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Abstract: At gas distribution stations (GDSs), the process of throttling (pressure reduction) of natural
gas occurs on gas pressure regulators without generating useful energy. If the gas expansion process
is created in a turbine, to the shaft where an electric generator is connected, then electricity can be
obtained. At the same time, the recycling of secondary energy resources is provided, which is an
important component in the efficient use of natural resources. The obtained electric power can be
supplied to the external power grid and/or used for the GDS’s own needs. The process of generating
electricity at the GDS from gas overpressure energy is an environmentally friendly, energy-saving
technology that ensures an uninterrupted, autonomous operation of the GDS in the absence of an
external energy supply. The power needs of a GDS with regard to electricity are relatively small
(5 + 20 kW). Expansion in throttling devices or turbine flow paths leads to gas cooling with a possible
hydrate formation. It is prevented via gas preheating or vortex expansion equipment that keeps
the further gas temperature at a necessary level. Turbogenerators can be created on the basis of
vortex expansion turbomachines, which have many advantages compared to turbomachines of other
types. This article studies how gas pressure (outlet: gas distribution station) and gas preheating (inlet:
vortex expansion machine) influence turbogenerator parameters. Nine turbogenerator variants for
the power needs of gas distribution stations have been assessed.

Keywords: gas expansion processes; gas heating; power generation; gas distribution station; energy-
saving turbine generator; vortex turbine

1. Introduction

The Ukrainian gas grid is a complex system with a changing load. Its separate elements
require modernization. Since resource economy is a must, the system may be complicated
to secure a higher level of efficiency. One of the necessary technical decisions is differential
pressure with a subsequent useful output instead of energy loss in the case of gas throttling
on pressure regulators. Here, turboexpanders may recycle the gas pressure excess, while
mechanical work on turbine shafts is converted into electric power [1,2]. This is an efficient
technology to generate clean energy. In Ukraine, there are 1450 gas distribution stations
(GDSs). The working pressure of gas mains is 5.5 + 7.4 MPa, with a possible fall to 2.5 MPa.
Reduced to 0.3, 0.6, or 1.2 MPa, the station gas is gradually transferred to the distribution
network, control points, and then to consumers. Simultaneously, the energy of gas pressure
excess is lost.
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Vortex expansion is efficiently used in turboexpanders and turbogenerators up to
500 kW [1,3]. The same may be realized in cogeneration units (heat and energy supply for
industrial and community facilities), turbine starters, control systems, turbocompressors,
pumps, etc. For a 100 kW turbogenerator, the annual profit from the generated power
(power price USD 0.07) is as follows: 0.07 x 100 kW x 8000 = 56,000 USD per year. In-
stalled turbogenerators on gas distribution stations and control points are estimated to
provide about 10,500 million UAH per year (for electricity tariff at 2.6 UAH per kWh). You
can benefit more if turbogenerators are located in engineering, food, chemical, or commu-
nity facilities. Additionally, turbogenerators raise power supply reliability, state energy
security, and ecological performance. Today, it is urgent to increase the gas distribution
efficiency via the construction of autonomous uninterruptible power sources on the station
itself. Although the gas distribution station capacity is under 20 kW, their permanent
work determines the functionality of the whole station’s technological process until the
gas is supplied to consumers. These uninterruptible power sources should be based on
vortex turbines. Such a machine may constantly operate on the station as a power-saving
turbogenerator. Figure 1 shows a gas distribution station with a turboexpander installed
parallel to pressure regulators. The turboexpander takes natural gas from the gas main to
automatic pressure regulators (APRs). Through the regulating valve (RV), gas is fed to the
turboexpander inlet. The exhausted (expanded) gas goes to the gas main after the APRs
drop the gas pressure to the necessary level. Turboexpanders perform the same function.
However, the latter may produce energy for gas distribution needs via an electric generator.

APR1 S2

Gas
outlet

Gas 588 maing-ﬂ
mlet %

™M

Conventional notation:

D:h - pneumatic drive valve;

<] - manual drive valve;

TE - turboexpander;

GP - gas preheater;

GEN - generator;

FM - flowmeter;

RV - regulating valve;

APR - automatic pressure regulator;
S - stopcock.

RV

Figure 1. Turboexpander installation on gas distribution stations.

The turboexpander (turbogenerator) consists of an expander and an electric generator
(Figure 2). As a turboexpander, we offer to apply a vortex expansion turbine. Figure 2
represents its construction with an external peripheral channel. The machine comprises
anozzle (1), a wheel (5), and a case (3) (with a working channel (2) and an outlet). There
is a cutoff (6) between the nozzle and the outlet. The working substance goes through
nozzle 1 (Figure 2) to the flow path, which consists of channel 2 of case 3 and the interblade
channel (4) of the wheel (5). The wheel runs in the case with small radial and tip clearances.
Gas leaves the flow path via the outlet. The potential energy of the compressed gas is
converted into kinetic energy partially in the nozzle and partially in the case channel and
the interblade wheel channels. Within the latter, particles move in different directions
with a changing velocity. Finally, the blades force the wheel to run. Therefore, the gas
flow interacts with the wheel blades, which convert kinetic energy into mechanical work
on the turbine shaft. The circular substance velocity in the channel exceeds the circular
wheel velocity. Within the flow path, gas particles move spirally from the inlet to outlet,
pushing wheel blades via their energy. Such a vortex flow is basic for energy exchange
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between channel gas and wheel blades. The more intensive it is, the more efficient the
machine operates.

(b)

Figure 2. Cont.
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(d)

Figure 2. The turbogenerator 3D model based on a vortex turbine with the rotor location on the

generator shaft (a), the turbogenerator prototype based on a vortex turbine (b), the vortex flow
path 3D model (c), and the vortex turbine design (d) 1—nozzle, 2—working channel of the case,
3—housing, 4—interblade channels of the wheel, 5—wheel, and 6—cutoff.

Vortex equipment can be used to construct power-saving turbines. Their advantages
include a simple design, low cost, stable performance, and high reliability, which helps to
reduce risk factors. In contrast to axial and centripetal turbines, vortex expansion machines
are easier and cheaper to manufacture. In the same conditions (capacity, size, and perfor-
mance), vortex equipment avoids high revolution velocity as the principal disadvantage
of axial, centrifugal, and jet-reactive turbines. Here, you do not need to apply reducers
for pneumatic units. It decreases maintenance costs and increases machine reliability.
Previously, research was conducted on one-channel and two-flow vortex expansion tur-
bines with an external peripheral channel [3]. The latter is easy to construct, especially for
multi-channel and multi-flow variants. This differs from vortex versions with side, side
peripheral internal peripheral channels, etc. The advantages of vortex expansion machines
allow manufacturing a simple and reliable turbine drive or turbogenerator with a 1-2-year
payback. Such vortex equipment may be used up to 500 kW.
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Literature Review

Within gas distribution stations and control points, pressure reduction may be compli-
cated because of hydrate formation—a snow-like white crystal mass. The falling pressure
and temperature drop the gas moisture capacity, which leads to hydrate formation [4].
Hydrates deposit on pipeline walls, orifice devices, pressure valves, etc. They not only
obstruct gas measuring, but also cause emergencies (pipeline capacity decrease, hydrate
plugs, and system damage). Hydrate removal is difficult: deposits can be solid, in hard-
to-reach places. Additionally, the removal itself leads to harmful emissions. Even a full
system shutdown may be required to remove hydrates. There are various ways to prevent
hydrate formation. The most commonly used method is partial or general gas preheating.
To complete this task, you should invest a lot of money. At the same time, gas preheating
complicates gas distribution and emits combustion products into the atmosphere. Never-
theless, the necessary gas temperature is supported via direct or indirect preheating. A
less efficient option is the local preheating of pressure regulator cases with electric ribbons.
The advantage of the latter is that it is relatively low cost and nearby power sources. Also,
we may inject methanol into the pipeline (although it is expensive to realize). Moreover,
extra expenditure is required to protect the environment: methanol is a strong poison.
To prevent hydrate formation, there are some specific techniques as well: the whole gas
reduction node heating, the water jacket installation, etc. A safe reduction is offered for
gas distribution stations to prevent hydrate formation via heat generators embedded into
pressure regulators [5].

Currently, the hydrate formation problem is often considered for deep-water pipelines.
Some ideas can be applied to gas distribution stations. Article [6] shows how the changing
outer temperature of a pipeline wall impacts hydrate formation. Paper [7] reports on the
carbon steel corrosion influence over the formation and dissociation of methane hydrate.
Publication [8] discusses plug forecasts and anti-hydrate surfaces as another reasonable
method to prevent hydrate deposits.

There are many works on the gas heating upgrade and its prevention (if turboex-
panders are used). Article [9] involves the expansion machine being cold to lower the gas
temperature at the inlet of both the compressor sections. Simultaneously, the compressed
gas itself heats the turboexpander inlet gas with the extra power generation.

Within a single system, the wind energy, accumulator, solar power station, gas turbine,
and recovery boiler are offered to be combined for the optimal planning of a cogeneration
micro-network [10,11].

Paper [12] represents a pressure-decreasing system with a hybrid turboexpander and
fuel cells. Here, molten carbonate generates extra power and partially heats gas before
flowing to the turboexpander. Publication [13] considers the gas heating cost decrease via
renewable energy sources. Heat pumps and various heat exchangers are offered for use.

Article [14] analyzes heat recovery on gas distribution stations and compares three
types of expansion machines with different preheating principles. Low-expansion machines
and gas heaters prove to be most efficient in heat recovery on gas distribution stations.
However, the research does not discuss vortex turboexpanders. Paper [15] introduces a
hybrid gas turbine with a solar gas preheating via a parabolic trough system. Such a system
is compared with a more conventional solar unit.

Additionally, the excessive heating costs are proposed to drop via multi-stage expan-
sion machines and heat pumps with a gas engine drive [16]. A hydrate prediction model
has been created. It results in a significant preheating temperature decrease with economic
and energetic benefits.

The authors of article [17] deal with increasing the energy efficiency of the new pump
design for nuclear power plants, and the effect of impeller trimming on the energy efficiency
of the counter-rotating pumping stage was published in [18].

Generally, there are different methods of alternative natural energy use on gas distri-
bution stations. However, their application depends on the climatic conditions.
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The results of experimental studies of a vortex expansion machine with a peripheral-
side channel and a turbogenerator based on it are known [19]. During the pre-investigation
of this turbine, the angle of inclination of the nozzles, the angle of cut of the nozzles, and
the distance from the nozzles to the blades of the impeller changed. During the tests, the
pressure at the turbine inlet and outlet and the rotor speed were changed. The excess
pressure at the turbine inlet ranged from 1 to 5 kg/cm?; the turbine rotor speed was up
to 3000 rpm. The highest efficiency value obtained during the tests was 25%. The plot of
efficiency versus rotor speed and reduced circular speed was ascending and did not reach
maximum values. This is due to the inability to get on the stand at speeds of more than
3000 rpm.

Article [3] represents calculations of a vortex turbine with an external peripheral
channel, which was produced via the ANSYS software. Optimal parameters were obtained
for three models of vortex turboexpanders with an external peripheral channel within

the 2-6 pressure ratio range: relative nozzle diameter (d, = d,,/d = 0.25 = 0.4); relative
meridional section diameter of the turbine flow path (Efp =d/D = 0.055 + 0.065); and
circular wheel velocity # = 0.12 < 0.2. It is found that turbine efficiency can be more than
45% [3].

In order to obtain characteristics and confirm the adequacy of the results of the
computational experiment, physical experiments were carried out at the stand created at
the Department of Technical Thermophysics of Sumy State University [20]. A comparison
of the results of a physical experiment with the results of studies in the ANSYS software
complex showed their good coincidence [21].

Thus, there is a general problem of energy savings and a problem in increasing the
reliability of gas distribution stations in the absence of electricity. These problems can be
solved by the use of uninterruptible power sources, in particular, vortex turbogenerators,
which work due to the energy of excess gas pressure, which is always present at the
gas distribution station. The range of electrical power required for the needs of the gas
distribution stations is 5-20 kW; this article examines turbogenerators with a capacity of
5,10, and 20 kW. Having reviewed the sources, we can find many works about hydrate
formation, including cases of gas pressure fall on distribution stations [4-8,16] and the
use of turboexpanders and alternative solutions for obtaining electrical energy at the gas
distribution station [9,11-14,16]. However, there are no articles about the varying outlet gas
pressure influence on the entire regulatory range of this parameter change (0.3 <+ 1.2 MPa)
on the vortex turbogenerator values with a stable inlet gas temperature. The same concerns
the gas preheating with a given outlet gas temperature. Therefore, our article comprises
the following research steps:

1. A study of varying outlet gas pressure influences on the vortex turbogenerator values
with a stable inlet gas temperature.

2. A study of varying outlet gas pressure influences on the vortex turbogenerator values
with a stable outlet gas temperature.

3. A design of no-reduction turbogenerators with the vortex turbine rotor location on
the generator shaft itself.

4. A calculation of the ratio between the turbogenerator gas flow and the distribution
station gas flow.

2. Research Methodology

In the turboexpander, the gas cools down. Its temperature should be above —10 °C (in
some cases, above 0 °C). Therefore, the gas must be heated with a loss of extra resources. Us-
ing preliminary calculations, we may determine those processes when it is possible to avoid
excessive gas preheating for certain turboexpander indexes (efficiency and pressure ratio).
Moreover, we can define the dependence of fuel-preheating gas on differential pressure,
total technological gas consumption, and expansion efficiency. The energy expenditure for
gas expansion is compared with that for pressure regulator throttling. To complete these
calculations, we apply the software of the Sumy State University Department of Technical
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Thermal Physics. In such a way, the available and useful capacity is assessed for the given
turboexpander efficiency.

To design a turbogenerator based on vortex expansion machines for the throughput of
5000, 10,000 and 30,000 Nm?3/h, we analyzed the inlet and outlet pressure as well as inlet
temperature on gas distribution stations.

There is a technique to calculate vortex turbines by the Reynolds and Mach numbers.
Through it, we can find the thermodynamic, gasodynamic, and energetic machine features
as well as their dependence on the circular wheel velocity, efficiency, etc. This methodology
produced a program based on Microsoft Excel.

The calculation algorithm is represented below.

The degree of pressure decrease in the vortex turbine:

Pin
I = =~ 1
T 1)

Adiabatic (isentropic) work of 1 gas kg expansion in the turbine:

k-1
L O T
hs—k—l’”m[l (5) ] ?

The turbogenerator efficiency:

nTG =Mt 1G )
The capacity of turbogenerator drive:

N
Nrg = — 4)
G

The adiabatic (isentropic) capacity of turbogenerator drive:

N
Ny = —1¢ 5)
nr
Gas mass flow: N
— 8
G= e (6)

Outlet nozzle pressure:

k
Iy (k = 1>] =
PN = Pin [ k-R-T, @)
where &, is the isoentropic work of 1 gas kg expansion in the nozzle:
hsy, = Bs - hs (8)

where f; is the turbine activity coefficient.

Nozzle outlet gas velocity:
CN = ¢N /2 hsy ©)

where @y is the nozzle velocity coefficient.
Critical nozzle outlet velocity:

agr = \[ 7= R+ Tip- (10)
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Cer = acr - PN (11)
Dimensionless nozzle outlet velocity for actual expansion:
AN = &Y (12)
Qcr
Function g(An):
1
_ k+1 k=1 ,\]+
qAN) = AN - [2' (1—M'AN)] (13)
The square of the outlet nozzle section (in total, there are two nozzles):
G-v/R-T;
fn= : mn (14)
2-B- Pin 'Q(/\N)
where
2\ £
B = | — 1
() )
Diameter of outlet nozzle section:
_JE SN
an = =2 (16)
Square of critical nozzle section (in total, there are two nozzles):
G-vR-T;
for = D Bo, = (17)
* Db Pout
Critical nozzle diameter:
4.
do = ([ 2 (18)
The diameter of the flow path meridional section:
dep = @ (19)
an
Outer wheel diameter:
_
D == (20)
dyp
Turbine outlet temperature:
1-k
Tout = Tin [1 =7 (1= 11T )| @y
Calculation of the inlet pipe.
Pipe cross-sectional area:
G
in = (22)
fn=
where Cy, is the pipe gas velocity, p;, is the gas density for the turbine inlet:
Pin (23)

Pin = R-T,
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Inlet pipe diameter:

_ A S
din - T (24)

Calculation of the outlet pipe.
Pipe cross-sectional area:

G
= 25
fou = (25)
where py,; is the gas density for the turbine outlet:
_ Pout
Pout = R-Tyy (26)

Outlet pipe diameter:

4.
dout = | 2ot 27)
T
3. Results

3.1. Turbogenerator Calculations without the Outlet Gas Distribution Temperature

We calculated nine turbogenerator variants for the needs of the gas distribution stations
based on vortex expansion machines. The initial data are indicated in Table 1. For each
outlet gas distribution pressure (0.3, 0.6, and 1.2 MPa), turbogenerators with the capacity of
5, 10, and 20 kW were estimated.

Table 1. The initial data for turbogenerator calculations.

Inlet pressure, P;,;, MPa 25
Inlet temperature, Tj,, K 278
Gas constant, R, J/(kg-K) 506
Adiabatic index, k 1.3
Outlet pressure, Py, MPa 0.3;0.6;1.2
Turbogenerator electric capacity, N, kW 5;10;20

The calculations define the geometric, thermodynamic, gasodynamic, and energetic

features of the turbogenerators (Table 2).

For each N value of the turbogenerator electric capacity, we produced the P,,; diagrams
against the following:

- Gas mass flow through the turbogenerator Qr (Figure 3);

- The correlation between gas mass flow through the turbogenerator and that through
the gas distribution station Q7/Qcps: 5000 Nm?/h (GDS 5, Figure 4); 10,000 Nm?3/h
(GDS 10, Figure 5); and 30,000 Nm?3/h (GDS 30, Figure 6);

- The outer wheel diameter of the vortex expansion machine D (Figure 7).

We see that the P,,; increase from 0.3 to 1.2 MPa leads to the following:

1.  The Qr rose from 270.1 to 672.9 Nm? /h (turbogenerator electric capacity N = 5 kW). It
makes the following:
e 5t08% of the gas mass flow for the GDS throughput of 5000 Nm? /h;
e 2510 6.5% of the gas mass flow for the GDS throughput of 10,000 Nm?3 /h;
e 1t02.2% of the gas mass flow for the GDS throughput of 30,000 Nm? /h.
2. The Qr rises from 535.3 to 1335.9 Nm3/h (turbogenerator electric capacity N = 10 kW).
It makes the following:
e 10 to 20% of the gas mass flow for the GDS throughput of 5000 Nm?/h;
e 5t013% of the gas mass flow for the GDS throughput of 10,000 Nm? /h;
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e 1.8t04.5% of the gas mass flow for the GDS throughput of 30,000 Nm? /h.

3. The Qr rises from 1070.7 to 2657.0 Nm3/h (turbogenerator electric capacity N = 20 kW).

It makes the following:

e 22t053% of the gas mass flow for the GDS throughput of 5000 Nm? /h;

e 11to0 26.5% of the gas mass flow for the GDS throughput of 10,000 Nm?/h;

e  3.6108.9% of the gas mass flow for the GDS throughput of 30,000 Nm? /h.

4.  The D rises from 0.15 to 0.22 m (N = 5 kW); from 0.21 to 0.31 m (N = 10 kW); and from

0.29 to 0.44 m (N =20 kW).

Concerning the highest turbine efficiency, the optimal range of circular wheel velocity
for the vortex equipment is u# = 0.12 + 0.2 [1,3]. This is one of the main dimensionless
parameters in the theory and practice of turboexpanders. It relates geometrical size (outer
wheel diameter) to the rotor revolutions, thermodynamic features of the inlet and outlet
gas flow, and physical properties of the working substance:

7= U niDny (28)

2h; =
— ( Pin
1 (Pout) ]

where £ is the isentropic expansion of 1 kg gas in the turbine (specific work), J/kg, u is
circular wheel velocity (outer diameter), m/s, and n7 is the frequency of rotor revolutions
per minute, rpm.

60-,| 25 RT;,

Table 2. Calculation results.

Pin =25 MPa; Tin =278 K

Pout = 0.3 MPa Pout = 0.6 MPa Pous =1.2 MPa
N, kW 5 10 20 5 10 20 5 10 20
G, kg/s! 0.055 0.109 0.218 0.076 0.151 0.304 0.137 0.272 0.541
Qr, Nm3/h 2 270.1 535.3 1070.7 3733 741.6 1493.0 672.9 1335.9 2657.0
d,, m3 0.0031 0.0044 0.0062 0.0034 0.0048 0.0067 0.0046 0.0065 0.0092
d,/d* 0.35

d,m® 0.0089 0.0125 0.0176 0.0096 0.0136 0.0192 0.0132 0.0186 0.0262
d/D 6 0.6

D,m’ 0.15 0.21 0.29 0.16 0.23 0.32 0.22 0.31 0.44
diy, m 8 0.010 0.014 0.020 0.012 0.016 0.023 0.016 0.022 0.031
Aoy, m? 0.026 0.037 0.052 0.022 0.031 0.044 0.022 0.031 0.043
Tout, K10 231 244 259

1 Gas mass flow at the vortex expansion machine inlet, G, kg/s. 2 Gas at the vortex expansion machine inlet for
normal physical conditions, Qr, Nm3/h. 3 The diameter of outlet nozzle section, d,,, m; * Relative nozzle diameter,
d,/d. 5 The diameter of flow path meridional section, d, m; 6 The relative diameter of the flow path meridional
section, d/D (Figure 2); 7 Outer wheel diameter, D, m; & Inlet pipe diameter, d;,,, m; 9 Outlet pipe diameter, do,t, m;
and 10 Temperature at the vortex expansion machine outlet, Ty, K.
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Figure 3. Gas mass flow Qr against outlet pressure P, for turbogenerator electric capacity —*
N =20kW, =+ N =10kW, and -8 N =5kW.
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10 e
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Figure 4. The gas mass flow correlation Q7/Qgps on GDS 5 against outlet pressure P,y for turbogen-
erator electric capacity =~ N =20 kW, =#— N =10 kW, and =%~ N =5kW.
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Figure 5. The gas mass flow correlation Qr/Qgps on GDS 10 against outlet pressure Py, for
turbogenerator electric capacity == N =20 kW, —#— N =10 kW, and %= N =5 kW.
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Q1/QcDs, 10
OA] 9

4 ~ |
v
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. __/‘L/ —
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0~ Pout, MPa
0.3 0.6 0.9 1.2

Figure 6. The gas mass flow correlation Q7/Qcps on GDS 30 against outlet pressure P, for turbo-
generator electric capacity =*= N =20 kW, N =10kW, and -8~ N =5 kW.

D,m 05
0.45

>
0.4 /

0.35 e

0 Pout, MPa
0.3 0.6 0.9 1.2

Figure 7. Wheel diameter D against outlet pressure P,,; for turbogenerator electric capacity —*
N=20kW, N =10kW, and -8~ N =5kW.

For u = 0.15 and the given geometric parameters (Table 2), we obtain the rotor revolu-
tions (Table 3).

Table 3. Rotor revolutions for u = 0.15.

P;, = 2.5 MPa; T, = 278 K
Poyt = 0.3 MPa Poyt = 0.6 MPa Poyut =1.2 MPa
N, kW 5 10 20 5 10 20 5 10 20
nr, rpm 13330 9460 6710 10420 7400 5240 5680 4300 2860

Table 3 produces a diagram of the rotor revolutions nt against the outlet pressure Py,
(Figure 8).
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nT, 14000
Pm ;3000
12000
11000
10000
9000
8000
7000 -
6000
5000
4000
3000

2000 Pnul, MPa
0.3 0.6 0.9 1.2

Figure 8. Wheel revolutions per minute nt against outlet pressure P, for turbogenerator electric
capacity ™ N =20 kW, N =10 kW, and -8~ N =5 kW (circular velocity u = 0.15).

The above-mentioned indicates that the rotor revolutions within the highest turbine
efficiency range from 2860 to 13300 rpm. In the case of 3000 rpm, we can apply a turbogen-
erator with a rotor location on the electric generator shaft itself. Such a design is possible
only for Py, = 1.2 MPa; N = 20 kW with a slight (up to 5%) decrease in the outer wheel
diameter. The eight additional turbogenerator versions exceed 3000 rpm.

To reduce the rotor revolutions, we adjust the relative nozzle diameter dy=dy/d =
0.25 + 0.4), the relative diameter of the flow path meridional section (pr =d/D =
0.055 + 0.065), and the circular wheel velocity to the highest vortex turbine efficiency. The
calculation results are shown in Table 4.

Table 4. Refined calculation results.

Pin =25 MPa; Tin =278 K

Pyyut = 0.3 MPa Pyyut = 0.6 MPa Pyyut =1.2 MPa
Variant 1 2 3 4 5 6 7 8 9
N, kW 5 10 20 5 10 20 5 10 20
G, kg/s 0.055 0.109 0.218 0.076 0.151 0.304 0.137  0.272  0.541
Qr, Nm?/h 270.1 5353 1070.7 3733 7416 14930 6729 13359 2657.0
dy, m 0.0031 0.0044 0.0062 0.0034 0.0048 0.0067 0.0046 0.0065 0.0092
dn/D 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.275  0.365
d, m 0.0124 0.0175 0.0247 0.0135 0.0191 0.0269 0.0185 0.0236 0.0252
d/D 0.055 0.055 0.055 0.055 0.055 0.055 0.055  0.056 0.06
D, m 0.23 0.32 0.45 0.25 0.35 0.49 0.34 0.42 0.42
u 0.140  0.140 0.140 0.140 0.140 0.131 0.121  0.150 0.150
nr, rpm 8150 5777 4096 6365 4515 3000 3000 3000 3000
Tout, K 231 244 259

The obtained data produce two diagrams. Firstly, the rotor revolutions nt against the
outlet pressure Py, (Figure 9). Secondly, the outer wheel diameter D against the outlet
pressure Py, (Figure 10).
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Figure 9. Wheel revolutions per minute nt ( = 0.12 + 0.15) against outlet pressure P, for turbogen-
erator electric capacity == N =20 kW, N =10kW, and 8 N =5 kW.
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Figure 10. Wheel diameter D (# = 0.12 < 0.15) against outlet pressure P,y for turbogenerator electric
capacity =%~ N =20 kW, N =10 kW, and -8~ N =5 kW.

The above-mentioned information indicates that there are four possible turbogenerator
versions with 3000 rpm (rotor location on the electric generator shaft itself). For the outer
wheel diameter D, we can have such changes:

1.  Version 9 (P, = 1.2 MPa, N = 20 kW): decrease from 0.44 m (Table 2) to 0.42 m
(Table 4). Here, the rotor revolutions may be raised while the outer wheel diameter is
dropped.

Version 8 (P,,; = 1.2 MPa, N = 10 kW): increase from 0.31 m to 0.42 m.

Version 7 (Pyy,; = 1.2 MPa, N = 5 kW): increase from 0.22 m to 0.34 m.

4. Version 6 (P, = 0.6 MPa, N = 20 kW): increase from 0.32 m to 0.49 m.

Considering the outer wheel diameter of versions 6, 7, and 8, the final decision on the tur-
bogenerator design must be made according to additional technical and economic calculations.

In other versions, a drive should be used for decreasing the rotor revolutions to shaft
revolutions of the electric generator.

® N

3.2. Influence of the GDS Outlet Gas Temperature on the Turbogenerator Parameters

The research methodology for vortex expansion machines includes a formula to
calculate the turbine outlet gas temperature (21). Using this equation, we performed
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corresponding calculations. Figure 11 shows the turbine outlet gas temperature tout against
the efficiency 77, and the turbine pressure falls by degree I17. It concerns the ideal gas with
the turbine inlet temperature T}, = 298 K (¢, = 25 °C).

40
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; vortex expansion machine = & |
20 4 S, E.’
5 g
) o E
e, oy 'ﬁD Le¥)
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Figure 11. Turbine outlet gas temperature #,,; against efficiency 71 and turbine pressure fall degree ITr.

As we can seg, the turbine outlet gas temperature depends significantly on its efficiency
and pressure fall degree: the higher the efficiency and pressure fall degree is, the lower the
outlet temperature is. The vortex turbine efficiency ranges from 0.2 to 0.48. Figure 11 represents
the vortex turbine operating area at the outlet gas temperature over 263 K (—10 °C).

According to the obtained results, we made diagrams of the turbine outlet gas temper-
ature tout against the turbine inlet gas temperature tj, for the machine efficiency 0.2, 0.4,
and 0.6 and the pressure fall degree Il = 2 (Figure 12). The outlet temperature over 263 K
(—10 °C) should match the inlet temperature over 7 °C with an efficiency of 0.4 and over
16 °C with an efficiency of 0.6. The outlet temperature over 273 K (0 °C) should match the
inlet temperature over 8 °C with an efficiency of 0.2, over 18 °C with an efficiency of 0.4,
and over 27 °C with an efficiency of 0.6.

40
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Figure 12. The turbine outlet gas temperature t,,; against the turbine inlet gas temperature ¢;, for the
machine efficiency 0.2; =¥ 0.4; and =#= 0.6, and the pressure fall degree I1r = 2.
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Figure 13 reflects the turbine outlet gas temperature ¢,,+ against the efficiency #1 and
the turbine pressure fall degree Iy = 2 and Il = 5 with the inlet pressure P;, = 2.5 MPa
and temperature Ty = 298 K (ti, = 25 °C). This concerns the ideal and real gas (based
on the natural gas diagram). In the case of the efficiency 0, the real gas throttling from
P, = 2.5 MPa to Poyt = 1.25 MPa (II1 = 2) causes the temperature to decrease by 7 °C. Such
a temperature difference practically does not depend on the turbine efficiency. The real gas
throttling from P;;, = 2.5 MPa to Pyt = 0.5 MPa (111 = 5) causes the temperature to decrease
by 10 °C. This temperature difference falls to 4 °C if the turbine efficiency rises to 0.8.

tuut, oC 30 K
20

RN
iSS ==
. ™ »

o =~
7 =

o S

-60 ! Efficiency
0 0.2 0.4 0.6 0.8

Figure 13. Outlet turbine temperature fout against efficiency with various pressure fall degrees: —l—
I1r = 2 (ideal gas), =®= Ilt = 5 (real gas, P;, = 2.5 MPa), == I1r = 5 (ideal gas), and Iy =5
(real gas, Pj;, = 2.5 MPa).

Therefore, taking into account the real gas properties, the design outlet temperature
decreases in contrast to the ideal gas. This restricts the turbogenerator operating area
shown in Figure 11.

To prevent hydrate formation in the case of gas throttling and expanding, it is of-
ten preheated with natural gas. According to Ukrainian standards, the GDS outlet gas
temperature must be 273 K (0 °C). The calculations included in this article in Section 3.1
do not include gas preheating with P;, = 2.5 MPa, T, = 278 K, and turbine efficiency
nt = 0.44. Simultaneously, Py, = 0.3 MPa for Ty = 231 K; Pyt = 0.6 MPa for Ty =244 K;
Pout = 1.2 MPa and for T, = 259 K. Since all the obtained values are under 273 K, gas
preheating is required to raise the turbine outlet gas temperature.

We performed new calculations for vortex expansion turbogenerators. Conditions:
P, =2.5MPa, Ty =273 K for electric capacity N = 5, 10, and 20 kW, and Pyt = 0.3, 0.6, and
1.2 MPa. We recognize here the turbine inlet gas temperature T}, as a design parameter.
The calculation results for the turbine inlet gas preheating are indicated in Table 5.

Tables 4 and 5 show that the lower the outlet pressure is (high pressure difference),
the higher the inlet temperature is (for Ty, = 273 K). Gas inlet preheating (the difference
between preheated and non-preheated gas with T;, = 278 K) is 51 °C for P, = 0.3 MPa,
34 °C for Py, = 0.6 MPa, and 15 °C for Py, = 1.2 MPa.

Consequently, we produce diagrams of the outer wheel diameter D (Figure 14), the
turbine gas flow Qr (Figure 15), and the ratio between preheated and non-preheated gas
mass flow Q;,/Qr (Figure 16) against the outlet pressure Poy;.
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Table 5. Final calculation results for T,,; = 273 K.

P;, =2.5MPa; T;,, =278 K

Pyyr = 0.3 MPa Pyyr = 0.6 MPa Pyyr =1.2 MPa
N, kW 5 10 20 5 10 20 5 10 20
G, kg/s 0.047  0.093 0.184 0.068 0.135 0.268 0.130 0.258 0.513
Qr, Nm3/ g 228.5 454.4 903.7 332.3 660.7 1314.1 6372 1267.2 2520.0
dy, m 0.0030 0.0042 0.0059 0.0033 0.0046 0.0065 0.0046 0.0064 0.0091
dn/D 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.28 0.37
d, m 0.0119 0.0168 0.0236 0.0131 0.0185 0.0261 0.0182 0.0230 0.0246
d/D 0.055 0.055 0.055 0.055 0.055 0.055 0.055 0.056 0.06
D, m 0.22 0.3 0.43 0.24 0.34 0.47 0.33 0.41 0.41
Dj,, m 0.010 0.014 0.020 0.012 0.016 0.023 0.016 0.022 0.031
Doy, m 0.026 0.037 0.052 0.022 0.031 0.044 0.022 0.031 0.043
Tin, K 329 312 293
u 0.14 0.14 0.14 0.14 0.14 0.12 0.12 0.144 0.144
nr, rpm 9245 6555 4650 6940 4924 3000 3000 3000 3000
D,m 0.5
0.45 //-"' i -
0.4 =
0.35
0.3 )
0.25 —
0.2
0.15
0.1
0.05
0 Pout, MPa
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Figure 14. Outer wheel diameter D against outlet pressure Py, for turbogenerator electric capacity
—+— N =20kW, N =10 kW, and == N =5 kW (T,,; = 273 K).
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Figure 15. Turbine gas flow Qr against outlet pressure P,,; for turbogenerator electric capacity —*
N =20kW, N =10kW, and 8~ N =5 kW (Tt = 273 K).
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Figure 16. The ratio between preheated and non-preheated gas mass flow Q;/Q against the outlet
pressure Py, for turbogenerator electric capacity =*= N =20 kW, N =10kW, and -8~ N =5kW
(Tout =273 K)

According to Tables 4 and 5, as well as Figures 14-16, the preheated inlet gas and
outlet pressure drop lead to a significant decrease in gas mass flow through the turbine (up
to 15%, Figure 15). At the same time, there is a slight decrease in the outer wheel diameter
(up to 4%, Figures 10 and 14).

4. Discussion

In this study, various calculations of vortex expansion machines for turbogenerators of
gas distribution stations with powers of 5, 10, and 20 kW were carried out at inlet pressure
Pj, = 2.5 MPa and outlet pressures Py, = 0.3, 0.6, and 1.2 MPa, without taking into account
the preheating of the gas upstream of the turbine at the specified temperature at the inlet of
the turbine T;, = 278 K.

From the results of the studies (Table 6), it was found that when the pressure at the
turbine outlet increases from 0.3 to 1.2 MPa, the following parameters will increase:

- Required mass flow of the gas through the turbine by 2.5 times for the post-power
generator;

- Turbine outlet temperatures by 1.12 times (from 231 K to 259 K) depending on the
turbine outlet pressure.

- The outer diameter of the impeller by 2.93 times, depending on the power of the
turbine generator.

Table 6. Final calculation results for T;, = 278 K.

Pyt = 0.3 MPa Pout = 0.6 MPa Pout =1.2 MPa
Option No 1 2 3 4 5 6 7 8 9
N, kW 5 10 20 5 10 20 5 10 20
G, kg/s 0.055 0.109 0.218 0.076 0.151 0.304 0.137 0.272 0.541
Qr, Nm3/h 270.1 535.3 1070.7 373.3 741.6 1493.0 672.9 1335.9 2657.0
D, m 0.15 0.21 0.29 0.16 0.23 0.32 0.22 0.31 0.44
Tout, K 231 244 259

The reasons for differences in calculation results by variant are related to the following:

1.  Increasing the required power of the turbine generator from 5 kW to 10 kW (two times)
at a constant pressure at the turbine outlet of 0.3 MPa for option 2 compared to option
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(a)

1 leads to a practically proportional increase in the required gas flow rate at the turbine
inlet. Since the thermodynamic parameters at the inlet and outlet of the turbine are
the same in these embodiments, the velocity and gas density at the outlet of the
nozzle remain constant, and the area of the outlet section of the nozzle increases by
2 times, which leads to an increase in the diameter of the outlet section of the nozzle
by 1.4 times. At the same values of relative nozzle diameter and relative meridional
cross-section diameter of the turbine flow part, the outer diameter of the impeller also
increases by 1.4 times.

The same reasons lead to the same changes in parameters when increasing power
from 10 kW (option 2) to 20 kW (option 3). For option 3, the gas mass flow rate
increases by a factor of four and the diameter by a factor of two compared to option 1.
An increase in the turbine outlet pressure from 0.3 MPa to 0.6 MPa (two times) for
variants of turbine generators 4, 5, and 6 compared to variants 1, 2, and 3 leads
to a decrease in pressure reduction in the vortex turbine by two times, and the
adiabatic work of expansion of 1 kg of gas in a turbine by 1.38 times, according to
Equation (2). Therefore, to provide the same power of 5 kW at the turbine outlet
pressure of 0.6 MPa (option 4), compared to the turbine generator of the same power
of 5 kW, but at the turbine outlet pressure of 0.3 MPa (option 1), it is necessary,
according to Equation (6), to increase the gas flow rate at the turbine inlet by 1.38 times.
In addition, thermodynamic parameters in the turbine flow part are changed and
pressure differences between the nozzle and impeller are redistributed, which leads
to a decrease in pressure difference on the nozzle and speed at the nozzle outlet, but
the gas density at the nozzle outlet increases. As a result, we find that it is necessary
to increase the area and, accordingly, the diameter of the outlet section of the nozzle,
which leads, at the same values of the relative diameter of the nozzle and the relative
diameter of the meridional section of the flow part of the turbine, to an increase in the
outer diameter of the impeller from 0.15 m to 0.16 m.

The reasons for differences in calculation results in case 5 compared to case 4 are
similar to cases 2 and 1.

The reasons for differences in calculation results in case 6 compared to case 5 are
similar to cases 3 and 2.

An increase in the turbine outlet pressure from 0.6 MPa to 1.2 MPa (2 times) for turbine
generator variants 7, 8, and 9 compared to variants 4, 5, and 6 leads to a decrease in
the degree of pressure reduction in the vortex turbine by 2 times and an adiabatic
work of expansion of 1 kg of gas in the turbine by 1.8 times, according to Equation (2).
Therefore, to provide the same power of 5 kW at the turbine outlet pressure of 1.2 MPa
(option 7) compared to the turbine generator of the same power of 5 kW, but at the
turbine outlet pressure of 0.6 MPa (option 4), according to Equation (6), it is necessary
to increase the gas flow rate at the turbine inlet by 1.8 times. As a result of the
redistribution of pressure differences between the nozzle and impeller, the velocity
and gas density at the outlet of the nozzle change accordingly. As a result, we have an
increase in the area and, accordingly, the diameter of the outlet section of the nozzle
and, at the same values of the relative diameter of the nozzle and the relative diameter
of the meridional section of the turbine flow part, an increase in the outer diameter of
the impeller from 0.16 m to 0.22 m.

The reasons for the differences in the calculation results in case 8 compared to case 7
are similar to cases 2 and 1.

The reasons for differences in calculation results in case 6 compared to case 5 are
similar to cases 3 and 2.

The gas flow rate Qr, Nm?/h is changed as follows:

For the turbogenerator with power N = 5 kW-increasing from 270.1 to 672.9 Nm?/h,
which is:

— 510 8% of the gas mass flow for the GDS throughput of 5000 Nm? /h;

—  2.5t0 6.5% of the gas mass flow for the GDS throughput of 10,000 Nm?/h;
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— 11t02.2% of the gas mass flow for the GDS throughput of 30,000 Nm? /h.

(b) For the turbogenerator with power N = 10 kW-increasing from 535.3 to 1335.9 Nm?/h,
which is:
— 10 to 20% of the gas mass flow for the GDS throughput of 5000 Nm? /h;
—  5to 13% of the gas mass flow for the GDS throughput of 10,000 Nm3/h;
— 1.8 to 4.5% of the gas mass flow for the GDS throughput of 30,000 Nm?/h.

(c) For the turbogenerator with power N = 20 kW-increasing from 1070.7 to 2657.0 Nm? /h,
which is:
—  22t0 53% of the gas mass flow for the GDS throughput of 5000 Nm? /h;
— 11 t0 26.5% of the gas mass flow for the GDS throughput of 10,000 Nm? /h;
— 3.6 t0 8.9% of the gas mass flow for the GDS throughput of 30,000 Nm?/h.

(d) The outer diameter of the impeller of the vortex turbine D is increased for a turbine
generator with a power of N =5 kW from 0.15 mm to 0.22 m (1.47 times); for a turbine
generator with power N = 10 kW from 0.21 to 0.31 m (1.48 times); for a high-power
turbogenerator N = 20 kW from 0.29 to 0.44 m (1.52 times).

As a result of calculations at constant gas temperatures at the outlet of the turbine
Tout = 273 K and variable inlet temperatures, depending on the gas pressure at the outlet
of the gas distribution station, it is obtained that this temperature is achieved by heating
the gas before the turbine generator, which leads to a slight decrease in the diameter of the
impeller (by 1-4%) and a significant decrease in gas flow through the turbine generator (by
5 <+ 15%).

Gas can be preheated with the pipeline gas. Therefore, the use of alternative power
resource-saving technologies is desirable. Additionally, the turbogenerator energy can
be applied.

Thus, the ratio of flow through the turbine generator to gas flow through the gas distri-
bution station in the studied ranges of pressure change at the turbine outlet is 0.3 + 2 MPa;
the power of the turbogenerators 5 + 20 kW and the capacity of gas distribution stations
5000 = 30000 Nm3/h, which varies in the range 1 < 53%.

For an optimal performance of the vortex expansion machine, we should adjust the
wheel revolution frequency to 3000 rpm. This simplifies the turbogenerator design: the
turbine wheel may be installed on the generator shaft since there is no need for a lowering
drive to connect the turbine shaft to the generator. It also reduces the machine payback,
simplifies its operation, etc. Such an opportunity is provided for turbogenerators with
Pout =0.6 MPa and N = 20 kW; Py,; = 1.2 MPa and N =5, 10, 20 kW.

5. Conclusions

In this article, we have studied how gas pressure and gas preheating influence tur-
bogenerator parameters for electricity generation at gas distribution stations from the gas
overpressure energy. The novelty is in the fact that this is a study of varying outlet gas pres-
sures’ influence on the vortex turbogenerator values with a stable inlet gas temperature and
changeable outlet temperature depending on the gas pressure of the distribution station out-
let. The same finding has been studied with a stable outlet gas temperature and changeable
inlet temperature depending on the gas pressure of the distribution station outlet.

The discussed results show that it is reasonable to use vortex expansion machines to
construct turbogenerators for gas distribution stations, which is the main contribution of
the presented research. As a topic for future research, we regard techniques to upgrade the
flow path efficiency of vortex expansion machines. Nevertheless, today’s introduction of
these power-saving turbogenerators may significantly raise economic benefits and ensure
energy independence or the autonomy of gas distribution stations.

Thus, for the first time, the main parameters of vortex turbogenerators for the needs
of gas distribution stations were obtained in the work throughout the regulatory range
of gas pressure changes at the outlet of the gas distribution station (0.3-1.2 MPa). The
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investigated capacities of turbogenerators of 5, 10, or 20 kW correspond to the range of
electric capacities required for the needs of the gas distribution stations. It was investigated
how much of the gas goes through the turbine generator in relation to the gas flow rate
through the GDS as a whole for the GDS with a throughput of 5000 nm?/h, 10,000 nm3/h,
and 30,000 nm?/h, depending on the power of the turbine generator and the gas pressure
at the GDS outlet. It is established that when the pressure at the outlet of the P,,; GDS
increases from 0.3 to 1.2 MPa for a generator of a given power, there will be an increase
in the required mass flow of gas through the turbine by 2.5 times, the temperature at the
outlet of the turbine by 1.12 times, and the outer diameter of the impeller of the vortex
turbine by 1.47 < 1.52 times depending on the power of the turbogenerator. At the specified
gas temperature at the turbine outlet T,y = 273 K, it is necessary to heat the gas before
the turbine generator, which leads to a slight decrease in the diameter of the impeller (by
1-4%) and a significant reduction in gas flow through the turbine generator (by 5-15%) in
comparison with the parameters of calculations at a constant gas temperature at the inlet to
the turbine T, = 278 K. For some turbogenerators, it is possible to perform the design of
the turbogenerator in a gearless version with the installation of the impeller of the vortex
turbine directly on the shaft of the electric generator. It is proposed to use a vortex turbine,
which has advantages over axial and centrifugal turbines, as well as expansion machines of
the volumetric principle of operation, which has advantages including the simplicity of
design and manufacture, low turnover, reliability of operation, and no mechanical losses in
bearings when placing the impeller directly on the generator shaft.
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Nomenclature

GDS  gas distribution stations

APR  automatic pressure regulators
RV regulating valve

Cp pipe gas velocity

dy relative nozzle diameter
dy diameter of outlet nozzle section
d diameter of flow path meridional section

pr relative meridional section diameter of the turbine flow path

D outer wheel diameter

k adiabatic index

u circular wheel velocity

nr relative internal efficiency of the vortex turbine
le efficiency of the electric generator

P, inlet pressure

Pout outlet pressure
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Pin gas density for the turbine inlet

R gas constant
Tiy, inlet temperature
N turbogenerator electric capacity
G gas mass flow at the vortex expansion machine inlet
Qr gas flow at the vortex expansion machine inlet for normal physical conditions
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