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Abstract: A mathematical model of the vaporization process in the coil is developed, taking into
account the experimental data. To investigate and visualize the evaporation procedure in the coil,
a mathematical pattern of the vapor-liquid mixture motion is compiled and reproduced. In the
methodology of the study of the movement of the steam-water mixture, correction coefficients are
proposed for calculating the velocities of the coolant in non-standard coaxial coils. The parameters
were calculated using data sensitivity analysis and data validation was performed by repeated tests;
uncertainty was detected when using the instruments, as well as the total extended uncertainty, the
upper and lower limit of uncertainty for each measured parameter. In addition, as part of the steam
generator set, solar collectors operate in the summer mode. Using the example of the studied steam
generator operating in the conditions of an oil and gas field in the subarctic climate, it is shown
that it is possible to use air-type solar collectors for the ventilation system of the production room,
as well as water-heating solar collectors for technical systems of hot water supply and chemical
water treatment.

Keywords: boiler installation; coaxial cylinders; coil pipe; heat transfer; solar concentrators

1. Introduction
1.1. Relevance of the Research Topic

At present, a reliable autonomous energy supply is an urgent practical task for oil and
gas fields located in the arctic and subarctic climates. This applies to the industrial part of
drilling rigs, as well as the domestic part of the premises where working specialists live. It
should be noted that the development of new fields is impossible without the construction
of heat and electricity sources. Since the newly developed fields are located at a considerable
distance from the centralized power grids, the only option remains the construction of
steam boilers that generate steam for the drilling rig and an autonomous power supply
source. The source of electricity supply can be a gas turbine plant or renewable energy
sources. As for providing heat to domestic premises, here in the case of a steam boiler unit,
heat exchangers are installed for heating cold water and recently for the summer period,
tanks for heating water based on renewable energy sources.

1.2. Solving a Scientific Problem

The generated steam under the operating conditions of the drilling rig must be of low
or medium pressure and be in an overheated state. Many types of steam installations can
produce steam with such parameters. On the territory of oil fields in Siberia, there are often
block-modular transportable boiler installations on the basis of boilers E-1.0–0.9 M (Z),
which run on fluid propellant. The propellant consumption in the rated mode is 0.28 kg/s.
The working pressure of the coolant at the outlet of the boiler is on average 0.75–0.8 MPa at
a temperature of 174.5 ◦C (447.65 K). However, these boiler units have low efficiency and
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low reliability of operation. In this regard, new fields are trying to introduce new types
of steam generator that would meet the requirements of the drilling rig, but at the same
time work more reliably and efficiently. One of these types of boilers is a direct-flow steam
generator of the coil type. Similar boilers and heat exchangers are known in the industry,
but for working conditions at extremely low temperatures, previous experiments have not
been conducted anywhere in the world.

1.3. Review of Scientific Research on the Topic of the Work

The interest in the study of hydrodynamic and thermal processes in coil-shaped heat
exchange elements can be traced by authors from different countries. In [1], a numerical
simulation of heat transfer is performed on the example of a coil heat exchanger in relation
to a reactor installation. Special attention is paid to the comparison of the results obtained
using different turbulence models, as well as to the study of the influence of the structure
of the calculated grid. In the articles, studies have been carried out for single-phase and
two-phase flows, as well as for coiled and spiral-coiled pipes [2,3]. The results of foreign
scientific activities devoted to heat exchange processes, including those that take into
account non-stationary phenomena, are presented both in numerical and experimental
works. The authors of the publications [4,5] conducted a computational and experimental
study on the example of a spiral heat exchange element, comparing the results of numerical
modeling with the experimental data obtained, which made it possible to determine the
heat transfer coefficient in the inter-tube space.

A large amount of computational work has been carried out on the study of the
influence of geometric configurations of the properties of working bodies and the features
of mathematical models on the thermal and hydraulic characteristics [6]. In experiments,
visual results of comparing the coil heat exchange element with other types are obtained.
The use of modern numerical modeling tools makes it possible to more fully describe
physical processes, optimize design and technological solutions, and identify flow and heat
transfer features [7].

The research of the Politecnico di Milano is worth mentioning. The research team of
this institute develops new methods for burning [8,9], pyrolysis [10], chemical reactions [11]
and the formation of vapors of various substances [12] related to heat power engineering.
In addition, new information about the combustion kinetics has been obtained over the past
five years. The works of the authors Alberto Cuoci et al. [8], Warumporn Pejpichestakul
et al. [9], Alessandro Stagni et al. [10], Andrea Bassani et al. [11], and Guilia Bozzano
et al. [12] have made a significant contribution to the development of world science.

The scientific developments of L. Rosenthal, conducted relatively recently, indicate
that the theory of heat and mass transfer, especially evaporation, has its shortcomings
in comparison with experimental studies of boiler units. L. Rosendahl and M. Mando
presented the findings of their research in the form of the scientific work [13]. Researchers,
for example, T. Asotani [14] and his colleagues, proposed a hypothesis of the behavior of
a vapor-liquid mixture, and this conjecture was justified by the developed mathematical
model, which is compatible with the outcomes of the studies performed by L. Rosendahl
and M. Mando [13]. The hypotheses considered in the review were confirmed by the devel-
opment of mathematical models. These patterns are well in accordance with each other, as
well as with the fundamental physical rules, for example, the equations of conservation of
mass and energy, as well as the boundary conditions of heat transfer processes.

1.4. Purpose and Objectives of the Study

The purpose of this study is to examine the process of evaporation of two-phase fluid
in a closed system, in particular obtaining a mathematical model of the process of steam in
the boiler coil based on the basis of analysis of the information obtained experimentally for
oil and gas-fishery, and verification of theoretical and experimental data, reviewing the
prospects for the optimization of a model steam boiler coil.
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The peculiarity of this study is to develop a methodological approach to solving prob-
lems of hydrodynamics in coils in mathematical modeling of the process of vaporization of
a steam-water mixture in an indoor system using experimental data. Thanks to the use of
variable values depending on the actual conditions, a scientific and experimental basis has
been laid for further study of the design of direct-flow boilers.

1.5. Use of Solar Collectors in a Steam Generator Set in the Summer

There is an opportunity to use modern expensive technologies economically, especially
since there are reasons for their strategic, economic and regulatory nature. It is important
to understand that oil and gas fields in subarctic and arctic climate areas should adopt
renewable energy trends.

In the foreseeable future, it is necessary to adequately restructure the energy balance
so that renewable energy sources in the far north make up at least 20%, which is necessary
in hard-to-reach and remote regions.

In conjunction with the steam generator set, the authors used solar collectors for the
heating (Figure 1) type and the air (Figure 2) type.

Figure 1. Application of solar collectors in the oil and gas field in subarctic conditions.

Figure 2. Application of air solar collectors in the oil and gas field in subarctic conditions: (a) scheme
of air heating from solar radiation, (b) diagram of the movement of air mass in the room, 1—heated
part of the solar collector, 2—incident solar radiation, 3—cold part of the solar collector, 4—air
channel, 5—heated indoor air, 6—cold indoor air.
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The average annual energy input of direct solar radiation in the arctic varies from 2
to 4 kW/h per square meter daily, and this is a very good indicator. For comparison, in
the southern regions of Germany, it reaches 3.4 kW/h per square meter daily. In Siberia,
on clear summer days, the supply of solar energy can reach indicators of 6–8 kW/h per
square meter daily.

The sun’s rays falling on the surface of the collector heat the helio-absorber, the fan is
automatically started and cold fresh air from the street, or cooled from the room, passing
through the helio-absorber is heated and transferred to the room displacing and replacing
the cooled air mass.

There is a switch that can be used to turn off the solar collector when ventilation or
heating is not required. In this case, the collectors heat and dry the room. With the help of
a built-in fan, fresh street air passes through the filter, is heated in the solar collector and
the heated air enters the room, displacing damp, cold, old air from the room.

2. The Experimental Conditions

A transportable boiler plant is common in hard-to-reach areas of the subarctic and
arctic climate and is in demand in a variety of areas of our life: maintenance of private
homes in towns and remote villages, in the field of production.

On drilling locales that specialize in oil extraction, steam and hot water are necessary
for the technological and internal needs of the maintenance specialists.

The boiler plants have the required auxiliary equipment (water treatment equipment,
boiler water supply system, fuel equipment, etc.), which currently requires repair, re-
placement, modification, since it is morally and physically outdated. The chemical water
treatment system fails to handle tough, polluted water, putting boilers at danger and
increasing the chance of failure due to tube pollution and damage.

One of the experimental components of the work involves the modernization of a
transportable boiler plant by replacing the E-1.0–0.9 M (Z) boilers with direct-flow steam
boilers of the coil type [15,16]. Preference is given to direct-flow boilers due to their suitable
technical characteristics, compact size, ergonomics and low production and maintenance
costs [17]. The experiment is designed to collect and analyze the performance characteristics
of a steam boiler of the coil type in real conditions of the subarctic climate. For research
purposes, the installation is situated on the locality of the Variogan oil area in preparation
for the winter heating season.

The subarctic and arctic climates are observed in the regions of the far North, where
the Northern Sea Route passes. But an important component is the ecology of the arctic,
as a global value. In this case, in addition to the development of production and use of
organic fuels, it is necessary to develop solar energy, and the sun can occupy a decent part
of the energy supply by all indicators.

The number of difficulties in electricity and heat supply in subarctic and arctic zones
is very large, ranging from the problem of fuel delivery and difficult navigation in a short
time, and ending with a large proportion of organic fuel, wear and tear or lack of power
lines in remote and hard-to-reach areas.

Description of the Steam Plant

A direct-flow steam boiler of the coil type is shown in Figures 3 and 4. The principle
of its operation is based on the complete evaporation of the liquid during its passage
through the evaporation surface [18]. The coils of the steam boiler are coaxial cylinders.
The working fluid evaporates in the course of a single stroke without re-circulation. The
liquid moves along the coil. Since the process of vaporization occurs in the absence of a
drum, there are no clear boundaries of vaporization in the coil. This process takes place in
the total mass of the working medium [19,20].
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Figure 3. Direct-flow steam boiler device (appearance and cut of the boiler): 1—input camera,
2—control unit, 3—inner coil, 4—fan, 5—outlet valve, 6—external coil.

Figure 4. Coil of direct-flow steam boiler device.

The process of liquid evaporation in the coils of a steam boiler depends on many
factors: the composition of the liquid, its volume, the influence of mass exchange and heat
exchange processes, and so forth. Therefore, there are many approaches to its analysis, but
there are no studies of the process of vaporization of multicomponent liquid in the coils of
steam direct-flow boilers for indoor systems [21,22].

The experimental setup developed by the authors is shown in Figure 5.
The steam generator is installed in the research laboratory and is equipped with

control systems, data collection on the main parameters. First of all, the flow rate (speed),
pressure and temperature of the liquid, steam-water mixture, and superheated steam
were measured.

Two steam generators are installed in the laboratory, the appearance of the laboratory
corresponds to the type of block-modular transportable boiler house. It is these boilers that
are most in demand in the subarctic climate in remote areas where oil and gas fields are
located. The appearance of the block-modular boiler house, which is being developed by
the authors, is shown in Figure 6.
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Figure 5. Research stand for the study of vapor formation and movement of liquid and steam in
a steam generator of the coil type: 1—the body of the steam generator, inside which the coils are
located, 2—fan, 3—water supply pipeline, 4—pipeline of superheated steam obtained in, 5—control
unit, 6—system for measuring the main parameters in the steam generator.

Figure 6. External view of a block-modular boiler house, with two coil-type steam generators
installed inside, on which the research was carried out.
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3. Theoretical Basis of the Study

To study and illustrate the evaporation process in the coil, a mathematical pattern
was prepared and imitated in the Ansys application [23–25]. To create the model, one
needs to establish equations. So, the thermodynamic system formed during the passage
in the coil was obtained. This system is considered heterogeneous, since it comprises of
some physical homogeneous objects in the presence of discontinuities in the change of
their characteristics inside the system. The gas and liquid mixture is the first phase—fluid,
the second—vapor. When flowing in coils, the flow interacts with the channel wall due to
friction and pressure, as well as heat-due to heat exchange with the wall. The intensity of
the processes for gas-liquid mixtures depends on the flow structure, the phase distribution
over the channel cross-section and internal processes [26–31].

Since there is an interface between the phases, such values as the concentration of
components and the density of the mixture change abruptly at an infinitesimal point: the
concentration is from 0 to 1, and the density is from ρ1 to ρ2 [31,32]. So the density of the
mixture can be given by the following Equation (1), which shows the density of the mixture:

ρmix = ϕ1·ρ1 +ϕ2·ρ2, (1)

where ϕ1 and ϕ2—relative volume concentrations of components, which are continuous
functions of time and coordinates; they are alternately zero and one.

It is accepted that a multicomponent liquid consists of one component and with a
low concentration of all other substances. In this regard, the assumption of the absence of
chemical reactions is introduced.

There are secondary circumstances that affect the development of the flow pattern,
which depend on the flow rate of the phases, the positioning of the pipe and the phase
formation.

Thus, some simplifications and assumptions were adopted for the construction of the
mathematical model [32–35]:

• The one-dimensional problem statement was considered.
• The only mass the force of gravity.
• The forces of inertia are negligibly small.
• The differences in the pressure of the liquid and vapor phases of the flow were ignored.
• The differences in the temperature of the liquid and vapor phases of the flow were

ignored.
• The flow modes for both phases are turbulent.
• The correlation coefficients differ little from the unit.

In this case, the correlation coefficients are assumed when determining the velocities
and temperatures.

• Perturbations in the medium are considered smooth, not shock.
• No chemical reactions.
• The stratification of the liquid phase was not taken into account.
• Phase transformations-intensive.

To describe the turbulence, we used the standard k-εmodel with the introduction of
new concepts-generation P and dissipation ε. Two new equations allow us to consider
turbulence in space and time. This model is semi-empirical and is based on a phenomeno-
logical approach and experimental results [36].

For simulation purposes, it is conventionally assumed that the transported gas-liquid
mixture is a mixture of a Newtonian one-component viscous weakly compressible heat-
conducting liquid and a Newtonian one-component viscous compressible heat-conducting
vapor.

To create the pattern, an “exact” gridline was applied. The thickening of the mesh is
generated near the impervious walls [37].
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If you select an arbitrary volume in the flow of a two-phase liquid τ, which is bounded
by the surface σ. Mass flow of the mixture through the surface σwill be equal to the change
in the mass of the mixture over time in the volume τ (Figure 7).

Figure 7. Flow of a two-phase liquid of any volume τ, limited by the surface σ.

The general Equation (2) is valid for the flow of a mixture both in the presence of
phase transformations of one component into another, and without them. This Equation (2)
shows the unsteadiness of the vaporization process in the integral form:

∂

∂t

∫
τ
(ϕ1·ρ1 + ϕ2·ρ2)dτ+

∫
σ
(ϕ1·ρ1·(ω1·dσ) +ϕ2·ρ2·(ω2·dσ) = 0. (2)

Equation (2)—the continuity equation. A two-phase liquid of arbitrary volume was
isolated in the flow τ, which is bounded by the surface σ (Figure 5). Mass flow of the
mixture through the surface σ will be equal to the change in the mass of the mixture
over time in the volume τ. If the external normal to the surface is taken as the positive
direction of the velocity σ, then arbitrary masses in time must have a minus sign. Hence,
Equation (2) is obtained. It is general and valid for the flow of a mixture both in the
presence of phase transformations of one component into another (liquid into gas or steam),
and without them.

The carried-out studies, taking into consideration theoretical estimates and experi-
mental facts, made it possible to construct a model of the vaporization process in coax-
ial cylinders.

Before creating the model, it was supposed that bubble boiling happens on the pipe
surface in the boiler under discussion. The bubbles are then transferred to the main
riverbed. As the fraction of steam rises, a plug is formed, which can take up the whole
cross-section of the tube, and so the flow rate rises greatly. In this case, the boiling process
can also happen on the wall. This operation can be replaced by a circular mode, when the
tube wall is coated with a fluid film, and the middle section is populated by a vapor-water
blend (Figure 6) [38].

When the boiling liquid moves in the pipes under consideration, which are close to the
horizontal view, there is a stratification of the flow along the perimeter of the pipe. If the
circulation rate and the vapor content in the flow are low, the two-phase flow is stratified
into the vapor phase at the top of the tube and the fluid phase at the bottom.

With an increase in the velocity of circulation and vapor content, the crests of the
liquid waves begin to touch the upper part of the pipe, then the flow passes into a kind
of cork and finally—rod mode with an asymmetric distribution of the liquid and vapor
phases (Figure 8).
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Figure 8. The process of vaporization in the coil: (a) vertical flow (1—water, 2—nucleate boiling,
3—main flow, 4—plug mode, 5—steam), (b) horizontal flow.

According to the modeling and the resulting visualization, Figure 9 shows a grid
superimposed on a solid-state coil model. In Figure 10, the coolant rate has reached its
limit in the center of the pipe coil, which supports the abovementioned assumption.

The research data on the increase in the fuel combustion process led to the idea of
using a direct-flow boiler model with coaxial coils in the boiler plant, because the air supply
to the nozzle goes after heating in the air heater, which is built into the boiler and is a double
casing. The air enters the jacket and is heated by the outgoing flue gases before entering
the burner device. This type of construction shows good results in the intensification of the
combustion process. It is worth noting that the design of convective surfaces made of a
pipe looks like a ribbed surface, which serves as a good flue gas turbulator, due to which
the heat exchange process is intensified.

Figure 9. Mesh superimposed on a solid-state coil model.
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Figure 10. The simulation results, received in postprocessing: (a) velocity field in the coil, (b) the
same velocity field in the coil, but in a horizontal section.

When creating a simulation of the vaporization procedure, the theory of boiling and
vaporization modes in coils was validated. However, the study showed that there is a
high probability of changing the latter mode to a dispersed one, when a vapor film forms
near the wall, the thermal conductivity decreases, and, accordingly, the pipe wall can burn
through if the density of the heat flow supplied to the coil is not reduced. The amount of
heat that is released into the environment in the presence of external and internal factors
(poor quality of the heat carrier, intense burning, wear of pipes) can serve as a catalyst and
cause serious damage to the coils of the considered direct-flow boiler [39].

In this model, all the pipes of the outer coil are considered equivalent channels. Also
for the inner coil. The channels are symmetrical. The boundary conditions are shown in
the table. The initial conditions are assumed as follows—the temperature of the walls of
the coils, the temperature of the media change from the entrance to the exit. The input and
limit conditions are shown in Table 1.
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Table 1. Limit conditions.

Border Boundary Condition

Inlet The medium enters the coil. Volume flow rate at the inlet.
Outlet The environment moves freely. Outlet pressure and velocity.

Plane of symmetry Symmetrical channels.
Wall External walls of pipes. The impact of the medium in the inter-tube space.

When creating a model, the accuracy of the grid construction is important. Meshing
and modeling were performed in several versions of Ansys, versions 2017–2020. CFD
modules were used. Next, in Figures 10 and 11, the results obtained by the authors in
postprocessing are shown.

Figure 11. Vector velocity field in the coil obtained in postprocessing.

Figure 11 shows the vector velocity field in the coil, obtained by the authors in
postprocessing. This vector field corresponds to Figures 9 and 10.

The modeling process in coils was considered in three stages—heating the water to
the boiling point, vaporization in the steam-water mixture (assuming that the temperature
of the mixture is constant and the perceived heat goes completely to the phase transition)
and steam generation. Figures 10 and 11 show the distribution of the coolant velocity in the
section of the coil at the time of heating from the flue gases at the second stage. According
to the obtained model, it is possible to judge the process of growth of the vapor phase in the
mixture, as well as the result of the flow movement. According to the above hypothesis and
the resulting model, the formation of steam occurs in the immediate vicinity of the pipe
wall but the vapor bubbles, breaking off as a result of movement under pressure, move to
the central part of the pipe, forming a homogeneous structure that acquires a greater speed
than the first phase. The velocity of the coolant in the maximum phase reached 3.549 m/s.

The mixture velocities at an infinitesimal point can be represented as the sum of (3).
Similarly to Equation (1), the velocity of the mixture is determined as follows:

ωmix = ϕ1·ω1 +ϕ2·ω2, (3)

where ϕ1 and ϕ2 for a moment in time, still equal to zero and one.
On the interface of the phasesω1 =ω2. Hence, the velocity vector of the mixture is a

continuous function of time and coordinates and varies fromω2 toω1, and its derivatives
will undergo a discontinuity.

The relative volume concentrations can also be defined as parts of the total cross
section of the elementary trickle of the mixture ∆S = ∆S1 + ∆S2.
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According to this definition, the velocities of the components of the mixture will be
equal to (4) and (5). For individual flow sections, when the volume passing through these
sections changes, the velocity is determined as follows:

ω1 = ∆V1/∆S1 = ∆V1/∆S− ∆S/∆S1 = β1·ωmix/ϕ1, (4)

ω2 = β2·ωmix/ϕ2, (5)

where β1 = ∆V1/∆V and β2 = ∆V2/∆V—the relative volume concentration of the compo-
nents consumption.

If similar, the vector of the amount of motion, which we denote by ρcωx, will be
expressed as (6). The quantity is determined by the basic laws of physics:

ρcωx = ϕ1ρ1ω1 +ϕ2ρ2ω2, (6)

If the density of the mixture is understood as the density expressed by the formula (1),
then the velocity of the mixture can be represented as (7). In Equation (6), the value ofωx
determined by the formula:

ωx = x1ω1 + x2ω2, (7)

where x1 and x2—relative mass concentrations of components, alternately equal to zero
and one.

Then from the Formulas (4)–(6) we get the ratio (8) betweenωmix andωx. Thus, after
the transformations, we get the Equation (8):

ωx = ρβ·ωmix/ρmix, (8)

where ρβ—the density of the mixture, calculated based on the volume flow of the com-
ponents ρβ = β1ρ1 + β2ρ2. The volumetric flow concentrations are also alternately zero
and one.

However, it should be taken into account that the object has the shape of coils
(Figure 1). The outer and inner coils are made of pipes of different diameters. The outer
coil is made of a pipe with a diameter of 28 mm, the inner coil is made of a pipe with a
diameter of 32 mm. It is also worth taking into account that the diameter and height of
the coaxial cylinders are different: the diameter of the outer cylinder is 890 mm, the height
is 1680 mm, and the length of the pipe is 172.95 m; for the inner coil, the dimensions are
respectively diameter—746 mm, height—1664 mm and pipe length—119.52 m.

In this regard, corrections to the coolant velocity for each type of coil are proposed,
which are presented in the expression (9). This Equation (9) will be used to determine the
flow rates in Equations (10)–(13):

zi = Li·di/Hi·Di, (9)

where Hi—height of coil, m; di—the diameter of the coil, m; Li—length of the coil, m;
Di—the diameter of the cylinder, m.; i—the coil is external or internal.

The calculation of the coolant velocity for the external coil, taking into account the
expressions (4)–(7) and the correction (9), is performed according to the formulas (10)
and (11), where zi—correction for the velocity of the heat carrier by size for i-th coil:

ω′1 = zi
1.25·∆V1

′/∆S1
′, (10)

ω′2 = zi
1.25·∆V2

′/∆S2
′, (11)

Calculation of the velocity for the inner coil according to the Formulas (12) and (13).
The resulting Equations (12) and (13) are similar in mathematical relations to Equations (10)
and (11):

ω
′′
1 = zi

0.5·∆V1
′′/∆S1

′′ , (12)
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ω
′′
2 = zi

0.5·∆V2
′′/∆S2

′′ . (13)

In Equations (10)–(13), the coefficients 1.25 and 0.5 are the powers that are calculated
after analyzing and comparing experimental and theoretical data.

The experimental coefficient-expression (9)—and the adapted formulas for calculating
the velocity in coils—Formulas (10)–(13)—were obtained for the first time and used for
calculation taking into account the experimental values.

4. Results and Discussion

The authors carried out a series of tests on power steam generators. The temperature
of water and steam, the flow rate, as well as a variety of additional parameters of the
burning process were calculated.

These experimental results were compared with the data of computer simulations
conducted by the authors.

4.1. Results of Computer Simulation

In addition, we present the results of modeling performed for coil heat exchangers,
Figure 12. Figure 12a,b shows a model of the steam generation process in the coaxial
cylinders of a direct-flow steam boiler of the coil type. Figure 8a is an image of the coil
in the isometry. Figure 8b shows the coils of the coil in the section. The figures show
the process of heating the coolant-water as it passes through the outer coil: temperature
39.85 ◦C corresponds to the beginning of the movement of the coolant at the entrance to
the coil. Water temperature 371.126 ◦C corresponds to the boundary between the outer and
inner coil, where the water is then heated and enters to complete the vaporization process.

The model shows that the first two stages of the process in coils are considered—the
heating of water to the beginning of boiling and the beginning of vaporization in the
steam-water mixture. The ramjet boiler of the steam type is devoid of a drum, in which
the process of completing steam formation clearly occurs. However, the created model
illustrates the statement that the boundaries of vaporization in a direct-flow boiler can shift
depending on the input parameters of the coolant, fuel and the design of the coil, but it
is possible to simulate and understand the process of heating the coolant in direct-flow
boilers. This will allow you to regulate steam generation in coils of different shapes at a
higher quality level, with the lowest cost of all the resources used, and will also allow you
to make adjustments to the design of the coil model in order to increase heat transfer and
optimize the dimensions of the ramjet boiler in the future.

The flow of hot gases in the inter-tube space occurs in a wide range of Reynolds
numbers (Re = 600 ÷ 4 × 105), the value of which is calculated from the diameter of the
inlet and the gas parameters in the considered section.

The temperature fields in Figure 8a,b are considered for the Reynolds number
Re = 1 × 105. This Reynolds value is chosen in connection with the assumption that
the average value will allow for a more adequate assessment of the processes, since an
increase in this parameter will make additional corrections for the amount of air and the
flue gas flow rate, which in turn will exceed the heat transfer intensity.

During vaporization, the heat of the phase transition is absorbed, and during conden-
sation, the heat of the phase transition is released, the value of which changes with the
change in pressure. The value of the pressure change along the length of the pipe section
was 0.2% per 1 m of the pipe length. At a fixed pressure, the saturated liquid and the
saturated vapor have the same temperature. During vaporization, the temperature of the
steam does not differ from the temperature of boiling water, and during condensation,
the temperature of the resulting condensate is equal to the temperature of the steam. In
order to maintain boiling, it is necessary to supply heat not to heat the liquid, but to turn it
into steam.

The results of modeling confirm the possibility of steam formation on different coils
of the coil, depending on the amount of heat supplied, as well as on the conditions of the
vaporization process, namely, pressure and temperature.
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Figure 12. Model of the steam formation process in the coil: (a) change in the flow temperature of
the water-steam mixture in the steam generator coil along the flow path, (b) section of the coil with a
moving steam-water mixture (scaling relative to the drawing (a)).

As shown below, in experiments on a coil steam generator operating in an oil and gas
field, a significant amount of heat is consumed during boiling and vaporization, in addition,
small-diameter coils have a noticeable hydraulic resistance. But in the end, superheated
steam is formed in the steam generator.

4.2. Comparison of Experimental Data and Simulation Data

The experiment was conducted in order to obtain experimental data (temperature,
coolant velocity) of the operation of a direct-flow boiler of the coil type and further anal-
ysis. The information obtained will allow us to assess the scientific potential for further
modernization of the plant.

The work was carried out in real conditions at the Severnoye field during the heating
season. The parameters were measured during the operational and commissioning tests of
the boiler plant. During the start-up of the boiler, the variables were: the volume flow rate
of the coolant in the range from 0.7 to 1 ton per hour, the amount of fuel supplied varied in
the setting range from 80 to 100%.

The experiment was carried out in real conditions during the operational and commis-
sioning tests of the boiler plant. The flow rate of the coolant is set at 1 ton per hour, the
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time of the experiment is 30 min, the share of the channel cross-section is 0.9 of the internal
cross-section, taking into account the contamination of the snake.

Using a thermocouple measured the temperature of the steam info for steam computed
tables of thermodynamic properties of water and steam flow rate is fixed according to the
Karat-520 flow meter.

On the basis of the obtained data, the mixture velocities were calculated according to
the Formulas (4)–(7), (10) and (11). All initial and calculated values are shown in Table 2.

Table 2. Comparison of vapor phase velocities based on theoretical and experimental data for the
external coil.

No.
Temperature Steam Density Consumption Velocity

(Experiment) Velocity (Theory)

T, ◦C ρ, kg/m3 ∆V, m3/s ωexp, m/s ωth, m/s

1 115 0.964 0.288 1.945 1.751
2 120 1.120 0.248 2.261 2.035
3 118 1.056 0.263 2.130 1.923
4 119 1.091 0.255 2.200 1.978
5 120 1.120 0.248 2.261 2.035
6 116 1.002 0.277 2.010 1.808
7 117 1.032 0.269 2.072 1.860
8 118 1.056 0.263 2.130 1.923
9 120 1.120 0.248 2.261 2.035

10 119 1.091 0.255 2.200 1.978

4.3. Data Processing

The distribution laws for the obtained velocity values are considered, according to
which it is assumed that the values have a normal distribution with the parameters α and
σ2, if the probability density is described by the expression (14). Equation (14) is standard,
but transformed for experimental conditions:

f (x) =
(
σx
√

2π
)−1

exp
[
−(ln x− α)2/2σ2

]
, x > 0. (14)

Graphs of the density distribution for experimental and theoretical values are shown
in Figure 13.

When constructing the histogram, intervals of equal length were plotted along the
abscissa axis, into which the entire range of possible values of the value x was divided, and
the frequencies n_x/n were displayed along the ordinate axis. The height of each bar of
the histogram is equal to the corresponding frequency. Thus, we obtained an approximate
representation of the law of probability distribution for a random variable x in the form
of a step function, the approximation of which to the curve f (x) will give the density of
the distribution.

The resulting graphs are presented with an offset to the right. The errors calculated
for descriptive data statistics are 0.035 and 0.028 for experimental and theoretical data,
which allows us to conclude that the velocity change is best described by the proposed
model. According to the results of the analysis, the volume costs and the parameters of the
coil have the greatest influence. This should be taken into account when designing and
upgrading the coils.

The parameters were calculated using data sensitivity analysis, data validation was
performed by repeated tests, uncertainty was detected when using the instruments, as
well as the total extended uncertainty, the upper and lower limit of uncertainty for each
measured parameter.
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Figure 13. The histogram and the equalizing density of the distribution of the obtained values during the analytical
calculation and experiment (the values in the sample are the steam velocities): (a) processing of the sample data in the
analytical calculation, (b) processing of the sample data of the experiment.

Here is the result of validating the temperature data (Figure 14).
In their studies [38], the authors considered similar points, but when burning fuel.

In addition, it was assumed in [39] that the most basic thermodynamic functions can be
used as the basis of the methodology. In the study [40], the direction of analysis laid down
in [38] was partially continued. Finally, similar methods of thermodynamic analysis were
used in [41–43].
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Figure 14. Normal distribution of the probability density of the temperature (lognormal).

The temperature of the coolant was measured under the conditions of a theoretical
and real experiment. The results are collected as a sample of values. Next, the sample is
processed and the results are shown in the Figure 10. Theoretical values (Modeling) and the
experimental data obtained a more lognormal distribution. The obtained graphs allow us
to state that the distribution is logarithmically normal. Values that are far from the average
indicate the sensitivity of the steam boiler during regime adjustment, the susceptibility of
the process of heat exchange and vaporization in the coils from the initial temperature of
the coolant, from the fuel consumption, from the volume flow of the coolant. It should be
noted that the time of the experiment indicates a rapid exit of the boiler to the stabilization
mode. The criteria of agreement, based on the established law of distribution, make it
possible to establish that the discrepancy between the theoretical and empirical frequencies
can be considered insignificant.

4.4. Uncertainty and Validation

The obtained research results should be checked for the correctness of the data ob-
tained, namely, to calculate the uncertainty. In addition, it is necessary to validate the
measurement methodology.

The authors emphasized in their work that such curves can be constructed in the
operation of industrial steam generators.

Calculate the arithmetic mean of the temperature of the steam from all measurements
at a given point:

T =
1
n∑n

i=1Ti. (15)

After calculating the Formula (15), we get the value T = 393 K.
For sources of random uncertainty, we calculate the uncertainty by type A:

uA(T) =

√
n

∑
i=1

(Ti − T)/(n(n− 1)). (16)

Calculations using the Formula (15) gave the result uA(w) = 0.8%.
For sources of systematic uncertainty (instrument error) calculating the uncertainty by

type B:

uB(T) =
∆T√

3
. (17)

Calculations using the Formula (17) showed the value of uB(T) = 1.58%.
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Calculate the total standard uncertainty:

uC(T) =
√

uA(T)
2 + uB(T)

2. (18)

Using the Formula (18), get the value uC(T) =
√

0.64 + 2.4964 = 1.771%.
For the confidence probability (coverage probability) P = 0.95 (recommended in the

Manual calculation of uncertainty) specify the coverage factor k = 2 and calculate the
extended measurement uncertainty:

u = kuC(T). (19)

We obtain that the uncertainty is 3.542%. According to the norms of the Customs
Agreement of the countries of the Eurasian Economic Union, the uncertainty limit when
working with high-pressure units is 5%.

Validation of the methodology was carried out in the software package Matlab. Vali-
dation is shown on Figures 15 and 16, with Error = 201.5694 (Normal), Error = 139.3117
(Lognormal). The graphs are made in Matlab.

Figure 15. Validation error (Normal): Error—error value, σ—sample variance, µ—sample mathemat-
ical expectation.

Figure 16. Validation error (Lognormal): Error—the value of the error, σ—the sample variance,
µ—sample mathematical expectation.
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These Figures 15 and 16 show the error value defined as Normal in Figure 15 and
Lognormal in Figure 16. The values in these figures are dimensionless and represent:
Error-the error value, σ-the sample variance, µ-the sample mathematical expectation.

4.5. Improving the Efficiency and Reliability of the Steam Generator Set

When working on the development of a mathematical simulation of the evaporation
process, the theory of simmering and vaporization operation in coils was verified. An
experimental study demonstrated that there is a high probability of changing the latter
mode to a dispersed one, when a vapor film forms near the wall, the thermal conductivity
decreases and, accordingly, the pipe wall can burn through, if the density of the heat flow
supplied to the coil is not reduced. The amount of heat that is released into the surrounding
environment in the existence of inner and outermost factors: low quality of the coolant,
intense combustion, fraying of the pipes, can act as an accelerant and cause significant
damage to the coils of the direct-flow boiler.

The conducted experimental studies led to a change in the operating modes of the
steam generator set. The simulation made it possible to visualize the process of vaporization
in a coil-type steam generator. Similar research results were published by scientists from
different countries. Let’s compare the data obtained.

Scientific developments of E. V. Mikhaylenko, carried out relatively recently, show that
the theory of heat and mass transfer, in particular the movement of flows of liquids, has its
drawbacks as applied to experimental studies of boiler installations. E. V. Mikhaylenko
presented the research results in the form of a developed model [16]. A. Bruce-Konuah et al.
in the work [44] consider the issues of energy saving in boiler installations and heat supply
systems at residential facilities, and also point out the shortcomings of hot water boiler
units. D. Dixon and A. Nguyen in their work [45] studied forecasting algorithms, models
of hot water and steam production systems, and these authors came to the conclusion
that there are opportunities to optimize the design of boilers and heat supply systems. I.
Kusumastuti et al. in the work [46] considered the processes of vaporization and injection
of condensate into steam to change its parameters and came to the conclusion that the
systems of vaporization and steam supply require improvement.

In the works of Vinous Hameed, Fatima J. Hamad [20] and Edward Boje [21], mathe-
matical models applicable to the hydrodynamics of boiler units of similar designs are pro-
posed.

In the work of Marcin Trojan [22], the author proposes a non-standard mathematical
model applicable to a steam generator.

In [26] K. A. Orlov, A. A. Alexandrov, V. F. Ochkov, A.V. Ochkov offer a whole software
package for calculating the hydrodynamics of a boiler unit.

All mentioned works have their drawbacks and their benefits. Since the boiler unit
examined in this article is unique, it is hard to make an exact match based on the results of
research of design and models. The authors of this article, develop specific mathematic
models that are applicable to a new class of vapor generator.

Let’s compare the data obtained by different authors, for example, on the hydrody-
namics of water in a boiler unit, Table 3.

Table 3. Comparison of the experimental data of the authors at a temperature of 120 ◦C.

Velocity
(Experiment), m/s

According to
the Authors

According to the Data
of K. A. Orlov et al. [16]

According to the Data
of V. Hameed et al. [20]

w 2.26 2.41 2.34

5. Conclusions

The values of the velocities of the coolant in the coils, obtained theoretically and
experimentally, differ little in magnitude and are described by a single distribution law, it
follows that the calculation formulas and the entered coefficients can be used to calculate
the velocities for coils of a similar design.
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A dependence is assumed for this type of coil design, which is reflected in the effect of
the increase in the Reynolds number on the heat transfer intensity, due to an increase in the
flue gas flow rate and a decrease in the temperature difference at the inlet and outlet.

The experimental data underwent sensitivity analysis, including an uncertainty band,
and the methodology was validated. Data from experiments and simulations are compared
with the results of other authors.

Increasing the initial parameters of the coolant due to preheating from solar energy
will allow you to make adjustments to fuel consumption, in the dimensions of the coil,
allowing you to reduce the design of the coil.

Thus, there are prospects for the modernization of the coil by reducing the initial
parameters of the coolant and installing additional elements with the participation of solar
panels, or by intensifying the heat exchange between the flue gases and the coolant through
the walls of the coil.

The prospects for the operation of direct-flow boilers of the serpentine type are pri-
marily related to the spread of their applicability to the complex conditions of industrial
enterprises and drilling rigs located in subarctic climate areas. Based on the results of the
experimental work carried out, it is possible to outline the trend of using such installations
in the Arctic climate.

The principle of the operation of such installations should be extended to heat ex-
change devices in various areas of industrial production, such as chemical and agricultural.
In such enterprises, coil-type heat exchangers are really required, and the set of experi-
mental data obtained and the developed test methodology can be used as a basis for new
scientific research.

When evaluating the operation of the steam generator set as a whole, it should be
noted that the thermal efficiency in the summer period is increased due to the use of solar
radiation, as well as a decrease in the impact on the environment, which is important for
the forest-tundra zone of the subarctic climate zone. Thus, the authors’ developments solve
not only technical and economic issues, but also climate issues, and also have an active
action to prevent climate change.
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Nomenclature

ρmix is the density of the mixture, kg/m3.
ρ1 and ρ2 are density of components, kg/ m3.

ϕ1 and ϕ2
are relative volume concentrations of components, which are continuous functions of
time and coordinates; they are alternately zero and one;

T is an arbitrary volume, m3

σ is the surface;
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ω1 andω2 are the velocity of components, m/s;
ωmix is the velocity of the mixture, m/s;
∆S1 and ∆S2 are relative volume concentrations of components, %;
∆S is volume concentrations of the mixture, %;
D1 and D2 are the diameters of the coaxial cylinders of the coils, m;
d1 and d2 are diameters of the coils, m;
Hi is height of coil, m;
Li is length of the coil, m;
ωexp is the velocity obtained as a result of the experiment, m/s;
ωth is the speed obtained as a result of theoretical calculations, m/s;
T is heat transfer fluid temperature, ◦C;
∆V is consumption of heat transfer fluid, m3/s,
Error error value,
σ sample variance,
µ sample expectation value.
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