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Hocnidiceno ymeopenns xoaueanv xonmaxmy-
touux paz (2a3 — piouna) 6 menaosux peakmopax,
001a0HaAHUX anapamamu 3aHYPeH020 20piHHA, 34
00110M02010 UUKIIUHO20 6600y eHepeii 0N inmencu-
Qixauii mennomacoobminnux npouecie i niosuuen-
Ha enepeoepexmusrnocmi ix poéomu. Ananimuuno
i excnepumMeHmanbHO 6UHAMEHO XAPAKMEPUCUKY
npouecy i ix énaue Ha IHMEHCUBHICMb MYypoOyienm-
Hux nyavcauiii. 3anpononoeana i 00Ci0xNceHa KoH-
cmpyKuis menyio6ozo peakmopa, 001a0HaAH020 ana-
Pamom 3aHypenozo 20PiHHs 3 UUKITUHUM 6BEOEHHSIM
308HIUNBOT eHepeil

Knouoei cnosa: anapam 3anypenozo zopinus,
UUKTIIMHE 66COCHHA eHepeii, 26UHMOBUL nepeMiuy-
8abHUll npucmpiii, enepeoeexmusricmo
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Hccnedosano cozdanue xonebanuii xonmaxmu-
pytowux asz (2a3 — sxcudrxocms) 6 meniosvix peak-
mopax, 000py006aAHHBIX ANNAPAMAMU NOZPYHCHOZO0
20peHuUsl, C NOMOWDBIO UUKIUYECKOZ20 88004 3Hep-
2uu O uHmeHcUPUKAUUU MENIOMACCOOOMEHHBIX
npoueccoé u nosviuenus nepzodddexmuenocmu
ux paéomol. Ananumuvecku u IKCNEPUMEHMATL-
HO ompedesienvl XaApaKmepucmuKu npouecca u ux
6nUSHUE HA UHMEHCUBHOCMb MYPOYTIEHMHBIX NYTb-
cayuii. Tlpednoscena u uccne0osana KoHCmMpyKuus
menyi06020 peakmopa, o6opydosannas annapamom
N02PYIHCHOZ0 20pPeHUSL C UYUKIUMECKUM 86000M GHEUL-
Hell dHepeuu

Knioueevie cnosa: annapam noepyscnozo eope-
HUSL, YUKIUMECKULL 6600 IHepeulU, UHMOBOE Nepeme-
wusarowee Yycmpoicmeo, snepeodrdhhexmusrnocnmo
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1. Introduction

Under contemporary conditions, 10-70 % of the cost
of world product is the expenditures for energy resources.
In connection with a total increase in the cost of energy
resources in the world, much attention should be paid to
the introduction of energy-efficient equipment, as well as
technologies for the generation and consumption of energy,
including thermal.

Given this, of special relevance are the scientific and
technical developments, directed toward the creation of
modern energy-efficient ecologically clean technologies.
Relevant methods include the generation and consumption
of thermal energy based on the synergy of hardware-techno-
logical design of the process.

The submerged combustion apparatuses (SCA) gained
good reputation as a specific type of the heat-generating
devices that operate based on the principle of combusting
the gaseous or atomized liquid fuel directly in the heated me-
dium. The thermal efficiency (performance efficiency, PE)
of such apparatuses can be led almost to 100 % relative to
the lowest heat of fuel combustion at the appropriate hard-
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ware-technological design and deep degree of the utilization
of heat of waste gases.

Possibilities of the intensification of heat-mass transfer
in SCA as the means of improving their operational energy
efficiency are far from exhausted. Therefore we find it rel-
evant to develop and study the thermal reactor, equipped
with SCA with the cyclic introduction of external energy, to
determine its performance characteristics and their impact
on the energy effectiveness of reactor as a whole.

2. Literature review and problem statement

Studies of many authors in recent years have addressed
different methods for the intensification of heat-mass trans-
fer in different technologies in thermal reactors, equipped
with SCA, for the purpose of improving the energy effective-
ness of their work [1-3]. Designs of the evaporators for sub-
merged combustion that operate on the liquefied natural gas
are being improved [4]. One of the new directions towards
increasing the effectiveness of the technology of submerged
combustion is the application of apparatuses that work at




elevated pressure, which makes it possible to increase the
preheating temperature above the dew point [5]. An increase
in the total pressure on the surface of the heated fluid leads
to the higher boiling point of a liquid and allows a more ef-
ficient use of the energy of fuel and the heat of combustion
products. However, this method is not economical, since
additional energy is spent to increase the pressure, which
reduces effectiveness of the heating process as a whole.

There are the more economical methods for increas-
ing the energy effectiveness in the SCA operation. These
include the imposition of outside oscillations on the con-
tacting phases [6—8], pulsation of turbulent jets of the
combustion products that enter the volume of fluid. This
contributes to the instability of bubbling and dissipation of
the energy of a jet.

A considerable number of articles deal with experimental
and theoretical studies of characteristics of the turbulent
jets, fed into the volume of fluid [9—11]. In this case, the
methods of computer simulation and experimental measure-
ments were employed to examine effect of the geometric
parameters of a nozzle on the instability of a jet stream, the
bubbling and dissipation of the jet energy [12, 13].

Paper [14] explored influence of design factors on the
burner operation with the twisting of streams on the work of
an apparatus as a whole.

In the gas-liquid systems, a rapid damping of the imposed
oscillations occurs already at the first stage of the contact
between phases. This process is more intensive in compar-
ison with the single-phase systems because of the friction
between phase flows. Given this, one should recognize that
there is no promise to solve the problems on the intensifi-
cation of heat-mass transfer by creating the pulsations of
gas phase at the input to the apparatus. It is much more
promising to use for the intensification the frequency-mod-
ulation oscillations, which are practically not damped in
the disperse systems. The creation of pulsations at each step
of the contact is not rational either, since it unavoidably
leads to a significant complication of the mass-exchange
apparatus and increases energy costs. Taking this into ac-
count, the outside oscillations are expedient to impose not
on the entire layer (this yields little effect and energetically
inappropriate). It is expedient instead in to concentrate the
oscillations in the places with the highest efficiency of the
contact between phases — in the moment when gas enters the
fluid, as well as in the moment of destruction or formation of
the gas-liquid layer.

The gas-liquid apparatuses still have a capacity to em-
ploy, for the purposes of intensifying the mass exchange
process, the low-frequency oscillations, created with the
help of external sources of energy (pulsators) [15]. In the
pulsation reactors, the agitator is rigidly fixed inside a
gas-liquid reactor. Pulses arrive at it from an autonomous
oscillator — a pulsator. As a working medium in the creation
of oscillations they use gas or liquid phases while the valve
distributing mechanisms are widely applied as pulsators, as
well as hydraulic devices with an electromagnetic actuator.
The most frequently used is the pulsation reactor, which is
a tank, inside which there is a full shaft with a disc, which
makes reciprocating movement from an electromagnetic
actuator [16].

One of the most promising trends is the intensifica-
tion of mass exchange in the capacitive gas-liquid reac-
tors, equipped with the submerged combustion apparatuses,
built-in agitators (pulsators).

3. The aim and tasks of the study

The aim of present study is to improve energy efficiency
of the work of thermal reactor with the submerged combus-
tion apparatuses through the intensification of heat-mass
transfer with the help of pulsator.

To achieve the set aim, the following tasks had to be solved:

—to examine the intensity of turbulent pulsations and
their influence on the effectiveness of mass transfer as a
whole, to determine performance characteristics of device
with the cyclic input of external energy;

— to design a device for the cyclic input of external ener-
gy based on the step principle;

— to fabricate a device for the cyclic input of external
energy, to assemble it under conditions of laboratory reactor
with the system “gas — fluid”;

— based on the obtained research results, to develop a
thermal reactor with the submerged combustion apparatuses
and the cyclic input of external energy and to conduct its
energy-technological tests.

4. Materials and methods for examining a thermal reactor
with the cyclic input of external energy

Article [16] examines a thermal reactor (contact-modu-
lar thermal system) with the built-in submerged combustion
apparatuses. An increase in its operational energy effec-
tiveness is possible through the intensification of heat-mass
transfer, agitating the interphase boundary gas — fluid by the
cyclic input of energy into the interphase zone.

A cyclic input of energy is accomplished by changing the
step ratio of a screw agitating device (SAD), which revolves
at constant angular velocity o (Fig. 1). The device is placed
on the lateral side of reactor. Fig. 2 shows a chart of change in
the introduced power by the screw agitating device.

1

Fig. 1. Screw agitating device with a variable step ratio:
1 — shaft; 2 — screw device; 3 — blades of the external
agitating device

The effect of increasing the speed of mass transfer at the
cyclic input of external energy is achieved due to the addi-
tional turbulization of contacting phases gas — fluid. Heat
dissipation in this case is described by a criterial equation of
the following form [17]:

ch-ReAPrB,
A



where a is the heat transfer coefficient of blades; D is the
diameter of the agitating device; A is the coefficient of ther-
mal conductivity of the agitated medium; Re, Pr are the
Reynolds and Prandtl criteria, respectively, for the process
of agitation.

Constant ¢ and powers of A and B depend on the con-
ditions of the process, the type of agitating device, its di-
mensions and are determined experimentally. Consequently,
heat emission in the thermal reactor grows proportionally to
the increase in Re.

The Reynolds criterion for the agitating process is deter-
mined from relationship

where n=kxn is the effective number of revolutions of the
agitating device; k is the experimental coefficient; d is the
diameter; p is the medium density; m is the dynamic coeffi-
cient of viscosity.

Thus, at other conditions being equal, with the rise in
the effective number of revolutions of the agitating device,
the large-scale turbulent eddies are generated, created by
the stepped variation in the introduced power. In this case,
the energy effectiveness of a thermal reactor as a whole im-
proves. A change in the relative pulse duration (frequency
and directions of oscillations) was accomplished with the
help of methods, which provide cyclic regimes of interaction
between fluid and gas using the microprocessor [17]. The
microprocessor was assigned with the appropriate period, a
pulse from the microprocessor arrived at a diaphragm valve.
The diaphragm valve shifted the screw device at a specified
step. In this case, the power of the screw agitating device
changed and, as a result, the mass transfer. The research
conducted on the laboratory reactor with a capacity of 50 1
established that the cyclic input of external energy increas-
es the process energy effectiveness in the liquid phase in
2-2.5 times. In this case, the optimal amplitude-frequency
characteristics of the process are ensured.
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Fig. 2. Chart of change in the input power

Fig. 2 shows that the energy, transferred by pulsations
(Fig. 2, selected area), grows with an increase in the intro-
duced power.

5. Results of examining the intensity of
turbulent pulsations

The estimation of an increase in the intensity of tur-
bulent pulsations at cyclic input of external energy was
conducted guided by the following considerations. In the

apparatuses with SAD, the dependence of the introduced
power N on the step ratio t takes the form [18]:

(N, /N,)=(t, /t,)", )

where N,, N,, t,, t, are the introduced power and step rela-
tions, respectively.

Thus, at cyclic variation in the step relation t, the power
changes that is spent for the agitation and the interphase
turbulent transfer of substance. In this case, at the same cy-
clic recurrence, the hydrodynamic situation in the apparatus
changes (hydrodynamic head P, developed by SAD, medium
consumption Q and other indicators).

Energy E, introduced into the reactor by the periodic
law with period 2¢, is determined by the integral of Fourier
series:

E= jZC exp( )tdr 2)

where C, is the speed of device rotation at number of revolu-
tions n, i is the step relation; n is the number of revolutions.

Then, the energy, transferred by pulsations (Fig. 2, se-
lected region), is determined as:

20 o .
AE AE:JZCncxp(n[mr)dt—2N1£—(N2—N1)€1. (3)

0 n=1

With a stepped variation in the step relation, hydrody-
namic head P and consumption Q changes:

AP=AK n’d %)
AQ = AK,nd’, %)

where K, K, are the coefficients of head and consumption at
different step relations, respectively.

The power, transferred by the pulsations in this case, is
determined from expression:

AN =pAP-AQ = pAK AKn’d’. (6)

By using a linear dependence of the coefficients of head
on the coefficients of consumption that exists in region
0<K,<1,4 and 0,6<K <1 (Fig. 3):

AK, =aAK, (1)

we find from equation (6) the value of AK at a cyclic varia-
tion in the introduced power:

0,5
ANa
P (pHSdJJ ( )

A change in the averaged speed of turbulent motion U is
determined by formula:

AU? =2APg = 2K n’d’g. )

Taking into account the equation of energy (3), a change
in pulse speed U’ is determined from dependence:

U { 4ang2[2fc (r)d‘c IN, (NZ—Nl)Z{G . (10)




Resulting expression (10) makes it possible to estimate
an increase in the intensity of turbulent pulsations in the
apparatuses with cyclic input of energy:

ar=2Y
U

where U is the averaged speed of turbulent flow over the
period t>2¢.

Fig. 3 shows how with an increase in step relations i the
coefficients of head and consumption grow accordingly, and,
as a result, the power transferred by pulsations.
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Fig. 3. Relation between coefficients of head K, and
consumption K, at different step relations i

6. Discussion of results of examining the obtained results

In the examined submerged combustion apparatuses
the energy spectrum of eddies enhances the macro- and mi-
cro-agitation, as well as the mass transfer. In the SAD zone,
there form both eddies with the large wave numbers that
dissipate in the region of action of mechanical device and
the large-scale turbulent pulsations with low wave numbers.
For the large eddies, degeneration velocity of total kinetic
energy of turbulence, expressed through the relative speed
of its change, is substantially less than that for the eddies
that correspond to large wave numbers. They pass signif-
icant distance in the device with SCA until, as a result of
energy losses, they dissipate into small eddies. Eddies, which
correspond to wave number K, have a characteristic linear
dimension (,, commensurate to the sizes of gas pockets. By
actively interacting with the latter, they turbulize the phase
contact surface, which contributes to an increase in the rate
of transfer. These processes proceed far from the zone of di-
rect action of SAD, which contributes to the more uniform
supply of external energy into the zone of action of SCA and
its more effective use.

In the installations with built-in SCA and with the
cyclic input of energy, the velocity of mass transfer can be
additionally increased by creating the counter flows of gas
and fluid (Fig. 4).

Shaft 1, hub 5, rigidly connected with it, with blades 4,
fixed on it, and rod 2 make a rotational motion. Rod 2 with
the help of a drive of translational motion makes a recipro-
cating movement with the programmed frequency and am-
plitude. Forward motion of rod 2 with the help of slider 3 and

eccentric fingers 6, kinematically connected to it, and blades 4
is converted into continuous rotational motion of blades
around own axis. Thus, according to the preset program, the
magnitude and direction of speed of the axial flows change,
as well as specific power, introduced to the heating installa-
tion with SCA. Air is fed through the annular space between
shaft 1 and rod 2 inside a hollow hub. Through the radial
channels in the necks of blades and drilling in the hub it enters
upper or lower collector 7, depending on the angle of blade
rotation. In the position of blades, shown in Fig. 4, the air is
fed to the lower collector and is dispersed towards the flow of
liquid phase (feed water at the input to the system) created
by the blades. Countercurrent interaction of the contacting
phases is realized at the turning of blades to angle ¢,+¢, and a
change in the direction of axial flow. The air, preheated in the
heating installation, which operates with SCA according to
the principle of a “vapor pump” [14], enters the upper collector.
In addition to the high productivity and effectiveness of
using the external energy, installations with built-in SCA
and with the cyclic input of energy make it possible to con-
duct the controlled processes. They are easily reconfigured
depending on the requirements to a technological regime.
In order to perform energy-technological tests of the de-
signed device, the experimental installation with built-in SCA
was equipped with a screw agitating device (SAD) (Fig. 5).

Fig. 4. Agitator of the reactor with the cyclic input of energy
and counter motion of gas phase: a — general view of device;
b — cross-section along axis A—A; 1 — hollow shaft; 2 — rod;
3 — slider; 4 — blades of the screw agitating device;
5 — detachable hub; 6 — eccentric fingers;
7 — gas collectors; 8 — gas-distributing openings

The installation operates in the following way: cooled
water from the heating system through a branch pipe (6) en-
ters tank (1) with installed SCA (2) and SAD (3). The shaft
of SAD with the blades mounted on it is placed on the mark
of the phase boundary, formed by the work of SCA (Fig. 5).
Partitions (5) separate SCA and SAD. When entering the
zone of SAD action, which operates according to the set
program, the fluid is turbulized. Large-scale turbulent pul-
sations, moving in the direction of the action zone of working
SCA, dissipate into small eddies, which contributes to the
intensification of the heat-mass transfer process as a whole.

Flue gases (II), cooled to 100-120 °C, enter heat ex-
changer (5), then heat the air that enters the air collector
of SAD to 50-60 °C, which is dispersed towards the flow
of liquid phase created by the blades. Table 1 gives selected
indicators of the testing.



Table

—_

Results of the thermo-technical testing of the screw agitating device built into the system

Parameter title Dimensionality Designation Parameter value
Load % - 96.4
Thermal capacity kw Q. 615.0
Water consumption m®/s G 0.0046
Gas consumption by the counter m®/s V. 0.0159
Gas consumption under normal conditions nm®/s V. 0.0172
Water temperature at the inlet to heater °C T 40.5
Temperature of gas that is supplied to combustion °C Ty 20
Temperature of flue gases °C Tiout 120
Temperature of air supplied to SAD °C T, 50
Water temperature at the outlet of heater °C T,ou 78
Inlet gas pressure MPa P, 0.0000108
Gas pressure before the counter kPa P,. 17.00
Gas pressure before the burner kPa P, 12.500
Air pressure before the burner kPa P, 7.5
Underpressure after the burner Pa P, 347.00
Content in dry products: o 0, 43
oxygen
Carbon dioxide % Co, 9.4
Content in dry combustion products brought to a=1
(under normal conditions): mg/m? Cco, 48.2
carbon oxide
Nitrogen oxides mg/m? NO, 56.8
Excess air ratio o 1.23
PE by direct balance o
Efficiency by direct balance % M 986
gas An analysis of results of the performed
4 thermo-technical tests of a thermal reactor
v v " with SCA and the cyclic input of energy with
1 va air T air to the help of a screw agitating device reveals that
\ 2 heating h energy efficiency of the thermal system corre-
. s sponds to high energy-technological require-
i\ _________ ments. Performance efficiency of the thermal
777777777777777 reactor by direct balance equals 98.6 %.
gas-liquid
interface
""" — | - 7. Conclusions
-1 L - /I 1. We examined influence of the turbulent
6 5 7 pulsations on the effectiveness of mass transfer.

C——> heat carrier from the circuit to heating
) hcated heat carrier

Fig. 5. Schematic of the screw agitating device, built into a thermal reactor

equipped with submerged combustion apparatus: 1— tank filled with a heat

carrier; 2 — submerged combustion apparatus; 3 — screw agitating device;
4 — heat exchanger; 5 — partition; 6 — feed of fluid to the system;

7 — output of the heated heat carrier to the consumer; material flows:
| — heat carrier from the circuit; Il — heated heat carrier;
Il = combustion products; IV — heated air

It is established that the cyclic input of external
energy increases mass transfer by 2-2.5 times, as
well as energy efficiency of the process as a whole.

2. A design of the device for the cyclic intro-
duction of pulses of external energy is proposed
for the intensification of heat-mass transfer and
improvement of energy effectiveness of the work
of thermal reactors with the built-in submerged
combustion apparatuses. A distinctive feature
of the thermal reactor with the cyclic input of
energy is in the fact that air, preheated in the



thermal installation with SCA, which operates according to
the principle of a “vapor pump”, enters the upper and lower
collectors of SAD. In this case, air is dispersed depending on
the angle of blade rotation, which contributes to the turbuli-
zation of phase boundary, which improves energy efficiency
of reactor operation.

3. We fabricated, assembled and verified under condi-
tions of a laboratory reactor with the system gas-fluid the
device for the cyclic input of external energy.

4. Based on the conducted studies, we developed a ther-
mal reactor with the built-in submerged combustion appara-
tuses and the cyclic input of external energy for creating the
turbulent pulsations that operates on the principle of a “vapor
pump”. The energy-technological indices of the developed
thermal reactor meet the world requirements: the content of
nitrogen oxides does not exceed 56.8 mg/m? at high-tempera-
ture water heating — to 70—-80 °C. Thermodynamic perfor-
mance efficiency of the thermal reactor reaches 98.6 %.
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