge with different 
temperatures in a cylinder of the engine of 6TD type, 
we investigated a change in the temperature field in the 
charge. We accounted for the vortex flows that emerge 
at charge formation in the engine’s cylinder. In order to 
create two air layers with different temperatures, we first 
assigned under the conditions of modeling the injection 
of cold air into the engine’s cylinder at a temperature of 

253 K, followed by the injection of heated air at a tem-
perature of 773 K. The volumetric share of heated air in 
the charge was 10 %.

2. The presence of conditions for reliable fuel self-igni-
tion in a turbulized two-temperature layered air charge at 
its compression has been established. At TDC, temperature 
of the preheated layer amounts to 1,200 K, while in the 
layer without heating it reaches 650 K only. That confirms 
the expediency to continue work on the construction of an 
experimental sample of the system for facilitating engine 
start, which enables partial heating of the air charge.
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