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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
pressure.
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AHHOTALMA

O6ocHoBaHue. B nocnegHve rofbl HabniofaeTcs TeHAEHUMA NOABEMA aKTUBHOCTM K OCBOEHMIO 3aMonApHbIX TEPPUTOPUIA.
XapaKTepHoi ocobeHHocTblo CeBepa ABNAKTCA OTpUUaTeNbHble TeMnepatypbl. OTpuUaTenbHele TeMnepaTypbl OKasbiBalT
HeraTMBHOe BO3[EMCTBME HA COCTOAHME MOPLUHEBLIX ABMraTeNied Ha3eMHOro TPaHCMOPTa, MOOWMMLHBIX, CTaLMOHAPHbIX
3HEproycTaHoBOK U CPeACTB Majoi MexaHu3aumu. [lpuratesib ABAAETCA HaMMeHee NPUCMOCO6NEHHLIM arperaToM K npu-
MEHEHMI0 B TaKMX ycnoBuaX. CyllecTByeT Leno4Ka HeraTMBHbIX (aKTOpOB, MoCfie[oBaTeNbHO 0becrneyrBaiolLlan CBA3b
MeXOy 0TpULaTenbHbBIMM TEMMEpaTypaMu, B KOTOPbIX 3KCMAYaTUPYETCA TEXHUKA, U COCTOAHWEM MEXaHW3MOB U CUCTEM
aBuratenie. lepBUYHbIM 3BEHOM TaKOM LEMOYKKU ABMAKOTCA KOHAEHCALMOHHbIE NMPOLLECCHI. 3KCMEPUMEHTANBHO [0Ka3aHo
CYLLeCTBOBaHME KOH/IEHCALMOHHbIX MPOLLECCOB NpY paboTe ABUraTeNA Ha HU3KOTeMNepaTypHOM peruMe. MocnegHnin Gakt
“MeeT MecTo Npu NporpeBe B YCNOBUAX 0TpULLATeNbHBIX TemnepaTyp. BosHMKaeT Bonpoc: «Kakoe KonnyecTBo Boabl MeHsieT
arperaTHoe COCTOSIHME B Nepuop nporpesax»?

Lienbto pabotbl — paspaboTka MaTeMaTu4ecKoi Mogenu, No3BonsAioLLen Nofy4aTb 06BEKTUBHYIO MHPOPMaLMIO 0 Konnye-
CTBE BOAbI, MEHAIOLLEN arperaTHOe COCTOAHME B NEPUOL NPOrpeBa U CO34aHME BO3MOXHOCTM TEOPETMYECKOr0 NpeacTas-
NIeHNA COBOKYMHOCTM (U3NYECKMX NPEBPALLEHUN.

Matepuanbl u MeToAbl. BbinonHeHWe NoCTaBeHHbIX 3aa4 OCYLLECTBNANOCH HAa OCHOBE KNACcCUYeCKUX TEOPUM, ONMCLIBaI0-
LWMX paboyme NpoLecchl OTOMMUTENbHLIX KOTNOB. BbicoKaa TpyAOEMKOCTb M 3HaUMTENbHbIE PMHAHCOBLIE 3aTpaThl NpU oOp-
raHM3aLMM TakMX 3KCNEePUMMEHTOB TPebYIOT NOMCKa HOBLIX METOMO0B MccnefoBaHMA. MaTemMaTyecKkas MofdeNb No3BosAeT
afleKBaTHO peLuaTb 3afa4y Mo onpefaenieHnIo MacCoBOr0 KOSIMYECTBA BOAbl KOHAEHCUPYIOLLENCA B LIMIMHAPE MOPLUHEBOO
LBUraTesiA 3a Nepuog Nporpesa pacyeTHLIM METOOM.

Pe3ynbTatbl. PaspabotaHa MaTeMaTuyecKas MofeNb, OT/MYAlOLLanACcA NpUCNOCOBIEHHOCTbIO K MOPLUHEBLIM ABUraTeNaMm
1 NO3BONAIOLLAA UTEPALIMOHHO, Ha OCHOBE Pa3HMLL MapUManbHbIX LaBeHUN U MIOTHOCTM NOTOKAa MacChl BOQHOrO KOHAEH-
caTa onpefenaTb MacCoBOe KOMIMYECTBO BOAbI N0 CMEHE arperaTHoro COCTOAHUA 3a Nepuos Nporpesa.

3aknioueHne. Boga okasbiBaeT HeraTMBHOE BNIMAHME Ha COCTOAHWE MOPLUHEBOrO ABWratena. Martematuyeckana Mopenb
[AET TeopeTUYECKoe NpeacTaBneHMe 0 BHYTPEHHEM MeXaHWU3Me arperaTHbIX NpeBpaLleHui U ABNAETCA XOPOLLUMM MHCTPY-
MEHTOM MO03HaBaTeNlbHOM feATenbHocTU. MHopMauma o KonmyecTBe BOAbl KOHOEHCUPYIOLENCA B LMAMHAPE B NEpUOA
MporpeBa MOXKET AaTb Ha4ano HoBbIM UCCNef0BaHUAM B 06nacT 06BOAHEHUA M pecypca MOTOPHBIX Macen, 0bpa3oBaHuA
aKTMBHBIX KUCNOT KaK B LMNMHAPaX LMIMHAPO-MOPLUHEBON PYNMbI, TaK U B CMa304HOM CUCTEME, KOPPO3MOHHOIO M3Ha-
LUMBaHWA NOBEPXHOCTEN AeTanem.

KnioyeBble cnoBa: KOHOEHCALMOHHbIE npouecchbl; TpOVIHaH aHanorus nogobusa npoueccos TenooTaa4vu; peannsauuna
OEeNCTBUTENbHOrO0 LUMKNA OBWUratend; MjaoTHOCTb NPOAYKTOB CropaHud; HO3¢¢MLIMEHT ﬂM¢¢y3MM; MJIOTHOCTb MOTOKa
MaccCbl; MaccoBafA KOHUEHTpauKnA napos; napuuanbHoe fqaBneHue.
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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 °C 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
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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;
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Cylinder diameter, d, m;

Crank radius, R, m;

Combustion chamber area, m?;

Angle of rotation of the crankshaft, o, °csr;

Excess air coefficient, o;

Regression equation describing the change in coolant
temperature;

10. Crankshaft rotation speed, 7, rpm.

e A

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:

m= [ (1) - d, (1)

where J.. is the mass flow per cycle, kg/cycle; and
Tporp 1S the time for heating the coolant to the operating
level, s.

Mixture component mass flow [5]:

_dn,

J= —J-Fj-dF, )

dt
where J is the mass flow, kg/s; m, is the mass
of the diffusing component of the mixture, kg; T is time, s;
j is the mass flow density, kg/(ssm?); and F is the
condensation area, m?.

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 Eg. (1) into the following form:

720 180 360 540 720
J:jo ]-F-d(p:.[o ]-F-d<p+j180J-F-d<p+j%oJ-F-dcp+j54ok-F-d<p. @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'-F-d .[540'-F-d j720'-F-d
_J0 J (P: 360 7 (P+ sa0 / ¢

w720 -0

where J,.. 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:

F=n-d-S, ®)

where F'is the area of an elementary cylindrical section,
m? 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]:

S= R|:(1—COS([))+%(1—COS2(P):|, (6)

where R is the radius of the crank, m; A is the ratio
of the crank radius to the crank length, A=R/L_;
and ¢ 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:

F=n-d-S+F (7)

KC?

where F_ is the surface area of the combustion

chamber, m2.
The mass flow density can be determined using

the following equation [5]:
.j:p’B'(mnO_mn.rp)' (8)

where p is the density of the gas mixture, kg/
m?%; B is the mass transfer coefficient, m/s; m,,
is the mass fraction of vapor concentration in the
main volume of the cylinder; and m, , 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 (p,., kg/m?) is represented
by the following equation:
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Pre =
1,257V +1,977 Vo, +0,804-V,,, +1,293-V,
) Ve +Vio, + Vo + Vs '
273 p
T 1013250

¥

where V,SZ is the theoretical volume of nitrogen
in combustion products, m*/kgg.; Vo, is the volume
of triatomic gases in combustion products, m*/kgs,.; V3.0
is the volume of water vapor in combustion products, m%/
KOseli Viosn IS the amount of excess air for combustion
of 1 kg of fuel, m*/kgy,; 7 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, m¥/kg:

Vy =0,79-7°, (10
where ¥ the theoretical volume of dry air, mkg,
required for complete combustion of fuel (at an
excess air coefficient a = 1), is described as
follows:

V°=0,0889-(C+0,375-5)+
+0,265- H —0,0333-0,

(1)

where C, S, H and O are the contents of carbon, sulfur,
hydrogen, and oxygen, respectively, in the fuel, %;
« excess air volume, m¥/kg:

Vi =(a=1)-7%; (12)

BO3/(

« the theoretical volume of triatomic gases in combustion
products, m?/kg:

C+0,375-8
100

« the theoretical volume of water vapor in combustion
products, m¥/kg:

Vio =0,111-H +0,0124-W +
+0,0161-a.-V"-(d,, —10),

VROz =1,866- (13)

(14)

where ¥ is the water content of the fuel, %; and d_, 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 o = 1,7
are summarized in Table 1.
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Table 1. Values of combustion products volume per 1 kg of fuel

Tabnuua 1. 3HaueHWs 06BEMOB NMPOAYKTOB CropaHWA Ha 1 Kr
TonnMBa

V,’\O'z ’ malkgmnn VROZ ’ mS/kgTonn VH:U ’ ma/kg'ronn Vuom ’ malkgmnn
8.67 1.61 1.40 7.68

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

mi:gi.mnc:gi.pnc'zl/;v (15)

" is the volume of the mixture component, m?;
and g; is the mass fraction of the mixture component:

where V.

I Ky

gi:Z(”i'“t)'

where W, is the molar mass of the mixture component,
kg/mol; and; 7 is the volume fraction of a gas mixture
component:

(16)

. V

[ Dis I/[,

where p,. is the pressure of the vapor—gas mixture, Pa:

pnc :Zpi -

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

(18)

Table 2. Values of combustion products mass per 1 kg of fuel
Ta6bnuua 2. 3Ha4eHns Macc NpoayKTOB CropaHuA Ha 1 Kr TonnvBa

mnoar{ ’ kg/kg'ronn
9.97

mHZO ’ kg/kgmnn
1.13

Mpo. y ka/KG ons
3.17

my, , kg/KGygn,
10.87

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]:

19

where Nu,, 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,
m?/s.
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Diffusion coefficient (D) [8]:

1+u
oea(z]' 2
0

where D, is the diffusion coefficient under normal
conditions, m%/s; T is the temperature, K; 7, = 273 K;
p is the pressure, Pa; and p, = 101325 Pa.

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

(20)

Nupy =Nup,-A-r' -7, 1)
where Nu,, is the Nusselt diffusion criterion; Nu,,, is
the Nusselt diffusion criterion obtained on the basis
of the triple analogy; r. is the volume fraction of dry gases;
and 7, 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]:

Nup, =0,021-Re*® Pry*.r, | (22)
where Re is the Reynolds criterion; Pr, is the Prandtl
diffusion criterion; and 7, is the volume fraction of water
vapor.

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

Re=—— (23)

where V' is the speed of the medium movement, m/s; and
U, is the mixture viscosity, m?/s.

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

zﬁ:@.ﬁzw.R-(sinm&-smz@], (24)
dt dt do 2

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

0)—@:2%'11.

dt @)
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With an excess air coefficient a = 1,7, the composition p.—p
of combustion products is close to average [7]. M, = P (29)

The viscosity of combustion products is approximated by Pre

the equation:

where p,, is the partial pressure of vapor away from
=4,795-10"" £ +8,371-10" -£,_—1,824-107°, the wall, Pa; and p,,, is the partial pressure of vapor

at the phase interface, Pa.
(26)
where ¢, is the temperature of combustion products, °C. 7, =h.
The Prandtl diffusion criterion is represented by Pre
the following equations:

v
PrD =—= , (27)

D Ve, Veo, +Vaons

pl" = .pl'[CY
Ve A Voo +Vio+V.
rr :&' (28) N, RO, H,0 BO3]1
Prc
VHZO

Pno = Ve, +Veo, +Viro +V.

BO3

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

pHC'

(30)

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

31)

(32)

Fuel composition in mass fractions: C=0,870; H=0,126; 0=0,003; S=0,0001;

Excess air coefficient: o;

Air composition in mass fractions: N,=0,79, 0,=0,21;

Equation describing the dependence of coolant temperature on time. t (1) °C;

Estimated pitch size of the crankshaft rotation angle, Ag, °csr;

Cylinder diameter, d, m; movement of the piston along the cylinder S, m;

Equation describing the dependence of the gas temperature in the cylinder on the crankshaft angle of rotation, T(¢), K;

Crankshaft rotation speed, n, rpm;

Initial coolant temperature, t_,, °C;

Operating temperature of coolant, t,, °C;

Crank radius, R, m;

Ratio of the crank radius to the connecting rod length, A.

v
| Calculation of Egs. (9)-(14)

v

Calculation of mass and molar volume fractions of the water vapor
of triatomic gases, nitrogen, and excess air using Egs, (15)—(18)

Ao

T =) Ap/n-360

Regression equation describing the dependence
of coolant temperature on time, t (1)

| p=f(q>)iT=f((p) |

| Calculation of the Eqgs. (19)-(33) |

| 2y o=my o+ A my g |

i

Fig. 1. A diagram of the algorithm of the mathematical model of condensation processes in a cylinder of a piston engine.
Puc. 1. CxeMa anroputMa MaTeMaTM4eCKoN MOAENN KOHAEHCALMOHHBIX MPOLLECCOB B LMAMHAPE NOPLUHEBOr0 ABUraTens.

Equation describing the instantaneous value of gas pressure in the cylinder depending on the crankshaft angle of rotation, p(¢), MPa(a);
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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]:

18,744, 115,72
233,77+0,8814,,c

Pump =€ (33)

, KMa
where ¢, is the coolant temperature, °C.

For diesel fuel combustion products €, /7, >1, where
g, 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 4 =0,71; k=-10,9; and / =-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 Ag 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.
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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
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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.

Puc. 2. 3aBucuMocTb Maccbl BOfbl N0 CMEHEe arperatHoro
COCTOAHWA, OT Ha4yanbHOM TeMnepaTypbl, 33 NepuoA Nporpesa
OBUraTens.
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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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