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ABSTRACT

Transporting gas over long distances requires high pressure, which must be reduced before the gas is
distributed to consumers. This pressure reduction occurs at pressure reduction facilities, where the gas
pressure is reduced by using the gas flow energy to overcome the local resistance. According to the
Joule-Thomson law, the gas is simultaneously cooled. This leads to the risk of freezing of the valves,
precipitation of gas hydrates and disruption of the continuity of the metal. To prevent this from
happening, an additional supply of thermal energy is required. This leads to low energy efficiency of the
reduction process. Of course, the optimal solution to this problem would be direct conversion of gas
pressure energy into thermal energy. This paper presents a brief review of the literature and an analysis
of the Hartmann—Sprenger effect efficiency in terms of quasi-isothermal reduction of pressure at gas
transportation system. Scientists identify the following factors that influence the occurrence and
existence of the effect: pressure drop across the nozzle, geometry and location of the resonator.
Regarding practical application concerns, attention is paid to the level of generated vibrations and noise,
the possibility of cleaning the resonator cavity from contamination, and the thermal and strength
properties of the materials used. Taking into account these provisions, the implementation of a pressure
regulator based on the Hartmann-Sprenger effect seems possible.
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NOMENCLATURE

AT from the open end to the closed end (K)

T Average temperature (K)
k Adiabatic index

n Degree of deviation

The pressures in the nozzle outlet section and the surrounding
P> Pa space (MPa)

x The position of the Mach disk (m)
L Length of the first cell (m)

M Mach number

r Nozzle outlet radius (m)

a Nozzle half-opening angle (deg)

Maximum temperature increase along the length of the resonator

The mass flow rate of moisture entering the resonator (kg/s)

h Absolute humidity of gas (kg/m*)

q Volumetric flow rate of gas through the device (m?/s)

S.S The cross-sectional area of the resonator and the flow part
» 2l of the device (m?)

S The minimum required area of the hole at the bottom of the
™" resonator (m?)

u Orifice flow coefficient

g Acceleration of gravity (m/s?)

p Density of condensate inside the resonator (kg/m?)

Ap The maximum amplitude of pressure oscillations in the

resonator cavity (MPa)
pr Average pressure in the flow (MPa)

1. INTRODUCTION

For long-distance transportation, in order to reduce costs,
gas is supplied to the gas transportation system under
high pressure, since hydraulic losses decrease and gas
consumption increases. However, end consumers do not
require such high pressure, and for this purpose, the gas
pressure is gradually reduced (1).

To reduce the gas flow pressure at pressure reduction
stations (PRS), local resistance is used, represented by a
throttling valve of the pressure regulator. It causes
pressure energy expenditure as the flow passes through
it. However, due to the pressure reduction, according to
the Joule-Thomson law, the temperature of the flow also
decreases, which can provoke the precipitation of gas
hydrates, freezing of pipeline fittings and a violation of
the continuity of the metal (2, 3), which negatively affects
the safety of operation (4). To prevent this bad
consequences, additional heating is carried out. As a rule,
heaters burn approximately 0.3% of the transported gas
volume to restore the temperature of the flow.

This method of reduction has low energy efficiency,
since the pressure energy obtained from gas pumping
units is simply lost to overcome local resistance, and
additional thermal energy is required to further restore
the flow temperature. Considering that the Russian gas
transportation system includes more than 350 thousand
reduction points, the volume of energy lost is quite
significant.

Current goals of the oil and gas industry are the
creation of new and improvement of existing
technologies for the operation of the hydrocarbon
transportation system (5), rational use of all types of
natural energy resources (6-8). The role of the
environmental impact of production in the formation of
the development strategy of the gas transportation system
is also growing (9).

Obviously, for the purposes of saving fuel gas and
reducing the anthropogenic impact of the gas
transportation system, it will be more efficient to heat the
gas by converting previously lost pressure energy into
heat.

For these purposes, it is possible to install expander-
generator units (10, 11). The gas energy is spent on the
rotation of the expander rotor, which in turn transmits
torque to the electric generator. The resulting electricity
is then converted into thermal energy (12). However, this
option is not optimal due to the complication of the
technological scheme of the reduction point, the
complexity of the equipment and the need for additional
maintenance, additional removal of pressure energy for
the rotation of the expander, which will require more
significant heating (13, 14).

Of great interest is the Hartmann-Sprenger resonance
effect. Danish scientist Julius Hartmann conducted
experimental research (1916-1918) on the topic of
generating sound waves by an air flow. When a
supersonic air flow was fed into a Pitot tube, he recorded
the occurrence of pressure fluctuations in the tube cavity
when it was placed at a certain distance from the point
where the jet was flowing out. The scientist called the
positions in which pressure fluctuations occurred "zones
of instability" (15). In 1954, Herbert Sprenger continued
his research and, with a significant lengthening of the
resonator, discovered that high temperatures were
generated at its bottom, up to 1000 °C (16).

2. PROCESS PHYSICS

The gas flow, entering a cavity closed at one end, initiates
oscillations with a frequency equal to the natural
frequency of the gas column in the separation region,
maintained by the energy of the oncoming flow.
Compression or expansion waves propagate from the
oscillating interface into the cavity, then meet the
closed end and reflect back. As a result of the
superposition of compression waves, shock waves are
formed, propagation of which is accompanied by
irreversible heat release. At the closed end of the
resonator, cumulative heat accumulation occurs and the
gas is heated (17). The process is accompanied by the
generation of high temperatures and low cooling
capacity.
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The Hartmann-Sprenger effect cycle can be broken
down into the following stages (Figure 1):

1. Filling: The resonator cavity is filled with an oncoming
flow of gas under pressure.

2. Compression: Upon reaching the closed end of the
resonator cavity, the gas is compressed and temperature
increases.

3. Expansion: The compressed gas moves towards the
open area of the resonator due to the pressure gradient.
4. Evacuation: Gas under pressure leaves the resonator.
A vacuum zone is formed in the cavity and the process is
repeated cyclically.

Below are the main stages of the effect cycle in
regurgitation mode, obtained using mathematical
modeling.

When conducting experiments with Hartmann tubes,
Sarohia and Back identified three mechanisms for the
occurrence of resonance (18, 19):

Figure 1. The Hartmann—Sprenger effect cycle:
a) filling; b) compression; c¢) expansion; d) evacuation

1. Instability mode: The regime exists at subsonic
speeds. Due to the formation of vortices at the nozzle
outlet, the flow is unable to generate strong shock waves
in the resonator, so no significant heating of the gas is
observed.

2. Regurgitation mode: In this mode, the resonator
periodically ingests and releases portions of gas. The
flow structure can have diamond-shaped or barrel-shaped
cells, depending on the pressure difference on the nozzle.
This mode shows itself best with long resonators, since it
requires sufficient space so that strong shock waves can
form as a result of the compression waves superposition.
This mode does not allow achieving significant
temperatures and heating rates.

3. Screech mode: This mode requires a relatively high
flow pressure before the nozzle. A Mach disk (normal
compression shock) forms at the resonator inlet and
oscillates at the highest frequency compared to the other
modes. However, the shock waves become weaker. In
this mode, it is possible to achieve maximum
temperatures, since the hot gas locked in the tube
exchange less heat with the cold flow flowing around the
resonator. The mode is optimal when working with
relatively short resonators; it is depending on geometric
and flow parameters modes which can switch.

3. APPLICATION

The main part of the research of the Hartmann-Sprenger
effect thermal performance, considers it from the
negative side and is aimed at its suppression, for example,
when heating up the elements of the supersonic aircraft
design. With the beginning of the construction of new gas
pipelines with pressures over 10 MPa, cases of heating
up the dead-end risers of valve units when filling the
pipelines with gas began to occur more often (20). To
eliminate the effect, the risers are usually connected by a
bypass to eliminate dead-end zones. When the effect
occurs, the heating temperature can reach 1600 K (21),
the heating rate can reach 160 K/ms (22). This allows the
effect to be effectively used in rocket engine ignition
systems (23). Brocher and Betton (24) proposed using the
heat produced by the resonator to generate electricity by
using magnetohydrodynamic generators. In this way,
approximately 21% of the flow energy can be converted
into electricity. Hartmann-Sprenger tube can be also used
for preheating the gas before feeding it into the engine
combustion chamber (25). Kadaba et al. (26) used the
Hartmann-Sprenger effect to implement a refrigeration
machine due to a large temperature gradient with the
environment. High temperatures allow the effect to be
used for thermal desorption or to create a high
temperature difference to generate electricity using
thermoelectric elements.
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4. GENERAL PART

Many researchers have managed to achieve high
temperatures in their studies of the Hartmann-Sprenger
effect. The temperature obtained when working with
hydrogen was 811 K (27); with nitrogen — 870 K (18);
with helium — 1000 K (25, 28); with air — 800 upto 1600
K (21, 23), etc. The theoretically possible heating rate is
3-10% K/s (29).

The temperature is distributed as follows: the first
30% of the resonator length at the input remains cold, and
the last 10% at the dead end heats up to maximum values
(21).

Shapiro derived the dependence of the ratio of the
maximum temperature increase along the length of the
resonator from the open end to the closed end AT to the
average temperature T on the adiabatic index k (Equation

1):

%gz(kﬂ) €))

The formula contains a number of assumptions such as:
ideal gas, oscillation frequency equal to a quarter of the
acoustic wave, flow velocity equals the speed of sound in
the medium, no energy loss through the tube walls.
According to the formula, methane can be heated to
temperatures 4.5 times higher than the average, but in
practice the value does not always exceed 2 times.

The possibility of the effect occurring and the
temperature values depend on the geometry, the pressure
difference across the nozzle, the resonator position
relative to the nozzle, the gas composition, the oscillation
mode, the structure of the flow jet (23), and also the
materials.

The thermal effect is greatest when the gas
accumulates heat inside the cavity without the possibility
of mass exchange with the external flow. Depending on
the requirements for the resonator (acoustic effect,
thermal effect), the tuning will differ. Thermal effect
requires large amplitude of pressure oscillations at the
resonant frequency of the tube.

5. FLOW DESTABILIZATION

Hydrodynamic/thermodynamic instability criteria are of
great interest to scientists (30). Rayleigh pointed out that
the inflection point of the velocity profile is a necessary
condition for instability creation (31). So preventing a
stable flow state is essential in terms of oscillations and
resonance occurence. Destabilizing devices are used for
this purpose. Some of these include axial rods, annular
nozzles, and reflecting surfaces near the boundary of the
jet.

Brocher and Duport (32) investigated the effect of
various destabilizing devices on subsonic flow and found

the existence of a critical speed below which the
oscillations are irregular and have a small amplitude,
while when this threshold is exceeded the amplitude of
the oscillations increases sharply. The importance of
using various destabilizing devices is due to the fact that
they allow resonant oscillations to emerge even at
subsonic speeds (33).

For example, Hartmann and Trudse (34) showed that
streamlined bodies in the form of thin cylinders (pins)
introduced along the nozzle axis, induce oscillations even
at subsonic speeds. Installing a pin along the nozzle axis
also helps empty the resonator by lowering the pressure
in the jet center and, accordingly, lowering the incoming
flow pressure on the inlet section of the resonator. As a
result the amplitude of pressure oscillations inside the
resonator increases (35). Annular nozzles contribute to a
more stable existence of the effect, since they
significantly increase the working range of pressure
drops, due to automatic regulation in case of operation in
off-design modes (22). Also, a pin can be installed in the
center of the resonator cavity. Due to narrowing of the
resonator effective cross-sectional area, pin allows
concentrating compression shocks, and the amplitude of
oscillations also increases. As a result, the heating rate
increases (19).

6. RESONATOR PARAMETERS

The researchers experimented with different geometric
shapes of resonant tubes to enhance the thermal effect,
adapting them to real-world application conditions.
Geometric modifications include different types of cavity
shapes: stepped resonators, contour cavities of various
shapes, such as logarithmic and exponential. Sobieraj and
Szumowski (36) presented various non-traditional
resonator shapes. In their study, they note that although
the cavity edge shape significantly affects the
acoustic/thermal phenomena and oscillatory modes
(change of mode between screech and regurgitation), the
shape of the edge at the nozzle outlet has almost no effect
on the process.

McAlevy and Pavlak (37) investigated both
conventional and conical resonators and it appeared that
the internal geometry is not important for the initiation or
maintenance of the oscillations. The effect is determined
by the events at the resonator input.

An important parameter that determines the
occurrence of the effect and the values of the obtained
temperatures is the ratio of the diameter of the resonator
inlet section and the cross-sectional size of the
underexpanded jet. The resonator inlet section should
ensure that the flow is ingested by the tube, rather than
flowing around the cavity. The energy should enter the
resonator. However, the size of the inlet section also has
its own optimal value, exceeding which will create flow
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recirculation zones at the resonator inlet, and then
exclude the possibility of the effect occurring. Hartmann
suggested that the diameter of the resonator inlet should
equal the outlet diameter of the nozzle. Based on the
study of stroboscopic shadowgraphs, Palmé (38)
suggested that the diameter of the resonator inlet should
equal the maximum diameter of the underexpanded jet.
In another study, Monson and Binder (39) obtained an
optimal value for the ratio of the cavity diameter to the
jet diameter of 1.27. Most often, recommendations are
found for the values of this ratio in the range of 1.0-2.5
(26-28). However, it is necessary to remember that,
depending on the conditions, the optimal value may be
outside this range; for example, there are studies with a
value of 6.0 (40).

Significant thermal effect can be achieved by
increasing the length of the cavity as it allows the gas to
stay inside the resonator longer and be exposed to shock
waves longer, which intensifies the effect (28). It is also
worth noting that each specific case has its own optimal
length of the resonator tube. With an increase in length,
a further increase in the heat exchange area and the
resonator mass will lead to a decrease in the temperature
and heating rate. With a decrease in length, the heating
efficiency decreases due to an increase in heat exchange
between the hot gas in the resonator and the cold gas of
the flowing stream and an increase in transverse
heterogeneity in the jet (21). Researchers give
recommendations on the ratio of the resonator length to
the diameter of its inlet in the range of 15 - 37 (21, 40),
but for certain conditions there are recommendations
with values both smaller (7.5 (27)) and bigger (about 70
(26)).

One of the ways to intensify the thermal effect is to
use resonators of various shapes. Most often, the
following resonators are used to increase the
temperature: cylindrical resonators with a transition to
conical (23); stepped (21, 22); conical with a cone angle
of 3°-4° (27); with an expansion at the end (41); a
resonator in a resonator (26). According to studies,
stepped resonators reached higher temperatures and
showed a higher heating rate compared to other types
(42-44). Also, stepped and conical resonators allow to
obtain heating at low oscillation frequencies compared to
heating in a cylindrical resonator at relatively high
oscillation frequencies (21). Explanation is that in conical
and stepped resonators the flow parameters are smoothed
along the length due to the change in the cross-sectional
area along the resonator length, which allows to intensify
the heating process at low frequencies. Neemeh et al. (45)
considered a resonator of such an exotic shape as a
logarithmic spiral and determined more effective heating
than in cylindrical and conical resonators, however, it is
impossible not to note the complexity of the shape for
practical purposes. From this point of view, cylindrical
and conical resonators are more preferable. Resonators

with an expansion at the end allow to increase heating
due to the formation of a stagnation zone due to
additional resistance to gas removal in a narrow neck and
cumulative accumulation of heat. One must not forget
about the resonator inner walls roughness; in resonators
of short length it was possible to obtain a higher
temperature due to additional heating from the friction
force (28).

It is also recommended to operate at oscillation
frequencies higher than natural ones for more uniform
resonator heating along the length (46).

Another problem in terms of practical application is
the relatively large length of the resonators, which does
not allow replacing traditional pressure regulators
without making additional changes to the design of the
reduction point. An obvious solution in this case is to split
the flow into several nozzle-resonator pairs, but no
studies have been found in this area. There are studies of
installations with several Hartmann "whistles" or
installations using one accelerating device for two
resonators (47).

7. FLOW PARAMETERS

The composition of the gas has a direct effect on the
thermal performance. The heating temperature and its
growth rate are higher for monatomic gases than for
diatomic gases. The reason for this is the higher
irreversibility of shock waves that occur in monatomic
gases (28). Theoretically, monatomic gases can be heated
to temperatures exceeding the ambient temperature by 3
times, and diatomic gases by 2 times (29). Thus,
monatomic helium is heated from 300 K to 600 K in 1.7
ms, and diatomic hydrogen in 49 ms (22). The molecular
mass of gases is inversely proportional to the heating
temperature and its growth rate (27). The gas humidity
and occurrence of nonequilibrium condensation reduce
the temperature at the muffled end of the resonator.
Studies demonstrate that:

- The pressure fluctuation amplitude within the resonator
is directly proportional to the nozzle inlet pressure (27);
- The resonator gas temperature exhibits a direct
dependence on the nozzle exit Mach number (28).

This suggests a recommendation to operate at large
pressure differences on the nozzle, providing high Mach
numbers. However, it is also impossible to infinitely
increase the pressure difference due to the existence of
optimal differences for each medium. Exceeding the
optimal values will lead to a decrease in heating
efficiency, and in the future the effect will terminate (25).
For different nozzle geometries and resonator positions
there are optimal pressure differences providing required
structure of the underexpanded jet at the resonator inlet.

Also, depending on the gas composition, there is an
optimal degree of deviation n (n = p,/p.). When working
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with nitrogen and a sonic nozzle, the value is 4.5 (27).
For oxygen or air —4.0 ... 8.0 (48), 5.5 ... 6.0 (41).
Heating also depends on the resonator operating mode
(18). For example, temperatures in the screeching mode
were higher than in the regurgitation mode.

8. RESONATOR POSITIONING

The location of the resonator relative to the accelerating
device is important for the occurrence and maintenance
of the Hartmann-Sprenger effect, since it determines the
maximum temperature and also affects the rate of its
growth. Depending on the degree of deviation n, the
structure of the underexpanded jet changes and,
accordingly, the optimal position of the resonator
changes. Effect stable existence requires positioning of
the resonator inlet near the first or second “instability”
zone coaxially with the nozzle. Kastner and Samimy (49)
and Raman et al. (50) revealed that as the nozzle-to-
resonator distance grows, higher jet Mach numbers are
needed to achieve the same oscillation amplitude. The
explanation is that the length of the structural cell
increases with an increase in the Mach number, and
accordingly the distance must increase so that the
resonator inlet cross section is in the corresponding
instability region.

Sarpotdar et al. (51) found a correlation between the
active distance — the distance at which the tube resonates
— and the shock cell length. Increasing the degree of
deviation resulted in an increase in the shock cell length.
Increasing the shock cell length increased the active
distance. Also, the transition to the screech mode from
the regurgitant mode required an increase in the pressure
in front of the nozzle when the resonator was moving
away from the nozzle (18).

Murugappan and Gutmark (52) found a relation
between the resonator position and the change in
operating modes. They observed a change from the
screech mode to the regurgitation mode at nozzle-
resonator distance of 5.6 mm. When the ratio of the
resonator cavity inlet diameter to the jet diameter was >1,
the regurgitation mode was maintained over a large range
of distances. When the diameter ratio was <1, the screech
mode was observed.

Depending on the degree of deviation n, the structure
of the jet changes (Figure 2). For n < 2, the jet cells will
have a diamond-shaped form; for n = 2 ...4, the first
compression shock will have the form of a barrel with a
Mach disk; for n > 4, the formation of Mach disks can
be repeated in the cells many times. However, further
growth in the thickness and diameter of the first Mach
disk at excessive values of n can block the appearance of
subsequent Mach disks.

At high degree of deviation n, when the diamond-
shaped cells are truncated and become barrel-shaped, the

n<? nozzle COMPression waves
B / Cross—over points

reflected shock

n=2..4 _obligue shock

barrel shock flow boundary ~._Mach disk
/
n>>4
X <
3,
mstability region [MIXING 2678 cell

Figure 2. Structures of underexpanded jet flow at various
degrees n of deviation from the design

tube resonates regardless of the distance from the nozzle
(53). The experimental results indicated that variations in
the distance had negligible effect on the oscillation
frequency as long as the resonator depth remains
constant. However, minor differences in frequency with
distance do occur.

There are several ways to determine the structure of
the jet and the position of its “instability” zones. The first
method is to use schlieren photography, but this method
is quite laborous. The second method is to determine the
flow structure analytically. In the case of barrel-shaped
shock waves, it is necessary to determine the position of
the normal shock wave (Mach disk); for diamond-shaped
shock waves, the boundaries of the “instability” zone are
found by determining the intersection point of the
inclined shock waves. In their study, Brocher and
Maresca determined the optimal positioning of the
resonator relative to the converging nozzle. The optimal
ratio of the nozzle-resonator distance to the diameter of
the latter was: for the subsonic regime - about 1; for the
supersonic regime for a diatomic gas - about 2; for a
monatomic gas - about 3 (28). If we consider nozzles with
a diffuser, then for flows with barrel-shaped shock
waves, the position of the Mach disk x is calculated as
discussed by Shelukhin (54) (Equations 2-4):

x=0.8L 2

L=1.558-x' 3
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x' 2
o \/n(1+kM cosa) 1 4)
where M — Mach number at the nozzle outlet section. For
flows with a diamond-shaped shock wave structure, the
convergence point of the oblique shock waves is
positioned approximately at the cell's midpoint. For
nozzles with a more complex geometry, the flow
structure can be determined by numerical methods.

9. PRACTICAL RECOMMENDATIONS

The simplest way to increase thermal efficiency is to
reduce the heat exchange surface (55), use thermal
insulation (17, 22), and use materials with low thermal
conductivity (27). However, this can only be
recommended for use if the goal is not to increase the
temperature of the flow around the resonator.

To be able to practically implement a pressure
regulator based on the Hartmann-Sprenger effect, the
device must meet a number of conditions. The generated
noise and vibrations must not exceed regulation values
and affect the safety and reliability of the operation of
production facilities. The device must stably cope with
condensate and other contaminants, as they could lead to
the impossibility of the existence of the effect. Also, it is
necessary to optimize the dimensions of the devices to be
able to implement them in pressure regulation points
without rebuilding them, the reliability of the regulator is
also important.

Brocher and Maresca (56) concluded that the
predominant heat transfer mechanism in the resonance
tube involves mass exchange between the incoming cold
jet flow and the heated gas within the tube. For the
purpose of removing hot gas (17) and for cleaning the
resonator cavity from accumulating mechanical
impurities and condensate (57), it is possible to create an
opening at the bottom of the resonator. According to
experiments, the optimal value of the ratio of the area of
the opening at the bottom of the resonator to the area of
its cross-section is 0.12 (17).

To determine the minimum area of the hole for
removing accumulated condensate, it is necessary to
know the mass flow rate of moisture entering the
resonator along with the gas flow (57) (Equation 5):

m=h-q—-

s, ®)
Using the known liquid mass flow rate, we can calculate
the minimum required orifice area at the resonator
bottom to prevent condensate accumulation (Equations
6-7):

2m

Smm =TT 6
H\2gpAp ©)

Ap = 2kMp/ 7

When operating a pressure regulator based on the
principle of energy separation, the issue of generated
vibrations and noise pressure, which can reach 100 dB or
more at certain resonant frequencies (19, 58), will be
important. Existing equipment at facilities often operates
under dynamic loads and vibrations, and additional loads
from the pressure regulator integration can negatively
affect the reliability of operation and safety of operation.

To reduce the noice it’s possible to use mufflers or
operate under higher frequencies to reduce noise level
(46).

Narayanan et al. (59) investigated how chamfer
geometry (both internal and external) of the resonant
cavity influences acoustic emissions in Hartmann
whistles, demonstrating that internal chamfering
significantly enhances sound pressure levels. It was
found that the sound pressure level of cavities with
inwardly beveled edges is higher than that of cavities
without chamfers (60). A comparison of the results of the
two studies suggests that in order to reduce the sound
pressure level, it is better to use resonators with non-
chamfered edges.

Thomas et al,. (61) examined the effect of the
underexpanded jet shape on the sound pressure level. The
following nozzle attachments were used: circle, ellipse,
triangle, rectangle, and square. The sound pressure level
increased with increasing underexpanded jet ratio for all
diaphragm combinations. The highest sound intensity
was demonstrated by a round jet. At high underexpanded
jet ratios, a significant drop in the sound pressure level
was observed for square, rectangular, and triangular jets.
In non-circular jets a significant drop in sound intensity
is observed, which makes them more preferable options
in terms of reducing sound impact. This is confirmed by
the results of other studies, for example, Jothi and
Srinivasan (62) found that when replacing a round jet
with a triangular and square one, the installation begins
to operate 10 dB quieter.

Noise and vibration effects, of course, must be taken
into account when using devices based on the Hartmann—
Sprenger effect, but their magnitudes do not go beyond
their usual values for such technological equipment and
will not create significant obstacles for practical
application (63).

It should be noted that the materials for
manufacturing resonators must ensure their high
strength, thermal conductivity, impermeability, and also
a wall structure that does not absorb pressure fluctuations
(27). This is an important condition for long-term
trouble-free operation, since even in short experiments,
researchers observed failures of resonant tubes (23, 27,
40).

Also for stable existence of the effect under
conditions of changing flow rates and pressures it is
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necessary to adjust the distance between the resonator
and the nozzle. For these purposes, it is proposed to take
as a basis the system of adjusting the degree of valve
opening of the conventional pressure regulator with the
necessary modifications. This is a topic for further
research.

10. CONCLUSION

Based on the analysis results, it can be said that the
intensification of the Hartmann-Sprenger effect requires:
operation at high pressure drops optimal for a specific
geometry of the device; the size of the resonator inlet
cross-section calculated for a certain underexpanded flow
jet; the location of the resonator relative to the nozzle
depending on the flow structure (approximately near the
first or second instability zone); the use of resonators with
a variable cross-sectional area; sufficient mass transfer
between the hot gas of the resonator and the cold gas of
the flowing around it. In practical terms, it is important to
ensure a reduced level of acoustic impact and vibrations,
removal of accumulations of mechanical impurities and
condensate from the system, and the materials must be
resistant to significant cyclic loads. Considering these
findings, the development of a quasi-isothermal natural
gas pressure regulator utilizing the Hartmann-Sprenger
effect appears technically possible.
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