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Hocnioxcysanacsa npoérema niosuwen-
HA enepzoedpexmusnocmi cucmem noneez-
weHns nYcKy ouseavHux 06UYHI6 3a Paxy-
HOK nidiepieanns nogimpsanozo sapady. B
0CcHOBY nideuuienns enepzoedexmueHoc-
mi 3axaadeno nidizpieanns Juuwe 1ACMuHU
3apady. Y pesymomami 6 yuninopi deuzyna
YMBOPIOEMBCSL NOGIMPAHUIL 3P0, WO CKAA-
daemovcs 3 060X wapié nosimps 3 PizHoro
memnepamypoto.

Hnsa  o0rpynmyeanns Hoeozo memo-
0y nosesuents xon00H020 nycky Oazamo-
AiMpo6ozo Ouzenvhozo 0éuzyna nposeoero
yucenvie 00CHIONCEHHA CMUCHEHHS Pi3-
HOMeMnepamypHozo nNOGIMpaHO20 3apsi-
0y 6 Odeuzyni. Yuceavrno oocaidicyseanacs
3MiNa meMnepamypHozo noas 3apsdy nio
4ac CMUCHEHHS 3 YPAXYBAHHAM BUXPOGUX
nomoxis, w0 GuHUKalOmMb Npu Qopmysan-
Hi 3apsa0y 6 YuNinOpi 0éuzyHa Ha NPUKAAOL
deuzyna muny G6T/]. 3 ananizy memnepa-
MYpPHO20 N0 3aPA0Y 6UABLEHO HASGHICHD
YMO08 013 HAOIH020 CAMO3AUMAHHA NAUBA
Y 3apa0i nio uac tiozo cmucnenns. J{na gop-
MYyeanns 080X Wapie NOGIMPs, W0 MarOmo
Ppi3ny memnepamypy, 3a Ymoe Mooenro-
6aHHs 3A0A6A0CS CROYAMKY HAZHIMAHHSA
X0J1001H020 NOGIMPs 6 UUNIHOP 06UYHA NPU
memnepamypi 253 K. [ani 30iticnosanoco
HazHIManHs nidizpimozo nosimps npu mem-
nepamypi 773 K. 06'emna doas nidiepimozo
nosimps 6 3aps0i cxnana 10 %.

3a pezyavmamamu mMooeN0BAHHS 6UAG-
JleHo, Wo npu cmuchHenni 36epizaemvcs
HaseHicmv wapie 3apady 3 pisHuUMU mem-
nepamypamu. Iliomeeporceno odocsenen-
HA meMnepamypu camo3aimMants naiueda é
nonepeonvo nidiepimomy wapi nogimps npu
memnepamypi enycxnozo nogimps — 20 °C.

Ompumani pesyaomamu mMoxcymo oymu
sukopucmani 015 00TpyHMyeans eumoz 00
enepzoeeKmuHUX cucmem noe2ueHHs
X0J100H020 NYCKY OU3CTLHUX O6ULYHIG

Kniouosi cosa: xono0nuil nyck, ousen-
Huil 0euzyn, wuceavie 00Cai0NCeHHA, NPoyec
CMUCHEHH L, NOJTICZUWEHHS NYCKY

|l =,

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-
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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.




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 °C to —16 °C, 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-



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!. By recalculating the starting
frequency, and taking into consideration the structure of the
crank mechanism, the speed of each piston was assigned by
equation v(t)=0.943-sin(5m-(¢+0.056)) in m/s. The calcula-
tion was performed in the time interval Az=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.
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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

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 (xj, 7=1, 2, 3) in the general form:
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where p is the density, u is the speed, ¢ is the time, p is
the pressure, E is the energy, t is the stress tensor, ¢ is
the heat flow; lower indexes denote summing different di-
rections.

A stress tensor is calculated from expression:
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where p is the dynamic viscosity coefficient; 8;, is the Kro-
necker Delta.

When calculating density, pressure, and enthalpy % of the
layered air charge, the mixing rules are applied:
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where ¢ 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:
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where ¢, is the concentration of a b-component in the air
B
charge Z y,=1 D, and and Dj are the coefficients of mo-

lecular and turbulent diffusion, which are governed by the
Fick’s law, that is, D;=Dg,;, D=3, Be
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A diffusion heat flow is modeled using the following
equation
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where p; is the laminar viscosity; p,is the turbulent viscosi-
ty; Pris the Prandtl number; o is the Schmidt number; ¢, 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



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).
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Fig. 2. Distribution of temperature in a turbulized two-
temperature air charge prior to the onset of compression
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Fig. 3. Distribution of temperature in a turbulized two-
temperature air charge at 80 deg. to TDC
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Fig. 4. Distribution of temperature in a turbulized two-
temperature air charge in the air charge at TDC

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.




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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