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Abstract: Long-distance gas transfer requires high pressure, which has to be reduced before the gas
is conveyed to the customers. This pressure reduction takes place at natural gas pressure reduction
stations, where gas pressure is decreased by using gas flow energy for overcoming local resistance,
represented by a throttling valve. This pressure energy can be reused, but it is difficult to implement
it at small pressure reduction stations, as the values of unsteadiness significantly increase when
the gas approaches consumers, whereas gas flow rate and pressure decrease. This work suggests
replacing throttling valves at small pressure reduction stations for expander-generator units, based on
volumetric expanders. Two implementations are proposed. A mathematical model of gas-dynamic
processes, which take place in expander-generator units, was developed using math equations. With
its help, a comparison was made of the stability of the operation of two possible control schemes in
non-stationary conditions, and the feasibility of using an expander-generator regulator as a primary
one for a small natural gas pressure reduction station was confirmed.

Keywords: natural gas distribution networks; gas pressure reduction station; pressure regulator;
expander-generator; mathematical modelling; unsteadiness

1. Introduction

Natural gas transportation and distribution networks are extensive; there are branched
systems, with many natural gas pressure reduction stations (GPRSs), units for protec-
tion of gas pipelines from corrosion, and electrochemical protection (ECP) units. For
example, the gas distribution network in Russia includes over 90,000 ECP units and over
300,000 GPRSs. Of these, only 4000 are large gas distribution stations; the rest are gas
control units (GCUs) [1]. The main purpose of a GPRS is to lower the high pressure at
which gas is transported over long distances [2] in order to compress gas and increase mass
flow (up to 20 MPa) to a level required by consumers (mainly from 2 kPa to 0.6 MPa), and to
maintain it at this level. The pressure is lowered gradually and sequentially as it approaches
the end consumers, which makes it possible to reduce energy costs for transport. Thus,
reduction is a standard operation in the transport and distribution of natural gas, which, at
the moment, cannot be rejected. In this connection, the method of pressure reduction itself
and the energy losses associated with it are of greatest interest.

The main reason for energy loss at GPRSs is the mechanism of reducing pressure by
using gas flow energy for overcoming local resistance represented by the throttling valve
of a pressure regulator (PR) [3]. The PR has some additional disadvantages, such as low
accuracy and a need for reconfiguration when flow rate or gas pressure change before the
PR, the inability to control it remotely, and the short service life of the sensitive element [4].

Research in the field of energy utilization has been conducted in the USA, Britain,
Canada, Russia, and other countries since the 1930s. In Russia today, there are government
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programs which stimulate the development and introduction of energy-saving technolo-
gies [5,6].

It is obvious that using the flow of pressure energy to rotate an expander allows the
energy to be utilized for various needs [7]. Such an approach was proposed by Million-
shchikov as far back as 1947. Objectives and schemes of using expanders at GPRSs can be
different: electrical generation, gas liquefaction [8], cogeneration [9–12], etc.

However, in most cases, the introduction of the most common turboexpanders in
schemes of major GPRSs (for example, gas distribution plants) is justified in terms of
economic and energy analysis [10,13,14]. The majority of existing turboexpanders have
power within the range of 1 to 12 MW, and are exploited at stable high volume flow rates
and pressure differentials [15].

Nowadays, expanders, with a capacity of under 50 kW, are the most appropriate
devices being developed to supply energy to GPRSs. However, when the gas approaches
consumers, gas flow rate and pressure decrease, and the unsteadiness of gas consumption
increases. It leads to instability in the work of turbines, power surges in the electricity
network of the expander-generator [16,17], as well as energy utilization inefficiency and
a lack of economic feasibility of using an expander [18,19]. The above-mentioned factors
affect most small GRPSs with flow rates under 500 m3/h and pressure differentials up to
6 atmospheres [20]. In such conditions, turboexpanders must work at high speed, which
adds complexity to design, makes higher demands on the frequency of service, and, as a
result, leads to economic inefficiency.

In addition, a significant decrease in the temperature of natural gas after its expan-
sion in an expander should be taken into account. Burner gas heaters are traditionally
used to restore its temperature [21], and various secondary energy resources, such as
renewable [22–24] and low-potential energy sources [25–28], are widely considered promising.

The least studied is the issue of energy recovery in small reduction points, which have
the worst conditions for the operation of energy recovery facilities. They are characterized
by high unsteadiness of flow because of uneven gas extraction by consumers (hourly,
daily, and seasonal), low flow rates and pressure drops, limited dimensions, and high
distribution over the territory. Under such conditions, the use of known industrial plants is
seriously limited by the requirements for stability and volumes of their supply, as well as
economic aspects.

Despite the seeming unattractiveness of individual small GPRSs for energy utilization
purposes, their total energy intensity is enormous. It can be effective to use expanders for
the generation of electricity for the own needs of GPRSs and nearby ECP units to ensure
their autonomy and the continuity of work of the gas supply system as a whole. This will
reduce the consumption of energy from third-party sources (batteries, power lines), reduce
the cost of connecting GPRSs and nearby ECPs to power lines, increase the efficiency of
control and reduce human labor for manual control due to digitalization, and, in general,
increase the efficiency and environmental friendliness of the natural gas transport and
distribution system.

The power of energy-consuming devices of small GPRSs ranges from 0.5 to 1.0 kW.
The largest amount of electricity is used for lighting during maintenance by personnel for
several hours every 2–3 weeks [29]. The rest of the time, small GPRSs consume no more
than 500 W. In the case of using telemechanics for an expander, an additional power of
15 W to 100 W is required.

The power consumed by cathodic protection stations depends on the length of the
protected area, the resistivity of the ground, and other factors [30]. Today, the most common
stations in gas distribution networks in Russia are ones with a capacity of 0.1–3 kW.

Considering all of the above, the solution to this problem can be to combine functions
of a pressure regulator and a utilization unit in the form of an expander-generator based on
a volumetric expander. In addition to the fact that today there are practically no reduction
and utilization systems for small reduction points, the novelty of this solution lies, firstly,
in the use of an expander directly as part of a pressure regulator, and not on a separate line
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of constant flow, which makes it possible to work with high non-stationarity, to increase
the magnitude of the pressure drop effectively operated in the expander due to the absence
of separate pressure regulators, and to significantly reduce the dimensions. Secondly, in
the use of volumetric expanders, which make it possible to increase the reliability of the
device due to its easy maintenance and the absence of the need for high-speed rotation at
low flow rates and pressure drops [31–33].

This work suggests two options for using this reduction method, and the results of
comparing their effectiveness and analyzing the possibility of using this method in general.

2. Materials and Methods
2.1. Functional Chart

There are various automatic control systems for expander-generator units (EGUs) [34,35],
which are based on the principles of separation and switching of flows.

The frequently used scheme is the EGU connected in parallel with the GPRS reduction
unit [36,37]. This scheme involves the use of an EGU under conditions of low unsteadiness
of gas consumption by consumers, but it also includes all the disadvantages inherent in
traditional pressure regulators.

Another scheme is the EGU sequentially connected with the traditional PR. This
approach makes it possible to reduce the negative effect of the lowered temperature on the
PR. However, there is no possibility of mechanical stabilization of the expander rotation
speed in the event of significant unsteadiness of gas consumption by consumers [38].

The most attractive schemes are those that allow using the expander as a pressure
regulator. The scheme presented in [25], in which the pressure is regulated at the outlet
of the expander by changing the frequency of its rotation when adjusting the moment of
resistance of the generator, allows abandoning the use of throttling valves. Unfortunately,
the system is not described in detail, but based on similar systems and the need to maintain
power quality [39], it can be assumed that its cost will be quite significant, especially for
small reduction stations.

To use the expander-generator simultaneously as a utilization unit and a regulator,
schemes of GPRS reduction lines, equipped with an expander-generator regulator (EGR),
have been developed, which are also based on the principle of flow separation (Figure 1).
However, the separation occurs immediately after the safety shut-off valve (SSV) 5 and
before the safety relief valve (SRV) 13, which makes it possible to use the volumetric
expander as the main gas pressure regulator. Therefore, the EGR is a part of the GPRS, and
not an additional system located in parallel.
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Figure 1. Principle diagram of the pressure reduction line at a GPRS with a volumetric-type EGR sys-
tem with stabilization options: (a) pressure drop before and after the expander; (b) GPRS output pres-
sure. 1—EGR; 2—pressure reduction line; 3—inlet shutoff valve; 4—filter; 5—SSV; 6—volumetric type
expander; 7—electricity generator; 8—control valve; 9—pressure sensor; 10—controller; 11—control
valve performing device; 12—outlet shutoff valve; 13—SRV; 14—PR.

The proposed schemes use control systems with various stabilized characteristics:
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(a) stabilization of the pressure drop before and after the expander, which ensures the
consistent speed of the expander rotor, but requires maintaining pressure at the outlet
of the GPRS by an additional PR (RF patent No. 2620624, Figure 1a);

(b) stabilization of the pressure at the outlet of the reduction station directly by the
expander control system, without a separate stabilization loop for stabilizing the
frequency of rotor rotation (RF patent No. 2662784, Figure 1b).

The most important parameters were chosen as target parameters during regulation.
The rotational speed affects the quality of the generated electricity, and the outlet pressure
affects the safety of operation of end-user equipment.

The devices mentioned above work as follows. After passing the SSV 5 on the reduc-
tion line 2, natural gas is divided into two flows, the proportions of which are determined
by the rate of opening of the control valve 8. The control valve 8 is operated by the con-
troller 10 via the performing device 11 depending on the discrepancy with the required
value (setpoint):

(a) of the pressure drop before and after the expander 6;
(b) of the pressure at the outlet of the expander pressure regulator 1, determined by the

sensors 9.

One flow enters the volumetric expander 6, where it expands and performs useful
work, which is converted into mechanical, and then, with the help of an electric generator 7,
electric energy. Another flow passes through the control valve 8, where it is throttled
depending on the rate of valve opening. After that, the previously separated flows are
combined into one, and:

(a) they are sent to the PR 14, in which pressure is finally reduced to the required value;
(b) they are sent to the consumer pipeline through the outlet shut-off valves 12.

The outlet pressure of the expander-generator 1 is defined by the volume of natural
gas, which goes through the control valve 8 and the volumetric-type expander 6. As the
rate of rotation of the expander depends on pressure drop, pressure maintenance in a
consumer pipeline at a certain level and the consistency of pressure in a feed pipeline allow
its stabilization. For that reason, option b is preferable.

In case the hydraulic stabilization system fails, regulation is possible by adjusting the
gas supply through the expansion machine, by increasing or decreasing the rate of the rotor
speed when changing the moment of the resistance generator, and by adjusting the take-off
power [25,40].

Gas cooling due to expansion in the expander is not critical within the specified range
of pressure and flow, so gas heating is not required [41].

A comparison of the effectiveness of the two proposed schemes is given below.

2.2. Expander Pressure Reduction Factors and Parameters

In one form or another, all pressure reduction stations consist of the same elements.
This way, different external and internal factors have a similar influence. The factors
considered when doing the work are given below.

The main factors of expander reduction:

1. gas parameters: zav—average gas compressibility factor; R—individual gas constant;
cp—specific heat capacity at constant pressure; ρg—density; k—adiabatic exponent;

2. flow inputs: T1, p1—gas temperature and pressure; Grs—mass flow through the
reduction station; Kn

p , Kn
Q—functions of gas pressure and flow seasonality;

3. parameters of pipes and fittings, including the control valve: fe, fs, fc, fcv—inner
dimension area of the expander exhaust and starter passages, consumer pipeline,
and control valve; λ—friction factor; ξ—local resistance coefficient; Lc—consumer
pipeline length;

4. environment parameter: Ten—environmental temperature;
5. expander physical and geometrical parameters: Ψ—number of working rotor blades;

r0—expander rotor radius; ϕ0—injection zone end angle; ρb—blade material density;



Mathematics 2022, 10, 393 5 of 21

σ—blade friction coefficient against the stator; jeq, jl , je—the equivalent moment of
inertia, load, and expander rotor inertia;

6. control system parameters: Ki, Kp—gain factors of integral and proportional terms;
p0, ω0—required values of GPRS outlet pressure and rotor rate of rotation.

The main parameters of expander reduction are: p2, T2—GPRS outlet gas temperature
and pressure; ω—expander rotor rate of rotation; Ne—expander power; Ge—mass flow
through the expander.

2.3. Logical Conditions

Screw expanders are most often considered in studies [32,42,43]; however, their capac-
ities and power-to-weight ratios are better suited for larger consumers than those indicated
above. Due to the similarity of the processes of volumetric expansion machines, the cal-
culation was based on one of the most popular types of expanders, the vane expansion
machine [44] (Figure 2).

Mathematics 2022, 10, x FOR PEER REVIEW 5 of 23 
 

 

4. environment parameter: 𝑇 —environmental temperature; 
5. expander physical and geometrical parameters: 𝛹—number of working rotor blades; 𝑟 —expander rotor radius; 𝜑 —injection zone end angle; 𝜌 —blade material den-

sity; 𝜎—blade friction coefficient against the stator; 𝑗 , 𝑗 , 𝑗 —the equivalent mo-
ment of inertia, load, and expander rotor inertia; 

6. control system parameters: 𝐾 , 𝐾 —gain factors of integral and proportional terms; 𝑝 , 𝜔 —required values of GPRS outlet pressure and rotor rate of rotation. 
The main parameters of expander reduction are: 𝑝 , 𝑇 —GPRS outlet gas tempera-

ture and pressure; 𝜔—expander rotor rate of rotation; 𝑁 —expander power; 𝐺 —mass 
flow through the expander. 

2.3. Logical Conditions 
Screw expanders are most often considered in studies [32,42,43]; however, their ca-

pacities and power-to-weight ratios are better suited for larger consumers than those in-
dicated above. Due to the similarity of the processes of volumetric expansion machines, 
the calculation was based on one of the most popular types of expanders, the vane expan-
sion machine [44] (Figure 2). 

  

Figure 2. Vane expander [44]: (a) cross-section; (b) the size of the working space, not including 
blades. 

The change in the working volume of the expander cavity depends on the height of 
the part of blade No. 1 protruding from the rotor (Figure 2a), which is calculated by the 
formula: ℎ = 𝑒 + 1 − 𝑠𝑖𝑛 𝜑 − 𝑒 ∙ 𝑐𝑜𝑠𝜑 − 𝑟 , (1)

where 𝑟 —rotor radius; 𝜑—rotor turning point; 𝑒—eccentricity. 
For blade No. 2, following blade No. 1 (Figure 2a), this formula is transformed, con-

sidering the additional rotation by the angle 𝛾 between the blades: ℎ = 𝑒 + 1 − 𝑠𝑖𝑛 (𝜑 + 𝛾) − 𝑒 ∙ 𝑐𝑜𝑠(𝜑 + 𝛾) − 𝑟 . (2)

The elemental area of the volume of the working cavity is given by the formula of the 
sector area (Figure 2b): 𝑑𝑓 = (𝑟 + ℎ ) − 𝑟 = ℎ 𝑟 + 𝑑𝜑. 

Figure 2. Vane expander [44]: (a) cross-section; (b) the size of the working space, not including blades.

The change in the working volume of the expander cavity depends on the height
of the part of blade No. 1 protruding from the rotor (Figure 2a), which is calculated by
the formula:

h1 = e

√( r0

e
+ 1
)2
− sin2 ϕ− e·cosϕ− r0, (1)

where r0—rotor radius; ϕ—rotor turning point; e—eccentricity.
For blade No. 2, following blade No. 1 (Figure 2a), this formula is transformed,

considering the additional rotation by the angle γ between the blades:

h2 = e

√( r0

e
+ 1
)2
− sin2(ϕ + γ)− e·cos(ϕ + γ)− r0. (2)

The elemental area of the volume of the working cavity is given by the formula of the
sector area (Figure 2b):

d fe = (r0 + h1)
2 dϕ

2
− r2

0
dϕ

2
= h1

(
r0 +

h1

2

)
dϕ.

The increase in the volume of the chambers of discharge, expansion, and exhaust,
respectively:

dVd = h1l
(

r0 +
h1

2

)
dϕ; (3)
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dVexp = l
(

h2

(
r0 +

h2

2

)
− h1

(
r0 +

h1

2

))
dϕ; (4)

dVexh = h2l
(

r0 +
h2

2

)
dϕ, (5)

where l—rotor (blade) axial length.
For one rotation of the rotor by an angle equal to the angle between two blades γ, a

moment of the motion cycle is formed, which includes all three chambers and three blades,
two of which, blades No. 1 and No. 2, are the most important (Figure 2a). Blade No. 1, by
rotating, takes the place of blade No. 2, and then the same process repeats.

The process of rotor rotation is presented as consecutive cycle rotations of the rotor by
an angle γ. The rotation is broken down into separate turns to record different equations of
changing states of gas in the motion equation of the three chambers under consideration.

During the turn from blade No. 1 by an angle γ, the following moments will
act (Figure 3):

• from gas injection in the expander;
• “part” of rotation resistance (RM1) at the end of the turn.

At the same time, the moments caused by blade No. 2 will act:

• the moment from gas expansion in closed space between blades No. 1 and No. 2;
• another “part” of rotation resistance (RM2).
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Figure 3. The scheme of the counter of turns by an angle γ.

At every turn by an angle γ, the effects of moments will repeat, as reflected in the
counter of turns n. In subsequent rotations, the initial values of physical magnitudes will
equal their final values at the previous rotation; these transitions are shown by arrows.

Due to limitations on the pressure in the discharge and exhaust chambers, the logical
conditions equal: 

n =

{
n + 1, atϕ = ϕ0 + (n + 1)γ

n, in other cases

pd =

{
p1, i f pd ≥ p1

pd, in other cases

pexp =


0, i f (n + 2)γ < ϕ < ϕ0 + nγ

pd, i f ϕ = ϕ0 + nγ
pexp, in other cases

.

pexh =


pexp, i f ϕ = (n + 2)γ

pc, i f pexh ≤ pc
pexh, in other cases

(6)

The exhaust process does not begin and end exactly at the beginning and end of the
rotation by an angle γ (Figure 3). At the initial instant of time (n = 0), the exhaust zone is
limited by blades No. 2 and No. 3, and at the end of the turn, by blades No. 1 and No. 2.
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Due to the change of the blades which limit the exhaust chamber volume during the
rotor rotation, control coefficients were added to the formula dVexh, defined as:

Kh1 =

{
0, i f (n + 2)γ ≤ ϕ < ϕ0 + nγ

1, in other cases

Kh2 =

{
−1, i f (n + 2)γ ≤ ϕ < ϕ0 + nγ

1, in other cases

Kh3 =

{
0, i f ϕ0 + nγ ≤ ϕ < (n + 2)γ

1, in other cases

. (7)

Given the control coefficients, the formula of the change in the exhaust cavity volume
is calculated as:

dVexh =

(
Kh3·h3

(
r0 +

h3

2

)
− Kh2·h2

(
r0 +

h2

2

)
− Kh1·h1

(
r0 +

h1

2

))
l·dϕ, (8)

where h3—the height of the part of blade No. 3 protruding from the rotor.

2.4. Accounting of Gas Compressibility

The gas compressibility factor, taking into account intermolecular forces and molecular
volumes, is used to account for the deviations in the behavior of real gas from that of
the ideal gas. According to the standards [45], at a pressure of less than 15 MPa and a
temperature range from 250 to 400 K, the compressibility factor is defined as:

z = 1 + A1 pred + A2 p2
red, (9)

where:
A1 = −0.39 +

2.03
Tred
− 3.16

T2
red

+
1.09
T3

red
;

A2 = 0.0423− 0.1812
Tred

+
0.2124

T2
red

;

pred =
pg

ppc
, Tred =

Tg

Tpc
;

ppc = 0.1737(26.831− ρst), Tpc = 155.24(0.564 + ρst),

where pg, Tg—pressure and temperature in the volume under consideration, respectively;
ppc, pred,—pseudo critical pressure and pressure reduced to pseudo critical conditions,
respectively; Tpc, Tred—pseudo critical temperature and temperature reduced to pseudo
critical conditions, respectively; ρst—gas density under standard conditions.

2.5. Differential Equation System

Most of the studies of expander gas expansion were carried out with the assumption
that the mode of its operation is stationary, or by representing the unsteady mode as a set
of stationary modes [5,46]. The presented models for unsteady modes most often have a
limited number of differential equations, the use of which is replaced by assumptions [47].

The gas entering the discharge chamber expands and does work. Therefore, the
internal energy of the gas is calculated according to the formula:

dUd = dWd − dAd,

where Wd—the amount of heat which is supplied to gas in the discharge chamber; dAd—the
elementary work of gas in the discharge chamber.

After transformations, the equation of pressure change in the discharge chamber has
the form:
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dpd
dt

=
kRTdzd

Vd
Gd −

pd(Rzd + cv)

Vdcv

dVd
dt

+
pd
zd

dzd
dt

. (10)

The equation of the temperature change in the discharge chamber is expressed simi-
larly, as follows:

dTd
dt

=
(kT1 − Td)zdRTd

pdVd
Gd −

zdRTd
cvVd

dVd
dt

. (11)

Experimental data demonstrate the closeness of the gas flow processes in industrial
systems to isothermic ones [48]. In that case, gas mass flow from the pipeline in the
expander discharge chamber is found from the equation system:

Gd =


fd p1√
RT1

√√√√ 1−
( pd

p1

)2

ξd−2ln
( pd

p1

) , i f pred
d
p1

< pd
p1
≤ 1

fd pred
d√

RT1
, i f pred

d
p1
≥ pd

p1

,

2ln
(

pred
d
p1

)
+

(
p1

pred
d

)2
= 1 + ξd

(12)

where pred
d —gas limit pressure in the discharge chamber at which the maximum mass flow

is achieved.
The isolated volume of gas, moving into the next chamber, expands, doing work and

losing internal energy:
dUexp = −dAexp.

Likewise, the equation of the pressure change in the expansion chamber is derived:

dpexp

dt
=

pexp

zexp

dzexp

dt
−

pexp
(

Rzexp + cv
)

Vexpcv
·
dVexp

dt
. (13)

The equation of the temperature change in the expansion chamber has the form:

dTexp

dt
= −

zexpRTexp

cvVexp

dVexp

dt
. (14)

Then, the gas flows out of the exhaust chamber, doing work, which interferes with the
expander rotor rotation.

The equation of the internal energy change:

dUexh = −wexhdmexh − dAexh,

where wexh—the specific quantity of heat which the gas gives off in the exhaust chamber;
mexh—the mass of gas in the exhaust chamber.

As a result of the transformation, the equation of the pressure change in the exhaust
chamber takes the form:

dpexh
dt

=
pexh
zexh

dzexh
dt
− kRTexhzexh

Vexh
Gexh −

pexh(Rzexh + cv)

Vexhcv

dVexh
dt

, (15)

where zexh—the gas compressibility factor in the exhaust chamber; Gexh—gas mass flow in
the exhaust chamber.

The temperature change in the exhaust chamber is calculated as:

dTexh
dt

= −
(k + 1)zexhRT2

exh
pexhVexh

Gexh −
zexhRTexh

cvVexh

dVexh
dt

. (16)
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From the exhaust chamber, the gas flows into the pipeline with high resistance. From
the expander, the gas goes into the branch pipe, expanding and cooling. Due to friction on
pipeline walls and internal resistance, the gas is heated. As such, the gas outflow process
can be considered as isothermic; then, the mass flow from the expander is defined by a
similar formula for gas injection.

The Euler–Lagrange equation is used to derive the rotor rotation equation:

jeq
d2 ϕ

dt2 = Me −M f r −Mg,

where Me—the algebraic sum of moments in the discharge, expansion, and exhaust cham-
bers; M f r = Ψ·σmbrcg·ω2(r0 + hav)—the moment of friction of the blades against the stator,
where mb, rcg, hav—the mass, the radius of the center of gravity, and the average height of
the protruding part of the blade, respectively; σ—the coefficient of friction of the blades
against the stator; Mg—the generator moment of resistance.

During the creation of the stabilization system model, the proportional-integral (PI)
law of regulation was used, owing to its frequent use for valve control. With the stabilization
of the rotation speed of the expander rotor, the general view of the PI-regulator output
signal has the form:

Y(t) = Kp[ω(t)−ω0] + Ki

∫ t

0
[ω(t)−ω0]dt, (17)

with output pressure stabilization:

Y(t) = Kp[pc(t)− p0] + Ki

∫ t

0
[pc(t)− p0]dt, (18)

where P(t) and I(t)—proportional and integral links of the regulation law; ω0 and ω(t)—the
required frequency and instantaneous frequency of the expander rotation; p0 and pc(t)—the
required output pressure and instantaneous output pressure at the GPRS.

The integral term of the mathematical model is replaced with an additional differential
equation, the derivative dI

dt , which is equal to the integral:

dI
dt

= Ki[ω(t)−ω0], (19)

or
dI
dt

= Ki[pc(t)− p0]. (20)

The integration time for the integral component of the control law equals the calculated
time step for solving the system of Equation (25).

The gas flow through the control valve 8 at subcritical and critical flows can be
calculated by the Saint-Venant −Wantzel formula:

Gcv =


µcvπdshspε(t)p1

√√√√ 2
RT1
· k

k−1

[(
pc
p1

) 2
k −

(
pc
p1

) k+1
k

]
, i f p1

pc
<
(

k+1
2

) k
k−1 ,

µcvπdshspε(t)p1

√
k

RT1

(
2

k+1

) k+1
2(k−1) , i f p1

pc
≥
(

k+1
2

) k
k−1

(21)

where µcv—the coefficient of gas flow through the valve; ds—valve seat diameter; hsp—full
valve spindle travel; ε(t)—the rate of valve orifice opening, which in the range from 0 to 1,
is described by the following equation:

ε(t) =
{

vel, i f ε(t) < Y(t)
−vel, i f ε(t) ≥ Y(t)

,
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where vel—constant speed of opening or closing of the control valve by an electric actuator
with a positioner. Other logic conditions must be applied when using other drives.

Similarly, the equation of the change in the gas state taking place when previously
divided gas flows mix in the cavity [49] after the expander is defined as:

dpc

dt
=

pc

zc

dzc

dt
+

zcRk
Vc

(TexhGexh + TcvGcv − TcGc), (22)

where zc—the gas-compressibility factor in the cavity; Vc—cavity volume.
The mass flow of gas, taken by consumers after the EGR, equals [50]:

Gc =

√√√√(
p2 − pnom

eq

)
(100dc)

5

626.1λLc

√
ρst

3600
, (23)

where pnom
eq —the nominal pressure of the gas-using equipment.

In the process of gas expansion in the cavity after the expander, the temperature
changes according to:

dTc

dt
=

zcRTc

pcVc

(
(kTexh − Tc)Gexh + (kTcv − Tc)Gcv − (k− 1)T2

c Gc

)
. (24)

The received mathematical model is the combination of constants and inputs, auxiliary
equations, differential equations and their inputs, and logical conditions. Also, logical
conditions, modelling the expander rotor rotation and preserving the changing parameters
in the preset range, are used. Different kinds of dI

dt are used in options of the stabilization
system a and b.

In that way, the system of basic differential equations has the form:

jeq
dω
dt = pdlh1

(
r0 +

h1
2

)
+ pexpl(h2 − h1)

(
r0 + h1 +

h2−h1
2

)
−

−pexhlh2

(
r0 +

h2
2

)
−M f r −Mg;

dpd
dt = k

Vd

(
RT1Gd − pd· dVd

dt

)
;

dpexp
dt =

pexp
zexp

dzexp
dt −

pexp(Rzexp+cv)
Vexpcv

· dVexp
dt ;

dpexh
dt = pexh

zexh

dzexh
dt −

kRTexhzexh
Vexh

Gexh −
pexh(Rzexh+cv)

Vexhcv

dVexh
dt ;

dpc
dt = pc

zc
dzc
dt + zcRk

Vc
(TexhGexh + TcvGcv − TcGc);

(a) dI
dt = Ki[ω(t)−ω0];

(b) dI
dt = Ki[pc(t)− p0];

ε(t) =
{

vel, i f ε(t) < Y(t)
−vel, i f ∈ (t) ≥ Y(t)

dTd
dt = (kT1−Td)zdRTd

pdVd
Gd − zdRTd

cvVd

dVd
dt ;

dTexp
dt = − zexpRTexp

cvVexp

dVexp
dt ;

dTexh
dt = − (k+1)zexhRT2

exh
pexhVexh

Gexh − zexhRTexh
cvVexh

dVexh
dt ;

dTc
dt = − zcRTc

pcVc

(
(kTexh − Tc)Gexh + (kTcv − Tc)Gcv − (k− 1)T2

c Gc
)
.

(25)

As the nonlinearity of the system (25) is high, and cyclical operation of some logical
conditions describing the rotor rotation is required, the explicit four-stage Runge–Kutta
method is used.

3. Results and Discussion

The characteristics of the working serial equipment (Appendix A), which was used in
creating the prototype (Figure 4), were taken as the inputs. The adequacy of the model was
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confirmed by comparing the results of the expander acceleration simulation (Figure 5b)
with experimental data (Appendix B).
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Figure 5. Acceleration of the vane expander from a stationary position to a steady-state speed.
(a) Complete pressure change in the EGR: 1—pressure change in the injection zone; 2—in the expan-
sion zone; 3—in the exhaust zone. (b) Rotation frequency of the expander rotor.

The final charts (Figure 5a) for every chamber are periodic curves, and the processes
are quasi-stationary, as the general process of change in the state of gas occurs in the
separate zones of injection, expansion, and exhaust. The graph shows the complete change
in gas pressure in every expander chamber taking place when gas passes through each of
them. Transition to the next zone along the rotation is marked by a jump on the graph.

From the graph (Figure 5b), it follows that the vane expander has an aperiodic transi-
tion process without transient overshoot, which is desirable when acting as a generator drive.

In order to test the sustainability of the EGR system under conditions of unsteadiness,
some step disturbances were set:

1. reduction of mass gas consumption by consumers by 30%;
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2. increase in mass gas consumption by consumers by 30%;
3. decrease in upstream pressure at the GPRS by 5%;
4. increase in upstream pressure at the GPRS by 5%.

The two control schemes were compared under the same conditions and assumptions.
The results are reflected in graphs in a dimensionless form, so the steady-state value of

pressure after the EGR, and the frequency of the expander rotor rotation before disturbance
with the control valve open by ε = 50%, were used as unit segments. The gain factors of
the law of control are presented in Table 1.

Table 1. Values of the PI law of regulation gain factors.

Disturbance
Value,

[%]

Pressure
Stabilization

Frequency
Stabilization

Ki Kp Ki Kp

increase in pressure before the GPRS +5 0.01 0.1 0.1 0.005
decrease in pressure before the GPRS −5 0.01 0.1 0.5 0.5
increase in gas consumption +30 0.01 0.1 0.25 0.05
reduction in gas consumption −30 0.01 0.1 0.1 0.1

Both with a decrease and increase in gas offtake, EGRs in the two embodiments
(Figure 1) properly stabilize disturbances, and the stabilized parameters remain within the
specified limits (Figures 6 and 7). Straight horizontal parts of pressure change after the
expander are due to the linear movement of the control valve spindle. Pressure stabilization
takes less time than frequency stabilization, but only slightly (Table 2).
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Figure 6. Reduction in mass gas consumption by consumers. (a) Stabilization of the expander rotor
rotation frequency; (b) stabilization of the EGR outlet pressure. 1—frequency of the expander rotation;
2—EGR outlet pressure.

Figures 6 and 7 show such a clear point of reaching the required pressure value for
case (b), due to the fact that the control valve maintains pressure directly, whereas for case
(a), indirectly. In addition, an electric valve actuator with a positioner is used, which in
practice in this operation scheme has shown resistance to unwanted transition through
the target position values. In this regard, no additional delays were introduced into the
equations during the simulation. In addition to this, the integral part of the control law
was calculated from a small step time, which is unattainable in practice, and increases
the stabilization accuracy. Therefore, an idealized comparison of the two control schemes
was made.
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Figure 7. Increase in mass gas consumption by consumers. (a) Stabilization of the expander rotor
rotation frequency; (b) stabilization of the EGR outlet pressure. 1—frequency of the expander rotation;
2—EGR outlet pressure.

Table 2. Duration of transition processes.

Disturbance Value, [%]
Pressure

Stabilization
Frequency

Stabilization

Duration, s Duration, s

increase in pressure before the GPR +5 0.4 5.5
decrease in pressure before the GPR −5 0.5 9.2
increase in gas consumption +30 2.6 4.0
reduction in gas consumption −30 2.6 1.5
average transition process time 1.53 5.13

A more significant impact on the reduction and the utilization parameters is provided
by a pressure change in the discharge line (Figures 8 and 9). While stabilizing, despite the
fact that during the transition process, the frequency of the rotor rotation is never out of
allowable range 2∆ = 10%, the original value cannot be achieved.
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Figure 9. Increase in pressure in the feed pipe. (a) Stabilization of the expander rotor rotation
frequency; (b) stabilization of the EGR outlet pressure. 1—expander rotation frequency; 2—EGR
outlet pressure.

With the stabilization of the EGR outlet pressure, the frequency of rotor rotation
changes more than with an increase or decrease in gas consumption by consumers. How-
ever, the EGR outlet pressure in this case reaches its original value.

It can be seen from Table 2 that the average transition process time in the option of
EGR outlet pressure stabilization is lower. This can be explained by the control valve 8,
which directly affects the controlled parameter. If the rotor rotation frequency is stabilized,
then the control valve indirectly affects the controlled parameter, thereby increasing the
system inertia.

Also, Table 1 shows that different ways of frequency stabilization require different
gain factors of the law of control, which is ensured by a controller with self-tuning.

With both methods of stabilization, the pressure fluctuations before the PR do not
go beyond the permissible ±25%, and the GPRS outlet pressure fluctuations do not go
beyond ±10%. Thus, the possibility of using any of the two stabilization systems has
been confirmed. In general, the method of pressure stabilization at the outlet of the
reduction point is more preferable, since, in addition to a shorter stabilization time, it has
a lower cost of equipment, and has a higher energy recovery efficiency due to a more
complete response of the pressure drop in the expander, rather than in an additional
pressure regulator at the output, which is not required in this case. At the same time,
due to the absence of frequency stabilization, an enhanced set of elements of the system
for maintaining the quality of generated electricity is needed. However, these items are
cheaper than an additional pressure regulator. All this gives a greater economic potential
for the reduction method, where the expander-generator unit is both a utilization plant and
the only pressure regulator.

It must be recalled that in reality, the duration and quality of the transition processes
can differ significantly from the modelled ones due to the strong influence of the technical
characteristics of the applied equipment on transition processes.

In the process of expander expansion, natural gas is cooled, and the degree of its
cooling is higher than during throttling due to the additional technical work performed by
the gas. In addition, the systems of small GPRSs do not provide for the installation of gas
flow heaters to compensate for the expander cooling. Only in the coldest northern regions,
to prevent equipment freezing due to weather conditions, the GPRS unit is heated, but not
the gas flow. Based on this, it is necessary to consider the possibility of cooling the gas at
the outlet of the expander to temperatures below the dew point, as well as the precipitation
of gas hydrates.
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Besides various additional systems for recovering the gas temperature at the outlet of
the GPRS, in the case of low power of expander generators, low flow rates, and pressure
drops, partial temperature recovery is possible due to released heat caused by friction [4].

In accordance with the scheme shown in Figure 1b, the natural gas stream is divided
into two: one passes through the expander, and the other is throttled through the control
valve, and then these streams of different temperatures are again mixed into one, with an
average temperature. Thus, the temperature at the outlet of the EGR depends on the degree
of opening the control valve.

Using the developed model, the value of the temperature drop at the outlet from
the EGR was calculated depending on the degree of opening the applied control valve
(Figure 10). The inlet temperature was taken to be 293 K, and the absolute pressure was
300 kPa (outlet pressure—100 kPa).
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Figure 10. The magnitude of the temperature drop at the outlet of the expander.

In operating modes, the temperature drop is from 10 ◦C to 50 ◦C, which indicates the risk
of hydrate formation. However, the following factors will minimize the negative consequences:

1. natural gas in the gas distribution system is the driest in the entire gas supply system,
since it is the closest to the consumer and has been dehydrated many times on its way;

2. gas leaves the EGR under a low overpressure of about 0.05 kPa, which prevents
hydrate formation;

3. volumetric expanders are low-maintenance and can deal reasonably well with gas
flow irregularities;

4. the mass flow rate of gas through small GPRSs (GCUs) is quite low, and therefore
does not have a high refrigeration content; therefore, due to heat exchange, it rather
quickly heats up from the environment.

Thus, the risk of hydrate formation exists only during the operation of an unheated
GPRS casing in the northern regions.

For comparison, during experiments with an EGR with a fully closed control valve,
at a maximum flow rate (60 nm3/h) and at a pressure drop (285 kPa), the drop in air
temperature during its expander expansion was 8 ◦C.

4. Conclusions

An expander-generator pressure regulator is proposed, which simultaneously per-
forms the functions of a pressure regulator with remote control and a unit for generating
electricity for the needs of small reduction stations (telemetry, telemechanics, lighting) and
nearby ECP units, due to the utilization of pressure energy.
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A mathematical model of the expander reduction process has been developed, which
allows calculating the gas-dynamic parameters of gas and the mechanical parameters of the
expander, working under transient conditions. It can be used as a part of the methodology
for selecting the parameters of volumetric expanders intended for operation at small
reduction stations.

The ability of EGR expansion and the proposed stabilization systems to work steadily
under conditions of unsteady gas consumption by consumers and changes in the GPRS
upstream pressure, is confirmed by mathematical simulation. At the same time, the scheme
using an expander-generator regulator as a primary one showed greater efficiency.

Despite the fact that the priority goal of pressure reduction stations is to maintain the
outlet pressure in a certain range, the quality of the generated electricity at an unstable
rotation frequency of the EGR rotor must also be ensured at a certain level. This issue was
not discussed in this work.
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Abbreviations

GPR a gas pressure reduction station
ECP an electrochemical protection
GCU a gas control unit
PR a pressure regulator
EGU an expander-generator unit
EGR an expander-generator regulator
SSV a safety shut-off valve
SRV a safety relief valve
PI a proportional-integral
PID a proportional-integral-derivative

Nomenclature

A1, A2 compressibility factor coefficients
Ad elementary work of gas in the discharge chamber
Aexp work performed by gas during expansion
bb blade thickness
cp specific heat capacity at constant pressure
DM discharge moment
ds valve seat diameter
dc inner diameter of consumer pipeline
d fe elemental area of the volume of the working cavity
e eccentricity of the rotor relative to the stator
ε(t) the rate of valve orifice opening
EM expansion moment
ξ local resistance coefficient
ξi local resistance coefficient of the inlet passage
ξe local resistance coefficient of the exhaust passage

fe, fs, fc, fcv
inner dimension area of the expander exhaust and starter passages,
consumer pipeline, and control valve

Ψ number of working rotor blades
ϕ rotor turning point
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ϕ0 injection zone end angle
fd area of the internal section of the launch channel of the expander
fi inlet passage cross-sectional area
fcv full flow area of the control valve
Grs mass flow through the reduction station
Ge mass flow through the expander
Gd gas mass flow from the pipeline in the expander discharge chamber
Gexh gas mass flow through the exhaust chamber
Gcv gas flow through the control valve
Gc gas flow through the pressure reduction station
h1 height of the part of blade No. 1 protruding from the rotor
h2 height of the part of blade No. 2 protruding from the rotor
h3 height of the part of blade No. 3 protruding from the rotor
hb blade height
hsp full valve spindle travel
hav average height of the protruding part of the blade
I(t) integral link of the regulation law
jeq, jl , je the equivalent moment of inertia, load, and expander rotor inertia
k adiabatic exponent
Kn

p , Kn
Q functions of gas pressure and flow seasonality

Ki, Kp gain factors of integral and proportional terms
Kh1, Kh2, Kh3 control coefficients
Kl expander coefficient of leaking
Lc consumer pipeline length
l rotor (blade) axial length
mexh mass of gas in the exhaust chamber
mb the mass of the protruding part of the blade
Me the algebraic sum of moments in the discharge, expansion, and exhaust chambers
M f r the moment of friction of the blades against the stator
Mg the generator moment of resistance
µcv the coefficient of gas flow through the valve
Ne expander power
ηe expander efficiency factor
pd pressure in the discharge chamber
pexp pressure in the expansion chamber
pexh pressure in the exhaust chamber
ppc,pred, pseudo-critical pressure and pressure reduced to pseudo-critical conditions
ρst gas density under standard conditions
ρb blade material density
pred

d gas limit pressure in the discharge chamber
p0, pc(t) the required output pressure and instantaneous output pressure at the GPRS
pnom

eq nominal pressure of the gas-using equipment
pn.c. atmosphere pressure
P(t) proportional link of the regulation law
p1 GPRS inlet gas pressure
p0 required value of GPRS outlet pressure
p2 GPRS outlet gas pressure
pg pressure in the volume under consideration
r0 expander rotor radius
rcg radius of the center of gravity of the protruding part of the blade
RM rotation resistance moment
r1 stator inner radius
R individual gas constant
Ten environmental temperature
Tpc,Tred pseudo-critical temperature and temperature reduced to pseudo-critical conditions
Td temperature in the discharge chamber
Texp temperature in the expansion chamber
Texh temperature in the exhaust chamber
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Tcv gas temperature in the control valve
Tc temperature in the cavity of the flow connection behind the expander regulator
T1 GPRS inlet gas temperature
T2 GPRS outlet gas temperature
Tg temperature in the volume under consideration
Ud internal energy of the gas in the discharge chamber
Uexp gas internal energy in the expansion chamber
Uexh gas internal energy in the exhaust chamber
νst gas kinematic viscosity at standard conditions

vel
constant speed of opening or closing of the control valve by an electric actuator
with a positioner

Vc cavity volume
ω expander rotor rate of rotation
Wd amount of heat which is supplied to gas in the discharge chamber
wexh specific quantity of heat which the gas gives off in the exhaust chamber
ω0, ω(t) the required frequency and instantaneous frequency of the expander rotation
γ angle between adjacent blades
Y(t) output signal
z compressibility factor
zd compressibility factor of gas in the discharge chamber
zexp compressibility factor of gas in the expansion chamber
zexh compressibility factor of gas in the exhaust chamber
zc the gas-compressibility factor in the cavity
σ the coefficient of friction of the blades against the stator
λ friction factor

Appendix A

Table A1. Input data.

Parameter Symbols Value Dimension

Stator inner radius r1 0.0233 m

Expander rotor radius r0 0.02 m

Eccentricity of the rotor relative to the stator e 0.00328 m

Number of blades in the expander For modeling
Ψ

6
pieces

For checking the adequacy of the model 5

Blade length l 0.05 m

Blade thickness bb 0.005 m

Blade height hb 0.0131 m

Injection zone end angle
For modelling

ϕ0
1.25664

rad
For checking the adequacy of the model 1.0472

Angle between adjacent blades
For modelling

γ
1.25664

rad
for checking the adequacy of the model 1.0472

Blade material density ρb 1300 kg/m3

Coefficient of correction of sliding friction force according to the results of the
experiment - 0.575 dim

Coefficient of friction of the blades against the stator σ 0.2 dim

Adiabatic exponent
Natural gas

k
1.3

dim
Air 1.4
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Table A1. Cont.

Parameter Symbols Value Dimension

Gas density at standard conditions
Natural gas

ρst
0.73

kg/m3

Air 1.2

Heat capacity at constant pressure
Natural gas

cp
3200

J/kg·K
Air 1005

Individual gas constant
Natural gas

R
520

J/kg·K
Air 287

Gas kinematic viscosity at standard
conditions

Natural gas
νst

15.06·10−6

Pa·s
Air 14.3·10−6

Gas temperature at the inlet to the GPRS T1 293 K

Expander coefficient of leaking Kl 0.65 dim

Expander efficiency factor ηe 0.85 %

Exhaust passage cross-sectional area fe 0.00008 m2

Inlet passage cross-sectional area fi 0.00008 m2

Atmosphere pressure pn.c. 100,000 Pa

Local resistance coefficient of the inlet passage ξi 20 dim

Local resistance coefficient of the exhaust passage ξe 20 dim

Gas flow through valve coefficient µcv 0.8 dim

Inner diameter of consumers pipeline dc 0.05 m

Time of complete valve reset - 17 s

Consumer pipeline length Lc 50 m

Full flow area of the control valve fcv 0.000176 m2
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