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Abstract. Maintaining the gas temperature and the formation of gas hydrates is one of the main problems in the op-
eration of gas pipelines. Development and implementation of new effective methods for heating the gas during gas
reduction will reduce the cost of gas transportation, solve the problem of resource and energy saving in the fuel in-
dustry. Study is aimed at increasing the energy efficiency of the natural gas reduction process by using a resonant gas
heater to maintain the set temperature at the outlet of the gas distribution station (GDS) and prevent possible hydrate
formation and icing of the station equipment. Paper considers the implementation of fireless heating of natural gas
and fuel gas savings of heaters due to the introduction of a thermoacoustic reducer, operating on the basis of the
Hartmann — Sprenger resonance effect, into the scheme of the reduction unit. By analyzing the existing methods of
energy separation and numerical modeling, the effectiveness of the resonant-type energy separation device is substan-
tiated. Modification of the reduction unit by introducing energy separating devices into it will allow general or partial
heating of natural gas by its own pressure energy. Developed technology will allow partial (in the future, complete)
replacement of heat energy generation at a gas distribution station by burning natural gas.

Key words: natural gas; gas pipeline; energy saving; energy separation; natural gas heating; Hartmann — Sprenger effect;
reduction; gas distribution station

Introduction. Nowadays, Russia has developed and implemented programs to improve the
application efficiency of the fuel and energy resources (FER) and resource saving, including
reduction of natural gas losses [21, 22, 33].

Long gas transportation distances cause high pumping pressure, which must be lowered before
shipment to the consumer. Lowering of the pressure occurs at the reduction points by spending the
energy of natural gas flow to overcome the local resistance, represented by the throttle part of the
pressure regulator [32].

Natural gas transport and distribution networks are extensive and branched systems with many
points for gas pressure reduction (PRG), protection of gas pipelines from corrosion and electro-
chemical protection units (EPU). The main purpose of the PRG is to lower the high pressure (at
which gas is transported over long distances) to the level required by consumers, and then maintain
it at this level.

Energy possessed by the gas flow is partially lost during reduction, when the gas temperature
decreases and, therefore, it becomes necessary to heat it up. Energy can be efficiently converted into
other types of energy: electrical energy for the needs of the gas distribution station itself and/or heat
energy for leveling gas cooling during throttling.

Since the 30s in the XX century, in the USA, Britain, Canada, Russia and other countries, re-
search is being carried out in the field of utilizing gas pressure energy. In Russia, there are state
programs that stimulate the development and implementation of energy-saving systems [12].

Research object of the article is the natural gas reduction unit in a gas distribution station.
Study is aimed at solving the problem of reducing the amount of fuel gas consumed to restore
the temperature of the natural gas flow, which decreases when it is reduced. According to
GOST 5542-2014, gas temperature at the outlet of the reduction point must exceed the dew point
temperature that is in the range of —7...—12 °C and depends on the gas temperature, pressure and
humidity. Flow rate of gas after the reduction point changes during the year, week, day and one
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hour. On average, the highest flow rate exceeds the lowest one during the month by 2.5 times, dur-
ing the week — by 1.2 times, and during the day — by 1.8 times. These ratios indicate the non-
stationary process of the gas movement in the gas distribution network.

At GDS design stage, needs of the station for electricity and heat are assessed depending on its
purpose, location conditions, area and size, calculated temperature in the cold season, accounting
for standard snow and wind loads and other features. Installation of boiler units at GDS is a com-
mon solution to provide heat and electrical energy [25].

When natural gas is reduced, a sharp decrease in temperature occurs, and there is a risk of hy-
drate formation in the form of solid crystalline deposits on the walls of pipelines. Mainly, hydrates
are formed in places of pipeline constriction, pressure regulators and measuring equipment [10].
Moreover, due to the significant cooling of the gas, icing of the pipeline fittings occurs.

Gas heaters, local heating of pressure regulator casings, and introduction of hydrate formation
inhibitors into the gas stream (most often methanol) are used at gas distribution stations as measures
to prevent freezing of equipment casings and the formation of hydrates [16]. The most widespread
in practice is the first method, because the second has the lowest efficiency, and the third is cost-
intensive [10, 16].

The main types of heaters are fire (heated by fire) and water (heated by hot water or
steam) ones. The first type is dangerous in terms of fire safety, and the second requires more
fuel consumption and labor for maintenance. For the operation of heaters, GDS is equipped
with powerful boiler and power supply units, and sewerage installations. Requirements for the
GDS operation prescribe the installation of at least two heaters (one in reserve). This natural
gas heating system requires more energy than is consumed for the own needs of the gas
distribution station [12, 25].

Aim of the work is to implement fire-
less heating of natural gas and save fuel
gas of heaters by introducing a thermo-
acoustic reducer, operating on the basis of
the Hartmann — Sprenger resonance effect,
into the scheme of the reduction unit. This
solution is aimed at increasing the energy
Cold gas efficiency of the reduction process by us-

ing a resonant gas heater to maintain the
_\ set temperature value at the GDS outlet
Compressed and prevent possible hydrate formation

935 Jl and icing of the station equipment.
Statement of the problem. In regard
to the conditions of a gas distribution sta-
tion, the utilization of natural gas energy
during its reduction (Fig.1) [24, 27, 36] is
carried out in different ways, for example,
using a device based on the Rank — Hilsch
vortex effect; temperature stratification
using a Leontiev tube; expander genera-
tor sets; devices based on the Hartmann —
Sprenger effect.
As an example of a device operating
Fig.1. Devices for machineless energy separation on the vortex Rz?mk — Hilsch effect, a pres-
(temperature separation) of a gas stream: sure regulator with a heat generator RDU-T

a — Rank — Hilsch tube; b —Hartmann — Sprenger tube; is taken. It is built into the regulator and
¢ — Leontiev tube [5]

a

c

Hot gas
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heats the reducing unit of the pressure regulator using the kinetic energy of the gas [14, 23, 35].
During the process, hydrate formation and freezing of the unit is prevented at high pressure drops.

On the basis of temperature stratification using a Leontiev tube [7, 18], the author of [23] pro-
posed a device for fireless heating and reduction of natural gas without the use of additional ma-
chines and equipment. The device works as follows. Gas flow is divided into two: one accelerates to
supersonic speed in the Laval nozzle, the second — with high-pressure and subsonic speed, flows
from the opposite side in the inter-wall space. In the process, the interaction of gas flows through
the heat-conducting wall of the device takes place: the supersonic heated flow is directed to the gas
distribution station, the cooled subsonic flow is directed to the compressor station [2, 28, 34].

If the pressure energy of the flow is used to rotate any expansion machine (expander), then this
allows it to be utilized or directed to various useful needs [1]. Academician M.D.Millionshchikov
proposed such use of the pressure in the trunk gas pipelines back in 1947. At present, expander-
generator units are used at gas-reducing points of trunk gas pipelines. Energy from the gas stream is
converted to mechanical energy in the expander and electrical energy in the generator. Resulting
electrical energy is spent on the needs of the gas-reducing point, including heating the gas after
throttling [1, 19, 29].

The Hartmann — Sprenger effect, discovered in the second half of the 20th century, consists in
the fact that when a stationary air stream flows around cavities (tubes) of a certain depth, there are
pulsations of gas pressure and an increase in the temperature of the cavities walls to values exceed-
ing (by tens and sometimes hundreds of degrees) stagnation temperature in the incident flow [13].
This exceeding of temperature, which is unacceptable in the law of energy conservation, occurs as a
result of unsteady shock-wave processes formed when the gas flowing around the open end of the
cavity interacts with the volume of gas inside this cavity [4, 13, 17]. This effect was first discovered
by Julius Hartmann.

Gas at the open end of the cavity excites oscillations, the frequency of which is equal to the
frequency of the gas column in the separation region [13]. Oscillation frequency is at the same level
due to the energy of the external gas flow [4, 13]. Compression or expansion waves propagate into
the cavity from the oscillating flow interface and are reflected when they collide with the closed end
of the cavity. Compression waves interacting with each other at the entrance to the cavity generate a
shock wave of finite amplitude. Its propagation in the gas flow leads to an increase in entropy, ac-
companied by irreversible heat release. Generated heat accumulates inside the closed end of the
cavity, and the gas gradually warms up.

If the vibrations form due to flow breaks at the entrance to the closed cavity, the frequency of
pressure oscillations will depend only on the length of the cavity (I, m) and the speed of sound in
the medium (¢, m/s) and will be f = ¢/2l; [4, 31].

Frequency at resonance will be two times less: when reflected from the open end of the cavity,
the wave changes sign, the reflected shock wave will transform into an expansion wave. Therefore,
the theoretical frequency of oscillations in resonance is fi = c/4l:.

When this effect occurs, final gas temperature depends on the conditions of heat transfer to the
external free flow through the walls, as well as on the intensity of the mass exchange process in the
region of the open end of the cavity [3, 15, 31].

Application of the Hartmann — Sprenger effect is known in aircraft construction, at the oil
fields, small-scaled production of liquefied natural gas (LNG) [13, 23]. It should be noted that this
effect in the gas transportation system has not previously found application in the Russian Federa-
tion and abroad, as it was considered extremely negative.

Conducted assessment of the economic efficiency for the application of this effect at the
points of natural gas reduction has shown a positive result and confirms the efficiency of invest-
ments in the development of reduction devices operating on the resonance effect.

255



=243 Journal of Mining Institute. 2021. Vol. 248. P. 253-259
"ﬁ- Andrei M. Schipachev, Alena S. Dmitrieva

Inlet tube Resonator cavity

B Pout
d] ' P

o S
Tin AH—\ ] Tout

o |

Fig.2. Devicegeometry
Pin, Tin— inlet pressure and temperature; Poy, Tou— OUtlet
pressure and temperature; | — length of resonator cavity;
I’ — distance between inlet tube and resonator cavity;
d — diameter of resonator cavity
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Fig.4. Schematic diagram of a device for unheated reduction
of natural gas [20]
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Methodology. Purpose of the simulation is
qualitative obtaining of the Hartmann -
Sprenger resonance effect. Numerical analysis
is performed by the finite element method in
the Ansys Fluent software. Design model is
built on the basis of the device geometry, in-
tended for further fabrication of the structure
and conducting experimental investigations
(Fig.2).

Mesh area with high detailing of wall
zones and zones with the highest gas flow ve-
locity was constructed [30]. Air described by
the Redlich — Kwong real gas law is taken as a
gaseous medium [6, 8, 26, 31]. At the input and
output of the device model, boundary condi-
tions are set: Pin = 600 000 Pa; Poyt = 0 Pa (ex-
cess pressure); Qm = 0.0090375 kg/s (187 m*/h
at standard conditions), ratio of temperatures
Tin and Tout should not exceed 1.42 (adiabatic
coefficient 1.4). Length of the resonator cavity
IS 73 mm, its wall thickness is 2 mm. Calcula-
tion was carried out on the basis of the DES
turbulence model [9, 11, 31].

Based on the results of numerical simula-
tion, values of temperature oscillations were
obtained at a point located in the lower part of
the resonator (Fig.3).

Sought frequency of resonant oscillations
is obtained using the Fourier transformations —
1111 Hz. Theoretical frequency of resonant os-
cillations is found: fi = 1133 Hz. Deviation for
the calculated frequency of resonant oscilla-
tions and theoretical frequency was 1.94 %,
which indicates the correct compilation of the
calculation model.

Discussion. Based on the analysis of natu-
ral gas energy utilization methods, a device for
unheated and fireless natural gas reduction is
proposed based on the Hartmann — Sprenger
resonance effect (Fig.4). Device consists of a
supersonic nozzle, a resonator coaxially located
with it and a pressure regulator connected in
parallel to compensate for daily and seasonal
irregularities in gas flow rate.

Developed thermoacoustic pressure regulator contains a single flow-through frame 5, inside
which there are nozzle 3 with a central body 2 and a resonator 4. Inlet and outlet of the frame 5 are
connected, respectively, with the high 1 and low 7 pressure tubes, as well as with each other by a
pipeline with a control valve 10. Output of the pressure sensor 6, installed at the output of the thermo-
acoustic regulator is connected to the input of the governing controller 8, the output of which is con-
nected to the input of the actuator 9 of the control valve 10.
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The first stream, losing pressure and temperature, accelerates in nozzle 3 with central body 2
and flows onto the closed cavity of the conical resonator 4, exciting high-frequency shock waves
that heat up the gas in it. Heated gas periodically outflows from the resonator 4 into the flow-
through path of the frame 5, which is united with the nozzle 3. There it mixes with the low tempera-
ture gas flowing around the resonator 4, forming with it a gas stream of an average temperature, di-
rected to mixing with the second gas stream separated earlier after the high-pressure inlet 6.

High-pressure gas enters a nozzle designed for a specific pressure range. At the outlet of the
nozzle, concentrated accelerated gas flow enters a resonator of a certain length coaxial with the
nozzle, located at a certain distance from the nozzle. Hartmann — Sprenger effect arises in the reso-
nator, as a result of which the gas heats up above the stagnation temperature. Cooling of gasduring
throttling is leveled by its local heating in the resonator.

Maintaining the pressure at the outlet of the thermoacoustic regulator at a predetermined level,
together with automatic regulation of the height of the nozzle 3 by its central body 2, make it possi-
ble to ensure the stability of the thermoacoustic regulator, which depends on the constancy of the
pressure drop across it. This ensures a high linearity of the temperature dependence at the outlet of
the regulator on the flow rate through it and the reliability of the technological operation of reduc-
tion as a whole.

Based on the Competence Center for engineering and technology of field development in Arc-
tic conditions (CC “Arktika”) of Saint Petersburg Mining University the experimental setup was
created according to the scheme (Fig.4), which has an additional temperature sensor installed at the
base of the resonator inside the frame [20].

Experimental investigations have been carried out to test the simulation results and confirm the
occurrence of the resonance effect and gas heating in the developed device. Conditions for the ex-
periment considered the same pressures as in the numerical simulation. Working gas is air. As a re-
sult, a resonant oscillation frequency of 2000 Hz was achieved. Thus, the achievement of the Hart-
mann — Sprenger effect is confirmed. Experimental frequency of pressure oscillations differs from
the theoretical by 12 %, which can be explained by the high concentration of oil in the air leaving
the compressor and the variability of the pressure gradient.

Due to the small dimensions of the resonator, temperature sensor was not installed directly into
the gas medium inside it, as this would cause additional difficulties in manufacturing. However, this
solution led to an indirect determination of the air temperature inside the resonator.

Using the constructed model of the device in Ansys Fluent, gas temperature at the base of the
resonator is determined. Initial data for numerical simulation, according to the obtained experimental
values: Tin = 13.88 °C; Touwt = 14.61 °C; Pin = 600 000 Pa; Poyt = 3615 Pa; Qm= 0.0090375 kg/s.
All pressures are excessive.

Determination of the temperature at the base of the resonator was carried out by the methods of
sub-modeling and iteration to select the temperature % of the gas in the resonator, at which the dy-
namics of the temperature growth of the resonator base and its absolute value correspond to the ex-
perimental data.

Visualization of simulation results is shown in Fig.5.
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Fig.5. Temperature distribution in the resonator
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After analyzing the data obtained during the simulation and as a result of the experiment, it can
be concluded that the gas temperature in the resonator during the operating mode of the device with
the current configuration is from 467 to 556 K or from 194 to 283 °C.

The main goal was achieved — gas heating, characterized by an increase in the temperature of
the resonator base during the resonance effect, with stable maintenance of the flow temperature at
the outlet of the device, equal to the temperature at its inlet.

Conclusion. This paper analyzes the possibility of using fireless and unheated pressure regu-
lators for gas distribution stations. Device for unheated reduction of natural gas based on Hart-
mann — Sprenger resonance effect is proposed.

Numerical simulation of Hartmann — Sprenger effect in Ansys Fluent was carried out based on
the computational model. As a result, the investigated effect was qualitatively achieved. Deviation
of the frequency obtained by modeling the resonance effect from the theoretical value was 1.94 %.

Based on the results of the theoretical analysis of methods and devices utilizing gas energy,
and numerical modeling, a scheme has been developed, and an experimental unit of a device for
unheated natural gas reduction has been manufactured. Experiments to confirm the resonance effect
with heating the gas and maintaining a given temperature at the outlet of the device have been car-
ried out.

An indirect method using simulation in Ansys Fluent determined the gas temperature in the
resonator, which is in the range from 467 to 556 K.

Thus, in the course of this work, the possibility of using unheated pressure regulators for gas
distribution stations was fully confirmed and justified. Such devices can be widely used in gas re-
duction points where there are risks of hydrate formation, icing of pipeline fittings and their work-
ing components. Installation of such devices will completely replace the need for burning fuel gas,
which has a positive economic effect.
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