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Abstract: Direct-flow steam boilers of the coil type are simple structures in which rather complex pro-
cesses take place. To study this area, an educational laboratory stand was designed and constructed,
which simulates the operation of a boiler of a similar design. In order to optimize the intensification
of heat exchange processes in the device, raise its steam capacity, and improve its efficiency, the stand
contains hydraulic and aerodynamic circuits for evaluating the movement of the coolant and air
flows in the boiler. The proposed mathematical model gave an idea of the nature of the movement of
the coolant in a curved pipe. The model takes into account the parameters of the screw channel for a
more accurate result. The model can be used to predict the movement of the coolant in such coils
with varying degrees of contamination. When designing a laboratory stand, the need for automated
control is taken into account. The use of a controller to regulate the rotation speed of the pump motor
made it possible to create a virtual desktop with which it is possible to control, regulate, and save all
parameters. The results of the first test of the hydraulic system of the stand showed that the nature of
movement in the object under study is turbulent, the critical value of the Reynolds number is higher
than the generally accepted one due to the occurrence of additional forces in the curved pipe, and the
mathematical model can be corrected by amendments for these forces.

Keywords: Reynolds number; aerodynamic system; hydraulic system; automatic control system;
controller; virtual desktop of the laboratory stand

1. Introduction

The development of technology in the field of heat exchange allows the use of air-liquid
heat exchangers in various fields of industry.

The level of accumulative capacity of such boilers is close to zero due to design features:
the coolant makes one stroke in the coil and then goes to the consumer. However, in a
short time, the coolant performs a phase transformation from water to steam, thereby
representing scientific interest as well as the prospect of intensification of steam generation
in steam direct-flow boilers with improved operability and maintenance of these devices [1].

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 transfer and heat
exchange processes. 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 heat exchangers for closed systems. Researchers Boje E. and Marcin Trojan
make mention of this in their work [2] and [3], respectively.

The scientific developments of L. Rosendahl, conducted relatively recently, show
that the theory of heat and mass transfer, in particular vaporization, has its drawbacks in
relation to experimental studies of heat exchangers. L. Rosendahl and M. Mando presented
the research results in the form of a developed model [4]. T. Asotani et al. [5] proposed a
hypothesis about the behavior of a vapor-liquid mixture, and this hypothesis was partially
confirmed by the developed mathematical model, which is consistent with the results
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of studies by L. Rosendahl and M. Mando [4]. The hypotheses considered in the review
have been confirmed through the construction of mathematical models. These models
fully correspond to each other as well as to the basic physical laws; in particular, the
equations of conservation of mass and energy, as well as the boundary conditions of heat
exchange processes.

A. Bruce-Konuah et al. in the work [6] consider the issues of energy saving in boiler
installations and heat supply systems at residential facilities and point out the shortcomings
of hot water boiler units. In their work, D. Dixon and A. Nguyen [7] studied forecasting
algorithms and models of hot water and steam production systems, and the 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 [8] considered the processes of vaporization and
injection of condensate into steam to change its parameters and concluded that the systems
of vaporization and steam supply require improvement [9].

Modeling of the aerodynamic system of the stand consists of observing and fixing
the values of the air velocity flowing between the coils of the coil, which is placed in
the cylinder [10]. This model simulates the movement of flue gases between coils in a
direct-flow boiler [11].

To design and assemble a laboratory stand that repeats the operation of a direct-flow
coil-type boiler in idle mode without heating the coolant, it is necessary to perform the
following tasks:

1. The laboratory stand should include two systems: hydraulic and aerodynamic. The
final experimental data should be: coolant flow rate (cubic meters/h) at a known
pump speed (rpm) and coil pressure (MPa); and volumetric air flow (cubic meters/h)
at three stages of passage along the length of the cylinder (inlet, middle, and outlet);

2. The algorithm of operation of both systems of the stand should be simple and intuitive
to work for both scientific and educational purposes for students;

3. The design of the electrical circuit;
4. The design of the thermal mechanical circuit;
5. The selection of hydraulic and electrical equipment, as well as the design of the metal

structure, must be carried out, taking into account the fulfillment of the conditions
of similarity;

6. Installation and adjustment of equipment;
7. Data collection and analysis.

2. Materials and Methods
Mathematical Model

A direct-flow steam boiler of the coil type with a steam capacity of 2000 kg/h is
taken as the basis for the design of the laboratory stand. Boiler coils are coaxial cylinders
connected to each other by a ceiling coil. To simplify calculations and design, a model of
a single cylinder–coil was adopted, with a similarity criterion in height and diameter of
turns of 1.3 and 2.5, respectively. In this case, the simulation of the movement of the coolant
will be reproduced along the inner coil, and the movement of the air medium through the
furnace space and one flue.

The laboratory stand uses pipes bent along a helical line—a coil. A centrifugal force
acts on each particle of liquid that moves through a curved pipe. This force increases as the
particle’s velocity increases. Under the action of forces, the particles in the center of the
pipe move towards the wall, and the particles at the wall, displaced by particles that have
penetrated from the middle of the pipe, move towards the center of curvature. According
to previously conducted theoretical and experimental studies, the parameter K introduced
by Dean determines the effect of curvature in laminar flow:

K = Re

√
d
D

(1)
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where Re = ωd/ν is the Reynolds number;
D = 2R, R is the radius of curvature of the coil;
d is the pipe diameter (Figure 1).
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Figure 1. Coil diagram.

When K > 1.35 the curvature of the pipe does not affect the nature of fluid movement.

Therefore, ReKp = 13.5
√

D
d . However, this is true for small d/D ratios [12].

When 3 ≤ R/d ≥ 200, R = 0.5D, the critical value of the Reynolds number is
calculated as [12,13]:

Reкp = 1500
(

R
d

)−0.3
(2)

Due to the turbulent flow in curved pipes and due to the twist of the flow due to
secondary flows and mixing increases, the heat transfer coefficient is higher than in straight
pipes. The transition from laminar flow to turbulent flow in coils is presented in [14,15]:

Reкp = 2·104
(

d
D

)0.32
(3)

According to the simulated coil, the parameters D and d are performed under boundary
conditions, so that the curvature affects the flow regime of the fluid in the pipe, but it can
be assumed that there is no transverse circulation in the flow, and the fluid movement is
assumed to be axisymmetric.

It is assumed that the motion of an incompressible fluid has a stationary, isothermal,
and turbulent character. The density, heat capacity, and thermal conductivity coefficient do
not change during the movement of the coolant. Figure 2.
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Figure 2. Coordinate system: S—step, a(ϕ)—curving radius, r—radius of the pipe, δ—thickness of
the pipe.

In order to use the geometric symmetry of the coil channels and assuming that the
bending radius of the coil is much larger than the diameter of the channel, we use a special
orthogonal coordinate system associated with an axial helix with a constant bending radius
determined by the equation, taking into account the ratio of torsion to the curvature of
the pipe [16]:

→
ρ (ϕ) = a(ϕ)

→
e (ϕ) + Kρ

→
k , (4)

In coordinate form, Equation (4) takes the following form:
x = a(ϕ) cos ϕ;
y = a(ϕ) sin ϕ;

z = ζKϕ.
(5)

where
→
ρ (ϕ) is the radius-vector of a point on the centerline;

→
e (ϕ) =

→
i cos ϕ +

→
j sin ϕ;

→
i ,
→
j ,
→
k –orts of the Cartesian coordinate system;

→
k is a unit vector directed along the z-axis;
ϕ is the helix parameter;
ζ is the entered parameter that takes into account the lifting angle of the coil. To

simplify the solution, this parameter will not be taken into account in the future;
K = S

2π , S is the screw channel pitch;
a(ϕ) is the bending radius of the helix axis (Figure 2).
The presented system of equations, unlike those considered, can be adapted for any

type of coil with a helical movement of a coolant with a circular channel section. The
model can be changed for heat exchangers as well as heating surfaces of the same boiler in
question, which includes a ceiling coil, by taking into account the angle of rise equal to 0.
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By determining the vectors of the accompanying reference point for a given axial line

of the coil, and using them as basis vectors
→
τ ,
→
β ,
→
γ , we obtain new variables b, ϕ, ψ, which

are related to the variables of the Cartesian coordinate system x, y, z, ratios [17–19]:
x = a(ϕ) cos ϕ + b(vx(ϕ) cos(ψ + θ(ϕ)) + βx(ϕ) sin(ψ + θ(ϕ))),

y = a(ϕ) sin ϕ + b
(
vy(ϕ)ϕ cos(ψ + θ(ϕ)) + βy(ϕ) sin(ψ + θ(ϕ))

)
z = Kϕ + b(vz(ϕ)ϕ cos(ψ + θ(ϕ)) + βz(ϕ) sin(ψ + θ(ϕ))),

, (6)

which in the case of a constant bending radius of the channel, a(ϕ) = a0, expressions are
obtained for the vectors of the accompanying reference:

→
τ =

a0
→
g (ϕ) + K

→
k√

a2
0 + K2

(7)

→
β =

−K
→
g (ϕ) + a0

→
k√

K2 + a2
0

(8)

→
v =

→
e (ϕ) (9)

κ(ϕ) =
K

K2 + a2
0
= const (10)

where
→
g (ϕ) = −

→
i sin ϕ = −

→
j cos ϕ; and

κ(ϕ) is the torsion of the axial line of the channel.
For a given coordinate system b, ϕ, ψ, we have the following characteristics [20]:
(1) The Lyame coefficient (at a constant radius):

Hϕ =
√

a2 + K2·
(

1− ab
(a2 + K2)

· cos(ψ + θ)

)
(11)

(2) Non-zero Christoffel symbols:

Γ
ϕ
ϕϕ =

1
Hϕ
·
∂Hϕ

∂ϕ
, Γ

ϕ
ϕψ =

1
Hϕ
·
∂Hϕ

∂ψ
(12)

Γ
ϕ
ϕb = Γ

ϕ
bϕ =

1
Hϕ
·
∂Hϕ

∂b
, Γ

ψ
ψb = Γ

ψ
bψ =

1
b

(13)

Γ
ψ
ϕϕ = −

Hϕ

b2 ·
∂Hϕ

∂ψ
, Γb

ϕϕ = −Hϕ·
∂Hϕ

∂b
, Γb

ψψ = −b (14)

Thus, in the chosen system, the equation of motion, continuity, and transfer of the
amount of energy is written as follows [21]:

ρ
[

1
Hϕb ·

(
∂

∂ϕ

(
HϕbV〈ϕ〉V〈ϕ〉

)
+ ∂

∂ψ

(
H2

ϕbV〈ψ〉V〈ϕ〉
))]

+ ρ
[

1
Hϕb

(
∂
∂b

(
H2

ϕbV〈b〉V〈ϕ〉
))
−−VϕVϕ

1
Hϕ

∂Hϕ

∂ϕ

]
= − ∂P

∂ϕ + 1
Hϕb

(
∂

∂ϕ

(
HϕbT〈ϕϕ〉

)
+ ∂

∂ψ

(
H2

ϕT〈ϕϕ〉

))
+ 1

Hϕb

(
∂
∂b

(
bH2

ϕT〈bϕ〉

))
−−T〈ϕϕ〉

1
Hϕ

∂Hϕ

∂ϕ

(15)

ρ
[

1
Hϕb ·

(
∂

∂ϕ

(
b2V〈ϕ〉V〈ψ〉

)
+ ∂

∂ψ

(
HϕbV〈ψ〉V〈ψ〉

))]
+ ρ
[

1
Hϕb

(
∂
∂b

(
Hϕb2V〈b〉V〈ψ〉

))
−−V〈ϕ〉V〈ϕ〉

1
Hϕ

∂Hϕ

∂ψ

]
= − ∂P

∂ψ + 1
Hϕb

(
∂

∂ϕ

(
b2T〈ϕψ〉

)
+ ∂

∂ψ

(
HϕbT〈ψψ〉

))
+ 1

Hϕb

(
∂
∂b

(
b2HϕT〈bψ〉

))
−−T〈ϕϕ〉

1
Hϕ

∂Hϕ

∂ψ

(16)
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ρ
[

1
Hϕb ·

(
∂

∂ϕ

(
bV〈ϕ〉V〈b〉

)
+ ∂

∂ψ

(
HϕV〈ψ〉V〈b〉

))]
+ρ
[

1
Hϕb

(
∂
∂b

(
HϕbV〈b〉V〈b〉

))
−−V〈ϕ〉V〈ϕ〉

1
Hϕ

∂Hϕ

∂b −V〈ψ〉V〈ψ〉
1
b

]
= − ∂P

∂b + 1
Hϕb

(
∂

∂ϕ

(
b T〈ϕb〉

)
+ ∂

∂ψ

(
HϕT〈ψb〉

))
++ 1

Hϕb

(
∂
∂b

(
b HϕT〈bb〉

))
−T〈ϕϕ〉

1
Hϕ

∂Hϕ

∂b − T〈ϕϕ〉
1
b

(17)

∂

∂ϕ

(
ρVϕ b

)
+

∂

∂ψ

(
ρVΨ Hϕ

)
+

∂

∂b
(
ρVbHϕb

)
= 0 (18)

where T〈ij〉 = 2µD〈ij〉, (i = b, ϕ, ψ; j = b, ϕ, ψ)—physical components of the stress tensor
deviator; µ is the viscosity, taking into account turbulence.

V〈i〉, (i = b, ϕ, ψ)—physical components of the velocity vector;

D〈ij〉 =
1
2

(
(∇V)〈ij〉 +

(
∇VT)

〈ij〉

)
, —physical components of the strain rate tensor;

∇V is the velocity gradient tensor; and ∇VT is the transposed velocity gradient tensor.
Direct numerical modeling was used as a turbulence model.

3. The Main Part

It is necessary to design, select equipment, install, and adjust the automatic control
system of an educational laboratory stand, which repeats the operation of a direct-flow
coil-type boiler in idle mode without heating the coolant. The main task is to pick up
a device with built-in hardware and software. The device must be designed to control
sequential logical processes in real time. The number of input variables plays an important
role in the selection of the main equipment X1, X2 . . . Xn: water pressure, engine speed, as
well as possible connection of new parameters and, in accordance with the requirements
of the process, possible changes in the state of the outputs Y1, Y2 . . . Yn: hydraulic
system pressure regulation, engine speed change, etc. When choosing equipment, it is also
necessary to take into account the optimal price-performance ratio.

3.1. Experimental Setup

A common working area has been designed to accommodate the equipment—a metal
table with attached brackets for a monoblock, pump, control cabinet, flow meter, and other
auxiliary equipment. The laboratory stand has been assembled and adjusted (Figure 3).

3.2. Diagrams of the Hydraulic and Aerodynamic Systems of the Stand

A special laboratory workshop has been developed for the designed stand, which, in
accordance with the tasks set, should cover the following sections of training [22]:

(1) An investigation of liquid and air flow modes;
(2) Pump and fan control;
(3) Study of the operation of devices for measuring the speed of movement, volume, and

temperature of air and liquid in systems.

Laboratory work No. 1, “Investigation of fluid flow modes in a wound coil”, includes
the following parts of a monoblock (Figure 4): a wound coil, a container with feed water, a
pump, a flow meter, control and measuring and shut-off valves, and a control cabinet.

The liquid (water) is fed into the wound coil by means of a pump from a filled feed
water tank. The circuit is closed, the water returns to the tank. The measuring part of the
stand allows you to record the parameters of the liquid flow through the scoreboard on the
flow meter or with the subsequent output of indicators on the PC screen using software.
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Laboratory work No. 2 “Investigation of gas (air) flow modes in a cylindrical coaxial
channel” includes the following parts of a monoblock: a metal cylinder, a wound coil
forming a coaxial channel, a fan, an anemometer, shut-off valves, and a control cabinet
(Figure 5).
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Figure 5. Diagram of the aerodynamic system of the laboratory stand: 1—fan; and 2—cylinder
with a coil.

Compressed air is supplied through a channel in the cylinder cover. The air passes
through the channel and exits from the other side of the cylinder through a similar hole in
the second cylinder cover. The coaxial coil inside the cylinder creates aerodynamic drag,
forming a vortex of airflow. The measuring part of the stand allows you to measure the
parameters of the speed and temperature of the air flow using an anemometer by placing a
telescopic probe in special holes in the cylinder along the movement of the air flow. The
anemometer is controlled using a smartphone, followed by uploading summary tables
with experimental values to a PC.

Stand Operation Algorithm

The pump motor speed is selected as an adjustable variable. The dependent variables
are the speed and flow rate of the coolant and the pressure in the coil (1). An indicator of
the safe operation of the hydraulic system is the pressure parameter (p, MPa) [23].

ω = f (υ)dt
H = f (ω)dt
Q = f (ω)dt

(19)

In accordance with the task, Figure 6 shows a block diagram of the operation of the
laboratory stand on the hydraulic system.

3.3. Stand Management

The control of the laboratory stand is carried out by means of a control device—a
controller. An open control is selected as an automatic control system (Figure 7). For ease of
control and reading of signals in the system, the control device receives information about
the control goal in the form of a time-varying task g(f ) and forms a controlling influence on
the object in such a way that the control goal is achieved x(t). Since the output value x is
not measured, the actual state of the object is not monitored. The control algorithm linking
the control action u(t) with a task g(f ) is formed on the basis of a mathematical model of the
object, which is known with high accuracy.
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The advantages of the presented scheme are its ease of operation and the possibility of
its further modernization, taking into account the new capabilities of the equipment [24].
The disadvantage is the condition that the object should not be affected by external distur-
bances, which is a difficult task [25]. The control device is a programmable logic controller
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of the ARIES brand with CoDeSys 2.3 (integrated development environment (IDE) of appli-
cations for programmable controllers). To measure the flow rate, an electromagnetic flow
converter of the MasterFlow brand has been selected (Scientific and Production Association
«Prompribor», Kaluga City, Russia). A Pedrollo Vortex surface pump was selected as a
hydraulic device. Pressure sensors DDM-10 have been selected for pressure monitoring. To
measure the air velocity, an anemometer smart probe from TESTO was purchased (Testo SE
& Co. KGaA, Lenzkirch, Germany), which sends data to a smartphone, and full informa-
tion can be downloaded to a PC. For automatic control of the rotation speed of alternating
current electric motors, a device from the company MOMENTUM—frequency converter
MT-100 has been selected.

3.4. The Practical Part

The hydraulic system of the stand was tested at different speeds of the pump motor.
The regulation was carried out using a PC and a controller via the Vincc program (Figure 8).
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Figure 8. Virtual control desk of the laboratory stand (where 1—coil (pipe); 2—water tank; 3—pump;
4—flow meter; 5—pressure sensor; 6—sump filter; 7—check valve; 8—drain ball valve; and 9—ball valve).

The virtual control desktop assumes the start of the frequency converter (ready for
operation), setting the speed of the electric motor (revolutions per minute). The current
values on the virtual control change in real time, but with a delay of a couple of seconds [26].
The diagram shows a warning lamp about the pump switching on. The online values of the
flow rate (cubic meters per hour) and the pressure at the inlet to the coil (kPa) are recorded.
Recording and saving of experimental values is carried out in a journal in Excel format on
a connected PC.

4. Results and Discussion
4.1. Experimental Results

The results of the first experiment (a sample without repeating values in terms of
speed versus time) are presented in Table 1. The kinematic viscosity of liquid–water at a
temperature of 5.6 ◦C during the experiment is equal to 1.519 × 10−6 m2/s.
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Table 1. Results of the experiment.

Engine Speed, rpm Pressure, kPa Consumption, m3/h Number Re

2500.38 531.07 0.902 310,119.5
2354.8 493.966 0.88 292,063.4

2002.16 331.834 0.775 248,325.8
1885 175.057 0.7 233,794.6

1531.2 175.057 0.623 189,913.2
1296.88 72.817 0.623 160,850.7
999.92 71.888 0.52 124,019.0
881.6 71.888 0.314 109,343.9

764.44 54.738 0.314 94,812.7
619.44 54.129 0.313 76,828.5
592.76 54.128 0.262 73,519.4
499.96 28.609 0.262 62,009.5
269.12 6.969 0.047 33,378.7
151.96 3.363 0.024 18,847.4

At D/d = 25 (for the stand), based on Equation (3), the number ReKp = 7139.85, which is
significantly more than for straight pipes, because it is associated with the stabilizing effect
of the centrifugal force and the transverse circulation excited by it on the flow at the wall.

Based on the experimental values obtained, it can be concluded that the motion is
turbulent, and the mathematical model requires adjustment for turbulence because, at the
moment, it describes laminar motion in curved pipes to a greater extent.

4.2. Simulation Results

The developed mathematical model made it possible to simulate a complex hydrody-
namic process of heat exchange in a coil with a constant bending radius of a screw pipe
(Figure 9a,b).

According to the simulation results, it can be seen that for small values of the Dean
number, the curvature of the pipe does not yet affect the nature of the movement of the
coolant—the vectors indicate a parallel movement of the curved axis of the pipe, there is
no transverse circulation in the flow, and the velocity distribution and the law of resistance
in curved pipes turn out to be the same as in straight ones.

For a more accurate analysis by the Dean number and an assessment of the nature of
the movement of the coolant through curved pipes, depending on the speed, it is necessary
to simulate other scenarios that will allow you to see a more complete picture, close to
the real processes in a direct-flow steam boiler of a coil type, and for comparison with the
results of the experiment. It is possible to predict the movement of coolant in pipes with
different bending radius, shape, and degree of contamination using new models, which will
allow for future improvements to the system of chemical water purification for coils [27].
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5. Conclusions

Within the framework of the presented work, the processes in a direct-flow steam
boiler of the coil type were studied. The study is aimed at further improving the steam
capacity and energy efficiency of the basic direct-flow boiler.

The presented mathematical model for boiler coils can be used as a universal one for
other types of heat exchangers and coil heating surfaces in various steam units, since in the
theoretical part, elements of any kind of curved coil are taken into account as corrections.

The designed educational laboratory stand can be used for scientific and educational
purposes. Experimental and calculated data on the hydraulic system made it possible
to identify a more accurate critical value of the Re number for a curved pipe of a given
diameter, which can subsequently be applied to the boiler to regulate the nature of the
movement of the coolant, as well as to the steam capacity and energy efficiency of the boiler
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through the speed of the engine. Additionally, the stand automation model can serve as a
prototype for a fully automatic control system for a group of feed pumps in a boiler plant.

It is worth noting that in order to bring the laboratory stand closer to the boiler under
study, it is necessary to improve it in the field of heating the coolant. Modernization of
the stand will increase the level of accuracy of experimental data on the value of the Re
number. Additionally, heating the water in the stand allows us to calculate and simulate
approximate points in the coil by the phase change of the coolant, which in the future
will simplify the regulation of the boiler, reduce fuel costs, and improve the efficiency of
the installation.
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