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MATHEMATICAL MODEL OF THE VAPOR-DIESEL MIXTURE COMBUSTION
PROCESS IN MOBILE VAPOR GENERATOR BOILERS UNITS

MATEMATHUYHA MOJIEJIb ITPOLIECY 3IrOPAHHS NAPO-IU3EJBHOI CYMIIII
B KOTJIAX IEPECYBHUX MTAPOI'EHEPATOPHUX YCTAHOBOK

The article is aimed at solving the problem of creating a mathematical model of combustion in
boilers of mobile vapor generator units of the oil and gas industry of a vapor-diesel mixture, which is
a cheaper and more environmentally friendly alternative to diesel fuel for mobile vapor generator
units. The calculations showed that the thermal effect of burning a vapor-diesel mixture exceeds the
effect of burning the same amount of diesel fuel. The conducted studies showed that the transfer of
mobile steam generators to work using products of a vapor-diesel mixture was accompanied by a de-
crease in fuel consumption during the operation of boilers, and therefore is technically justified.

Keywords: mobile vapor generator unit, vapor-diesel mixture, fuel combustion, amount of heat.

Cmamms cnpsamo8ana Ha UpiuleHHs npooiemMy CIMEOPEHHs MAMEeMAMUYHOT MO0l 320PaHHs.
6 KOMax nepecySHux napo2eHepamopHux yYCmano8oK Ha@dmozazoeoi 2any3i napo-ou3eibHoi cymiuii,
AKi € Oinbut 0eute6o0 ma eKoN02iYHON AlbMEPHAMUBOTIO OU3ETbHO20 NAUEA O/ NEPECYSHUX napoze-
HepamopHux ycmanogok. IIposedeni meopemuuni 00cHiodcenHs i3uKo-XiMivHUX npoyecie npu 320-
PpamHi napo-ou3envHoi cymiuti @ KOmiax nepecysnux napozeHepamoprux ycmanoeox. Ceopmynvosani
NPUNYWEHH MAMEMAMUYHOT MOOei 320PaHHs 8 KOTAAX NEPeCYBHUX NAPO2EHEPATMOPHUX YCTNAHOBOK
napo-ouzenvtoi cymiwi. Cmeopena mamemamuiua Mooeisb 320panisi napo-ouU3enbHoL cymiuli 8 Kom-
JIaX NepecySHUX NApO2eHepamopHUxX ycmanoeox. IIpoeedeni pos3paxynxu noxasanu, wo meniogull
eghexm 6i0 CnanO8AHHA NAPO-OU3ETLHOL CyMIWLE nepesuye ehekm 6i0 CNANO8ARHS MIEL JC KIIbKOCMI
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ouzenvbHoeo nanusa. Buxopucmanns napo-ouzenvHux cymiuieii 003805€ 3HU3UMU 3a0pyOHeHHs nogep-
XOHb Haepigy 6 komaax cadxcero. IIposedeni po3paxyHku sumpam Ou3erbHo20 NAIU8a NApO2eHepamop-
noto yemanoskoio T1ITVA-1600/100 na piznux pescumax. [lsuoxicme 320psnns napo-ouzenvHoi cy-
Miwi € OinbUloN, HIidC MOBAPHO2O OU3EALHO20 NAAUEA, d THOUKAMOPHUL MUCK NPU 320PAHHI napo-
ouzenvHoi cymiui 3pocmac. 3a ymo8u 00MeHCeH s MAKCUMATLHO2Z0 MUCKY 320PAHHS, Ye NPUu3eooums
00 3HUdICEHHs numomoi eumpamu namuea. Taxooc mpeba giomimumu, wo 30L1bUEHHS WEUOKOCMI
320pAHHS NAPO-OU3ETbHOT CYMIUL NpU3800UMb 00 3MEHUIEHH MPUBAIOCHI 2opinHs naiusa. Buxkopu-
CMAaHHs NApo-0usenbHux cymiuetl 00360auno nioguwumu npudausno a 10—15 % KKJ/{ komnie nepe-
CY8HUX NAPO2EHEPAMOPHUX YCMAHOBOK A 3MEHWUMU WKIOAUG] BUKUOU NPOOVKMIE 320panHs. Buko-
HAHI Q0CHIONCEHHS NOKA3ANU, WO NEPededeH sl KOMILIG NePecyBHUX NAPO2eHePaAMOPHUX YCIMAHOBOK HA
pobomy 3 GUKOPUCMAHHAM NPOOVKMIE NAPO-OU3ETbHOL CYMIULE, CYNPOBOONCYBANOCH SHUINCEHHIM GU-
mpamu naauea npu pooomi KOmiie, a omaice € MexHiuHo 0OIPYHMOBAHUM.

Knrouosi cnosa:. nepecysna napoeenepamopua yCcmano8ka, napoou3enbHa CymMiul, 320psHHs
nanuea, KilbKicmb meniomu.

Problem’s Formulation

A significant particle of oil and gas technological transport uses technological installations
with diesel power systems for attached equipment. This requires significant consumption of expensive
diesel fuel during the operation of technological installations, therefore it is expedient to switch to
cheaper types of alternative fuels for technological transport. The almost two-time increase in the cost
of diesel fuel for 2022 again caused increased interest in the problem of switching existing diesel tech-
nological plants to alternative fuel mixtures, primarily those that are characterized by high fuel con-
sumption during technological work.

One of the most energy-consuming process transport units in the oil and gas industry is mobile
vapor generator units, which have powerful traction diesel engines to drive the chassis of process units
and diesel vapor generator boilers to produce large volumes of vapor. Fuel consumption by vapor ge-
nerator boilers of the most common installations is more than 100 kg of diesel fuel per hour

One of the common and cheap alternative fuel mixtures is vapor-fuel emulsions. The use of
water- and vapor-fuel emulsions has been known for almost a hundred years and allows for an in-
crease in the thermal efficiency of internal combustion engines and reduces harmful emissions of
combustion products.

One of the significant problems of using vapor-fuel emulsions in internal combustion engines
is the requirement to put a vapor generator on the chassis of the automobile which consumes addition-
al energy and has significant mass-dimensional characteristics

The presence of standard vapor-generating boilers in the mobile technological installations of
PPUA will allow, without placing the steam generator on the car chassis, a small part of the produced
vapor to be sent to the power supply systems of the traction diesel engine and the vapor -generating
boiler, thereby improving their economic and environmental characteristics. One of the steps in solv-
ing this problem is the creation of a mathematical model of the combustion of the vapor-diesel mixture
in vapor-generator boilers of mobile technological units of PPUA.

Analysis of recent research and publications

Choosing a type of alternative fuel, it is necessary to take into account the conversion of the
chemical energy of the fuel into work. The conversion of chemical energy of any type of fuel into
work in internal combustion engines and boiler plants is carried out in two stages: in the first stage, it
is transformed into heat, and in the second stage the heat is converted into work. During these trans-
formations, the main losses of fuel energy occur, which can significantly increase the efficiency of the
internal combustion engine [1].

In particular, applying vapor-fuel mixtures in internal combustion engines makes it possible to
increase the efficiency of the use of chemical fuel energy. Work on the use of vapor-fuel mixtures
began in the 20th of the last century and continues to this day in many countries of the world [2]. Huge
experience has been accumulated in the use of steam-fuel mixtures in internal combustion engines for
various purposes and boiler plants.
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Studying the experience of foreign and domestic developments shows that diesel engines con-
verted into vapor-diesel engines have high traction-dynamic and economic characteristics, and in
terms of environmental safety, they are significantly superior to basic diesel engines [3].

The use of the vapor-diesel mixtures made it possible to increase the efficiency of internal
combustion engines by approximately 5—10 % and reduce harmful emissions of combustion prod-
ucts, especially nitrogen oxides [4].

Operational tests of the vapor-diesel mixtures in diesel engines were carried out in the work
[5]. The conducted tests showed that the use of vapor-diesel mixtures ensured fuel savings of about
4—5 % (depending on the engine operating mode) with a significant improvement in the environmen-
tal characteristics of combustion products and a reduction in soot formation. The wear and reliability
of the main systems and parts of the diesel engine were at the same level as when it was running with-
out water.

The water quantity in vapor-diesel mixtures usually does not exceed 20 %, which corresponds
to the maximum value of fuel economy. Engine power begins to decrease at 30 % or more of vapor in
the vapor-diesel mixtures [6].

Numerous studies have established that the optimal size of water particles in vapor-diesel mix-
tures is from 5 to 10 microns [7]. When the size increases, the stability of vapor-diesel mixtures de-
creases with a simultaneous decrease in efficiency. The mechanism of water's effect on fuel combus-
tion has been studied in great detail. Optimally sized water droplets begin to boil before the fuel, caus-
ing "micro-explosions™ and improving fuel atomization.

Overconsumption of fuel due to contamination of heating surfaces in boilers with soot and
coke particles generally reaches 30—35 % [8]. The use of vapor-diesel mixtures allows for to reduc-
tion of the contamination of heating surfaces in boilers with soot. Another important factor characte-
rizing the efficiency of using vapor-diesel mixtures is increasing the durability of combustion equip-
ment [9]. In addition, water is a combustion catalyst, especially for carbon (soot), which also increases
the completeness of fuel combustion. But starting and stopping diesel engines when using vapor-diesel
mixtures should be carried out on fuel without water [10].

It was established [11] using vapor-diesel mixtures allows to increase the fuel combustion
coefficient, saves fuel, and reduces harmful emissions of soot, NO, and CO into the atmosphere. The
mechanism of this effect is explained as follows. Fuel, entering the burner, is sprayed by a nozzle. If in
such a drop of diesel fuel, there are inclusions of smaller water droplets (with a dispersion of about 1
um), then when heated, such droplets boil with the formation of water vapor.

As a result [12]: the contact surface of fuel with oxygen increases; in the high-temperature
zone of the boiler, a water drop explodes and secondary fuel dispersion occurs; centers of turbulent
pulsations appear; the number of small fuel droplets increases, which leads to the equalization of the
temperature field of the furnace with a decrease in local maximum temperatures and an increase in the
average temperature in the furnace; underburning of fuel is significantly reduced with a small coeffi-
cient of excess air, which allows reducing heat losses with exhaust gases.

Formulation of the study purpose

The purpose of the work is to create a mathematical model of the combustion processes in the
boilers of mobile vapor-generating units of the oil and gas industry of a vapor-diesel mixture for calcu-
lating and improving their fuel-economic indicators.

To solve this goal, the following tasks are presented:

— to theoretically investigate the physical and chemical processes during combustion in boilers
of mobile vapor generator installations of a vapor-diesel mixture;

— to formulate the assumption of a mathematical model of combustion in boilers of mobile va-
por generator installations of a vapor-diesel mixture;

— to create a mathematical model of combustion in boilers of mobile vapor-generating units of
a vapor-diesel mixture.

Presenting main material

Purpose and characteristics of industrial steam mobile units PPUA-1600/100M

The PPUA 1600/100M unit is designed for the deparaffinization of oil and gas wells, and
underground, and above-ground equipment with saturated steam of high pressure up to 10 MPa. The
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unit is an autonomous boiler room for generating steam in field conditions. The appearance of the
PPUA 1600/100M industrial vapor mobile plant and its steam generator boiler is shown in Fig. 1.
Brief technical characteristics of the PPUA-1600/100M industrial vapor mobile plant are given in
Tabl. 1 [13].

Fig. 1. The appearance of the industrial vapor mobile plant PPUA 1600/100M (a) and its
vapor generator boiler (b)

Table 1. Brief technical characteristics of the industrial vapor mobile plant PPUA-1600/100M

Characteristic - Indexes -
regime | regime 11
Heating environment water water
Vapor productivity, kg/h. 1600+10% 1600+10%
Heating environment water water
Vapor pressure, MPa 9,8 0,78
Vapor temperature, °C 310 175
Maximum hardness of feed water, ug-eq/kg 10 10
Fuel consumption for the boiler, kg/h. 110 35
Fuel used for operation of the installation Diesel Diesel
Fuel pressure, MPa 1,47 0,59
The time required to obtain steam from the moment 20 20
the installation is started, min., no more
Unit management from the car cabin from the car cabin
The maximum speed of movement of the 50 50
installation with full weight, km/h.

Physical and chemical processes during combustion of vapor-diesel mixture in boilers of
mobile vapor-generating units

Issues related to the improvement of fuel economy and environmental indicators due to the use
of vapor-diesel mixtures (VDS) for diesel engines of automobile transport have not been sufficiently
investigated. In the reviewed studies, there are no general recommendations, inherent to all types of
diesel engines, from the study of PDS with the aim of improving the economy of engines. Issues re-
lated to the mathematical modeling of combustion processes when using vapor-diesel mixtures for
boilers of mobile steam generators have not been investigated yet.

In general, the reasons that explain the role of water (vapor) in the process of mixture
formation and fuel combustion can be divided into two groups:
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— chemical influence (acceleration of the kinetics of chemical reactions, gasification of soot

residues);

— physical impact.

The special role of water (vapor) in the processes of mixture formation and combustion is
explained as follows. The vapor-diesel mixture is a system consisting of two liquids with different
boiling points. The boiling point of water at normal pressure is 100 °C. The boiling point of summer
diesel fuel is 360 °C, winter diesel fuel is 320 °C, and arctic diesel fuel is 280 °C (not used in Ukraine).
Emulsion drops of the "fuel with steam" type are a complex system consisting of diesel fuel, in which
water vapor is uniformly distributed in the form of small particles. The difference between the
temperature of the surface of the fuel particles and the temperature of the vapor is very significant and
reaches 100...200 °C. Thanks to this, microparticles of water vapor are additionally heated, increasing
the pressure and forming vapor bubbles. At the moment when the pressure, which tends to expand the
water vapor droplet from the middle, will exceed the surface tension of the film, which has already
weakened as a result of vapor heating, the destruction of the surface of the water vapor droplet will
occur, that is, a "micro-explosion”. As a result, there is intensive spraying of fuel droplets, their good
mixing with air in the boiler or engine cylinder, and rapid evaporation.

Experimental studies by the authors [14] confirmed the existence of the "micro-explosion”
phenomenon. Ignition of diesel fuel vapors is preceded by micro-explosions of water vapor particles.
The combustion process of the vapor-diesel mixture proceeds violently and takes less time than the
combustion of anhydrous diesel fuel.

More complete combustion of VDS is ensured due to the gasification of soot in fuel residues,
which usually does not have time to burn when using ordinary diesel fuel. But in the presence of water
vapor, carbon black interacts with the latter quite well according to the equation:

C+ 2H,0 = CO, + 2H,. (€H)

Free hydrogen reacts with oxygen much faster and more actively than carbon, thereby
reducing the effective specific heat of combustion of the fuel. Since the soot burns out intensively, it is
not deposited on the outer surfaces of the coil tubes. Clean outer tube surfaces improve heat transfer
from combustion products to the coolant in boilers, as soot on the outer surfaces of coil tubes reduces
the heat transfer coefficient. The existence of such reactions is clearly confirmed by the fact that when
water vapor is injected into the intake manifold of internal combustion engines, soot and soot on the
bottoms of the pistons, the cylinder head, and the exhaust manifold are usually not detected.

In general, the physical model of the mechanism of influence of PDS on combustion will have
the following form. The presence of vapor in the fuel causes an increase in the volume of the cyclic
supply of PDS to the boiler of the vapor generator compared to the supply of pure fuel. Vapor, as an
inert body, causes an increase in the surface of the fuel charge, and the greater the vapor content in the
mixture. The growth of the surface of the fuel charge causes an increase in the amount of evaporated
fuel per fuel injection cycle. The b PDS's combustion speed is greater than commercial diesel fuel's
droplets. Therefore, the combustion speed of PDS is greater than commercial diesel fuel, and the
indicator pressure during PDS combustion increases, accordingly. If the maximum combustion
pressure is limited, this leads to a decrease in specific fuel consumption. Therefore, the combustion of
PDS in boilers of vapor generators improves efficiency. It should also be noted that an increase in the
combustion rate of PDS leads to a decrease in the duration of fuel combustion.

At the same time, increasing the duration of supply due to diluting diesel fuel with vapor will
cause a decrease in specific fuel consumption only until the time of reaching the duration of supply,
which is equal to the optimum. Further dilution of diesel fuel with vapor will lead to an increase in
specific fuel consumption.

Assumption of the mathematic model aims boilers of mobile vapor generator units of
vapor-diesel mixture

The modeling aims to create a mathematical model of the combustion processes in the boilers
of the mobile vapor generator units of the vapor-diesel mixture. To solve this problem, the following
assumptions are made in the mathematical model:

— heat losses from the outer surface of the boiler of the steam generator are represented by
convective heat exchange;
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— air humidity is constant and does not affect heat loss from the surface of the boiler of the va-
por generator to the environment;

— the change in the physical indicators of the steam-diesel mixture combustion process in the
steam generator boiler is a consequence of the physical processes of atomization and evaporation of
diesel fuel mixed with an inert body with the thermophysical characteristics of water vapor;

— the chemical participation of the water phase in the process of fuel combustion is the same
as that of water vapor entering the steam generator boiler with atmospheric air and formed during fuel
combustion;

— combustion of fuel vapors formed during the ignition delay period occurs at a constant
volume V = const;

— heat from fuel combustion goes exclusively to increase the temperature of combustion
products in the boiler.

Description of the mathematical model of combustion in boilers of mobile vapor generator
installations of a vapor-diesel mixture

In the area of ignition, fuel burnout can be ignored with a sufficient degree of accuracy, and
the rate of heat release (due to chemical reactions) can be considered close. In the area of rapid
combustion up to the moment of Pz, the rate of heat release can be calculated from the rate of fuel
evaporation, depending on the amount of fuel evaporated during the ignition delay period, the
corresponding change in the composition and properties of the working fluid.

The first law of thermodynamics in the area after the start of fuel injection based on 1 kg of
fuel can be written as follows:

2.dQ = MdU + udM + pdV, 2
where Y, dQ — the sum of heat sources, which is defined as
Z dQ = dQ32 - dee - dQeunv (3)

where dQ,, — heat release due to fuel combustion; d@Q,,, — heat loss due to fuel heating and
evaporation; d@,,, — heat loss due to heat transfer to the walls of the boiler; A — the mass of the
working body, which is equal to:

M = A/[noe + M32 + M’VY (4)
where M,,,, — current number of moles of air:
A/[nog = LO + Y32L01 (5)
where y,, — the particle of fuel burned, which is defined as
m,
Ve = sz/qu, (6)

where m,, — a mass of burned fuel; g, — cyclic fuel supply; M, — current amount (number of
moles) of fuel vapor;

Mv = (1/;11) : (Xv - X3e)v (7)
where y, = m”/)(32 — a particle of fuel that evaporated; pu, — fuel molecular weight; M,, — current

number of moles of combustion products;
M32 = ay3a.uL0 + X32Ma1 (8)
where y,,, — coefficient of residual gases; M,— the number of moles of burned fuel at « = 1.
Substituting equations (2.47)-(2.50) into (2.46), we get:

M= (‘X LO + Y32L0) + (aymﬂLO + X32Ma) + (1/[,[.[) : (Xv - X3e)1 (9)
The mass of the working body at the moment of the start of injection, given that at the moment
of the start of injection y,, = 0, x,. = 0, T = 0 will be equal to:
M= (0( LO) : (1 + y3a,1)- (10)
Considering that at the moment of ignition of the injection mixture y, =1, y,. =1, 1t =1,
we will get:
M= (0C +1)L0 + (aymﬂLO +Ma)- (11)
Let's transform the equations of the first law of thermodynamics. Because
PV = 8314MT, therefore
pdV + Vdp = 8314(MdT + TdM). (12)
Where do we get
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> dQ = pdV + MucC,dT + uC,TdM. (13)
PdV+VdP
Lo _pv e~ TaM _
Substituting in (2.56) T = ©V /g33)7 @nd dT = 7 We get:
PdV+VdP PVdM PV
%dQ = pdV + ut, ( 8314 8314M) +uly 8314MdM' (14)
After the transformations, we get:
k-1 dP  kdv aM _
WZdQ_?_T_F(l_#CV)?_O (15)

We determine from (2.57) the dependences for the pressures and temperatures of the
combustion products in the boiler of the gas generator:

dp PdV _ k-1 dQ
E+k@_ - Zd(p, (16)
dr Tav _ 1 daQ
E_F(k_l)%_quMzd(p' (17)
The amount of heat needed to heat the coolant to the boiling point at atmospheric pressure:
Qn()e = M- Cv (tgx - tgux ) (18)

where t5, — water temperature at the inlet of the generator boiler coil, °C; t¢,. — water temperature
at the outlet of the generator boiler coil, oC.
Coefficient of heat transfer to water:
@, = 0,023 22 Re08py04 (19)

6H

where A,, — coefficient of thermal conductivity of water, W/(m:K); d,, — inner diameter of the
steam generator boiler coil tube, m; Re, Pr — Reynolds and Prandtl numbers.
Temperature pressure between the steam and the outer wall of the boiler:

At = tnap -05 (tnap - t3oe)v (20)
where t,,, — outlet temperature of water vapor at the given mode of the steam generator unit, °c;
t,,, — the temperature of the outer wall of the boiler of the vapor generator installation, °C.

The total thermal resistance of tube walls, sediment layers, and water:

R —_ d308 . ln d308 + i . d308

, (21)
2-Aem e gy ey
where d,,, — outer diameter of the coil tube of the vapor generator boiler, m; where 1,.,, — coefficient
of thermal conductivity of the tube wall, W/(m:K).
Average temperature pressure:

tgux_tgx
Aty = Lt (22)

tnap_tgx ’

tnap_tgux

To obtain dry saturated vapor from water at a temperature t; <t; under the condition of

constant absolute pressure (dry saturated steam has a saturation temperature t ) the specific amount
of heat will be

Qeun = Cp -(tg —tg )41 =Cp-(ts —tg J+(i"=i")=i" ¢, -ty , KI(kg K), (23)
where ¢, — specific mass isobaric heat capacity of water, ki/kg K); for further calculations, we

accept ¢, =419 KJ/(kg K); tg — the temperature of the feed water, which in practical conditions
fluctuates within certain limits, °C; t, — dry saturated vapor temperature, °C; r — specific heat of
vaporization (r = i” —i'), kJ/kg; i” — enthalpy of dry saturated steam, kd/kg; i’ =cp -tg — enthalpy
of boiling water, kl/kg; ig =cp -ty — enthalpy of feed water, kJ/kg.

To obtain 1 kg of wet saturated vapor with a degree of dryness x from the water having a
temperaturet, <t , the consumption of specific heat will be

Qe = Cp - (tg —tg )+ x-r=i"-(L=X)+X-i"—ig, kil(ky K), (24)
where x —a measure of the dryness of wet saturated steam (x varies from 0 to 1).
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Substituting in formula (24) instead of value C, -t5 we will get the amount of added specific

heat to water to obtain wet saturated steam
Oy =1"X+1"-(1=X)—C,, -t 5, ki/kg. (25)
We determine the gross efficiency ratio of the steam generator installation knowing the fuel
consumption to obtain dry saturated steam as needed P, t and x, as well as the recommended fuel

consumption according to the technical characteristics of the units:

5 26
rlﬁp = Bmx ! ( )

where B,,,,, — fuel consumption for the specified P, t, and x.

The specific consumption (part) of diesel fuel for obtaining 1 kg of steam at different values of
the degree of dryness will be

:&, kg fuel ’ 7)
D kg vapor
where B,— actual consumption of diesel fuel to obtain steam at a certain degree of dryness x, kg;
D — the amount of vapor obtained from spent fuel B, kg.
The analysis of the calculated data shows that when the installation is operating at the same

mode of P and t, but with different values of the degree of dryness x, the fuel consumption for
obtaining wet saturated vapor differs by an amount

Unn

AB, = Bx:o,s - B(x:O—O,G)’ kg/h., (28)
where B o5 — consumption of diesel fuel to obtain vapor at a dry rate (x=0,8), kg/h.; B 00 6)
consumption of diesel fuel to obtain vapor for the values of the measure of dryness (x=0; 0,2; 0,4;
0,6), kg/h.

Calculation results

Let's make some practical calculations.

The amount of heat needed to heat the coolant to the boiling point at atmospheric pressure

We assume that the temperature of the water at the inlet of the generator boiler coil is equal to
30 °C, the water temperature at the outlet of the generator boiler coil is 100 %C, the mass of the coolant
is 1600 kg. Then the heat load will be:

Q,0. = 1600 - 4190(100 — 30) = 469,28 M.

Coefficient of heat transfer to water

The inner diameter of the coil tube of the boiler of the generator set ITITY A-1600/100 is equal
to 3,5 mm. The coefficient of thermal conductivity of water at 0 °C is 0,551 Bt/(M°K), at 50 °C is 0,648
W/(m-K), at 100 °C is 0,683 Br/(m'K). We will calculate the coefficient of thermal conductivity of
water at 100 °C:

a,) = 0,023 - 22 Re08prot,
mp

The Reynolds number for water:
Wepdgy 2-0,0035

Re = alaryrrer=ia 16707.
60 f :
The Prandtl number for water:
Pr = YeolvPeo _ 0,419-4191-0,419-107° —25.
Ao 0,663
Then
0,663

t, = 0023 - 2216707%82,5%* = 150204 —;—,
0,0035 m<-K

Temperature pressure between the steam and the outer wall of the boiler:

We take the output temperature of water vapor as the maximum for the PPUA-1600/100 M
steam generator unit — 310 °C. The temperature of the outer wall of the boiler of the steam generator
unit is 30 °C. Then At = t,,, — 05 (t44p — t.0s) = 310 — 05 (310 — 30) = 170 °C.
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The total thermal resistance of tube walls, sediment layers, and water:

The outer diameter of the PPUA-1600/100 generating set boiler coil tube is 2.8 cm. The
coefficient of thermal conductivity of alloy steel 1X2MB of the PPUA-1600/100 generating set boiler
coil tube is 45.4 W/(m:K). The coefficient of thermal conductivity of alloy steel 1X2MB of the PPUA-
1600/100 generating set boiler coil tube with a scale layer of 0.5 mm is 16.3 W/(m:K). Then

d3oe I dsoe 1
2 Acm " deH Ay

d,ps 0028 0028 1 0,028
o d,  2.163 00035 150204 0,035
= 2,449 -107* 1% - K/,
Average temperature pressure:
100-30 0
Atcep = 1, 310=30 =2414°C.

310—-100

R =

According to the technical characteristics of PPUA-1600/100 units, their fuel consumption is
110 kg/h. Accordingly, the gross efficiency ratio for installations is equal to ngp =0,824. Using the

above, we will perform calculations of fuel consumption by steam generator units to measure the
dryness of the steamatx = 0; x = 0,2; x = 0,4; x = 0,6 i x = 0,8. Fuel consumption AB, = f(P, x) with
different measures of the degree of dryness are shown in fig. 2. Calculation data are summarized in the
tabl. 2.
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Fig. 2. Graphs of PPUA fuel consumption at constant P, t and varying degree of dryness x (a
— PPUA-1600/100 installation, regime I; b — PPUA-1600/100, regime I1)
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Table 2. Regimes, output data and calculations of diesel fuel consumption by the PPUA-
1600/100 vapor generator

R1 0 LN/ !
MPa t,°C i",kilkg | ', klkg Bi=o Bi=02 Bi=04 Bi=06 Bi=og

1,0 179,88 2777,0 762,6 32,496 50,875 69,254 87,633 | 106,012

1,5 198,28 2790,4 844,7 36,241 53,993 71,746 89,498 | 107,250

2,0 212,37 27974 908,6 39,156 56,389 73,623 90,856 | 108,089

2,5 223,94 2800,8 962,0 41,592 58,369 75,146 91,923 | 108,700

3,0 233,84 2801,9 1008,4 43,709 60,073 76,436 92,800 | 109,164

3,5 242,54 2801,3 1049,8 45,598 61,578 77,559 93,539 | 109,520

4,0 250,33 2799,4 1087,5 47,317 62,937 78,556 94,175 | 109,794

4,5 257,41 2796,5 1122,2 48,900 64,177 79,453 94,729 | 110,005

5,0 263,92 2792,8 1154,6 50,379 65,325 80,272 95,219 | 110,166

5,5 269,94 2788,4 1185,1 51,770 66,398 81,027 95,655 | 110,283

6,0 275,56 2783,3 1213,9 53,084 67,403 81,722 96,041 | 110,360

6,5 280,83 2771,6 12414 54,338 68,354 82,371 96,387 | 110,403

7,0 285,80 27714 1267,7 55,538 69,258 82,977 96,697 | 110,416

7,5 290,51 2764,7 1293,0 56,692 70,120 83,548 96,975 | 110,403

8,0 294,98 27575 1317,5 57,810 70,948 84,087 97,225 | 110,364

8,5 299,24 2749,9 1341,2 58,891 71,744 84,597 97,450 | 110,302

9,0 303,31 2741,8 1364,2 59,940 72,509 85,079 97,648 | 110,217

9,5 307,22 2733,4 1386,7 60,967 73,254 85,541 97,828 | 110,115

10,0 310,96 27244 1408,6 61,966 73,971 85,976 97,982 | 109,987

Calculations show that, for example, at measuring the dryness of water vapor x = 0.8; P=10
MPa; t=310 °C, the PPUA-1600/100 installation consumes 109.987 kg/h. of diesel fuel, and at dry vapor
X =0.2 (20 % dry vapor) with the same parameters, the consumption of diesel fuel is 73.971 kg/h.

Conclusions

Physical and chemical processes during the combustion of a vapor-diesel mixture in boilers of
mobile vapor generators were theoretically investigated. The proposed mathematical model of com-
bustion processes of vapor-diesel mixture in boilers of mobile vapor generator installations of the oil
and gas industry.

In mathematical modeling of the working process of the combustion of a vapor-diesel mixture
in boilers of mobile vapor generators, it is advisable to use a thermodynamic calculation based on the
use of the first law of thermodynamics and theoretical dependencies of the heat balance.

Setting the combustion law as a function of the fuel supply characteristics and using a series of
successive approximations for the heat input laws (heat input with the supply rate, heat input with the
evaporation rate, heat input with the rate of formation of a stoichiometric vapor-diesel mixture, taking
into account the limitation of the combustion process in the combustion zone) it is possible to deter-
mine the characteristic parameters of the process. This approach ensures the adequacy of calculations
of indicator indicators and heat release.
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