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ABSTRACT
BACKGROUND: In recent years, there has been a trend of increasing activity towards the development of polar territories. 
A characteristic feature of the North is negative ambient temperatures that have a negative impact on the condition of piston 
engines of ground transport, mobile and stationary power plants and labor saving tools. An engine is the least adapted 
unit for use in such conditions. There is a chain of negative factors that consistently links negative ambient temperatures, 
in which the equipment is operated, and the condition of the mechanisms and engine systems. The primary link of this chain is 
condensation processes. The existence of condensation processes during low-temperature operation of the engine has been 
experimentally proved. The latter takes place when warming up in conditions of negative ambient temperatures. The question 
«How much water changes the state during the warm-up period?» arises.
AIMS: Development of a mathematical model that makes possible to obtain unbiased information about the activity 
of condensation processes and to estimate the amount of water that changes the state during the warm-up period.
METHODS: Solving the given tasks is based on classical theories describing operational processes of boilers. The high 
labor intensity and significant financial costs in organizing such experiments require the search for new research methods. 
Mathematical models help to solve the task of defining the mass amount of water condensing in a cylinder of a piston engine 
computationally.
RESULTS: The mathematical model that is characterized by its adaptation to piston engines and is capable of determining 
the mass amount of water changing the state during the warm-up period iteratively, using the differences in partial pressures 
and the density of the mass flow of water condensate, has been developed.
CONCLUSIONS: The existence of water has a negative impact on conditions of a piston engine. The information about 
the amount of water condensing in a cylinder during the warm-up period stimulates to continue studies in the field of motor 
oils watering, active acids formation and corrosive wear of surfaces of details. 

Keywords: condensation processes; triple analogy of similarity of heat exchange processes; substantiation of real engine 
cycle; density of combustion products; diffusion coefficient; density of mass flow; mass concentration of steam; partial 
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АННОТАЦИЯ
Обоснование. В последние годы наблюдается тенденция подъёма активности к освоению заполярных территорий. 
Характерной особенностью Севера являются отрицательные температуры. Отрицательные температуры оказывают 
негативное воздействие на состояние поршневых двигателей наземного транспорта, мобильных, стационарных 
энергоустановок и средств малой механизации. Двигатель является наименее приспособленным агрегатом к при-
менению в таких условиях. Существует цепочка негативных факторов, последовательно обеспечивающая связь 
между отрицательными температурами, в которых эксплуатируется техника, и состоянием механизмов и систем 
двигателей. Первичным звеном такой цепочки являются конденсационные процессы. Экспериментально доказано 
существование конденсационных процессов при работе двигателя на низкотемпературном режиме. Последний факт 
имеет место при прогреве в условиях отрицательных температур. Возникает вопрос: «Какое количество воды меняет 
агрегатное состояние в период прогрева»?
Целью работы — разработка математической модели, позволяющей получать объективную информацию о количе-
стве воды, меняющей агрегатное состояние в период прогрева и создание возможности теоретического представ-
ления совокупности физических превращений.
Материалы и методы. Выполнение поставленных задач осуществлялось на основе классических теорий, описываю-
щих рабочие процессы отопительных котлов. Высокая трудоёмкость и значительные финансовые затраты при ор-
ганизации таких экспериментов требуют поиска новых методов исследований. Математическая модель позволяет 
адекватно решать задачу по определению массового количества воды конденсирующейся в цилиндре поршневого 
двигателя за период прогрева расчётным методом.
Результаты. Разработана математическая модель, отличающаяся приспособленностью к поршневым двигателям 
и позволяющая итерационно, на основе разниц парциальных давлений и плотности потока массы водного конден-
сата определять массовое количество воды по смене агрегатного состояния за период прогрева.
Заключение. Вода оказывает негативное влияние на состояние поршневого двигателя. Математическая модель 
даёт теоретическое представление о внутреннем механизме агрегатных превращений и является хорошим инстру-
ментом познавательной деятельности. Информация о количестве воды конденсирующейся в цилиндре в период 
прогрева может дать начало новым исследованиям в области обводнения и ресурса моторных масел, образования 
активных кислот как в цилиндрах цилиндро-поршневой группы, так и в смазочной системе, коррозионного изна-
шивания поверхностей деталей.

Ключевые слова: конденсационные процессы; тройная аналогия подобия процессов теплоотдачи; реализация 
действительного цикла двигателя; плотность продуктов сгорания; коэффициент диффузии; плотность потока 
массы; массовая концентрация паров; парциальное давление.
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BACKGROUND
At the turn of the 21st century, several governments 

have turned their attention to the polar territories 
of our planet. This interest is motivated by the presence 
of countless mineral reserves, undeveloped to this day, and 
of great geopolitical importance. This undertaking involves 
uniting the outskirts of the continents of Eurasia and North 
America, the Arctic Ocean with islands, and adjacent parts 
of the Atlantic and Pacific oceans. In addition, the Northern 
Sea Route is the shortest route between the European part 
of Russia and the Far East. The Northwest Passage is 
a sea route between the Atlantic and Pacific oceans and an 
air bridge between North America and Southeast Asia. 
The Arctic can be developed and explored using advanced 
technologies and ground transportation suitable for the 
harsh conditions of the polar territories.  Ground vehicles 
are used to perform most tasks involving transportation 
and technological work. A special feature of such places 
is the negative temperatures, which shorten the life cycle 
of equipment.

Analysis of work and statistical data revealed that 
the piston engine is one of the least adapted units to such 
conditions. Low adaptability is explained by operating 
in wide temperature and load ranges, with chemically 
active compounds. At low temperatures, the fragility 
of structural materials and the viscosity of operating 
materials increase, the friction conditions of the mating 
surfaces of parts worsen, and the completeness of fuel 
combustion decreases while increasing the activity 
of the formation of chemically active compounds. 
The reliability of the operation is reduced, and the life cycle 
is shortened.

A factor adversely impacting the engine condition 
is the water vapor condensation processes on the surfaces 
of parts and oil [1].

Water is formed by the oxidation of fuel hydrogen 
by oxygen atoms. According to various sources, 
the exhaust gases of a piston engine contain 8%–12% 
water vapor by volume. Water vapor present in the working 
body of the engine, in exhaust gases, and in crankcase 
fumes under optimal temperature conditions is removed 
through exhaust and ventilation systems without much 
harm. The possibility of a low-temperature state preceding 
the engine reaching this mode should be considered. 
Initially, during the oxidation of fuel hydrocarbons in the 
combustion chamber, a large amount of heat is released, 
heating combustion products to 1500%–2000 ºС and 
increasing pressure in the cylinder to 6–10 MPa. Such 
parameters ensure high saturation pressure and gasify 
water in a mixture of gases. However, cold parts and 
oil reduce the saturation pressure near their surfaces. 
Condensation occurs upon contact with a cylinder wall 
surface at a temperature below the saturation temperature 
at the current partial pressure of water vapor. The activity 

of the condensation process, characterized by mass 
flow, is unstable. Important differences in temperature 
and pressure determine high destabilization conditions. 
As the engine warms up, the temperature of the cylinder 
wall increases, and condensation stops once the dew point 
is reached

The relevance of the work pertains to the negative impact 
of water on the engine condition. Water inevitably enters 
the crankcase space at the interface between the parts 
of the cylinder–piston group, dissolves in the engine oil, 
disrupting colloidal stability, and initiates an increase 
in intermolecular interactions of products of low aggregate 
stability [2]. Slightly watering the motor oil can deactivate 
the additive package introduced into the base oil during its 
production. This effect is cumulative when the engine is 
repeatedly started at subzero temperatures.

The influence of water on structural materials should 
be considered. Being a corrosive compound, water initiates 
processes of corrosive wear on the surfaces of parts. Parts 
of the cylinder–piston group are largely susceptible to such 
wear.

PROBLEM FORMULATION
These processes can occur in engine mechanisms 

and systems. The areas of condensation processes must 
be systematized. Primary areas include spaces where 
water is directly formed by the oxidation of fuel hydrogen 
atoms, namely, the combustion chamber and the inner 
surface of the cylinder sleeve. Secondary areas include 
internal surfaces of parts and assembly units that provide 
gas removal. Finally, the surfaces in the crankcase volume 
represent area 3 of such processes [3]. The mass formation 
of water is difficult to calculate, requiring a systematic 
approach considering many factors influencing the activity 
of processes. According to the presented system 
of areas, a mathematical model must be developed that 
describes condensation processes in the engine cylinder, 
namely, a mathematical model that provides a promising 
solution to the problem of determining the amount 
of water condensing in the cylinder during the warmup 
period. This model is created according to such factors 
as significant differences in temperature and pressure, 
the turbulization of gases, changes in piston velocity, 
and the activity of heat exchange processes.

MATHEMATICAL MODEL
When developing a mathematical model, assumptions 

were made that did not have a substantial impact on the 
calculation error.

Assumption 1. The thickness of the metal cylinder 
wall and heat transfer from the coolant do not provide 
thermal resistance. The oil film and water condensate 
have negligibly thin layers. To simplify the algorithm of the 
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mathematical model, the thermal resistance of the coolant, 
cylinder wall, oil film, and water condensate are neglected. 
The temperatures of the cylinder wall, combustion 
chamber, and coolant are assumed to be equal.

Assumption 2. When gas moves near the cylinder wall, 
because of the action of viscosity force, a layer of slow 
motion of the substance is formed [4]. The same layer 
resists the free movement of gas molecules, including water 
vapor. Because of the high turbulence caused by the piston 
movement, the concentrations of water vapor at the boundary 
layer edge and throughout the volume of the cylinder are 
assumed to be equal.

Assumption 3. The partial pressure on the cylinder 
wall is equal to the saturation pressure at the water 
vapor saturation temperature equal to the coolant  
temperature.

Assumption 4. The reciprocating motion of the piston 
ensures high turbulence of gases in the cylinder, intense 
mixing, and highly uniform distributions of the components 
in the gas mixture. Therefore, the water vapor is considered 
uniformly distributed in the volume of the cylinder, except 
at the near-wall layer.

Assumption 5. Since the duration of an operating 
cycle is negligible relative to the warmup time, the 
coolant and the amount of heat transferred from the 
working fluid to the cylinder wall in one cycle does not 
produce substantial heating of the coolant and oil, so the 
cylinder wall temperature within one cycle is considered  
constant.

Assumption 6. The moisture content of fuel and air is 
neglected because of low absolute values.

The following indicators are taken as initial data:
1. Engine indicator characteristics;
2. Elemental composition of the fuel;
3. Piston stroke, S, m;

4. Cylinder diameter, d, m;
5. Crank radius, R, m;
6. Combustion chamber area, m2;
7. Angle of rotation of the crankshaft, φ, °csr; 
8. Excess air coefficient, α;
9. Regression equation describing the change in coolant 

temperature;
10. Crankshaft rotation speed, n, rpm.

The mass amount of condensate formed on the 
cylinder sleeve’s inner surface depends on the activity 
of condensation processes and the duration of the 
period determined by the dynamics of the temperature  
increase.

The formation of a certain amount of water condensate 
characterizes each operating cycle. Knowing the number 
of cycles that have passed in the estimated time 
at a specific coolant temperature and the law of change 
in coolant temperature, integration over time can be used 
to obtain the total mass of condensate:

0
( )

τ
= ⋅ τ∫m J t dïðîãð

öèêë îæ ,  (1)

where Jöèêë  is the mass flow per cycle, kg/cycle; and  
τïðîãð  is the time for heating the coolant to the operating 
level, s.

Mixture component mass flow [5]:

= = ⋅
τ ∫i

F

dmJ j dF
d

,  (2)

where J is the mass flow, kg/s; im  is the mass 
of the diffusing component of the mixture, kg; τ is time, s;  
j is the mass flow density, kg/(s·m2); and F is the 
condensation area, m2.

The mass of condensate condensing on the cylinder walls is summed over the duration of each stroke according 
to the crankshaft angle of rotation. The zero value of the angle is taken as the top center position before the intake stroke. 
Dividing the entire cycle into four separate steps, we transform Eq. (1) into the following form:

720 180 360 540 720

0 0 180 360 540
= ⋅ ⋅ ϕ = ⋅ ⋅ ϕ + ⋅ ⋅ ϕ + ⋅ ⋅ ϕ + ⋅ ⋅ ϕ∫ ∫ ∫ ∫ ∫J j F d j F d j F d j F d k F d .  (3)

Each of the four terms on the right side of Eq. (3) corresponds to a separate cycle.
Since the moisture content of air at negative temperatures is negligible, the first two terms of Eq. (3) can be 

discarded as unimportant. Then, the average value of the mass flow over the cycle is determined using the following  
equation:

720 540 720

0 360 540

720 0 180 180

⋅ ⋅ ϕ ⋅ ⋅ ϕ ⋅ ⋅ ϕ
= = +

−
∫ ∫ ∫j F d j F d j F d

Jöèêë ,    (4)

where Jöèêë  is the mass flow per cycle, kg/cycle.
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To solve the problem of calculating the mass 
of condensate condensing on the cylinder wall during 
the intake stroke, we consider an annular section of the wall 
with a height determined by the piston S movement. 
The area of this section is determined from the product 
of three factors:

= π ⋅ ⋅F d S ,   (5)

where F is the area of an elementary cylindrical section, 
m2; d is a cylinder diameter, m; and S is the piston 
displacement, m.

The piston movement along the cylinder axis 
obeys the cosine law; thus, the height of the section 
under consideration is expressed by the following  
dependence [6]:

( ) ( )1 cos 1 cos 2
4
λ = − ϕ + − ϕ  

S R , (6)

where R is the radius of the crank, m; λ is the ratio 
of the crank radius to the crank length, /λ = R Lc ;  
and φ is the angle of the crankshaft rotation  
in degrees, °csr.

Then, the area of the cylinder’s internal surfaces 
on which the condensation process occurs is determined 
as the sum of the working surface and the surface 
of the combustion chamber:

= π ⋅ ⋅ +F d S Fêñ ,  (7)

where  Fêñ  is the surface area of the combustion 
chamber, m2.

The mass flow density can be determined using 
the following equation [5]:

( )0 .= ρ ⋅β ⋅ −j m mï ï ãð ,  (8)

where ρ is the density of the gas mixture, kg/
m3; β is the mass transfer coefficient, m/s; 0mï  
is the mass fraction of vapor concentration in the 
main volume of the cylinder; and .mï ãð  is the mass 
fraction of vapor concentration on the condensation  
surface.

The density of gases will vary depending on temperature, 
cylinder pressure, and composition.

The dependence of pressure and temperature 
in the cylinder on the crankshaft rotation angle is 
expressed in the indicator diagram of a specific engine  
model.

According to [7] and ideal gas law, the density 
of combustion products  (ρïñ , kg/m3) is represented 
by the following equation:

2 2 2

2 2 2

0

0

1,257 1,977 0,804 1,293

273 ,
101325

ρ =

⋅ + ⋅ + ⋅ + ⋅
= ⋅

+ + +

⋅ ⋅

N RO H O

N RO H O

V V V V
V V V V

p
T

ïñ

âîçä

âîçä

      (9)

where 
2

0
NV  is the theoretical volume of nitrogen 

in combustion products, m3/kgfuel; 2ROV  is the volume 
of triatomic gases in combustion products, m3/kgfuel; 2H OV  
is the volume of water vapor in combustion products, m3/
kgfuel; Vâîçä  is the amount of excess air for combustion 
of 1 kg of fuel, m3/kgfuel; Т is the temperature, K; and p is 
the pressure, Pa.

The volume values of the components can be determined 
according to the following equations [7]: 
• the theoretical volume of nitrogen in combustion 

products, m3/kg:

2

0 00,79= ⋅NV V ,  (10)

where 0V  the theoretical volume of dry air, m3/kg,  
required for complete combustion of fuel (at an 
excess air coefficient α = 1), is described as  
follows:

( )0 0,0889 0,375
0,265 0,0333 ,
= ⋅ + ⋅ +

+ ⋅ − ⋅

V C S
H O

 (11)

where C, S, H and O are the contents of carbon, sulfur, 
hydrogen, and oxygen, respectively, in the fuel, %;

• excess air volume, m3/kg:

( ) 01= α − ⋅V Vâîçä ;  (12)

• the theoretical volume of triatomic gases in combustion 
products, m3/kg:

2

0,3751,866
100

+ ⋅
= ⋅RO

C SV ; (13)

• the theoretical volume of water vapor in combustion 
products, m3/kg:

( )
2

0

0,111 0,0124

0,0161 10 ,

= ⋅ + ⋅ +

+ ⋅α ⋅ ⋅ −

H OV H W

V dâë

 (14)

where W is the water content of the fuel, %; and dâë  is 
the air moisture content, g/kg of dry gases.
As an example, the values of the volumes of diesel fuel 

combustion products for the excess air coefficient α = 1,7 
are summarized in Table 1.
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Table 1. Values of combustion products volume per 1 kg of fuel
Таблица 1. Значения объёмов продуктов сгорания на 1 кг 
 топлива

2

0
NV , m3/kgтопл 2ROV , m3/kgтопл 2H OV , m3/kgтопл Vâîçä , m3/kgтопл

8.67 1.61 1.40 7.68

The mass of a component of a mixture is determined 
using the following equation:

= ⋅ = ⋅ρ ⋅∑i i i im g m g Vïñ ïñ , (15)

where iV  is the volume of the mixture component, m3;  
and ig  is the mass fraction of the mixture component:

( )
⋅µ

=
⋅µ∑

i i
i

i i

rg
r

,  (16)

where µi  is the molar mass of the mixture component,  
kg/mol; and; ir  is the volume fraction of a gas mixture 
component:

ï ñ

= =
∑

i i
i

i

p Vr
p V

,  (17)

where pïñ  is the pressure of the vapor–gas mixture, Pa:

=∑ ip pïñ .  (18)

According to the data in Table 1, the masses 
of the components were calculated and are summarized 
in Table 2.

Table 2. Values of combustion products mass per 1 kg of fuel
Таблица 2. Значения масс продуктов сгорания на 1 кг топлива

2

0
Nm , kg/kgтопл 2ROm , kg/kgтопл 2H Om , kg/kgтопл mâîçä , kg/kgтопл

10.87 3.17 1.13 9.97

To determine the mass transfer coefficient, criterion 
equations were used, obtained on the basis of the triple 
analogy of the similarity of the processes of heat transfer 
and mass transfer [5]:

⋅
β = DNu D

d
,  (19)

where DNu  is the Nusselt diffusion criterion; d is the 
characteristic size (the cylinder diameter in the problem 
under consideration), m; and D is the diffusion coefficient, 
m2/s.

Diffusion coefficient (D) [8]:

1

0
0

0

+
 

= ⋅ ⋅ 
 

u
pTD D

T p
,  (20)

where 0D  is the diffusion coefficient under normal 
conditions, m2/s; Т is the temperature, K; 0T  = 273 K; 
p is the pressure, Pa; and 0p  = 101325 Pa.

Because air and combustion products have similar 
properties, 0D = 0,0216 m2/s and u = 0,8 are accepted [4]. 
Then:

0= ⋅ ⋅ ⋅ πk l
D D DNu Nu A rã ,  (21)

where DNu  is the Nusselt diffusion criterion; 0DNu  is 
the Nusselt diffusion criterion obtained on the basis 
of the triple analogy; rã  is the volume fraction of dry gases; 
and πD  is an indicator characterizing the difference in partial 
pressures.

For the case of gas flow in a pipe, which is closest 
to the case of combustion product flow in the cylinder 
of a piston engine, the Nusselt diffusion criterion, obtained 
on the basis of the triple analogy, is determined using 
the following equation [5]:

0,8 0,43
0 0,021 Re Pr= ⋅ ⋅ ⋅D DNu rï , (22)

where Re is the Reynolds criterion; PrD  is the Prandtl 
diffusion criterion; and rï  is the volume fraction of water 
vapor.

In this case, the Reynolds criterion is given as  
follows:

⋅
=

υ
V dRe

ïñ

,  (23)

where V  is the speed of the medium movement, m/s; and 
υïñ  is the mixture viscosity, m2/s.

The speeds of the medium movement and piston 
movement can be equated [5]:

sin sin 2
2

ϕ λ = = ⋅ = ω⋅ ⋅ ϕ + ⋅ ϕ ϕ  

ds d dsV R
dt dt d

, (24)

where n  is the crankshaft rotation speed, rpm; and 
ω  is the angular speed of rotation of the crankshaft,  
rad/s:

2ϕ
ω = = ⋅ π ⋅

d n
dt

.  (25)
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With an excess air coefficient α = 1,7, the composition 
of combustion products is close to average [7]. 
The viscosity of combustion products is approximated by  
the equation:

11 2 8 54,795 10 8,371 10 1,824 10− − −= ⋅ ⋅ + ⋅ ⋅ − ⋅t tυïñ ïñ ïñ ,

      (26)

where tïñ  is the temperature of combustion products, °С.
The Prandtl diffusion criterion is represented by 

the following equations:

Pr =D D
υïñ ,  (27)

=
pr
p

ã
ã

ïñ

,   (28)

where pã  is the partial pressure of dry gases, Pa.

0 .−
π =D

p p
p

ï ï ãð

ïñ

,  (29)

where 0pï  is the partial pressure of vapor away from 
the wall, Pa; and .pï ãð  is the partial pressure of vapor 
at the phase interface, Pa.

0=
pr
p

ï
ï

ïñ

.  (30)

Considering Amagat’s and Avogadro’s law, we obtain:

2 2

2 2 2

0

0

+ +
= ⋅

+ + +
N RO

N RO H O

V V V
p p

V V V V
âîçä

ã ïñ
âîçä

, (31)

2

2 2 2

0 0= ⋅
+ + +

H O

N RO H O

V
p p

V V V Vï ïñ
âîçä

. (32)

Fig. 1. A diagram of the algorithm of the mathematical model of condensation processes in a cylinder of a piston engine.
Рис. 1. Схема алгоритма математической модели конденсационных процессов в цилиндре поршневого двигателя.
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According to accepted assumption No. 3, the partial 
pressure on the cylinder wall is equal to the saturation 
pressure at the water vapor saturation temperature equal 
to the coolant temperature. The saturation pressure 
equation for the temperature range from -60°C to 0°C has 
an exponential form [9]:

î æ18,74 115,72
233,77 0,881

.

⋅ −
+ ⋅=

t
tp e îæ

ï ãð , кПа  (33)

where tîæ  is the coolant temperature, °С.
For diesel fuel combustion products  1ε π >Dã , where  

εг is the ratio of the partial pressure of dry gases to the total 
pressure of the mixture. According to [5], the coefficients 
in Eq. (21) are А = 0,71; k = – 0,9; and l = – 0,1.

The described dependencies, in a certain sequence, 
are summarized in the diagram shown in Fig. 1 and jointly 
represent an algorithm of a mathematical model.

DISCUSSION
The relative mass concentration of vapors away from 

the condensation surface is a variable quantity because 
the mass of gas in the cylinder is limited, and there is no 
replenishment of new substances. Consequently, at each 
subsequent moment, the partial pressure of water vapor 
decreases depending on the already condensed mass 
of water.

Pressure and temperature differences are important 
factors. The diffusion coefficient depends on temperature 
and pressure. In turn, the pressure in the cylinder is 
determined by the partial pressure of water vapor. Thus, 
the partial pressure of water vapor changes because of not 
only condensation but also to a greater extent the combustion 
and expansion processes of gases.

Moreover, the number of equations in this model is 
large, and simply writing the resulting equation is very 
cumbersome.

Using a mathematical model, the dependence of the 
water mass on the change in the state of aggregation, 
depending on the initial temperature of the warmed-up 
engine, was constructed graphically. This dependence is 
presented in Fig. 2.

Because of the factors listed above, the model is 
practically implemented using numerical integration 
with an angle step Δφ using the trapezoidal method 
with a sequential calculation of concentrations and partial 
pressures.

The mathematical model implementation in relation 
to the KamAZ-740.30 engine with a working volume 
of 10.9 L at −32 °C enabled determination of the estimated 
amount of water by changing the state of aggregation, 
which amounted to 2.9 g.

The activity and presence or absence of condensation 
processes depend on a set of factors. Temperature and 
pressure differences determine significant destabilizing 
conditions. A substantive and profound examination 
of such processes raises several currently unanswered 
questions. It would be reasonable to ask what happens 
to liquid water under combustion chamber conditions. It is 
unknown what part of the water is sent to the exhaust 
gas system and what part is sent to the crankcase space 
through the interfaces of the cylinder–piston group  
parts.

Significant destabilizing conditions can lead to 
a partial or complete reverse process of changing 
the states. Multiple changes in the states of one group 
of molecules are possible, depending on the modes 
and instantaneous positions of the crank mechanism 
as well as the location of this group in the volume 
of the cylinder, within the working cycle. Condensation 
processes in piston engines are described elsewhere [2, 4]. 
A well known mathematical model has been proposed 
for the condensation process in the crankcase space 
of a piston engine heated at subzero temperatures in a cold  
climate [7].

CONCLUSION
A mathematical model for the condensation process 

in a cylinder was developed for the first time; it represents 
new scientific knowledge and can be used to determine 
the mass of water condensing on the surface of the liner 
during a warmup period.

This model is applicable when designing engines 
specifically oriented to conditions of negative temperatures. 
Northern technology must be adapted for use under 
these conditions. The solution to the problem is seen 
in the use of thermal preparation means that prevent 

Fig. 2. Dependence of the mass of water on the change of the 
aggregate state, from the initial temperature, during the engine 
warm-up period of the engine.
Рис. 2. Зависимость массы воды по смене агрегатного 
 состояния, от начальной температуры, за период прогрева 
двигателя.
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such phenomena. On the basis of the calculation results, 
we can conclude on the activity of processes initiated 
by negative temperatures, determine whether means of 
thermal preparation of engines are needed, and determine 
the required power of these means and the acceptable 
coolants and energy sources for their operation.
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