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FOREWORD

Steam turbines are heat engines in which the thermal energy of steam
is converted into mechanical energy. High-temperature high-pressure
steam, passing through the flow path of the turbine, expands while
maintaining near and supersonic speeds, contacting (being in touch)
with the metal structures of the flow path of the LPC. As a result, the
flow of wet steam is electrified. The high charge density in the flow
path of the turbine’s LPC is accompanied by electrical discharges
and ionization of the steam flow, which can have a noticeable effect
on the properties of steam, heat exchange processes, and, given the
presence of an aggressive electrified working medium, can intensify
erosion-corrosion degradation phenomena in metal structures. In
fact, in this part of the turbine, the ongoing processes should be
considered as heat-electrophysical, in which the effect of electrization
cannot be ignored.

The phenomenon of electrization was first described by Thales
around 600 BC as the property of rubbed amber to attract light bo-
dies, and only 2200 years later, the study of the phenomenon of electri-
zation was continued by Hilbert, who in 1600 showed that this pro-
perty is inherent for other solids and introduced the concept “elect-
ricity”. Then Otto von Guericke in 1663 built the first electrical device,
consisting of a sulfur ball, which, when rotated, could rub against
the palm and become electrified at the same time. He was the first
who observed (in 1672) electrical repulsion. The distinction between
two kinds of electricity was discovered by Du Fay in 1734. At the end
of the 19th century, Ken showed that already touching and then sepa-
rating two bodies was enough to electrify them. Thus, the study of the
phenomenon of electrization was unsystematic and proceeded ex-
tremely slowly.

The fact that electrical phenomena arise in wet steam installations
has been known for a long time from observations at industrial in-
stallations and experimental stands. Historically, these phenomena
were first discovered at the end of the 19th century in England, where
steam engines were widely introduced into production.

The first observations of the electrization of a steam jet on a steam
boiler were announced by A. Anderson. In late September 1840, an
unusual incident occurred on a 28-horsepower steam engine that
was driving trolleys in a coal mine near Newcastle. The driver noticed
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FOREWORD

a flow of steam leaking under the flange of the safety valve. Thinking that the pressure
in the evaporator had risen too high, he decided to manually open the safety valve. As
soon as he touched the safety valve, he felt a strong tingling sensation in his fingertips.
This experiment was repeated many times, and it was found that the strongest spark
was observed when the experimenter was standing in a flow of steam, and not in a
surrounding cloud of steam, and if he was standing on the brickwork of the base of
the boiler, then he could communicate strong sparks to the surrounding observers when
they brought their hands to his hand.

The stories about the phenomena observed by the drivers attracted the attention
of the scientific community. Lord William Armstrong, in a letter to Michael Faraday,
described the phenomenon of steam electricity. Faraday replied to Armstrong that he
investigated the incident and, using an electrometer, found a positive electric charge in
the steam flow. Faraday determined that the water used in the boiler was acidic due to
accumulated deposits. In another boiler, filled with clean rainwater, Faraday did not
find the electric charge of the steam flow. As a result, Faraday suggested that the che-
mical composition of the evaporated water affects the charge of the steam.

The study of the phenomenon of electrization of a flow of wet steam was conti-
nued by other researchers. Shortly after Armstrong’s work, Pattinson discovered that
the length of the sparks from the discharge of an electrified flow of steam was propor-
tional to the pressure in the boiler.

As new experimental facts were obtained, ideas about the nature of the electrization
of wet steam flow gradually changed. In 1843, the hypothesis about the leading role of
triboelectric phenomena in the electrization process began to prevail. After probes in-
serted inside the boiler did not allow detecting electrization inside, Armstrong expres-
sed his belief that the source of electricity was concentrated in a place where wet steam
moves with friction, but he had great difficulty in substantiating the hypothesis that
steam friction (triboelectricity) was exceptionally the cause of electrization. Faraday’s
studies did not contradict the hypothesis of the leading role of friction phenomena,
since they demonstrated that the electrization of the liquid did not occur during eva-
poration, condensation, or a change in the state of the liquid, at the same time, it was
possible to change the amount of charge of the steam flow by changing the nozzle ma-
terial without changing the regime of evaporation. These results also contributed to a
change in Faraday’s point of view on the chemical properties of water as a source of
steam electrization in favor of the hypothesis of contact electrization when a flow of wet
steam (liquid particles in a steam flow) friction against the nozzle wall. Faraday con-
firmed the results of Armstrong’s work that dry steam is not electrified, but distilled
water entering the steam flow is charged positively, and the boiler itself is negatively
charged. When a small amount of alkali was added to distilled water, the steam acquired
a positive charge. Ammonia added to the distilled water led to an increase in electrical
charges in the steam flow, but the charge disappeared after a small amount of sulfuric
acid was added to the boiler water. From studies of the electrization of steam at the
end of the 19th century, only in the experiments of M. Faraday were measurements of the
pH of electrified steam and the effect of changes in acid-base properties on electrization.

To explain the observed facts, Faraday proposed a hypothesis of triboelectric pairs:
impurities on the surface of distilled water droplets and the nozzle material form tri-
boelectric pairs. The sign of the charge was determined by the mutual position of the
rubbing substances in the triboelectric row.

However, even this point of view did not allow for explaining the results of several
experiments, in particular, the sign of the droplet charge in a liquid flow sprayed with
compressed air.
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FOREWORD

A detailed study of the influence of nozzle materials on the electrization process was
carried out by Lord Armstrong on an experimental steam boiler mounted on glass insu-
lators. Armstrong found that the amount of electrization was influenced by the pres-
sure in the boiler and the material of the nozzle. In addition, the material of the nozzle
and the chemical composition of the liquid also affect the sign of the electric charge of
the wet steam flow. However, Armstrong did not offer a theory explaining the rela-
tionship between the sign of the steam charge and the nozzle material, as well as the
effect of chemical additives on electrization.

Researchers have noted a certain similarity between the processes of electrization of
wet steam and electrization when sprayed or sprinkled with water droplets. The model
of electrization of drops, considering the features of the structure of the water surface,
was proposed in 1892 by Lennard. The model used a new concept — a double electric
layer on the surface of the water. The model explained the sign of the droplet charge
not by triboelectric phenomena, but by the structural features of the surface of the dis-
persed liquid. However, this model was more suitable for describing the process of li-
quid spraying, and the processes occurring during the electrization of wet steam are
much more complicated.

Summing up the general picture that developed in the study of steam electrization
at the end of the 19th century, it can be noted that there was an initial accumulation of
experimental facts, and also primary scientific theories that underwent significant evo-
lution arose. However, neither purely chemical nor purely physical models proposed
by scientists at the end of the 19th century allow explaining the entire complex of ob-
served phenomena, especially the processes taking place in steam turbines.

The practical application of electrization of steam in steam engines was tried to be
realized in some designs of steam electrostatic generators with multiple nozzles. By 1843,
a gigantic 46-nozzle machine was built for the Polytechnic Institute of London. Steam
generators made it possible to obtain a high voltage with a spark discharge in the air over
50 cm, but had extremely low efficiency and huge dimensions. However, despite nume-
rous studies in this direction, steam electrostatic generators of this type did not receive
wide distribution in the future.

Studies carried out at the end of the 20th century have shown that the phenomenon
of electrization in wet steam turbines is a complex multicomponent process that oc-
curs mainly due to the electrization of droplets. Water droplets in the stream can collide
with the working surface of the blades or be detached from it during movement, large
droplets can be crushed into small ones, etc. In general, these processes can include
bioelectric and electrolytic mechanisms, as well as the effect of the destruction of the
double electric layer [1], the last one, as shown by numerous studies, is prevalent.

The first demonstration of the electrization of wet-steam turbines can be considered
the phenomenon of electrization of the rotors of wet-steam turbines, discovered at
the beginning of the 20th century, and, as a result, damage (due to electro-corrosion) of
bearings.

In the domestic scientific and technical literature, publications devoted to this
phenomenon appeared in the 30s. To explain the phenomenon of electrization, hy-
potheses were put forward in two directions: «electromechanical» and «heat-mechani-
cal». The electromechanical direction combines hypotheses related to the mechanism
of electromagnetic induction arising in the elements of a turbine plant. In the thermo-
mechanical direction, the hypotheses are based on the study of the features of static
electrization during friction of steam on the surface of the turbine rotor. Unfortunately,
the explanations for the causes of electro-corrosive wear of bearings presented in the li-
terature are contradictory and insufficiently substantiated.
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In the middle of the 20th century, publications appeared in which attention was
drawn not only to the rotor charge but also to the electrization of the steam flow in
the turbine. So in 1980, the authors D. Rayleigh and F. Loftus published a paper [2] de-
voted to a comprehensive experimental study of electrostatic phenomena associated
with the flow of wet steam in wet steam turbines. The investigations were carried out on
an experimental stand in a wet-steam channel, the processes of condensation, the relative
velocities of the phases, the rupture of the liquid-vapor interface, and the formation of
droplets were studied. Steam was charged with a dry steam flow with primary and se-
condary spraying of a liquid film. The results of the study showed that electrization de-
pends on the parameters of steam, and vacuum in the condenser, and the presence of a
positive potential on the turbine shaft indicates active erosion of the blades. According
to the authors, the electrization of wet vapor occurs mainly due to the impact of drops
on an obstacle and the subsequent destruction of the liquid surface into small drops,
which become charged, as well as from the sudden separation of the liquid film from
the solid surface. In this case, there is no electrization of dry steam and contamination of
the surface of the flow channel, and impurities in the wet steam change the polarity of
its charge. The article does not attempt to associate electrostatic charges in the steam
flow with the characteristics of the turbine; in the authors’ opinion, their influence on
the efficiency of working processes should be investigated separately. Electrical charges
are expected to contribute insignificantly to performance degradation but can have a
significant effect on blade erosion. The article points out the need for a further com-
prehensive study of the effect of the electrization of wet steam in a turbine to improve
the design of bearing assemblies for increasing the working life of the rotor and tur-
bine blades.

A new stage in the study of the phenomena of static electrization, which was carried
out both on experimental stands, which is very important, and on full-scale steam tur-
bine installations of CHP and TPP, was the work begun at IPMash NAS of Ukraine in
1980. First of all, it was found that static electrization not only the turbine rotor is ex-
posed, but also the wet-steam flow in the section from the phase transition zone to the
exhaust pipe. Moreover, the strongest electrization of the wet steam flow is observed
in the zone of the last stage and the exhaust pipe of the turbine.

Static electrization of a wet steam flow has a significant effect on the phase transi-
tion process, on the flow of wet steam in the LPC stages and in the exhaust pipe. It was
discovered for the first time that behind the last stage of the turbine, a high-speed flow of
wet steam can contain a significant volumetric electric charge, not only affecting
gas-dynamic processes but also generating a broad-spectrum electromagnetic field with
a power of up to tens of kKW.

The presence of such complex electrical and magnetic phenomena accompanying
thermal processes in a turbine makes it possible to consider them together as a complex
thermoelectrodynamic system and to study the effect of natural and artificial electri-
zation of a wet steam flow on the reliability and efficiency of a turbine plant. Such studies
in the theory of turbomachines can be characterized as a new scientific direction —
heat-electrophysics.

The presented work summarizes and systematizes all the studies conducted under
the guidance of the author [1] with a more expanded presentation of the material on
the effect of electric charges and fields on the surface strength of blades, as well as wa-
ter-chemical modes on the reliability and efficiency of the turbine.



CHAPTER 1

ELECTROSTATIC CHARGE
IN WET STEAM FLOW
WITHIN A TURBINE

1.1. An experimental set-up
for the study of electrostatic charge
build-up in wet steam flows

Contact electrization of steam droplets causes the build-up of
electrostatic charge in wet steam flows.

The collision of a droplet of water with the working sur-
face of a blade or anozzle causes a charge build-up on all sur-
faces, including the droplet itself. Water droplets acquire an
electric charge when they are detached from solid «separation
charging» or when a large droplet is crushed/evaporated while
moving in a stream.

In a wet steam flow within a steam turbine, moisture ser-
ves as a main charge carrier where volume charge is propor-
tional to moisture concentration. Despite many significant
differences in essential electrodynamic processes occurring in
humidified air flow at atmospheric pressure and within a steam
flow at reduced pressure, the mechanisms of charge build-up
on water droplets remain the same. Therefore a study of the
electrostatic charge build-up in humidified airflow would allow
for a better understanding of electrostatic processes occurring
within a flow section of the steam turbine. Fig. 1.1 represents
a diagram of the experiment and includes the following main
systems:

e a system for organizing airflow and air humidification;

e a system for charging the flow and measuring the flow
charge.

To organize the air -droplet flow behind the nozzle 22, an
air humidification system was installed.

The drop flow generated by the nozzle is exposed to the
accelerating air flow and electric field. In this case, further
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Chapter 1. ELECTROSTATIC CHARGE IN WET STEAM FLOW WITHIN A TURBINE

15 30

11

| —6

J
N
%/

32
18
27
20 19
28 L 1
29
L L — [
Power supply Measurement
system system

Fig. 1.1. Layout of the stand for testing and calibrating electrical probes: I— fan; 2 —
electric drive; 3— V-belt transmission; 4 — platform; 5 — inlet pipe; 6 — receiver; 7 —
receiver support; 8 — racks; 9 — lattice; 10 — pneumatic nozzle; 11 — nozzle attachment;
12 — tank; 13 — throttle washer; 14 — pipeline; 15 — filter; 16 — adjustable pneumatic
device; 17 — air duct; 18 — compressor receiver; 19 — compressor; 20 — compressor
electric drive; 21 — outlet branch pipe; 22 — nozzle; 23 — corona electrode; 24 — screen
ring; 25 — electric probe; 26 — collector; 27 — tank; 28 — pipeline; 29 — pump; 30, 31,
32 — pressure gauges; 33 — pitot tube; 34 — clamp

crushing of the droplets occurs. The average droplet diameter behind the nozzle
is ~30 pm. During the experiments, the volumetric charge density was meas-
ured (per unit volume of the air droplet flow).
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1.1. An experimental set-up for the study of electrostatic charge build-up in wet steam flows

At the stand, it is necessary to W, gm’

create conditions that are adequate gl p=10kPa
to those existing in steam turbines,
first of all, in terms of the amount of
moisture per unit volume. Therefore, 4
in order to approximate the results S 45Pa
to real conditions in the turbine, we p=6Pa '

used the parameter not «moisture de- 2 4 6 8 7%

ree», but «water content» — the
5 Fig. 1.2. Dependence of the water content

. 5 i
arpount of water in 1 m of the ME= " 4f the steam flow at the turbine exhaust on
dium — a parameter widely used in  humidity at various pressures

meteorology.

Subsequently, conductivity W, corresponding to a certain moisture steam,
will be called the equivalent humidity Y. The water content of steam at the
turbine exhaust depends on its moisture content and pressure in the condenser.
An analysis of the operating modes of several turbine units showed that the
water content of the steam flow after the last low-pressure stages is ~2—4.5 g/m’.
As the initial water content about bench conditions, its value was taken equal
to 3.5 g/m’. This water content of the steam flow occurs at the exhaust of a tur-
bine operating at a pressure in the condenser of ~ 4.5 kPa and a steam humidity
of 10 %. Fig. 1.2 shows the dependences of the water content of steam at the
turbine exhaust on the moisture content of the steam at various pressures in the
condenser.

The stand makes it possible to study the dependence of the removal current
(electrization) and charge polarity on the water content, flow rate, chemical
composition of water, and material of the surface washed by the flow, as well as
to study the effect of the electric field on the electrization process.

To study the dependence of electrization current on the flow parameters,
the diagram shown in Fig. 1.3 was used.

The airborne stream 1 flows out through nozzle 2 and passes through elec-
trode 3, which is a ring 100 mm in diameter with a grid having a permeability
of 0.8. When moving through the grid, part of the droplets contained in the flow
settles on the grid. When droplets are detached from the grid of electrode 3,
electrification of the flow occurs, i.e. removal current I,. The amount of car-
ry-over current is controlled by a micro ammeter. With the help of a static volt-
meter, the potential arising on electrode 3, when the flow passes through it, can
also be measured. At a distance of 100—300 mm from electrode 3, a collector
electrode 4 is installed, which is a ring 300 mm in diameter with a grid having a
permeability of 0.98 made of stainless steel. Due to the high permeability, as
well as the distance from the nozzle 2, the electrization of the collector 4 prac-
tically does not affect the results of the experiment. Collector 4 allows you to
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N
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a b

Fig. 1.3. Electrical diagram (a) and a general view of the device for measuring the
air-droplet flow discharge current (b). I — Airborne droplet flow; 2 — nozzle; 3 — grid
electrode; 4 —collector electrode; 5 — microammeter; 6 — voltmeter; 7 — capacitor

control the amount of the carry-over current from electrode 3, as well as create
an electric field due to an additional high-voltage source.

1.2. Methods for measuring the density
of charges in a wet steam flow of a turbine

To study the processes of flow electrization in steam turbines,
it is necessary to have a reliable and simple method that makes it possible to
measure or control the real-time value of the volumetric charge in the flow.

The specificity of the research object does not allow direct use of the expe-
rience gained in measuring charges in the atmosphere.

When measuring volumetric charges in fogs and clouds, one has to deal
with charge densities of 10 — 10”7 C/m?[1]. For such measurements, in prac-
tice, methods based on measuring the probe potential are most often used.
At the same time, the required insulation resistance of 10" — 10> Ohm is
easily provided with simple techniques. A decrease in the insulation resistance
caused by the presence of moisture leads to an increase in the potential meas-
urement error. In this case, an error in measuring the potential of 1% leads to an
error in determining the volumetric density of charges up to 30% or more.

Providing the required insulation resistance for a probe placed in a wet
steam flow is extremely difficult. This is because the water film formed on the
surfaces in the wet steam flow of the turbine is a concentrated solution of impu-
rities contained in the water supply. In this case, the most appropriate method
is to determine the volumetric charge by shorting the current circuit on the
probe [3, 4].
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Fig. 1.4. Standard probe: I — electrode; 2 — insulator; 3 — ring;
4 — grid; 5 — compound; 6 — holder; 7 — probe terminal

If steam flow with a certain volumetric charge g, moves at a speed C through
the area S, then a current flows through it [5]

IS:C'qv'S

Having measured the value of the current I, as well as knowing the area S
and the flow rate C, we can find the volumetric charge density g, . The magni-
tude of the current can be measured with any required accuracy. The flow rate
C can also be determined using standard methods with the required accuracy.
Thus, to measure the volumetric charge density in the flow, it is necessary to
know a precise value of the effective cross-sectional area S g of the probe since
when measuring the short-circuit current of the probe in a pair, the electric
field of the volumetric charge is distorted, due to which the S,;of the probe
increases, i.e. S, = K;- S. The effective cross-section of the probe depends on
the flow rate, charge density, flow moisture and can be found experimentally,
while the probe configuration should not distort the flow in any way. To de-
termine the influence of flow parameters on the effective section of the probe,
special studies were performed in a laboratory setting .

K is determined by comparing the currents of the probes under test, with
the currents of the reference probe, measured at the same flow parameters.

Fig. 1.4 shows the design of the probe used as a standard for calibration of
the test probes.

To determine the effective surface area of the measuring probe, the stan-
dard (see Fig. 1.4) and the tested probes (Fig. 1.5, 1.6) were alternately installed
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Fig. 1.5. Diagram of an electrical probe
placed in a wet steam flow: I — flow com-
ing to the probe; 2 — water film; 3 — insu-
lator; 4 — body; 5 — output of the probe;
6 — receiving surface of the probe; 7 —
flow, breaking off from the surface of the
probe

Fig. 1.6. The electric probes used in experiments

in the same place in the charged flow. Then the current of each probe was mea-
sured at speeds from 30 to 90 m/s.

The performed studies have shown that the effective section of a spherical
probe with a diameter of 10 mm can be approximated to 1.25 of the probe sur-
face area S. Fig. 1.5 shows a schematic of a probe placed in a flow of wet steam.

1.3. The main factors affecting
the magnitude and polarity
of charges in the steam-water flow

The Studies describing the influence of various factors on
charges in a wet steam flow are described in detail in [1]. This monograph is set
to describe the laboratory stand and general final results of various experiments,
including full-scale ones, which will be used in subsequent studies presented
further. Below are the main trends that influence the charge formation in the
steam flow concerning various factors (speed, moisture, electric field, and pH).

The dependence of the electrization current on the flow rate is shown in
Fig. 1.7. It can be seen that the electrization current grows proportionally to
an increase in the flow rate. An increase in the discharge current with an in-
crease in the flow rate is associated with a decrease in the film thickness and,
as a consequence, an increase in the amount of charges carried away by the
drops from the Gui layer, upon stripping from a washed surface.

The dependence of the electrization current on the water content of the
flow is shown in Fig. 1.8. The water content of the flow was controlled by chang-
ing the water flow rate through the nozzle.

14
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L, rel. units L, rel. units
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Fig. 1.7. Dependence of the electrization current on the flow rate
Fig. 1.8. Dependence of the electrization current on the water content of the air droplet flow

It can be noted that an increase in water content is accompanied by an
increase in the electrization current of the air-droplet stream until the satura-
tion occurs, i.e. with a further increase in water content, the electrization cur-
rent does not increase (Fig. 1.8). Due to a fact that the water content in a wet
stream zone of a turbine typically does not exceed 5g/m’, the electrization of
a steam flow, and subsequently the volumetric charge density of the flow will
increase accordingly to an increase in stream moisture. To illustrate the above,
Fig. 1.9. shows the dependence of the electric probe current on the steam
moisture obtained during a full-scale experiment on the T-37/50-8.8 turbine.
Where the moisture of a steam flow is the only variable parameter, other pa-
rameters are unchanged (steam flow rate, pressure in the condenser, steam
consumption, etc.).

With a change in moisture from 1.3 to 1.75 %, the probe current changed
almost linearly, which is associated with a slight change in moisture (Fig. 1.8).

During the study, the influence of the material on the polarity of charges in
the flow was also considered.

The polarity of the charges acquired by droplets upon separation from the
surface in a two-phase flow depends primarily on the direction of the electric
field in the electric double layer. With the same chemical composition of water
in an air or vapor-droplet flow, the polarity of the charges formed on the drop-
lets will be determined by the material of the surface in the flow. Stainless steel,
black steel, and brass alloys are mainly used in the flow path of the turbine and
the condenser of the turbine unit. Therefore, during the research, the polarity of
the charges was determined only for these materials. For this purpose, stainless
steel, black steel, and brass nets were installed in the air-droplet flow down-
stream of the nozzle of the laboratory experimental unit. As a result of the re-
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I, rel. units L pA
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Fig. 1.9. Dependence of the probe current on the moisture of the steam flow (turbine
T-37/50-8.8)

Fig. 1.10. Dependences of the removal current on the electric field strength: 1 — brass
grid; 2 — stainless steel grid

I rel. units Fig. 1.11. Dependence of the current mea-
12F ,  sured on the probe to water PH (lab results)

02 search, it was found that for distilled

water the polarity of the charges
formed when flowing around a stain-
less steel grid (+), and for a black
steel and brass grid (-).
8.0 : . ) Fig. 1.10 shows the dependence
of the removal current from elect-
rode 3, made of stainless steel and brass, on the strength of the electric field
created by electrode 4 at a constant flow rate.

It can be seen that for an electric field strength of E = 0, the removal cur-
rent takes on a maximum value regardless of the material of the grid in the
air-droplet flow (Fig. 1.10). For the brass grid, the polarity of the current to
ground is positive. This indicates that negatively charged drops are carried away
from the brass grid by the flow. For the stainless steel grid, the polarity of
the removal current is opposite. With an increase in the electric field strength
(due to an increase in the voltage on electrode 4), the removal current decreases
almost linearly. To completely stop the electrization process, it is sufficient to
create a counter-electric field with an intensity of E = =192 V/cm for the case of
a brass grid and +136 V/cm for a stainless steel grid.
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1.4. A brief chronology of the studies carried out to determine the charge density

Thus, the flow of the carryover current from the working surface can be
controlled by changing the electric field strength near the surface on which
electrization occurs.

The dependence of the electrization current on the pH of water is shown
in Fig. 1.11. With an increase in water pH from 8 to ~9 units. the electrization
current decreases to zero, and with a further increase in pH to 9.2, the electriza-
tion current reverses its polarity (Fig. 1.11.).

Similar studies to determine the dependence of the electrization current
on the pH of the feed water were also obtained during an experiment carried
out on an 800 MW turbine at the Navajo station (Arizona, USA) [1].

1.4. Brief chronology of the studies
carried out to determine the charge
density in the wet steam flow

of the turbines of TPP and TPP

In 1992, the researchers of IPMash NAS of Ukraine during
research on the steam turbine T-37/50-8.8 (TPP-2 «Eskhar») for the first time
discovered the presence of charges in the steam flow of the turbine. The mea-
sured charge density downstream the last stage of the turbine turned out to
be an order of magnitude higher than in a thundercloud and amounted to
107 C/m?at an electric field strength of up to 2 - 10° V/m. The measurements
were carried out with a stationary electric probe installed in the peripheral zone
of the last stage impeller. The fact of the existence of an electromagnetic field
in the turbine branch pipe was also established and its spectral composition
was measured [6].

It was found that the measured charge density at the beginning of the
phase transition zone depends on the water-chemical regime and measured
107°-10"* C/m®. Both positive and negative charges appear in the steam flow,
the concentration of which sharply increases when coarse moisture appears in
the flow. Under different water-chemical regimes, an increase in the density
of charges in the steam flow is accompanied by a decrease in the supercooling
of the steam. The studies performed allow us to conclude that it is possible to
reduce the supercooling of steam in the flow path due to ionization [7].

In 1997, in the USA, on a steam turbine of 800 MW at the Navajo TPP
(Arizona), the steam flow was traversed in the flow path of the turbine with
movable electric probes (see Fig. 1.12).

The possibility of controlling the process of electrization of the steam flow
by changing the water-chemical regime has been investigated (see Fig. 1.12 c).
It was found that before the last stage, the charge density was 10®* — 10°C/m’,
and after the last stage — 10 C/m’. With the help of an optical probe, a glow of
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a

Fig. 1.12. Traversing the steam flow with electric probes: a — installation of special
valves; b — movable probes; ¢ — results of measurements of charges in the flow path
of the turbine
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Fig. 1.13. Traversing the flow downstream of the last stage with an electric probe: a —
installation of a movable combined probe with a coordinate device for measuring the
density of charges in the steam flow at the turbine exhaust; b — distribution of charges
in the flow from the side of the regulator (1 —I-0.5-10%A, T, =542 °C, N = 200 MW;
2—1-107A, T, = 512°C, N=200 MW; 3 — I 10°A, T, = 512°C, N = 250 MW in hea-
ting mode)

steam was detected directly downstream of the impeller of the last stage, which
confirms the presence of discharge phenomena in the steam flow of the turbine.

Similar studies were carried out on the T-250/300-23.5 cogeneration steam
turbine (see Fig. 1.13). The density of charges was fixed in the range of 10 —
1076 C/m’. The fact of an increase in the concentration of hydrogen at the
turbine exhaust with an increase in the density of charges in the steam flow
has been established.

Using movable probes on a 400 MW turbine (USA, Conesville), the charge
density measured downstream the last stage of the turbine was within 10 —
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Fig. 1.14. Flow traversing in the exhaust and condenser zone: a — turbine exhaust with
a capacity of 400 MW (USA, Conesville); b — a diagram of the installation of mo-
vable electric probes in the turbine exhaust pipe (in the lower part of the figure, the
distribution of charges along the axes of the probes in the condenser zone is shown);
¢ — charge distribution in the diffuser area

10° C/m?®) the measurements obtained in the condenser were within 10~ —
107 C/m’e (see Fig. 1.14)".

It was found that the charge density in the condenser zone is several
orders of magnitude lower than that near the turbine impeller.

A comparative analysis of spontaneous electrization of droplets in turbines
at a nuclear power plant (NPP) and at a fossil fuel power plant was presented
in 2001 at the 14th International Conference in Kyoto, the authors of the re-
port were V. Petr and M. Kolovrantik from the University of Prague [8]. The
studies were carried out by the probe method, the authors used a combined
probe with an optical and electrical channel. In this work, a study was made
of the relationship between the size of droplets and their electric charge on a
1000 MW nuclear turbine and a 210 MW turbine running on hydrocarbon fuel.
The spectra of the droplet size of the nuclear and thermal turbines were ob-
tained downstream the last stage at the level of the middle of the blade length
represented in Fig. 1.15.

It can be seen from the graphs that the spectrum of droplets in a nuclear
turbine is much wider, and the main part of the droplets is larger than in a ther-
mal turbine.

The charge density in these studies at the NPP at the exit from the last stage
was 107 C/m’, i.e. results of the same order as those previously obtained by
the author in 1992 [1].

' All US studies were commissioned by EPRI with input from Sonoma Research.
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Fig. 1.15. Droplet size spectrum after the last stage for
NPP and TPP: I1€, (D) — optical sensor signal, D (im) —
droplet diameter

Thus, the developed instrumentation in the form of electric probes made
it possible to carry out large-scale research on turbines of various purposes
(heating and condensing) and capacities (50; 100; 200; 300; 320; 400; 800 MW).

Summarizing the results of all studies in this area, it can be summarized
that the distribution of the charge density in the flow path and the condenser
of humid steam turbines is represented as:

e at the beginning of the phase transition zone 10"'—10*C/m?;

e before the last stage 10* — 10°C/m’;

e after the last stage 10°—10~° C/m’;

e in the condenser area 10°—107C/m’.

The fact of the electrization of a wet steam flow in a turbine predetermi-
ned the need for research on the influence of these phenomena on the reliabi-
lity and efficiency of turbines.

1.5. Influence of electrization
of steam flow on electric currents
and potential of the turbine rotor shaft

It is known that during the operation of a turbine, an electric
potential arises on the rotor shaft. If the turbine shaft is not grounded, this po-
tential increases until the oil film breaks down in the bearings. The removal
current causes electrical erosion of the bearings. This harmful phenomenon is
fought by grounding the turbine rotor shaft using special current-collecting
brushes [9].

The emergence of potential and currents on the turbine rotor shaft is usually
associated with a whole range of phenomena — electromagnetic induction, tri-
boelectrification, thermoelectric, electrochemical and electromechanical pro-
cesses, pickups, and leaks from the electrical circuits of a turbine generator [10].
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Unfortunately, as noted in [11], the explanations of the causes of electri-
cal discharge damage presented by various specialists are contradictory and
insufficiently substantiated.

In our opinion, among the large number of factors noted above that af-
fect the electrical erosion of the elements of a turbine unit, it is necessary, first
of all, to distinguish those phenomena that relate to the root causes of these
negative processes. Taking into account that the overwhelming number of ca-
ses of electrical discharge damage observed during operational use of the tur-
bine occurs not on generator units, but on turbine units and parts, the main
reason should be sought precisely in the phenomena occurring in this part of
the turbine unit.

Among the various/multiple phenomena leading to the emergence of an
electric potential on the rotor shaft, electromagnetic induction, due to the mag-
netization of the turbine rotor, is usually singled out as the main cause [12]. If
the phenomena of axial rotor magnetization occur in a turbine, the turbine
now technically becomes a Faraday generator. However, the voltage generated
this way on the rotor shaft is not enough to break/leak through the oil film. This
is because the dielectric strength of the oil is about 20 kV/mm, and a break-
down voltage of 120V is required to leak through the 6-micron film. A unipolar
Faraday generator is capable of creating a voltage of no more than a few volts
(up to 10 V). Accordingly, a tension of no more than 1.6 V/um will be created
in the 6 pum gap, which is not enough to break down an oil film.

At the same time, it is known [10] that in a real turbine operating on wet
steam, a constant electric potential appears on a non-grounded rotor, conti-
nuously growing to a value of several hundred or more volts (depending on
the specific turbine unit and its operating mode). The electric potential growth
is ultimately limited by the properties of the electrical insulation of the rotor.
Such an increase in electric potential, as well as the dependence of its charge
(+/-) on the water-chemical regime, is characteristic of the electrostatic elect-
rization of the rotor. In this case, electrostatic electrization has a relatively
low discharge current. Since the electrostatic discharge current from the tur-
bine rotor does not exceed 1-10mA, the oil film breakdown can’t cause any sig-
nificant damage to the bearings. At the same time, the ESD breakdown channel
can become a conductive path for currents coming from the rotor caused by
electromagnetic induction and other reasons mentioned above. The magnitude
of these currents is significantly higher than the electrostatic discharge current
and can, under certain conditions, reach hundreds or more amperes, which is
sufficient to seriously damage the bearing. Thus, it is precisely as a result of the
mutual static electrization of wet steam and the turbine rotor that a high elec-
trostatic potential can arise on the rotor shaft, providing an electrical break-
down, followed by a large current arising from the rotor magnetization leaking
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through the formed channel, thereby creating a potential electrical discharge
hazard. In turn, the static electrization of the steam flow depends on the degree
of steam moisture when high moisture leads to higher electrization of the
steam flow. Therefore, on a full-scale turbine, one can expect an electric charge
build-up downstream the last stage of a turbine, as well as an electrization of a
turbine’s rotor proportional to the steam moisture, subsequently leading to a
change in the turbine’s rotor electric potential.

An experiment carried out on the T-37/50-8.8 turbine at TPP-2 Eskhar
confirmed this point of view. Investigations of the electrization of wet steam
and the turbine rotor were carried out at different moisture levels of the steam
flow. For the experiment, the initial steam temperature at the turbine inlet
was reduced from 500 °C to 460 °C, which significantly increased the electric
charge density in the flow. The static electrization of the rotor was estimated
by the magnitude of the constant component of the rotor grounding current,
which was removed using the grounding brush assembly. The ground current
also had an alternating component due to pickups, the value of which was
about 70 mA and remained unchanged during the experiment. The power of
the turbine unit also did not change and amounted to 31 MW.

The electrization of the wet steam flow was recorded using an electrical
probe installed downstream of the last stage by measuring the short-circuit
current on it. The results of the experiment are presented in the Table 1.1.

As can be seen from Table 1.1, the current of the probe and the current of
the brush vary significantly depending on the values of the temperature of
the steam, and therefore indirectly on its moisture, while the probe is positively
charged, and the brushes are negatively charged. This circumstance means that
the reason for the increase in current is the process of electrostatic charge
formation in the flow path of the turbine. The inequality of the currents of
the probe and the rotor in this case is since an insignificant part of the volu-
metric charge of the vapor stream flows down the probe. This is due to the
significant difference in the geometric dimensions of the probe and rotor, as
well as the difference in their electrical insulation. The main result of the expe-

riment is the demonstration of a signifi-

Table 1.1. Change in the current cant increase in electrization with increa-
of the.probe and brushes from sing steam moisture, which is directly re-
the initial temperature of the steam lated to an increase in the rotor potential,
e Probe | Brush as noted above.

i%?nnlfgrce current, | current, | t,°C It can be seen from the Table 1.1 above
A mA that an increase in steam moisture signi-
) 04 . 00 ficantly increases the rotor charge current
o - > (by 23 times), and this, in the event of a

+1.40 -92 460 . .
malfunction of the grounding brush as-
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sembly, will lead to an intensive charge accumulation on the rotor and a co-
rresponding increase in potential.

Thus, the intensification of the process of electrization of the steam flow in
the turbine due to an increase in moisture leads to an increase in the intensity
of the rotor charge current and to increase in the electric potential of the rotor.
The risk of electro-erosion damage increases proportionally to an increase in
the moisture of the steam.

In connection with the above, to reduce the risks of electro-erosive damage
to bearings, it is advisable to take measures to minimize the effects of electri-
zation of the steam flow, for example, by neutralizing charges or choosing a ra-
tional/adequate water-chemical regime. At the same time, it is also necessary to
demagnetize the rotor in case of exceeding the permissible limits (240 A/m).

1.6. Electrostatic generator
operational mode of the last stage
and branch pipe of the turbine

The general principle underlying the operation of various ty-
pes of electrostatic generators is to increase the potential of electric charges
when they are moved by mechanical forces in an electric field against the action
of the forces of the latter. Charges are carried by solid, liquid, or gaseous bodies.

A steam turbine in the last stage + branch pipe zone can be considered as an
electrostatic generator [13] with a flow of charged particles. After, for example,
a positively charged drop has detached from a negatively charged turbine blade,
the Coulomb force begins to act on the drop, which is proportional to the mag-
nitude of the drop charge. This force is directed towards the movement of the
drop, which causes the drop to slow down. In this case, the mechanical energy
of the flow, driving the droplets, is converted into the energy of the electric field.
With distance from the blades of the last stage of the turbine, the potential of
charged water droplets increases. This occurs as a result of a decrease in the
electrical capacity of the charged droplet while maintaining the amount of
charge. The growth of the potential can continue until the Rayleigh decay of the
drop occurs, or its discharge through the ionization of the environment. The
forces caused by the presence of an increasing electric field are directed towards
the main steam-water flow, due to which there is a partial deceleration of the
flow, and an increase in pulsations in the zone of the last stage and the turbine
branch pipe. This ultimately leads to an increase in energy losses.

To assess the effect of the volumetric charge on the steam flow, an expe-
riment was carried out on the T-37/50-8.8 turbine. It was found that down-
stream the last stage of the turbine, the density of charges of the steam flow
was ~6 - 10 C/m 3, and the electric field strength was 2 - 10° V/m. The voltage
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measured at the electrodes installed
downstream of the last stage of the
T-37/50-8.8 turbine at a distance of
0.15 m from the impeller was ~ 29 kV,
which means that the electric field ener-
gy will hinder the steam flow and increa-
se pressure downstream the last stage.
LT In the course of this experiment,
AL = the static pressure downstream the last
Fig. 1.16. Manometric shield stage was measured using pressure taps
installed on special visors, 6 pieces even-
ly around the circumference in the peripheral region of the last stage. The se-
condary instruments used were differential water gauges mounted on the gauge
panel (see Fig. 1.16).

The pressure measurements were carried out with neutral and charged
steam flow. To change the density of charges in the steam flow, high-voltage
electrodes were installed downstream of the last stage of the turbine, with
the help of which it was possible to neutralize the flow [1, 14]. With the neutra-
lizer turned off in this experiment, the local charge density in the peripheral
zone of the impeller corresponded to the natural state of the steam flow, i.e.
~6 - 10* C/m’. With the neutralizer turned on, the local charge density in the
flow decreased by 10° —10* times and, as a consequence, this led to a decrease
in the flow deceleration by the electric field. When the volumetric charge was
neutralized, the static pressure decreased by 80—150 Pa after the last stage. At
the same time, the power losses from an electrostatic generation of a steam
flow from a vacuum deterioration in the condenser by 150 Pa are approxima-
tely 140 kW for a given turbine, i.e. 0.4%. This fact indicates a noticeable effect
of the volumetric charge on the efficiency of steam flow in the pipe. For the sake
of fairness, it should be noted that this turbine is of a very old design, not ope-
rating at its full capacity of 35 MW. It is not equipped with modern dehumi-
dification systems, and therefore, for new -generation turbines, energy losses
from electrization of the steam flow will be significantly less, approximately
0.25—0.30%.

During the experiment, a noticeable effect of the volumetric charge on
the character of the steam flow in the exhaust compartment was also estab-
lished. In some modes, at the maximum charge density in the flow, pulsation
of liquid levels in the tubes of the manometric shield + 5 mm was observed.
When the flow was neutralized, a decrease in the amplitude of pulsations was
observed up to their complete cessation. This is due to the following circum-
stances. As shown by numerous experimental field studies, the volumetric
charge density and the electric field strength both in the axial and radial direc-
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tions are very uneven, and the electric fields and currents resulting from elect-
rization have a pulsating character. All this, in addition to increasing the pres-
sure downstream the last stage, also causes additional flow pulsations, which
also negatively affects the turbine efficiency indicators, while the dynamic
load on the blades of the last stage increases.

Thus, the last stage of the turbine and the branch pipe work as an electro-
static generator. Therefore, to reduce energy losses and improve reliability in
this part of the turbine, it is necessary to take appropriate measures to control
the modes of electrostatic generation, for example, to neutralize the flow char-
ges, as shown in [14].

1.7. Generation of hydrogen
in a steam turbine unit during
electrization of a wet steam flow

It is known [15] that during the operation of a turbine unit,
hydrogen is formed in the steam flow. Although the concentration of hydro-
gen gas is negligible, its presence can affect the reliability of the turbine unit.

Traditionally, it is believed that hydrogen in a steam turbine plant is formed
in a boiler due to the dissociation of water during heating, as well as due to
chemical reactions. However, the fact [1, 14] of electrization of a wet steam flow,
as well as the presence of a significant volumetric electric charge in a wet steam
flow, allows us to take a fresh look at the possible reasons for the formation of
hydrogen in the flow path and the exhaust pipe of the turbine.

Electrization of a wet steam flow in a turbine is accompanied by electro-
chemical phenomena, which lead to the appearance of gaseous hydrogen and
hydrogen saturation of the structural materials of the turbine.

So, as a result of electrophysical processes occurring on the elements of
the turbine flow path, the steam-water flow will acquire a charge of the same
polarity, and the elements of the flow path structure, on the surface of which
the flow is electrified (for example, turbine blades), will acquire a charge op-
posite in sign to the steam charge. flow. Consequently, between the areas of
the surface of the turbine elements participating in the electrization of the
working fluid, and the areas of surfaces on which electrically charged particles
of the working fluid are discharged, a pulsed constant electric current flows,
the value of which (all other things being equal) is largely determined by the
chemical composition of water, gas-dynamic parameters and the moisture of
the steam flow.

By Faraday’s law, when a direct electric current flows on the electrodes,
the chemical constituents of the electrolyte are released. In this case, as the main
component of the electrolyte acts as water, therefore at its electrolytic dissocia-
tion on the cathode will release hydrogen H *or other positively charged ions at
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the anode and — ions OH" and other negatively charged ions. As a result, the
cathode sections of the surface of the parts of the flow path of the turbine
will be exposed to hydrogen saturation, which, as is known, leads to a dec-
rease in the level of reliability of the elements of turbomachines.

The dissociation of water droplets and the formation of free hydrogen
can also be carried out under the influence of a high-intensity electric field di-
rectly in the volume of the steam flow.

As noted earlier, in the zone of wet steam, when a film of water leaves the
working and guide vanes, the electrization of drops occurs. Charged water
droplets in the steam flow form an electric field, the strength of which rapidly
increases with distance from the working or guide blades, reaching the limiting
value at which an independent electric discharge occurs from the water drop-
lets. In this case, the field strength at the surface of charged droplets can reach
10'°V/m [12]. At such a field strength, field evaporation of H* ions occurs,
i.e. dissociation of water. A field with such intensity is created at the surface of
a drop with a radius of curvature of ~ 10°m at a voltage of ~ 10* V. The limi-
ting value of the electric field strength in the vapor flow depends on the pres-
sure and moisture of the vapor. As noted above, the measured electric field
strength downstream the last turbine stage reaches ~2 - 10° V/m. Stress was
measured at a distance of 150 mm from the surface of the wheel of the last stage
of the turbine, ~3 - 10* V. During the operation of the turbine in the steam
flow, droplets with a radius of 10 —10~ m are formed [16]. Thus, in the tur-
bine, due to the natural electrization
of the steam flow, conditions are crea-
ted under which field evaporation of

Hydrogen Charge hydrogen ions H* can occur. The amo-
concentration, % | density, C/m’ unt of generated hydrogen will depend
on the density of charges in the vapor
stream.

To test the effect of electrization of
the steam flow on the hydrogen con-

Table 1.2. Influence of charge
density on hydrogen concentration

t°C

542 0.0235 1.23-10*
509 0.0275 1.6-10*

Table 1.3. Influence of the steam flow
charge on the hydrogen concentration

Measurement Mode Hydrogen concentration,%
Original 0.022
Neutralizer grounded 0.02
The voltage of the corona electrodes -13 kV 0.0243
Voltage of corona electrodes - 16 kV 0.0235
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centration, an experiment was carried out on a T-250/300-23.5 turbine unit
(Kharkiv CHPP-5). The experiment was carried out in partial mode at a load
of 200 MW and a condenser pressure of 3.8 kPa. To change the charge density
in the steam flow was changed by reducing the moisture vapor reheating
temperature t .., from 542 °C to 509 °C. The hydrogen concentration was
determined at the exhaust of the main ejector from the side of the regulator
using a Gasochron 3101 gas analyzer with a sensitivity of 0.000443%.

In the temperature decreasing time f.claims from 542 °C to 509 °C simul-
taneously with the hydrogen concentration varied charge density of the last turbi-
ne stage. The density of charges in the vapor flow was measured using a station-
ary electric probe installed downstream of the exhaust diffuser. With a decrease
in temperature, the hydrogen concentration and the charge density in the flow
gradually increased. The measurement results are presented in the Table. 1.2.

During the second experiment, at the temperature ¢, = 509 °C density of
charges after the last turbine stage was reduced by grounding the electrode
catalyst. To increase the charge density in the capacitor zone, a voltage was ap-
plied to the corona electrodes from an external high-voltage source. The expe-
rimental results are shown in Table 1.3. Artificial ionization of the steam flow in
the last two variants leads to an increase in the hydrogen concentration.

Since the experiments were carried out in a partial mode with low steam
moisture, the hydrogen concentration and charge density were insignificant.
With an increase in moisture, it can be expected that the concentration of hydro-
gen due to dissociation in an electric field will noticeably increase, and will lead
to an intensification of the process of hydrogen absorption of metal structures.

Experimental studies have shown that natural electrization is one of the rea-
sons for the formation of hydrogen in the steam flow of the turbine flow path.

1.8. Electromagnetic fields
in the exhaust pipe of a steam turbine

As already noted, in a humid steam turbine plant, starting from
the Wilson zone and further to the last stages of the turbine, there is an electri-
zation of droplet moisture in the flow of the working fluid. The causes and
mechanisms of electrization are considered in sufficient detail in [1].

One of the consequences of electrization can be the emergence of electro-
magnetic radiation (EMR) of wet steam in the zone of the last stages and in
the exhaust pipe. The most probable sources of EMR are pulsed currents
arising during charge-discharge of water droplets, crushing and merging of
charged droplets, impact of charged droplets on grounded elements of the flow
path, close (of the order of the droplet size) flight of a charged droplet near a
grounded metal surface, corona formation of droplets, spark discharges inside
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U, rel. units the humid steam flow and between the
ab steam flow and grounded surfaces. Ex-

perimental studies carried out in the
3r early 1990s confirmed the presence of

EMR in the exhaust pipe of a humid
steam turbine [1].

1 As a radiation receiver, we used

two parallel-connected linear antennas

6 10 20 30 40 50 fl MHz 1D the form of steel strings suspended on

insulators between the walls of the

Fig. 1.17. General view of the spectral  branch pipe above the tube bundle at a

composition of the signal height of 800 mm. To measure the spec-

tral composition, an S4-59 spectrum

analyzer with a measurement range of 10—110 MHz was used. The general

view of the signal distribution over the spectrum is shown in Fig. 1.17 (here the

X-axis indicates the frequencies in MHz and the Y-axis voltage in relative units).

For measurements in the higher-frequency region, an $4-27 spectrum
analyzer with a measurement range of 0.01 — 40 GHz was used. As a result,
radiation was detected in the vicinity of 2 GHz. However, this result should be
considered preliminary, since the antenna used in the experiment had a narrow
bandwidth, and the charged humid-vapor flow strongly absorbs EMR.

In general, the measurements showed that the EMR detected in the branch
pipe of a humid steam turbine is of a noisy nature. The recorded amplitude var-
ied continuously over a wide range, and the frequency range was distributed
from units of kHz to units of GHz. According to preliminary estimates, the total
radiation power can reach several kW.

In addition to the direct registration of radiation in the turbine condenser
with the appropriate equipment, damage (melting) of the insulation of the
high-voltage cables of the PVV type installed in the capacitor was detected
(Fig.1.18) (the high-voltage cable system was installed to conduct experiments
to study the effect of additional ionization of steam in the condenser on the effi-
ciency of its operation). The type of damage to the cable system was similar to
the thermal effect of a standing electromagnetic wave that occurs in cable con-
ductors under the influence of external electromagnetic radiation.

The cable bundles had areas of boiling and carbonization of the insulation,
in which the insulating sheath of several cables was sintered into one piece (see
Fig. 1.18).

In all likelihood, a similar spectrum of radiation, including frequencies up
to a few GHz, can also be found in the exhaust pipe of a humid steam turbine.

For an experimental study of the qualitative picture of damage to the cable
insulation by high-frequency electromagnetic radiation in a capacitor (Fig. 1.18),
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Fig. 1.18.Photo of the melted section of the cable harness, below is a fragment of the
whole cable

Fig. 1.19. Photo of a cable exposed to radiation in a microwave oven

an experiment was carried out in a microwave oven. A piece of high-voltage
cable PVV placed in a microwave oven for 4 minutes had insulation damage
with periodic melting (see Fig. 1.19) qualitatively identical to the damage of the
same cable in the turbine condenser. The difference, of course, was in the peri-
odicity of the damage zones, located with a period of 45 mm, which corre-
sponds to the gigahertz radiation frequency range (2.4 GHz).

Thus, the experiment carried out qualitatively confirms that the reason for
the melting of the cable insulation in the branch pipe may be the presence of
electromagnetic radiation, which excites high-frequency standing electromag-
netic waves in the cable conductor.

In general, we can say that electromagnetic radiation of a noisy nature
exists in the exhaust pipe of a humid steam turbine plant. The spectrum of ra-
diation covers a wide range — from hundreds of hertz to units of gigahertz.
Spark discharges can be one of the most important radiation mechanisms.
Radiation can be absorbed by ionized vapor and condenser surfaces, which can
lead to higher temperatures and degraded turbine condenser efficiency. The
above data on electromagnetic radiation in the branch pipe and condenser of
a humid steam turbine are preliminary and require further research based
on modern power plants.

At the same time, the studies carried out once again confirmed the need
to take measures during the operation of the turbine unit to reduce the level
of coarse moisture in the steam flow, on which the degree of electrization of
the flow largely depends. These include several well-known methods and tech-
nological methods, such as various methods of moisture removal, including
by heating the shelves of the guide blades [17, 18]; neutralization of charges
[1, 16]; rational choice of a water-chemical regime (WRC) [1, 19] and the use
of surfactants (surfactants) [13].
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1.9. Influence of electrization
of the steam flow on the thermodynamic
characteristics of the turbine unit

The presence of high-density charges in the flow path of the
turbine in a steam flow moving at a transonic speed initiates the onset of electric
discharges, ionization of the working fluid, and the appearance of electric fields.
All this, as is known from the theoretical foundations of physics, can have a
noticeable effect on the properties of steam. Therefore, the question of assessing
their influence on the thermodynamic processes occurring in the turbine be-
comes relevant.

The effect of an electric field on water and water vapor should be conside-
red as a factor of additional work being done on the thermodynamic system.
Then, the joint equation of the I and II laws of thermodynamics will have
the form

Tds =du+ pdv—y (dx, (1.1)

where Z {dx — reflects the impact of physical fields of various nature; [ — gene-

ralized force; x — generalized coordinate.
If we consider (1.1) only taking into account the work of the extension, then

T-ds=du+p-dv. (1.2)

This equation connects the 5 unknowns T, S, u, p, and v. Therefore, having
set two independent variables out of 5 unknowns, to determine the rest, two
more equations should be added, which can be the thermal and caloric equa-
tion of state: p = (v, T); u = u (v, T). If we consider (1.1) taking into account one
more type of work, for example, the action of an electric field, then

T-ds=du+p-dv—P,-dE, (1.3)

where E — is the field strength; P, — dielectric polarization.

In this case, two more unknowns E, P, appear.

Having set the variable E , and bearing in mind the dependence P, =
= (2-1)2,, E known from electrostatics, we obtain a closed system of equations.
Here 2 = f(T) — is the dielectric constant of the medium; >, ~ 8.854 - 10> F/m —
electrical constant. Thus, in the case of exposure to an electric field, the equation
of state of the working fluid will be determined not by two independent varia-
bles, for example, p = f (T, V), but by three p = f (T, V, E).

In this case, it becomes incorrect to use directly tables of thermodynamic
properties of water and steam.
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1.9. Influence of electrization of the steam flow on the thermodynamic characteristics

The derivation of the relations for determining the change in the heat
capacity Cy ,, and the entropy S, of the working fluid under the influence of
an electric field of intensity E is described in detail in [1]. Finally, these depen-
dencies look like this:

Te, E* d’e
CE,P(E’T’p)_Cp(T>p): ; a2 (1.4)
2 _ 2
sz _Svl = 80 M@
2 dr (1.5)

The aspects of the effect of electric fields on the thermophysical proper-
ties of working media, considered in the literature and studied by the author,
make it possible to conclude that it is necessary to take these phenomena
into account when studying the thermodynamic processes occurring in steam
turbine installations. The above dependences can be used to numerically es-
timate the effect of electric fields on changes in the entropy and isobaric heat
capacity of water and steam. The question of determining the value of the die-
lectric constant of a wet-steam mixture carrying a large volumetric charge in
the low-potential part of powerful steam turbines remains open. In the lite-
rature, the author’s knowledge, reference data for X in specified conditions
such mixtures are not present, and estimate Y., in this case, the results of ex-
periments extremely difficult. At the same time, in some works, the change in &
in various mixtures under the influence of an electric field is considered. For
example, in [20] it is stated that the dielectric constant of polyelectrolytes will
increase with an increase in the density of this charge and reach ~1300. From
the dependence de/dT given in [21], it follows that as the temperature of the
working fluid decreases, € also increases; de/dT > 0. Analyzing dependencies
1.4 and 1.5, with some precaution, it can be assumed that with an increase in
the electric field strength, both the entropy and the heat capacity of water steam
tend to increase, but it is too early to speak of a quantitative assessment.

Consequently, especially for theoretical studies, the importance of the issue
of determining >, due to the establishment of a reliable quantitative assess-
ment of the result of the effect of electric fields on the thermodynamic proper-
ties of the working (steam-water) medium in a turbine, remains relevant and
this problem should be given primary attention in further research.

The appearance of electric charges in a two-phase flow also affects its
stream. If the charges in the flow are formed due to electrization when flowing
around grounded surfaces, the charged particles are acted upon by the force
F [22, 23] directed to these surfaces, ie. not in the direction, but often against
the flow, creating a back pressure

F=gq,E, = neE, =4nE,E1*, (1.6)
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where E,. — is the strength of the electric field in which the particle moves,
V/m; r — is the radius of the drop; § — is a coefficient depending on the con-
ductivity of the drop.

Moving in an electric field, a charged particle experiences resistance de-
pending on its size and speed, as well as on the viscosity of the medium. Accor-
ding to Stokes’ law, the resistance force is

F.=6nurC, (1.7)

where p — is the coefficient of dynamic viscosity of the medium (N - s)/m?
C. — particle velocity, m/s.

When a charged particle moves, the force of the action of an electric field
on it is quickly balanced by the force of resistance of the medium

4ne,E, E,r*6 = 6nurC, (1.8)
wherefrom the particle velocity
C.= (4¢,E, E.5r)/6p, (m/s). (1.9)

As a result, under the action of an electric field, charged particles (droplets)
tend to move at a speed of C, to grounded surfaces and entrain steam with
them, creating additional resistance to the movement of the mainstream. It can
be seen from formula (1.9) that with an increase in the electric field strength,
the velocity of the charged droplet to the grounded surfaces increases, which
contributes to an increase in the backpressure and a decrease in the velocity
of the main flow.

Under real conditions, the electrization of a steam flow is accompanied
by an increase in the electric field strength of the volumetric charge. In the case
of a low conductivity of the medium, the electric field strength of the volumet-
ric charge increases until an electrical removal occurs. For example, down-
stream the last stage of the turbine, the removal electric field strength for the
steam flow is ~2-10° V/m. This means that already at a distance of 0.1 m from
the impeller, the potential in the steam flow can reach 20 kV. In reality, the vol-
tage measured at the electrodes installed downstream of the last stage of the
T-37/50-8.8 turbine at a distance of 0.15 m from the impeller was ~ 29 kV.
Under the action of the stresses arising in two-phase flows and an electric field
directed against the flow of the stream, charged particles can be decelerated.
Thus, the electrization of the two-phase flow is accompanied by the conversion
of kinetic energy into the energy of the electric field, which reduces the speed
of the steam flow and causes an increase in energy losses.

The transformation of the kinetic energy of the steam flow into the energy
of the electric field occurs whenever electrization occurs in the flow. Charged

32



1.9. Influence of electrization of the steam flow on the thermodynamic characteristics

water droplets in the steam flow form an electric field, which grows with dis-
tance from the charge formation zone, quickly reaching its limiting value. In
this case, the energy density of the electric field is equal to

2
A (1.10)
2

As seen from (1.10), the energy density depends on the strength of the ele-
ctric field and the dielectric constant of the medium. In this case, the ultimate
electric field strength is limited by the removal strength of the medium and is a
function of pressure.

If the dielectric constant of the steam, as is commonly believed, is taken
close to one, then the limiting energy density of the electric field of the volu-
metric charge of the steam flow will be W, = 0.177 J/m’. The dielectric con-
stant of the uncharged steam is close to one. However, if the steam has a
high-density volumetric charge, its dielectric constant may differ significantly
from that of a neutral steam.

If the dielectric constant of the charged steam flow increases, the limiting
energy density of the electric field will also increase (1.10). As noted earlier,
there is no information in the literature on the dielectric constant of a charged
steam flow. However, the performed studies give reason to believe that in the
presence of a volumetric charge in the steam flow, its dielectric constant can
increase tens of times. This means that the limiting energy density of the electric
field in the steam flow can reach ~ 1 + 10 J/m’. This energy of the electric field
arises as a result of the transformation of the kinetic energy of the flow, i.e. by
reducing its speed. Thus, when the steam flow is electrified, losses from mois-
ture are added to losses due to the presence of a natural electric field directed
against the flow.

In our opinion, it is quite appropriate to present further the experimental
results obtained during studies on the T-37/50-8.8 turbine on the effect of
steam electrization on the speed, pressure, and energy losses, which partially
confirm the above conclusions and conclusions.

To determine how the electrization of steam after the last stage of the
T-37/50-8.8 turbine can affect the flow rate and pressure, an electric probe
and a total pressure sensor were installed in the upper part of the nozzle, and a
neutralizer of volumetric charge was installed downstream the impeller.

The electric probe is an insulated rod with a diameter of 5 mm and a length
of 100 mm. The total pressure sensor is standard (pitot tube with diffuser).
The probe and sensor were mounted on a movable rod, which was installed
into the branch pipe through the airlock. The bar could move along the radius
of the wheel at a distance of 350 mm from its plane. In the course of the ex-
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Fig. 1.20. Changes in the flow rate and pressure in the con-
denser of the T-37 / 50-8.8 turbine when the neutralizer is
turned on

periment, the total and static pressures of the flow were measured, as well as
the short-circuit current of the electric probe at different voltages on the elec-
trodes of the neutralizer downstream of the stage. Fig. 1.20 shows the depen-
dences of pressure P and speed C versus time after the last stage of the turbine
at voltages on the electrodes downstream the stage, allowing neutralization of
the steam flow.

It can be seen that after supplying at 22.10. voltage —-16 kV across the neu-
tralizer electrodes, the flow rate increases, and the pressure in the branch pipe
decreases. The turbine operating mode during the experiment was unstable,
and the pressure in the condenser was constantly increasing. This explains the
fact that after turning on the neutralizer, the pressure in the condenser first de-
creased, and then gradually increased. In the period from 22.30 to 23.03, when
the neutralizer was turned off, the pressure in the condenser increased and the
flow rate decreased. When a voltage of -15 kV was applied to the neutralizer at

23.03, the flow rate increased, and the
p,kPa pressure in the condenser decreased.

1 From the above graph (Fig. 1.20), the
7.7*\///—\/» change in speed and pressure is visible
7.6 3

Fig. 1.21. Distribution of pressure along
75k the circumference of the impeller of the
T-37/50-8.8 turbine at different densities of
7 4 - the volumetric charge: 1 — electrified flow;

0 p/3 2p/3 p 4p/3 5p/3 2p 2— neutral
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1.9. Influence of electrization of the steam flow on the thermodynamic characteristics

when the neutralizer is turned on. As a result of this experiment, it was found
that the electrization of steam leads to an increase in pressure downstream of
the last stage by 100 Pa, a local decrease in speed by 12 m/s, and an increase in
energy losses in the turbine by ~ 0.35%.

Similar results were obtained with this turbine under more stable operating
conditions using passive neutralization methods (see Fig. 1.21). It can be seen
that neutralization leads to a decrease in pressure along the entire perimeter of
the flow, although the circumferential irregularity does not change in this case.
At different operating modes of the turbine, the pressure drop from neutraliza-
tion of the flow was 8—15 mm of water column and the speed increased from
10 m/s to 20 m/s.

The above experiments confirm the previously obtained theoretical con-
clusions on the negative effect of steam electrization on the thermodynamic
characteristics of the turbine.

Conclusions for Section 1:

o the fact of electrization of the wet steam flow in the turbine
has been established. The dynamics of charge formation in the flow path have
been determined: the charge density at the beginning of the phase transition
is from 107" C/m*to 10® C/m’ and after the last stage — from 10° C/m?to
10 C/m?, which is an order of magnitude higher than in a thundercloud;

e natural electrization of the wet steam flow has, in the main, a negative
effect on the operation of the turbine unit;

e the risk of electro-erosion damage to bearings in a turbine when wor-
king on steam with high moisture is much higher than when working on steam
with low moistening;

e the phenomenon of electrostatic generation of high-speed steam-droplet
flow in the exhaust zone (last stage + branch pipe) reduces the efficiency of the
turbine unit;

e electrochemical processes and dissociation of water droplets in the elect-
ric field of a high-intensity steam flow can lead to hydrogen saturation of the
blade metal, which requires special case studies in this direction;

e the fact of the presence of electromagnetic radiation with a wide spec-
trum in the turbine branch pipe has been established;

e clectrization of the steam flow increases energy losses, reduces the flow
rate, and increases the pressure downstream of the last stage, i.e. hurts the ther-
modynamic characteristics of the flow;

e to increase the efficiency and reliability of the turbine unit, it is necessary
to control the density of charges in the flow and, if possible, to minimize the
process of electrization of coarse moisture.
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Based on the above problems that arise in the theoretical substantiation
and taking into account all the components of the effect of steam electrization
on the thermodynamic characteristics of turbine plants, especially when de-
termining the dielectric constant, the main emphasis should now be placed on
experimental studies.

Thus, the various physical phenomena discussed above, arising from the
natural electrization of a wet-steam flow, mainly harm the efficiency and re-
liability of the turbine unit. It also follows from the above conclusions that elec-
trophysical phenomena should be considered in the context of their influence
on the strength indicators of the blades, including the effect of an electrically
charged steam medium and electromagnetic fields. These processes have not
previously been considered in the theory of turbomachines and can certainly
be of both scientific and practical interest.



CHAPTER 2

INFLUENCE OF ELECTRIC
STEAM FLOW ON SURFACE
STRENGTH OF BLADE STEEL

2.1. Justification of physicochemical
factors of the influence of a charged
steam flow on the strength of the blades

The main reason for the destruction of the surface of the wor-
king blades of the last stages of wet steam turbines is erosion
damage. The erosion process develops gradually, successively
going through three stages: the incubation period, the
non-stationary period, and the stationary one. An important
stage, from the point of view of the service life of the rotor
blades, is the incubation period since at this moment there is
an accumulation of damage in the structure of the material
without destroying the surface of the blades. The leading me-
chanism of erosion damage to the surface layer of the material
is currently considered to be fatigue phenomena arising from
the impact of erosion-hazardous drops. The main role in the
accumulation of damage in this case is played by Rayleigh
waves [24—26]. The accumulation of fatigue damage as a re-
sult of repeated wave action leads to the appearance of annu-
lar cracks and the development of erosional entrainment of
the material.

However, the data presented earlier give grounds to assert
that the operation of moisture steam turbines, as a rule, is ac-
companied by both spontaneous electrization of wet steam
and electrization of droplet moisture under the influence of an
electric field. These phenomena are not taken into account in
either physical or mathematical models of the processes of de-
struction of the surface layer of the blades.

Due to the presence of electrical phenomena on the
charged surfaces of the flow path, as well as on the surfaces
exposed to the flow of charged droplets, electrochemical pro-
cesses similar to anodic and cathodic ones in electrochemical
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systems can occur, and metal parts can be exposed to negative factors, in
particular, anodic dissolution and cathodic hydrogen saturation.

The main carriers of charges (ions) in the flow of the working fluid are
the particles of droplet moisture in the steam flow. In this case, large drops are
predominantly charged positively, and small drops negatively. The flow of
charged droplets generates a volumetric electric charge in the flow path of
the turbine and a total ionic current. The flow of such a current in the flow
path of the turbine is accompanied by the appearance of a magnetic current
field and the induction of stray currents in the details of the flow path by the
law of electromagnetic induction.

The magnetic field of an ionic current element in a steam flow is deter-
mined per the Bio-Savart-Laplace’s law:

JB = M Idls;noc
4T r

where B —is the magnetic induction of the charged steam current element; |,
— 4m- 107 H/m — magnetic constant; r — the distance between the current
element and the point of determining the magnetic induction; I — current; dl
— length of the current element; oo — is the angle between dl and r.

Changes in the magnetic field of the flow of charged steam associated with
the uneven movement of the ion current, and changes in the density of the
space charge in time generate an EMF, inducing stray currents in the metal
surfaces of the flow path [27]:

dd
e, =—,
dt

where e; — is the EMF induced by a time-varying magnetic field; ® — mag-
netic flux; t — time.

Stray currents are capable of activating electrochemical processes of de-
struction of a metal surface, which, in combination with a mechanical load,
will lead to accelerated accumulation of damage and destruction of the blade
surface [28].

On the whole, the electrochemical processes in the last stages of the LPC,
caused by the charged droplets, represent a complex system, which is signi-
ficantly different from the systems traditionally considered in electrochemistry.

A conventional image of a fragment of the electrochemical system for the
last stage is shown in Fig. 2.1.

The peculiarity of the electrochemical system shown in this scheme is that
the electrolyte is a stream of individual droplets with ions moving in a steam
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Fig. 2.1. Scheme of the last stage with sections of electrization, transfer, and neutraliza-
tion of ions: a: I — guide blade surface (dispersion region), 2 — flow with charged par-
ticles, 3 — rotor blade surface (deposition region); b — equivalent diagram of processes
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Fig. 2.2, Traditional electrochemical system

(dielectric) flow from the electrization zone to the grounded parts in one di-
rection. In this case, there is no counter-movement of anions and cations in the
electrolyte; the transfer of charged particles occurs due to the mechanical ener-
gy of the steam flow, and not under the action of an electric field; areas of po-
larization of the electrodes do not appear on the electrode surfaces due to
the blowing of the electrodes with a flow of condensing steam; electroche-
mical currents arising in the system are pulsed; mechanical shocks cause local
damage to oxide films on the metal surface, which intensifies the course of elec-
trochemical processes [29]. Electrochemical systems of this type, as a rule, are
not considered within the framework of traditional electrochemistry [30]. The
view of a classical electrochemical system is shown in Fig. 2.2.
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Fig. 2.3. Scheme of the process of ion penetration into the metal surface upon impact
of a charged drop

Table 2.1. Hydrogen content in samples impacted by water droplets

Sample number

Parameter Control Note
1 2 3 4 sample
15X11M® + niobium-carbon coating
Sample weight, g 2.940 | 3.920 | 5,320 | 7,360 | 3,740
Concentrator.

hydrogen (C,;,), Ppm | 7.8 435 | 537 | 4.04 | 1.96

15X11M® in delivery condition

Sample weight, g 2,730 | 2,560 | 2,150 | 7.290 | 5,180
Concentrator.
hydrogen (Cy,), Ppm | 531 | 791 | 452 | 292 | 115

Satellite insert + 40 A

Sample weight, g 8.580% | 7.570**| 5.320 | 7.360 | 1.89 |*— satellite insert
** — base metal

Concentrator.

hydrogen (C,;,), Ppm | 6.418 | 29.6 | 537 | 4.04 | 2.52
Wire X18H9T

Sample weight, g 1.130 | 1.58 1.89

Concentrator.

hydrogen (C,;,), Ppm | 25.62 | 31.54 2.52

In the considered electrochemical system (see Fig. 2.1), together with
the mechanical erosion process, as well as the intrusion of ions and chemi-
cally active particles into the surface, the processes of dissolution and lea-

ching of the products of electrochemical transformations from the surface
can take place.
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Fig. 2.3 schematically shows the effect of the contact of a charged droplet
with a metal surface and the introduction of hydrogen ions into surface defects.

Experimental confirmation of the possibility of hydrogenation of turbine
parts during electrization of the working fluid is the data given in the mono-
graph [1] and article [31].

In particular, work was carried out to study the comparative content of
hydrogen in the samples installed on the stand for the study of erosive wear
of materials and exposed in dry air after testing for at least 3 months.Tests
were carried out on plant samples with dimensions of 5x20x30 mm, made of
steel 15X11MF; samples with niobium-carbon coating; and samples with a sa-
tellite insert. The eroded sections of plant samples were mechanically cut into
several different parts and weighed, and then the hydrogen content in them
was determined by melting in a carrier gas on a PTAKO001 unit. Similar studies
on the hydrogen content were also carried out on a full-scale T-37/50-8.8
turbine at the Eskhar CHPP for wire X18H10T. In this case, we investigated the
hydrogen content in a wire with a diameter of 2 mm made of steel Kh18N9T,
which was used for the bandage fastening of parts of the system of electro-
physical effects and installed in the nozzle of a 50 MW turbine unit during
field tests [1]. A wire sample was exposed to a positively charged wet-steam
flow in a nozzle for 18 days; after exposure, the wire became brittle and col-
lapsed from slight deformation. The results of tests to determine the hydrogen
content are presented in Table 2.1.

The results are given in Table 2.1. show that areas of the metal surface
exposed to erosive wear under the impact of water droplets are highly hy-
drogenated (in some cases, the hydrogen concentration increases more than
tenfold).

The residual hydrogen concentration is maintained for a long time. Thus,
the hydrogen content in the samples, even after aging, is 3—10 times higher
than in the initial state. Similar results were obtained for the shroud wire. Based
on the results obtained, it was concluded that the impact of water droplets on a
metal surface leads to the occurrence of tribe-chemical and electrolytic
processes, as a result of which the metal surface is significantly saturated
with hydrogen, and electrophysical phenomena in the flow path can enhance
this effect.

The data presented in the monograph [1] and the above-mentioned artic-
les are the basis for further studies of the effect of steam flow with charged
droplets on samples of structural materials for the turbine flow path.

In addition to electrochemical factors, electrophysical phenomena (EMP,
electric, and magnetic fields) accompanying steam electrization affect the me-
tal surface in a turbine [32]. In this regard, it is necessary to study their in-
fluence on the strength properties of the surface layer of blade materials.
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2.2. Experimental evaluation of the effect
of a charged dispersed medium
on the strength properties of blade steel

2.2.1. Description of the Experimental Installation

When electrization of the working fluid in the turbine occurs,
a specific electrochemical system arises in the blade apparatus, in which the
surface of the working blades plays the role of an electrode. A stream of ions
is deposited on this electrode from the charged droplet moisture of the wor-
king fluid flow and is affected by the electric field of the space charge of the
steam. It is known, that during electrochemical processes in an electroche-
mical system, chemical transformations can occur on the surface of electrodes
with a change in the chemical composition and mechanical properties of the
surface of the electrodes. Taking this into account, the solution of the number
of research tasks should begin with determining the nature of the change in the
strength properties of the electrode surface (sample section of the blade) in a
specific electrochemical system, with a steam-droplet medium with charged
droplets as a carrier of ion currents.

To solve this problem, a test installation was designed and manufactured
that creates an electric field and a low-speed steam flow of water mist with char-
ged droplets in contact with the surface of the blade steel sample under study.

The experimental installation made it possible to obtain moist, condensing
steam outflowing into the atmosphere. A laboratory boiler with a capacity of 8
liters, operating at an excess pressure of not more than 0.1 kg /cm?, was used as
a wet steam generator. Distilled water was used as a working fluid. Fig. 2.4 shows
the installation scheme.

he productivity of the wet steam generator was up to 1 kg/h (0.28 g/s) with
a steam temperature at the exit from the steam pipeline to the atmosphere in

134 kV

Ground shield / High voltage
B —_ Tonized flow generator

Steam

1
1
1
i
i o
—»D | —0 O
| — °
i
1
1
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Ionic current I;
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Wet steam High voltage grid electrode current

generator

Fig. 2.4. Experimental installation scheme
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the range of 100 + 102 °C. The flow rate
was about 300 mm/s (0.3 m/s). From
the boiler through a heated steam line,
steam entered the guide glass tube and,
passing through a fine-meshed stain-
less grid, to which a voltage of 13.4 kV
was applied, was charged and out
flowed the atmosphere in the form of a
stream of mist. The most probable
mechanism of droplet charging, in this
case, is the transfer of electrons from  Fig. 2.5. Arrangement of the sample and
the droplets to the grid electrode with ~ mesh electrode

the formation of positive hydroxonium

ions in the droplets H;O™:

(H,0) —»(H,0) -H' +e.

An insulator in the form of a plate was installed behind the grid, on which
the processed blade steel sample was placed, Fig. 2.5. The sample was grounded
through a system for recording the current of charged particles deposited on the
sample. The potential of the high-voltage mesh electrode was positive. Steam
has partially condensed on the mesh, and a small amount of moisture droplets
are formed, which are retained on the mesh. Behind the mesh, the flow of steam
was in the form of a jet of mist. Since the diameter of droplets in a mist is usu-
ally from 2 to 120 um, the average diameter of droplets deposited on the sample
was considered equal to 60 um.

The distance from the sample surface to the high-voltage electrode was 15
mm. The area of the high-voltage electrode was significantly larger than the

Steam flow
@ Electrode 13.4 kV
Elecrtic field @ 15 mm
® D, &
/
/

Positively charged drops

Sample Ton deposition
current

Fig. 2.6. Scheme of the effect of a steam flow and an electric field
on the surface of a steel sample
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Fig. 2.7. Electric field strength between the grid electrode and the steel
sample without taking into account the volumetric charge of the steam

processed area of the sample to ensure the uniformity of the field on the surface
of the sample. The ionization of the steam flow was monitored using a dial mi-
cro ammeter. The voltage of the high-voltage source was raised to a level that
allowed recording the current in the ground circuit. Under the experimental
conditions, a grounding current of about 1 pA appeared at a voltage between
the grid and the sample of 13.4 kV (Fig. 2.6).

Fig. 2.7 shows a two-dimensional image of the electric field distribution on
the sample surface facing the grid electrode in the plane perpendicular to the
electrode, as well as a graph of the electric field strength along the line connect-
ing the center of the electrode and the center of the sample.

As can be seen from the calculation, the field strength on the sample surface
is of about the same order of magnitude as the strength measured after the last
stage of the turbine (~2 - 10°V/m) [1], the rotor blades of the last stage are in a
similar field.

2.2.2. Experimental methodology

The impact of a charged wet steam flow on the turbine blades
can initiate their damage due to the occurrence of erosion-corrosion processes.
At the same time, at the initial stage of damage, there is an accumulation of
structural changes in the material, and, accordingly, a change in the strength
properties of the surface layer. The accumulation of damage by the surface layer
of the material can be interpreted as a decrease in its continuity, i.e. the occurren-
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ce and increase in the number of struc-
tural defects having a hardness value
different from the hardness of the base
material, as well as microcracks.

Since in this experimental study,
the planned duration of exposure to
the steam-droplet flow is of the order
of several hours, the expected value of
material damage will be insufficient for
external display of destruction, the ex-
pected surface structure defects will have geometric dimensions comparable to
the grain sizes, and the material surface will be formed mainly by the matrix
material. For an experimental study of such damage, a non-destructive testing
method is required, which makes it possible to determine the strength proper-
ties of the surface layer of the material and the presence of structural inhomo-
geneities comparable in size to the size of metal grains. This method is durame-
try (determination of microhardness). Microhardness can be considered an
integral characteristic of the strength of a local element of the surface layer of a
material, since during indentation, as in any other type of mechanical tests, the
material successively undergoes 3 stages of state change: elastic deformation, elas-
toplastic deformation, and destruction [33]. In this study, the Vickers method is
used with surface indentation with a regular tetrahedral diamond pyramid [34].

On the mounted experimental installation, Fig. 2.4 conditions were created
where a charged flow of condensing wet steam with a droplet size of approxi-
mately 120 pm, which did not create an impact load of droplets on the surface
(speed less than 1 m/s), and an electric field with an intensity of sample surface
~7.5kV/cm (~7.5 - 10°V/m). The created conditions made it possible to inves-
tigate the electrochemical component of the surface damage with a minimal ef-
fect of the mechanical action on the steam flow.

The surface of a 20Kh13 steel sample in the form of a parallelepiped with
dimensions of 56 x 18 x 17 mm was used as a model of a fragment of the surface
of the rotor blade.

The sample surface was prepared for microhardness measurements by the
requirements of GOST 2789-73. On the prepared sample, an area for indenta-
tion was selected in the middle of the polished face.

In the selected area of the surface, indentation was carried out on a PMT-3
device so that the imprints covered the surface under study approximately
evenly. As a result, various series of microhardness values of the surface area
were obtained. The initial value of microhardness was determined at loads on
the indenter — 10, 30, and 50 grams. After determining the initial microhard-
ness, a ground wire was soldered to the sample surface, as shown in Fig. 2.8.
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The sample was installed on the dielectric site of the experimental instal-
lation and connected to the ground circuit. The steam generator was turned
on, and with the appearance of a stream of condensing steam, a high voltage
was applied to the grid electrode. A high voltage of positive polarity was ap-
plied smoothly until a current appeared in the ground circuit of the sample
(approximately 1 pA). The sample was exposed to a charged steam stream for
1.5 hours, after which the installation was turned off, and the microhardness
was measured.

The microhardness in the experiment was determined using a PMT-3 de-
vice according to the microhardness test method (GOST 9450-76). According
to the passport data, the device provides measurement in units of HV hardness
up to 200 gf with a relative error of + 5%.

With a load on the indenter equal to P =10 grams, measurements were
made at 20 points. For loads of 30 and 50 grams, measurements were made at
10 points.

2.2.3. Experiment results

The results of measurements of the surface microhardness of
the 20Kh13 steel sample under study in the initial state and after blowing with
a wet steam flow are summarized and presented in Fig. 2.9 and Table 2.2. The
charge of the fog droplets is positive.

The Table shows the following statistical characteristics of the variational
data series:

e average value of microhardness HV, kg/mm?;

e average indentation depth, microns;

e maximum value of microhardness HV, kg/mm?;

e the minimum value of the microhardness HV, kg/mm?;

e relative range of variation of several microhardness values,%;

e standard deviation o;

e dispersion S

e coefficient of variation C,;

e the average value of the diagonal of the imprint, um.

From the results of graphic processing of the experimental data presented
in Fig. 2.10, it can be seen that in the initial state, the average value of the micro-
hardness of the investigated surface area increases nonlinearly with increasing
indentation depth.

Impact to charged steam significantly reduces the average value of micro-
hardness to an indentation depth of up to 4 um. The form of the dependence of
the microhardness on the indentation depth is also linear, which means a change
in the metal structure at a deeper level of the core. The boundary of structural
changes in the surface layer in depth was not determined, since the indentation
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Fig. 2.9. Graphical presentation of the results obtained at loads on the indenter of 10 g, 30 g,
50 g: a — initial values of microhardness; b — values of microhardness after exposure

was carried out at a load of up to 50 g, as for the control measurements. The
slope of the curve is not more than 10°, which means the homogeneity of the
modified structure in depth is not less than 4 pm.

The nature of the inhomogeneity of microhardness by layers before expo-
sure: the relative range of variation to a depth of 2 um was 93%, and the coefh-
cient of variation was 0.22. This means the homogeneity of the upper part of the
surface layer, with the presence of a small number of relatively large structural
imperfections localized in a volume close to the volume of one imprint at a load

Table 2.2. Values of microhardness and statistical characteristics
of experimental data before and after exposure to charged steam

Control After exposure

Load, g Load, g Statistic characterisatics
10 30 50 10 30 50
189 239 254 90 106 117 |HY, kgf/mm2 , average

1.4 2.2 2.7 2.2 3.3 4.0 | Wed depth, um
309 274 308 153 135 126 | HV, kgf/mm?, maximum

134 214 197 19 84 106 |HYV, kgf/mm?, minimum
175 59 111 134 51 20 | The range of variation.
93 25 44 149 48 17 Rel. range var.,%

41 21 30 31 17 7 o, st.dev

1712.6 | 445.1 8959 | 967.2 | 2974 51.6 |Disp,,
0.22 0.9 0.12 0.35 0.16 0.6 | Coeft. variations
10 15 19 15 23 28 | Wed diag. imprint, pm
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300 of 10 g. At a depth of more than 2 um,
B Control/a/‘ the relative variation range decreases
£ 200p more than 3 times to 0.25 and then in-
S . . . .
gh creases slightly. This is interpreted as the
4
> 100 — absence of large structural defects in the
s After impact
. . . . core of the surface layer.
0 1 2 3 4 5 After exposure to charged steam,
Indentation depth, um the relative range of microhardness vari-

Fig. 2.10. Dependence of the micro- ation at loads of 10 g and 30 g signifi-

hardness of the surface layer under load ~ cantly increases: by 60% and 92%, re-
(10 g, 30 g, 50 g) on the indentation spectively, and the average microhard-

ness values decrease by 52% and 56%,
respectively. The coefficient of variation of microhardness values increases
for these loads by 59% and 77%. This is due to the formation of structural de-
fects at a depth of 3 um or more. Defects of various sizes are formed in the sur-
face layers. The number of structural defects increases significantly at a depth
from 2 um to 3.3 um. At a load of 50 g, the values of the relative range of va-
riation and the coefficient of variation are reduced. Which means the forma-
tion of smaller-scale structural defects at a depth of about 4 microns.

Based on the results of the experiment, it can be assumed that the main
influence on the mechanical properties of the surface layer of a metal sample is
exerted by the introduction of ions and hydrogen absorption of the surface
upon contact with a charged steam-droplet flow.

The processes of electrization and discharge can be represented as: the
mechanism of formation of a positively charged drop on the charging electrode
(drop charge)

H,0-¢ — H'+OH".

A water molecule from a drop gives an electron to a positively charged elec-
trode (grid), as a result of which a positively charged hydrogen ion and a neutral
hydroxyl group are formed OH'. The hydroxyl radical, being a strong oxidizing
agent, interacts with the mesh material, and the drop flying away to the sample
is charged positively, retaining the hydrogen ion (s). The expression for a charged
drop can be written as

(H,0) -zH",

where z — is the number of ions captured by the droplet.
Mechanism of droplet discharge on a grounded electrode (cathode) with
the formation of atomic hydrogen on the sample surface

(H,0) -zH" +ze — zH’ +nH,0.
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Atomic hydrogen is an active element and is then transformed either into
the molecular form H,

2H —> H,,

or it is absorbed by the surface of the metal. In turn, hydrogen molecules in a
spark electric discharge, upon contact with a charged droplet with a grounded
surface, can decompose into positive and negative hydrogen ions

H, «t>H +H,

which can also be absorbed by the surface or transformed into a molecular
form. Atomic hydrogen can be in the metal structure either in a diffusion-mo-
bile form, or react with metal atoms

H’ +[Me]— [ MeH].

However, this reaction requires an active metal surface without oxides. In
this case, the surface is not subjected to intense mechanical stress, leading to
damage to the oxide films, and the latter reaction is unlikely.

As a result of the experiments, it was found that the contact of a metal
surface with a flow of a charged aerosol, even at low flow velocities, causes a
noticeable change in the strength properties of the metal.

Comparison of the results of measuring the microhardness of the surface
layer at different depths before and after exposure to steam and an electric
field shows a significant decrease in the average values of the microhardness
of the investigated surface layers of the metal by more than 50%.

The most probable cause for the degradation of the strength properties of
the surface layer of the metal is structural changes in the crystal grid caused by
the diffusion of hydrogen ions under the action of electrophysical processes
on the surface of the sample, as well as electrochemical transformations on
the surface and in the depth of the surface layer.

The consequence of the considered charge-discharge processes with che-
mical transformations on the surface of the blade steel should be an increase in
the heterogeneity of the surface layer, which is confirmed by the obtained re-
sults of measuring the microhardness. However, given that the sample surface
was processed in contact with atmospheric air, the increase in heterogeneity
and a decrease in microhardness can be caused not only by hydrogen ions but
also by other positively charged ions arising, for example, upon ionization of
air, which complicates the interpretation of the results obtained.

In this regard, the contribution of charged wet steam (as a donor of
hydrogen ions) in the experiment described above was investigated. For this,
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a similar experiment was carried out where wet steam was replaced with a
stream of compressed air.

2.2.4. Experimental determination

of the influence of the physicochemical
properties of the operational medium
on the surface strength of blade steel

The experimental installation was reconstructed as follows:
the boiler-steam generator was removed; instead, the steam tube inlet was con-
nected to a miniature compressor, which gives an air stream at a speed corres-
ponding to the stream speed of the previously used steam generator (Fig. 2.11).
The exposure of the sample to the air stream was also 1.5 hours, after which
the surface microhardness was investigated.

The surface of the sample was exposed to an electric field, but charged
water droplets did not settle on it. The settling current of ions was not recorded
by a microammeter, since it was significantly lower than the sensitivity of the
device (Fig. 2.12).

The results of the experiment by blowing the surface of the sample with an
air stream (steel sample 20X13) are presented in the Table. 2.3 and Fig. 2.13, 2.14.

It can be seen from the results presented that the nature of the change in the
value of the microhardness of the surface of the test sample exposed to an air
stream differs significantly from the effect of a charged steam-droplet flow. If

Table 2.3. Values of microhardness and statistical characteristics
of experimental data before and after exposure to an air stream

Control After exposure
Load, g Load, g ControlLoad, g
10 30 10 30 10 30

141 191 226 160 263 274 |HV, kgf/mm?, average

1.7 2.4 2.9 1.6 2.1 2.6 |Middle club imprint, pm

166 225 268 212 568 292 |HV, kgf/mm?, maximum

100 163 182 114 202 259 |HV, kgf/mm?, minimum
66.61 | 61.92 | 85.94 98.2 | 365.89 | 32.96 |The range of variation.

47 32 38 61 139 12 Rel. range of variation,%
21.53 19.46 28.04 33.13 109.1 10.39 |o, st. dev.
463.44 | 378.69 | 786.5 |1097.78|11903.6 | 108.04 |Disp.

15 10 12 21 41 4 C,,%

11.5 17.1 20.3 11 15 18 |Average diag. imprint, um
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Fig. 2.11. Experimental installation schem
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Fig. 2.12. Scheme of the processes in the experiment
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Fig. 2.13. Graphical introduction of the results obtained under loads on indenter 10 g, 30 g,
50 g: a — initial values of microhardness; b — values of microhardness after exposure
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300 Fig. 2.14. Dependence of the microhard-
. After impact ness of the surface layer under load (10 g,
g 200 L 30 g, 50 g) on the indentation depth
)
_:" 100 F Control the action of steam with charged drops
= leads to a decrease in the microhard-
. . . ness of the surface, determined at all

0 Ind L d2 N 3 three investigated loads, by more than

ndentation depth, pum 50%, then the action of an air stream

and an electric field leads to an increase in the microhardness in the surface

layer up to ~1.5 um in depth by 13% in a layer with a depth of 2 microns 37%,
at a depth of over 2.5 microns by 21%.

The dependence of the microhardness on the indentation depth shows
that at the depth of the surface layer from 2.2 um and more, the process of for-
mation of structural imperfections has reached saturation (see Fig. 2.13 b).

The range of variation of microhardness values after exposure to the test
bench increases at all indentation depths, with a maximum increase of more
than 4 times at an indentation depth of ~2 um.

The obtained relations of microhardness show that the formation of struc-
tural imperfections in the surface layer of the metal, blown by an air flow wi-
thout water steam, occurs according to a different mechanism than in the pre-
sence of water.

In the surface layer of the sample at a depth of 2 um, a hardened layer is
formed due to the diffusion of positive ions from the air. The shallow depth
of penetration of impurities is probably associated with the size of the ions,
which are significantly larger than the hydrogen ions (prevailing when blo-
wing with water steam) and, respectively, have a lower penetrating ability into
the metal surface. Their interaction with the surface leads to the local formation
of compounds in the form of monoatomic films (for example, nitrogenous, oxi-
de, or others), which contribute to a heterogeneous increase in the microhard-
ness of the metal.

A significant increase in both the relative range of variation and the coef-
ficient of variation also indicates the appearance of a significant number of
large structural inhomogeneities in the surface layer up to 2 pm, which can be
interpreted as the formation of a surface film by air ions in an electric field
acting on the sample surface.

Thus, as a result of the presented studies (Section 2.2), the fact of a signi-
ficant effect on the strength properties of the surface layer of blade steel of
electrochemical processes arising in an electrochemical system with a disper-
sed electrolyte and an electric field acting on the surface of the sample has
been established. The effect of an electric field and a stream of steam with
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charged droplets is significantly different from the effect of an electric field
and a stream of air.

The reason for the changes in the strength properties is associated with
the processes occurring on the surface, as a result of which ions penetrate into
the surface layer, leading to chemical and structural changes in the surface
layers of the metal, as well as in the change in the surface energy of the metal in
an electric field. The most probable mechanism for the damaging effect of a
positively charged steam on the surface of blade steel is the hydrogenation of
the metal.

As applied to turbine rotor blades, this means that the change as a result of
electrization of the physicochemical properties of water steam as an operatio-
nal medium in contact with the surface of the blades can significantly affect
the strength properties of the surface layer. Changes in the properties of the
working medium as a result of EPI can reduce or increase the surface resistance
to mechanical loads, and in particular, increase the rate of accumulation of sur-
face damage during a drop-shock effect on the surface of the blades. Based on
the data obtained, a practically important conclusion can be drawn about the
possibility of increasing the service life of the blades by controlling the chemical
composition and electrical activity of the medium, including by selecting the
chemistry.

2.3. Study of the effect of a high-speed
stream of ionized wet steam on the kinetics
of changes in surface strength

and hydrogen content in blade steel

2.3.1. Stand for studying the effect of a high-
speed stream of charged steam on a sample

At this stage of the study, in contrast to previous experi-
ments, the problem was solved to study the effect of the complex mechano-elec-
trochemical effect of a charged steam flow on hydrogen saturation of a blade
steel sample at a supersonic flow rate and on the kinetics of changes in mic-
rohardness.

In a real turbine, the surfaces of the flow path are exposed to a high-speed
flow of wet steam containing droplets of various sizes carrying an electric
charge of both positive and negative signs. As a result, the flow has a mechanical
drop-shock and electrochemical effect on the surface of the flow path. To si-
mulate such a flow, an experimental installation was prepared, which makes it
possible to obtain a supersonic stream of condensing steam flowing into the
atmosphere (Fig. 2.15 and Fig. 2.16). In this case, it was possible to impart a
positive or negative charge to the steam stream. In this case, the electric field
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. Steam flow .
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— T I Sample charge of the stream
steam stream
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current / .
Steam boiler Electric field of the stream

Fig. 2.15. Structural scheme of the processes in the experiment
Fig. 2.16. Scheme of exposure of the sample surface to a steam stream and its electric field

2 N\ 4

Fig. 2.17. General view of the installation

was not applied to the surface in a special way. The influence of the electric field
was only from the stream of ionized steam, which corresponds to the conditions
in the turbine with natural electrification of the steam flow.

To carry out tests under conditions similar to those existing in the flow
path of the turbine, the installation was modernized, and designed to study the
processes of flow of a supersonic ionized steam flow. The general view of the
installation is shown in Fig. 2.17.

The main element of the installation is a steam boiler with an ionization
chamber and a nozzle apparatus. The boiler steam chamber and internal parts
were made of stainless steel. In the bottom part of the boiler, there were heating
elements, feed and drainage pipes, and a sludge collector. In the side part, the
pipes of the sensors of the monitoring and alarm system of the water level in
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Fig. 2.18. Scheme of a steam plant with steam ionization by corona discharge: 1 — high
voltage source; 2 — high-voltage input; 3 — ionization chamber of the boiler; 4 — nozzle
part of the ionization chamber; 5 — superheater; 6 — boiler; 7 — boiler power supply;
8 — water preheating system; 9, 10, 11 — buffer tanks; 12 — temperature meter; 13 —
blade steel sample; 14 — steam pipeline for venting steam into the atmosphere outside
the laboratory; 15 — earth current recorder; 16 — feed pump

the boiler and the pipes of the glass water meter were cut in. To control the
temperature, an electric-type superheater was installed in the upper part of
the steam line. The outlet of the superheater was connected by an ionization
chamber. A supersonic nozzle is located at the exit of the ionization chamber,
behind which a unit for fastening bladed steel samples was installed.

The schematic scheme of the experimental installation is shown in Fig. 2.18.

The electric power of the boiler heaters was 6 kW, and controlled heating
was provided by a group of LATRs controlled by an automatic voltage stabi-
lization system with an electric drive. Tap water was used to power the boiler.
At the stand, the operating mode was maintained with pressure in front of the
nozzle P ~ 176 kPa, steam temperature ¢t ~126 °C, steam flow G ~2.3 g/s, speed
L ~400 m/s. Feed water temperature 108 + 112 °C, pressure 309 + 310 kPa.

The steam was ionized by a corona discharge in an ionization chamber.
The design of the ionization chamber is shown in Fig. 2.19.

Inside the ionization chamber, at the outlet of the steam line, in front of
the steam ionization nozzle, a corona electrode 7 is installed, connected to a
high-voltage power supply of the VS-20-10 type. A kilovoltmeter was used
to measure the voltage across the corona electrode 7. The registration of the
current of charged particles deposited on the sample was carried out using a
digital micro ammeter.
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5 6 7

%Y

Steam from the boiler

Fig. 2.19. Tonization chamber design: I — insulator; 2 — nut; 3 — rubber pad; 4 — elec-
trode body: 5 — flange; 6 — steam inlet chamber; 7 — electrode; 9 — corona ionizer
needle; 10 — superheater; 11 — cable from a high voltage source

Fig. 2.20. Exhaust part of a steam generator with a super-
sonic stream entering the steam line of discharge into the
atmosphere

The steam flow from the ionization chamber exited into the confuser-dif-
fuser nozzle, which accelerated to a speed of about 400 m/s at a pressure drop of
50 kPa. Steam condensation began near the sample surface in the form of a
stream of loose fog. The droplet size was visually assessed as not exceeding
120 um. The stability of the boiler operation parameters was maintained by
an automatic heating stabilization system. A blade steel sample was installed
in the outgoing stream into the atmosphere in a dielectric attachment unit.

Fig. 2.20 shows a stream of condensing steam in the form of a mist plume.

Throughout the experiment, the stability of the boiler operation parameters
was maintained by an automatic heating stabilization system based on the
OWEN data collection and control system. The same system made it possible to
write the recorded parameters of the stand operation into a file.
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2.3.2. Technique and operating

parameters of the experiment

For research, we used flat specimens with a size of 10x 1 mm,
cut from the feather of a turbine blade made of 15X11M®III steel. After me-
chanical treatment, the samples were subjected to heat treatment to relieve in-
ternal stresses. After heat treatment, the surface of the samples was ground and
then polished by the requirements of GOST 9450-76 to determine the micro-
hardness. On the prepared sample, the surface area for research was selected,
and the PMT-3 device was used to measure the initial microhardness at two
loads on the indenter — 10 and 50 grams. To place the sample in the steam
flow, a dielectric fixture was made for its attachment, which was installed be-
hind the nozzle at the entrance to the steam line. A conductor was attached to
the studied sample, which made it possible to measure the potential induced on
the sample by the steam flow, or the current flowing to the grounded sample
from the charged steam flow. The impact on the samples was carried out in
modes with positive and negative steam ionization.

The sign of the electric charge of the steam and the intensity of ionization
could be controlled using a high-voltage source and switching devices.

When establishing the operating parameters of the electrical effect, it was
taken into account that the steam flow in the LPC and at the exhaust of the tur-
bine can have a positive, negative, or close to neutral electric charge. Most often,
in a real turbine, large droplets are positively charged, and small ones are nega-
tively charged.

In addition, the rotor blades, as a rule, have a certain electrical potential due
to the final resistance of the grounding system. The value of this potential is
minimal, on the order of several volts for the case of normal operation of the
grounding system, however, in some cases, the potential can be significantly
higher (for example, in the case of defects of the rotor grounding system).

Based on these options, a system of steam ionization modes was developed
for processing steel samples (Table 2.4):

e zero superheated (0S) — superheated steam without ionization, the sam-
ple is grounded;

e zero wet (OW) — wet steam without ionization, the sample is grounded;

Table 2.4. Modes of processing samples with a steam flow

Mode No. 0S oW 1w 2W 3W 4W 5W 6W

The polarity of the applied high voltage
Steam (ionizer) No No + - + + - -
Sample No No No No + - - +
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Fig. 2.21. Scheme of the electrical regimes of the experiment

e the first wet (1IW) — the steam is posi-
tively charged, the sample is grounded;

o the second wet (2W) — the steam is nega-
tively charged, the sample is grounded;

o the third wet (3W) — the steam is positi-
vely charged, the sample has a positive potential;

o the fourth wet (4W) — the steam is positi-
vely charged, the sample has a negative potential;

o the fifth wet (5W) — the steam is negati-
vely charged, the sample has a negative potential.

o the sixth wet (6W) — the steam is negati-
vely charged, the sample has a positive potential.

The electrical scheme of the experiment show in Fig. 2.21.

Depending on the mode of exposure, the sample was connected to the
ground using an electrical switch (zero modes and 1W, 2W), or connected to a
high-voltage source.

The samples were installed in the flow using the fixing unit (Fig. 2.22).

After steam treatment in various modes, the amount of hydrogen absorbed
in the samples was measured at the «Skif» KIPT installation, and the micro-
hardness was also determined.

Fig. 2.22. Specimen fixing unit

2.3.3. Technique, results
and analysis of the experiment
on thermosorption of hydrogen

The determination of hydrogen dissolved in the samples was
carried out by the method of thermal desorption spectroscopy. This method is
one of the most important for studying the interaction of gases with metals. A
detailed description of the installation is given in [35]. The scheme of the SKIF
thermal desorption unit is shown in Fig. 2.23.
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Fig. 2.23. Circuit scheme of the SKIF installation: I — accelerator section; IT — section
of output devices; 1 — source of ions; 2 — electrostatic accelerating tube; 3 — Faraday
cylinder with electromagnetic drive; 4 — mass separator; 5 and 24 — valves; 6 — aper-
ture; 7 — camera Ne2; 8 — valve DU-50; 9 — nitrogen trap; 10 and 21 — discharge pump
NMD-0.025; 11 and 15 — windows; 12 — target; 13 — sensor of mass spectrometer
APDM-1; 14 — iris diaphragm; 16 — quartz screen; 17 — sensor of the MX-7304 mass
spectrometer; 18 — lens of the mass spectrometric analyzer of secondary ions; 19 — mass
separator; 20 — wind turbine; 22 — energy analyzer; 23 — chamber No. 1

Experiments on the study of thermally activated gas release are carried out
in the measuring chamber No. 1 of the installation. The investigated sample is
heated according to an approximately linear law using an electric current in the
temperature range 80 ... 1800 K, and in some cases (for control) — until the
sample melts. The sample temperature is measured with a thermocouple. The
partial pressure of gases in the analytical chamber is measured by monopole
mass spectrometers APDM-1 and MX-7304 in dynamic mode. The registration
of thermal desorption spectra is carried out in absolute values in two coordinate
systems: pt and p-T (where t and T are the time and heating temperature). At
the same time, signals from the indicated two mass spectrometers, a vacuum
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Fig. 2.24. Thermal desorption spec-
tra of hydrogen for different modes
of exposure: 1 — spectrum of the
sample not treated with steam; 2 —
spectrum after exposure to super-
heated dry steam; 3 — spectrum
after exposure to wet neutral steam;
4 — spectrum after exposure to ne-

. s == : gatively electrified steam; 5 — spect-
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Fig. 2.25. Saturation of samples with hydro-
gen depending on the mode of exposure:
Int— not treated with steam; DSS — dry
superheated steam; WSN — wet neutral;
WP + wet positively charged; WP — wet Int DSS WSN WP+ WP-
negatively charged Blade steel samples

Atomic percentage
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gauge, and a thermocouple are recorded using an analog-to-digital converter
WAD-AIK-BUS (4-channel analog input module with galvanic isolation per
channel to the USB bus. The input voltage range is +/-60 mV. The signals are
recorded on a computer in the form of a file with the «dat» extension. The tem-
perature measurement error is +5 K. time.

The main results of the study are shown in Fig. 2.24 and 2.25.

Fig. 2.25 shows the results of the experiments carried out in the form of a
histogram of the hydrogen content in steel samples with the greatest change
after exposure to a steam flow.

Analysis of the results of the hydrogen content in the metal showed that
after exposure to steam, the smallest value of 0.4 at.% corresponds to neutral
dry superheated and wet steam. The maximum value of hydrogen is 4.0 at.%
For a sample treated with negatively ionized steam. The lower value of 2.2 at.%
of dissolved hydrogen in the sample treated with positively ionized steam, but
still 5 times more than neutral.

Attention is drawn to the fact that the highest hydrogen concentration was
found in the sample treated with negatively charged steam. In this regard, the
results of the study presented in article [36] are of interest, and should be paid
attention to. The authors provide data that hydrogen in various active forms H*
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2.3. Study of the effect of a high-speed stream of ionized wet steam

and H has a different effect on the static tension of 08KII steel. Hydrogen in the
proton state decreases the fluidity stress, and the length of the fluidity area,
and decreases the elongation at break. At the same time, hydrogen particles,
which have a negative electric charge, like hydrogen in the atomic and molecu-
lar state, do not have a noticeable effect on the mechanical parameters of steel.

Further studies to determine the microhardness of a metal under the influ-
ence of a charged flow with different polarity both in this experiment and in
subsequent ones confirmed the results obtained.

2.3.4. Study of surface strength of the sample
and the kinetics of changes in microhardness under
the action of a high-speed charged steam flow

Further research was devoted mainly to the kinetics of changes
in the microhardness of metals under the influence of a charged flow. For this, a
stand was used (Fig. 2.17), where contact with atmospheric air was not excluded.

The results of the experiment are presented in Fig. 2.26 and 2.27. From Fig.
2.26 it can be seen that exposure to positively ionized steam produces a sof-
tening effect on the surface of the blade steel. The greatest softening (more
than 50%) occurs up to a depth of about 2 microns, at a depth of 2 to 3.5 mi-
crons, the decrease in microhardness is almost 2 times less.

Under the action of a high-speed negatively charged flow (Fig. 2.27), metal
hardening is first observed by 50% at a depth of 2 pm and by 30% at 3.5 um,
which can be caused both by the implantation of nitrogen ions and the for-
mation of an oxide film, and in further, after 2—10 hours of treatment, weake-
ning of the metal is observed by 10% and 20%, respectively, caused by satura-
tion of hydrogen.

Unfortunately, in the experiments carried out, an unambiguous depen-
dence of the microhardness on the concentration of absorbed hydrogen was
not revealed, although a certain regularity can be traced in this case (a positive-
ly charged flow always more significantly reduces the strength of a metal in com-
parison with a negative one).

These studies were also carried out to determine the rational time factor of
the impact of the charged flow on the surface strength of the metal to minimize
the energy and time spent on the experiment.

From Fig. 2.26 and 2.27, it can be seen that structural and chemical trans-
formations on the surface of blade steel most actively occur in the first 4—5
hours of exposure to a charged steam flow. Therefore, in further studies, this
exposure time interval was taken as a basis.

In the process of analyzing the numerous results obtained in this experi-
ment, it was found that some of the results are contradictory and ambiguous
(Fig. 2.27). The most likely reason for this was the influence of atmospheric air,
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Fig. 2.26. The relative change in the microhardness of the sample of steel 1X11M®III
under the influence of positively ionized steam: I — load on the indenter 10; 2 — load
on indenter 50g

Fig. 2.27. Relative change in the microhardness of the sample when exposed to negati-
vely ionized steam: I — load on the indicator 10 g, 2 — load on the indicator 50 g

and as a result, during the first hours of treatment, films of oxides and other
chemical compounds could form on the surface due to contact with atmosphe-
ric gases, as well as various chemical impurities in the steam. This was the rea-
son for conducting studies that would exclude these factors as much as possible.

2.4, Study of strength properties

of blade steel in a vacuum system

under the action of a high-speed ionized
flow of steam of different polarization

2.4.1. Modernized stand
and research methodology

To make the conditions of the influence of the steam flow at the
experimental installation to the conditions in the turbine, its modernization
was carried out.

To reduce impurities in the steam, the pipeline and shut-off fittings were,
where possible, replaced by stainless steel. The boiler drum was re-made from
stainless steel. The automated monitoring and control system for the installa-
tion (Fig. 2.28 b) has been improved. The boiler power supply switched to dis-
tilled water. A vacuumed flow path with a hermetic fastening of the processed
samples was made. A steam condenser and a condensate recirculation system
were manufactured and installed (Fig. 2.28 a). The stationary operating mode of
the installation was provided by an automatic boiler heating stabilization sys-
tem. Steam from the steam generator was accelerated in the converging-diftuser
nozzle used in previous experiments. A processed sample was installed behind
the nozzle exit.

The scheme of the experimental installation is shown in Fig 2.29.
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2.4. Study of strength properties of blade steel in a vacuum system

Fig. 2.28. Double-case main condenser (a),
installation for monitoring and control sys-

tem (b)
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Fig. 2.29. Scheme of a modernized steam installation with a corona discharge: I — high
voltage source; 2 — high-voltage input; 3 — ionization chamber of the boiler; 4 — module
for fastening a sample of blade steel; 5 — processing chamber; 6 — water level sensors; 7 —
superheater; 8 — boiler; 9 — power supply for heating elements; 10 — feed water heater;
11 — feed pump; 12 and 13 buffer tanks; 14 and 15 — condensate accumulators; 16 — capa-
citor; 17 — vacuum pump
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Chapter 2. INFLUENCE OF ELECTRIC STEAM FLOW ON THE SURFACE STRENGTH

The main objectives of the study on the
modernized steam installation were: to study
the processes of hydrogen absorption of bla-
de steel under the action of a flow of ionized
steam of different polarity; study the effect of
Sample steam on the microhardness of the steel sur-

face in the presence of an electric potential on
the sample or when it is grounded. Based on
previous studies (Fig. 2.26 and 2.27), a pro-
Fig. 2.30. Scheme of installation of =~ C€SSiNg time of 4 hours was chosen.
samples in a steam flow The system for registering the parameters
of the installation made it possible to control
the following parameters: boiler supply water temperature, boiler water tem-
perature, boiler water level, boiler steam temperature, boiler pressure, nozzle
inlet temperature, ionizer voltage, and current, condenser inlet temperature,
temperature at the inlet and outlet of the heat exchanger of the main condens-
er. The electrization potential of the sample, or the short-circuit current from
the sample, were also recorded. When the calculated pressure drop of 50 kPa
in the nozzle section was reached, the steam velocity at the nozzle exit was
supersonic. A foggy plume of condensing steam was visually observed behind
the nozzle in the glass flow path. The required parameters of the steam installa-
tion were maintained at the same level throughout the experiment by the stabi-
lization system.

The working section of the stand was a split pipeline with a unit for fas-
tening bladed steel samples (Fig. 2.30). Steam entered the test section through a
supersonic nozzle, at the outlet of which a steel sample under study was in-
stalled. The design of the pipeline made it possible to quickly replace the test
samples through flange connections.

The attachment point made it possible to register the electrization of
the sample or to ground it to the body of the installation using a conductor
attached to the clamp. In the course of the experiments, all variants of the
possible polarity of the flow charges and the blade surface in a real turbine
were simulated. In addition, since it was found in earlier bench experiments
that artificial ionization of steam in a quasineutral mode increases the effi-
ciency of the expansion of supercooled steam by 2.5%, it was decided to in-
vestigate also the effect of exposure and a barrier discharge on the strength
properties of the surface layer of the sample. To treat the sample with qua-
si-neutral steam, a tubular barrier discharge module was developed and manu-
factured (Fig. 2.31).

In terms of geometric characteristics, the module was identical to the tu-
bular working section used in experiments with corona ionization of the flow
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Barrier gap

Steam

Tonized steam

Electrode system

Fig. 2.31. Scheme of the discharge chamber of the barrier discharge
module

and was installed in the same way as the previous working section between the
steam generator and the condenser.

As a material for experiments, a fragment was cut out from the tail part of
the working blade of the low-pressure cylinder of a turbine (steel 15X11M®).
Samples with dimensions 10 x4 x 1.2 mm were cut from this piece of steel. The
surfaces of the samples were polished per the requirements for conducting
microhardness studies, and the initial microhardness value was measured.
The samples were processed in the following modes:

Sample No. 1 is treated with neutral wet steam. Sample No. 2 was treated
with negatively charged steam. Sample No. 3 was treated with positively charged
steam. Sample No. 4 was treated with a quasi-neutral steam flow.

2.4.2. Results of the experiment with

a high-speed stream in a vacuumed system

The influence of various modes of electrization of the steam
flow on the change in the hydrogen content in the metal and the value of
microhardness after 4 hours of exposure to the surface of the blade steel sam-
ples were studied.

Table 2.5. Modes of processing samples isolated from the ground

Charged Ionizer Sample
Sample lari
no. | Steam polarity | yioltage, | Corona discharge | Flux-induced Short-circuit
kv current, mA voltage, V| current to ground, pA
6 No No No No No
1 negative -7 75 7..12 0.2
VI positive +8.6 100 14.7 ... 15.1 0.2
4 | quasi-neutral Alternating voltage
(barrier 3.2 —34kV,
discharge) frequency 7.8 kHz,
discharge current 15 mA ~24 0.1

65



Chapter 2. INFLUENCE OF ELECTRIC STEAM FLOW ON THE SURFACE STRENGTH

The results of the experiment to determine the microhardness of the sam-

ples are presented in Table. 2.5—2.7 and at Fig. 2.32 —2.36.

The samples were processed for 4 hours in the modes presented in Table 2.5.
Fig. 2.32—2.36 presents the resulting and summary graphs on the change
in microhardness after exposure to neutral, positive, negative, and quasi-neu-

tral steam.

From the presented summary graph of the experimental results (Fig. 2.36)
it is seen that the most aggressive from the point of view of metal degradation is
a wet steam flow with positive polarity.

Table 2.6. Results of exposure to neutral and charged steam

Sample No. 1 — neutral steam treatment
The initial state After processing
Indenter load, g Relative change %
HYV, kgf/mm?* HYV, kgf/mm?*
10 160 158.4 -1
30 198.7 180.6 -9.1
50 194.8 189.9 -2.5
100 2125 197.5 -7.1
Sample No. 2 — negative steam treatment
10 181.4 192 5.8
30 214.3 212 -1.1
50 211.9 205.1 -3.2
100 215.2 210 -2.4
Sample No. 3 — treatment with positively charged steam
10 250 150 -40.0
30 251 200 -20.3
50 249 230 -7.6
100 249 247 -0.8
Table 2.7. Results of exposure to quasi-neutral steam
Sample No. 4 — treatment with quasi-neutral steam
Indenter The initial state After processing Relative
load, g HYV, kgf/mm? HYV, kgf/mm? change %
10 148.6 146.5 -1.4
30 174.5 167.9 -3.8
50 185.3 179.7 -3.0
100 191.1 185.2 -3.1
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Fig. 2.32. Relative changes in microhardness in depth after treatment with neutral steam

Fig. 2.33. Relative changes in microhardness in depth after treatment with positively
electrified steam
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Fig. 2.34. Relative changes in microhardness in depth after treatment with negative
electrified steam

Fig. 2.35. Relative changes in microhardness in depth after treatment with quasi-neu-
tral steam
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Chapter 2. INFLUENCE OF ELECTRIC STEAM FLOW ON THE SURFACE STRENGTH

After determining the micro-
hardness, the steel samples were exa-
mined for hydrogen content.
M The thermal desorption spectra

of the control and processed samples
are shown in Fig 2.37.

As can be seen in the graph, the
thermal desorption spectra have a
wmple significant difference. The spectrum
gOO 00 700 900 1100 1300 Of the c_on'trol sample, not exposed to

Temperature, K steam, is in the temperature range of
600+ 1100 K. The spectra of all sam-
ples treated with steam (both neutral
and electrified) have a wider tempera-
ture range. The spectra of electrilized steam have the largest temperature
range. The nature of the spectral curves of the samples treated with electro-
lyzed steam is similar and has specific differences from the spectra of the con-
trol sample and treated with neutral steam. The values of the area under the
curves of thermal desorption for samples exposed to negative and positively
electrolyzed steam are close in magnitude, but the area under the curve for ne-
gatively electrolyzed steam is somewhat larger. This means that the hydroge-
nation of a blade steel sample after exposure to negatively electrolyzed steam is
greater than after exposure to positively electrolyzed, i.e. in principle, the trend
confirms the results presented in the previous experiment (see Fig. 2.24).

As a result of the experiments performed and their comparison (Fig. 23 b),
we can conclude that four hours of treatment with negatively ionized steam did
not lead to a noticeable change in the strength properties of the surface layer of
the steel sample (Fig. 2.34).

Exposure to positively ionized steam significantly (by 30—50%) reduced
the microhardness of the surface layer. Dry neutral and quasineutral steam also
reduced the microhardness but by a small amount (less than 10%).

Since in this experiment, there was an insignificant influence of air, the
main reason for the changes in surface properties can be considered the effect
of charged water droplets of different polarities, the electric field of the steam
stream, and ions — the products of water dissociation.

From the experiments carried out, it could be seen that there is no direct
relationship between the total hydrogen saturation and the change in strength
properties. This is explained by the fact that in this experiment the fraction of
diffusion-mobile hydrogen, which makes the main contribution to softening,
was not determined [36]. Taking into account that the effect of ion currents
under certain modes of ionization of the steam flow has a significant effect on
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2.5. Study of the influence of constant and alternating electric field on the microhardness

the strength properties of the surface layer of steel, it can be assumed that in
these modes the fraction of hydrogen introduced into the surface in a diffu-
sion-mobile state increases.

The sign of the charge, as discussed in the analysis of the previous expe-
riment, probably influenced not only the total concentration of hydrogen
absorbed in the surface layer but also the fraction of absorbed hydrogen in a
diffusion-mobile form. The basis for this conclusion is the fact that in all the
experiments carried out, the hydrogen concentration when exposed to nega-
tively electrified steam is higher than when exposed to positively electrified, and
the effect on the surface strength is much less. It is especially necessary to pay
attention to the fact that, as shown by numerous field studies, in the zone of
the last stages, the steam polarity, as a rule, has a positive sign, and therefore has
the greatest degradation feature [37].

2.5. Study of the influence

of constant and alternating

electric field on the microhardness

of the surface layer of the blade steel

2.5.1. Experimental installation
and selection of parameters for electric
field exposure to a steel sample

The presence of a volumetric charge in the working body of the
wet steam turbine causes the appearance in the space of the flow part of both
constant and alternating electric fields. Such fields were registered during ex-
periments at Eshar CHP [1]. These fields can initiate various electric currents,
and also directly affect the surface of metal parts. It is known that the effect of
an electric field on the metal surface can change the strength properties of
the surface layer [38, 39]. So, the task of experimental verification of the possi-
bility of the influence of electric fields on the strength properties of blade steel
is relevant.

To select the value of the field strength on the surface of the blade steel
sample, an approximate estimate of the field strength in the turbine LPC be-
tween the working and guide blades was made in the experiment. As shown
above, the range of changes in the volumetric charge density in the steam
flow in the turbine is from ~ 107" C/m’in the phase transition zone and up to
~107 C/m’in the turbine exhaust. Taking into account previous studies at
various thermal power plants and combined heat and power plants, a volume
value close to the average value was chosen for the calculation.

Calculation of the field strength in the interblade space in the wet steam
zone according to the two-dimensional model for a volumetric charge density
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Fig. 2.38. Distribution of coarse charged moisture on the
height of the blade: a) and the field strength V/m between
the guides and the working blades (b)
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Fig. 2.39. Electric field indentation system: I — indenter;
2 — sample; 3 — dielectric base

Fig. 2.40. Field strength diagram on the surface of the blade steel
sample
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of 10° C/m?, the distance between the blades 170 mm and the blade height 960
mm gives the following picture (Fig. 2.38):

As can be seen from the diagram, the maximum field strength on the blade
surface is of the order of 7000 V/m.

To experiment to study the effect of an electric field on the mechanical
properties of the blade steel surface, a test device based on the PMT-3 was as-
sembled. The scheme of the indentation system in an electric field with a sample
is shown in Fig. 2.39.

Installation design: a plate of foiled fiberglass, foil to the dielectric was at-
tached to the dielectric base. The test sample was fixed on top of the fiberglass
plate. Conductor difference conductors are soldered to the foil and sample. The
source of the potential difference was a stabilized laboratory power supply.

At a sample potential of 9 V, the distribution of the field strength on the
sample is shown in Fig. 2.40.

The numerical value of the surface tension is of the order of 8000 V/m,
which is comparable to the value of the stress estimate in the flow part of the
CND obtained above.

2.5.2. Methods and results of the experiment

For the experiment, samples of steel 15X11M® with a size of
10x5x1 mm were taken. The steel sample was attached to the surface of the
plate made of single-sided foil fiberglass 85x20 mm, 1.5 mm thick on the non-
foil side with plasticine. To insulate the entire system from the body of the
device PMT-3 strip of foil fiberglass side with foil was glued to the vinyl
plate — the base 110x25 mm 2 mm thick. The second conductor was soldered
to the foil. A positive potential was applied to the sample and a negative po-
tential to the foil. The potential difference was 9 V. The scheme of mechano-
electric action on the sample in the experiment is shown in Fig. 2.41.

Indentation was performed under the direct influence of an electric field, in
contrast to previous studies,where the effect of ionized steam flow on the me-
chanical properties of the surface after its exposure was investigated.

The results of the impact on the sample of the electric potential of 10 V of
different signs are given in Table 2.8.

From the results shown in Table 2.8, it is seen that the electric field affects
the microhardness of the surface of the studied samples of 15X11M® steel
and the nature of this effect depends on the polarity of the electric voltage
applied to the sample. For example, with positive polarization, the microhard-
ness decreases by 11—12%, and with negative polarization, the reverse process
occurs, and the microhardness HV 0.01 increases by 9.6%. This effect of the
polarizing voltage on the microhardness of the surface can be explained by the
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Fig. 2.41. Scheme of field overlay and indenter impact

Fig. 2.42. Conditional scheme for measuring the microhardness of the surface of the
sample, to the side surface of which is applied a polarizing constant electric field: 1 —
sample; 2 — dielectric gasket; 3 — copper electrode; 4 — voltage source; 5, 6 — places of
identification

Table 2.8. Influence of the electric field
on the microhardness of the surface of studied samples

Value Relative Value Relative

Indicator change change
" Under voltage 8 ... 1 | Under voltage 8

Initial + 10V 8 g(HV) Initial _10V 8 e(HV)
HV 0.01 | 157.9 140.5 -11.0% 128.7 141.1 9.6%
HV 0.02 | 172.2 150.7 -12.5% 154.5 156.8 1.5%

change in the specific surface energy due to the change in the surface density of
the electron distribution.

To examine this assumption, the effect of the electric polarization voltage,
regulated in the range from 0.2V to 12V, and the location of identification
(Fig. 2.42, positions 5 and 6) on the change in surface microhardness was stu-
died. A 20X13 steel sample with dimensions of 50 x 18 x 12 mm was used as the
sample under study.

The results of the relative change in the microhardness measured in zone
5 (in the center of the sample surface) are shown in the form of graphs in Fig. 2.43.

Fig. 2.43 shows that the nature and degree of dependence of the change in
the microhardness of the surface measured in the central part of the sample
(Fig. 2.42, section 5) on the polarization voltage of the side face surface is
complex polyextreme. In this case, the amplitude of oscillations depends on
both the load on the indenter and the magnitude of the polarization voltage.
Moreover, the largest fluctuations are observed when the polarization voltages
change in the range from 0.2 to 3 V. With step by step increase in the load on
the indenter from 20 g to 200 g, the degree of influence of the polarization vol-
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20
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0
Fig. 2.43. The relative change in the microhardness of the sample surface made of 20X13
steel, determined by the central part at indenter loads of 20, 50, 70, 100 and 200 gf, de-
pending on the electric field voltage between the sample and the electrode: I — e(HV
0,02); 2 — e(HV 0.05); 3 — e(HV 0,07); 4 — e(HV 0,1); 5 — €(HV 0,2); the potential of
the sample is positive

tage on the relative change in surface microhardness decreases 5 times. For
example, at a voltage of 1.5 V and an indenter load of 20 g, the relative change
in microhardness e(HV) with increasing polarization voltage ranges from 34%
at U=1V to 54% at U = 1.5V, and at a further increase in voltage, the amplitude
of oscillations decreases and the relative change in microhardness remains in
the range of 43... 47%. As the load on the indenter increases, the degree of
influence of the polarization voltage on the relative change in surface mic-
rohardness ¢(HV) decreases sharply and at P = 200 g the relative change ran-
ges from 2% to 10% in the range of polarization voltage from 0.2 to 5V, and
with a gradual increase to 12 V, the microhardness of the surface smoothly
tends to the initial value.

It can be assumed that such a complex polyextreme change in microhardness
from the polarization voltage is caused by several reasons. These include the
course of several competing processes that oppose the process of plastic deforma-
tion of the metal during indentation (generation of dislocations, their movement,
fusion, and possible annihilation). In addition, due to the deterministic change in
the energy state (or distribution density) of surface electrons, the specific surface
energy of the metal also changes, on which both the generation of dislocations
and the energy of new surface formation depend. And since with increasing depth
of penetration with increasing load on the indenter, the degree of influence of
specific surface energy on the overall work of plastic deformation of the metal
surface layer decreases sharply (inversely proportional to the depth of the impres-
sion), its influence on the relative change in microhardness decreases.
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Fig. 2.44. The relative change in the microhardness of the surface with negative and
positive polarization of the sample of steel 20X13, measured at loads on the indenter
10, 20, 30, 50, 70, 100, 150, and 200 gf: 1 — voltage U = -1.5 B; 2 — voltage U= +1.5B

Fig. 2.45. Relative change in the microhardness of the surface of a sample made of steel
15X11M® depending on the frequency of an alternating electric field with voltage 10V,
1 — g(HV 0,01); 2 — g(HV 0,02); 3 — £(HV 0,1)

To test the assumption of the influence of the sign of the polarizing stress
on the nature of the change in the microhardness of the surface (Fig. 2.45), an
experiment was performed. The microhardness of the surface was measured at
a distance of 15... 20 um from the edge of the side face (Fig. 2.42, zone 6) at
positive and negative stress values. The voltage value was selected from the
graph of Fig. 2.43 from the condition of its maximum effect on microhardness,
which was £1.5 V. The results of measurements in the form of graphs are pre-
sented in Fig. 2.44.

The graphs show that the sign of the relative change in the microhardness
of the surface is inverse to the sign of the polarity of the stress on the sample.
The nature of the relative change in microhardness from the load on the inden-
ter is polyextreme.

In our opinion, this is caused by the complex evolution of the relationship
between such competing phenomena as the generation, movement, and inte-
raction of dislocations and their clusters against the background of the influ-
ence of the energy state of the surface (Fermi energy). At negative voltage on the
sample, the surface density of electrons, and with it the specific surface energy
increases, which leads to an increase in surface microhardness compared to
its initial value (Fig. 2.44, curve 1), with positive polarization, the opposite
happens — when microhardness decreases (Fig. 2.44, curve 2). Thus, we
obtained indirect confirmation of our assumptions about the correlation of
the change in the surface density of electrons with the change in the micro-
hardness of the metal surface.

Earlier, during research at Eshar CHP [1], it was found that alternating
electromagnetic fields in a wide range of frequencies appear in the CND in
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Fig. 2.46. Influence of a magnetic field  HV, kg/mm’
on change of microhardness of a surface 300
of a sample from steel 20X13 measured

1 ___—0
at various loadings on an indenter: 1 — ykz &
without a magnetic field; 2 — in a mag- 200
netic field )}/{(Z

100 -

the wet steam electrization zone (Fig.
1.17). In this regard, the effect of al- . . . . .
te'rnating electric fields with frequen- 0 40 80 120 160 P,gf
cies of 20, 200, 2500, and 20,000 Hz

and a voltage of 10 V on the microhardness of the surface of a prismatic sample
of 15X11M® steel was studied. Microhardness was determined at three diffe-
rent indenter loads: 10, 20, and 100 gf. The results of measurements in the form
of graphs are presented in Fig. 2.45.

The graphs show that variable electric fields in the range from 200 Hz to
20.000 Hz have a significant effect on the plastic deformation of the surface
layer of the 15X11M® blade steel. The greatest relative decrease in microhard-
ness is observed at an indenter load of 10 g (HV 0.01) up to 30% and at an in-
denter load of 20 g (HV 0.02) up to 18%. When the load on the indenter in-
creases to 100 g, the relative decrease in the microhardness of the surface is in
the range of 5—10%. The obtained results show that electromagnetic fields also
harm the resistance of the metal.

Because the currents generated in the flow part create magnetic fields and
magnetize the turbine parts, a study of the effect of a constant magnetic field
on microhardness when identifying a blade steel sample was carried out. The
change in the microhardness of the sample surface under the conditions of
exposure to the side face of a permanent magnet with a magnetic induction of
0.31 T was observed. The results of measurements in the form of graphs are
presented in Fig. 2.46.

The data shown in the figure indicate that the constant magnetic field
weakens the resistance of the blade steel 20X13 to plastic deformation during
micro indentation in the entire studied range of loads (in grams) on the in-
denter (P €10; 20; 30; 50; 70; 100; 150; 200). In this case, the magnetic field
has the maximum effect on the plastic deformation of thin surface layers (up to
2.5 pum). For example, the relative decrease in surface microhardness in a
magnetic field, measured at indenter loads of 10 g (insertion depth 4 = 1.8 pm)
and 50 g (insertion depth / = 3.1 um), was 30 and 12%, respectively. 2.46). With
a further increase in the penetration depth by increasing the load on the in-
denter from 100 g to 200 g, the relative decrease in the surface microhardness
due to the magnetic field does not exceed 7... 8%. Based on the obtained data,
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it can be concluded that the magnetization of the blade material can affect
the resistance of the surface to mechanical stress. However, this change is ob-
served at a significant level of magnetic induction, which exceeds the values of
the magnetic field generated in the flowing part. And this impact requires more
detailed research.

Analysis of the results presented in this subsection. 2.5 allows us to make
the following conclusions:

o the electric field, both constant and variable, acting on the surface of the
blade steel sample changes the microhardness within plastic deformation;

o the maximum reduction of microhardness in a thin surface layer of steel
can reach the value of about 30%. As a result, when the impact of ero-
sion-hazardous droplets and an electric field are combined, the damage may be
higher than in the case of neutral droplets.

Conclusion and main outputs in section 2

Experiments on the influence of steam flow on the surface of
the blade steel showed that the charged dispersed medium is an additional fac-
tor that intensifies the degradation of the blade steel surface. The nature of the
effect of charged steam flow depends on the speed of contact of the flow with
the steel surface, the sign of the charge, the physicochemical properties of the
working environment in which the interaction takes place, the initial state of
the metal surface, and its electrical potential. In conditions close to the existing
processes in the flow part of the turbine (in the vacuum system), the positively
charged flow has the greatest strengthening effect on the metal surface.

An important feature of the effect of steam flow on the metal surface is the
general hydrogenation, which is shown in almost all modes of blowing the sur-
face flow. In the above studies, it was shown that the highest amount of ab-
sorbed hydrogen was in grounded samples exposed to both positively and, to a
greater extent, negatively charged steam.

It has been experimentally approved that there is no direct relationship be-
tween the hydrogen concentration and the change in strength properties. This
is because in these experiments the proportion of diffusion-mobile hydrogen,
which makes the main contribution to the softening, was not determined. Gi-
ven that the effect of ionic currents under certain modes of ionization of the
steam flow has a significant effect on the strength properties of the steel surface
layer, we can assume that these modes increase the proportion of hydrogen
introduced into its surface in the diffusion-mobile state, in our case H".

In addition, the presence of charged droplets in the steam flow causes a
volumetric charge, which generates an electric field of the flow, thereby having
an additional effect on the strength properties of the surface layer of the blade
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material. An important factor is the polarity of the electric field potential, which
depends on the nature and degree of change in the surface energy of the metal.

Summarizing the obtained data, we can conclude that the change in the
properties of the working fluid as a functional erosion medium as a result of
electrization causes a significant increase (relative to neutral wet steam) in elec-
trochemical processes. This changes the kinetics of the accumulation of da-
mage to the surface layer of the metal due to the joint course of several negative
processes: drip-shock action; electrochemical processes due to mechanical
and structural-chemical inhomogeneity of the surface; hydrogen absorption;
changes in mechanical properties under the action of an electric field. Moreover,
the greatest contribution to changes in mechanical properties is made by the
absorption of hydrogen. According to preliminary estimates, the complex ne-
gative drip shock and electrophysical influence on the metal surface reduces the
incubation period and intensifies the erosion-corrosion process by about 2 times.

Indirect confirmation of this conclusion is in the research conducted by
Doctor of Technical Sciences O.L. Shubenko and presented in [25].

The basis for the study were experimental data on the development of erosion
zones of the last stage of the turbine TK-200 (Poland) in two sections 0.784 and
0.588 length of the working blade of the last stage. Fig. 2.47 shows the kinetic
curves obtained by the author of this work by approximating the experimental
data of field tests (curves 1 and 2) and calculation by a universal mathematical
model of erosion, taking into account all major factors of metal degradation (ex-
cept electrophysical) from the mechanical action of drops (curves 1" and 2').

As can be seen from Fig. 2.47, curve 1 differs significantly from curve 1’,
and curve 2 differs from 2’ to a lesser extent. These features of the kinetic cur-
ves are interpreted as follows. It is known from field experiments on turbines
that the degree of electrization of the steam flow and, accordingly, the elec-
trophysical impact on the blade is greatest in the peripheral region. Namely,
here the greatest discrepancy between approximating curve 1 and universal
curve 2 (almost 2 times) is observed.

In the middle section of the blade, where the electrization of the flow is in-
significant, the divergence of curves 2 and 2’ is minimal.

The divergence of curves 1 and 1’ by almost 2 times in the peripheral part
is an additional factor explaining the effect of electrophysical phenomena on
the degradation of the blade surface, which was not previously taken into ac-
count in the modeling of these processes.

The above ideas define a general approach to solve the problem of redu-
cing the damaging effects of charged droplets on the surface of metal parts: it is
necessary to neutralize the ion flux before contact with metal surfaces, or radi-
cally reduce droplet moisture in contact with the surfaces of the flowing part.

The main conclusions for section 2.
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The solution to this problem allowed obtaining the following important
scientific and practical results:

e it has been experimentally identified that when blade steels come into
contact with the flow of wet steam, the concentration of hydrogen in the metal
increases, regardless of whether the steam is charged or neutral. However, in the
case of contact with charged steam, the concentration of sorbed hydrogen is the
highest (in the experiments increased by 5—10 times or more);

e it has been identified that the impact of a positively charged flow reduces
the strength properties of the surface layer of the blade material by 30—50%;

o the effect of a negatively charged flow has little influence on the strength
and may not have a destructive effect and even, as some results have shown,
somewhat strengthens the surface;

e it is established that the working fluid as a functional medium, its chemi-
cal composition significantly affects the resistance of the surface layer of the
blade material to mechanical impact;

e it has been identified that the microhardness of the surface layer of the
blade material changes when exposed to an electric field. Depending on the
magnitude and sign of the electric potential on the metal surface, the micro-
hardness can increase or decrease up to 12%;

e at the uneven distribution of the charged droplet moisture in a flowing
part, and also at its accelerated movement there is a variable electric field with a
frequency of 20 kHz. It is established that the influence of a variable electric
field in a given frequency range leads to a change in the microhardness of the
surface layer of the blade material, and the magnitude of the effect depends on
the frequency. The maximum reduction of microhardness in the surface layer
up to 2 pm thick can reach 35% in the frequency range f = 2.5—20 kHz.

The presented results can be useful for improving the physical modeling
and methodology of bench tests for the strength and reliability of blade materi-
als by taking into account previously unknown electrophysical factors identi-
fied in the course of this study.



CHAPTER 3

THERMAL ELECTROPHYSICAL STUDIES

OF THE INFLUENCE OF ARTIFICIAL IONIZATION
ON THE EFFICIENCY OF EXPANSION

OF A WET STEAM FLOW IN A TURBINE

3.1. Features of the thermodynamic
process of expansion of the supercooled
steam flow in the turbine

The process of steam expansion in the flow path of the turbine
from the saturation line to the Wilson zone differs notedly
from the expansion of superheated steam. The expansion of
superheated steam is similar to the expansion of an ideal gas
since it occurs without any phase transformations. In the re-
gion below the saturation line, the expansion process can pro-
ceed either without condensation or with condensation. In
the case of expansion with condensation, the change in the
parameters of the steam differs significantly from the change
in the parameters of the ideal gas. Due to the release of the
heat of condensation, the decrease in temperature slows down,
and part of the steam turns into a liquid state, which leads to
a decrease in the mass of the steam component, the isentrope
index changes, and, accordingly, the work of expansion.

Real processes of steam expansion in the two-phase region
are always of a nonequilibrium nature. Due to the deficit of
condensation nuclei, the actual moisture of the steam turns
out to be below the diagrammatic one and the steam is to a
greater or lesser extent supercooled. It is known that in a Wil-
son chamber, pure water steam, free of dust and air, can un-
dergo a reversible adiabatic expansion (increase in volume) by
25% before liquid is formed [40]. With this expansion, the
temperature of the steam turns out to be lower than the satura-
tion temperature f;by the value At, which is called the super-
cooling value. Supercooled steam is in a metastable (unstable)
state, in which it cannot remain for an arbitrarily long time.
After some time, condensation will begin and the steam will
enter an equilibrium state. In the flow path of the turbine from
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the moment of reaching the saturation state to the entrance to the condenser,
steam is no more than ~107*s. This time is not enough for its transition to
an equilibrium state without a sufficient concentration of condensation nuclei.
In addition, in contrast to the Wilson chamber, the expansion process does
not stop in the flow path of the turbine, which makes it impossible for the steam
to reach an equilibrium state before entering the condenser. Subcooling 10—
15 °C, which can persist even after the last stage of the turbine at both increa-
sed and reduced pressure in the condenser [41], is accompanied by a change
in the thermodynamic parameters of steam and leads to a decrease in the
generated power.

In power heat equipment, phase transitions are preceded by a metastable
state of the working fluid. The evaporation of water in steam generators ope-
rating at subcritical pressures is preceded by overheating, the magnitude of
which can vary from fractions of a degree to tens of degrees. Condensation
of steam in the flow path of the turbines is preceded by subcooling, the magni-
tude of which, as a rule, reaches tens of degrees. Depending on the concentra-
tion of condensation nuclei in the steam flow, the transition from the metastable
to the equilibrium state can occur gradually or abruptly. As the supercooling
increases in the steam flow, a certain amount of moisture is formed, however,
the heat released in this case is not enough to heat the steam to the saturation
temperature. As a rule, during expansion in the turbine flow path, until sponta-
neous condensation occurs, the steam moisture remains close to zero [42].
When spontaneous condensation occurs, the steam moisture increases abruptly
but never reaches the diagrammatic value. Since the process of expansion of
steam in the flow path of the turbine continues until the exit from the last stage,
some supercooling persists even after spontaneous condensation. The amount
of hypothermia is determined by the dependence

(.XM Txp)-r

CPM

At =

where x,, is the actual degree of dryness of the steam; x, — equilibrium
(diagrammatic) degree of steam dryness; c,,, — average heat capacity of steam
in the temperature range t; — t,,, where t,, is the temperature of the super-
cooled steam.

Since the heat of the phase transition is very high (2300—2400 kJ/kg),
even a slight deviation of the actual degree of dryness from the diagram-
matic one leads to a noticeable supercooling of the steam.

When designing the expansion process in a turbine stage, steam parameters
in the two-phase region are traditionally determined from the equilibrium ,
S-diagram without taking into account supercooling and enthalpy changes,
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which, strictly speaking, is not permissible. Not taking into account the su-
percooling of steam in a stage operating in a two-phase region can lead to a
large error in determining both the available heat drop and in determining
the efficiency of the stage.

When designing the expansion process in the h, S-diagram in the two-
phase region of wet steam, it should be mentioned that since the enthalpy of
supercooled steam h, . is greater than the enthalpy of steam in the equilibrium
state h, ., the available heat drop H, ., of the non-equilibrium process turns out
to be less, than the equilibrium process Hy; .qua -

If the supercooling in the turbine stage reaches 32—35 °C, then the avai-
lable heat drop, found from the equilibrium h, S-diagram, turns out to be
overestimated by 10—12 kJ/kg. With a heat drop of ~ 140 kJ/kg typical for a
wet-steam stage, this will amount to 7—8%. In the next stages, where super-
cooling can reach 10—12 °C, the available heat drop decreases in comparison
with the one determined by the equilibrium 4, S-diagram by 3.5—4 J/kg, which
can be from 2 to 3 % of the heat drop per stage.

At the expansion rates existing in the turbine stages, the supercooling
of steam can reach 32—35 °C [42—44]. With such supercooling, the specific
volume of steam decreases in comparison with the equilibrium volume by
8—9%, which leads to a corresponding decrease in the volumetric steam flow
through the stage and a decrease in the power generated by the stage. When
spontaneous condensation occurs, the moisture and temperature of the steam
increase abruptly. In contrast to the Wilson chamber, the process of steam
expansion in the flow path of the turbine does not stop until it enters the con-
denser. Therefore, after spontaneous condensation, the state of the steam re-
mains to a greater or lesser extent non-equilibrium.

Until recently, the lack of real methods of controlling the process of vo-
lumetric condensation of steam was a constraining factor in the development
of this direction. Unfortunately, the attempts made to control the process of
steam condensation in the phase transition zone have not yet found industrial
application. The use of chemical additives in feed water to create condensation
nuclei is costly due to the need for continuous reagent addition. In addition,
decomposition products of chemical reagents can negatively affect the reliabi-
lity of the turbine plant. Charged particles (ions and electrons) can serve as
nuclei of condensation. However, too few such charges are generated in the
phase transition zone due to natural electrization. It is known [1] that such a
charge density in the phase transition zone is 10''—10* C/m?*, moreover, the
charges are concentrated in a relatively small number of drops of film primary
moisture. A charge density sufficient to influence the volumetric condensation
process is reached only after the last stage of the turbine, where the steam
expansion process has already been completed. The most suitable for practical
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Fig. 3.1. Nozzle: 1 — tube @4 mm; 2 — tube &3 mm; 3 — profile plates; 4 — flat plates;
5 —case; 6 — pin; 7 — screw; 8 — nut

use is the method of creating condensation nuclei due to artificial ionization of
the steam flow in front of the phase transition zone [45].

3.2. Experimental studies
on artificial ionization of steam flow

To carry out experimental studies in this direction, a thermodynamic stand
was created at the IPMash NAS of Ukraine, the schematic diagram of which is
shown earlier in Fig. 2.29.

Let us remind you that the stand consists of the following independent
interconnected systems, which include the constituent elements indicated on
the stand diagram: steam, circulation, vacuum, condensate, boiler feed, steam
ionization, and measurement system.

One of the main elements of the experimental stand is a flat embarrassing
diffuser supersonic nozzle (Fig. 3.1). The nozzle channel is formed by two pro-
file (3) and two flat (4) glass plates. Holes with a diameter of 1.5 mm are made
in the upper profile plate of the nozzle for pressure measurement. In Fig. 3.1 the
indicated holes are noted by numbers 1, 2, 3 ... 9. They indicate the numbers
of the pressure measuring points.

It is known that a decrease in supercooling and prevention of a conden-
sation jump in steam can be achieved due to additional heterogeneous con-
densation nuclei. In this experiment, a corona-type ionizer was used to create
heterogeneous condensation nuclei. The principle of operation of the ionizer is
as follows. Steam, flowing through the high-voltage electric discharge zone
located between the tip of the electrode needle and the inlet plane of the nozzle,
is ionized, and the amount of heterogeneous condensation nuclei (electric
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charges) created in this way is controlled by the amount of current passed
through the ionizer (see Fig. 2.19).

When carrying out studies to determine the effectiveness of the effect of
ionization on the steam expansion process, it was important to know the po-
larity of the voltage supplied by the electric discharge device.

To assess the influence of the polarity of the voltage applied to the electro-
de on the flow parameters, a special experiment was carried out. One of the
main methodological conditions for experimenting was to carry out all tests at
a constant mass flow rate of steam G,= const.

In the regime with the initial steam temperature equal to the saturation tem-
perature t,, positive or negative voltages of different magnitudes were applied to
the electrode. For each value of the magnitude and polarity of the voltage, measu-
rements were made of the current in the ionizer circuit, as well as the pressures
at 7 and 8 points of the supersonic part of the nozzle (j = 0.7 and j = 0.8), in
which the greatest influence of ionization was observed. The pressures at the
same points were also measured without applying a voltage to the electrode.
Fig. 3.2 shows the dependences of the change in pressure Ap at the indicated
points on the current in the ionizer circuit at different voltage polarities.

Comparison of the change in pressures Ap, and Ap, at points 7 and 8 of the
supersonic part of the nozzle at the same current values showed that the effect
of ionization at a negative voltage is 1.4—1.5 times greater than at a positive one.
On this basis, subsequent tests, in which the corona ionizer was used, were car-
ried out with negative charges, including the experiment presented below.
During the experiment to determine the effect of ionization on the efficiency of
the expansion process, a corona electric discharge device was used in compliance
with the following main characteristics of the nozzle and steam parameters:

e steam consumption through the nozzle G,= 0.00115 kg/s;

e the area of the outlet section of the nozzle F=1.418 - 10~ m?;

e steam pressure in front of the nozzle p,= 59 kPa;

e pressure in the zone of sudden expansion p, = 5.99 kPa;

e the heat of steamization in the zone of sudden expansion x = 2415.3 kJ/kg;

e the specific current of the corona discharge in the experiment is | =
=3.2-107A/(kg/s).

Studies of the steam expansion process in an axisymmetric nozzle have
shown that the nature of the pressure changes significantly in the process of
steam ionization. In this case, charged particles are formed from neutral steam
molecules under the action of an electric discharge device.

he change in the relative value of the steam pressure along the nozzle is
shown in Fig. 3.3.

As the neutral steam expands behind the nozzle throat, a decrease in the pres-
sure gradient is observed, which is caused by spontaneous condensation. When
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Fig. 3.2. Dependences of the pressure change at points 7 and 8 of the nozzle flow path
on the current in the corona ionizer circuit

Fig. 3.3. Distribution of relative pressure along the length of an axisymmetric nozzle:
I — neutral steam; 2 — charged steam
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Fig. 3.4. Steam expansion process in h, S-diagram (the subscript «e»
denotes the process during steam ionization)

the ionized steam expands, the pressure decreases uniformly along the entire
length of the nozzle (Fig. 3.3, curve 2) and the process approaches equilibrium.

When the steam flow is ionized, the degree of steam dryness at the nozzle
exit decreases from 0.991 to 0.9718, and the enthalpy decreases from 2601.5 to
2557.5 kJ/kg (Fig. 3.4). As a result, the amount of phase transition heat used in
the nozzle increases by 44 kJ/kg, which increases the efficiency of the expansion
process from 0.52 to 0.933. The maximum moisture of neutral steam at the out-
let from the nozzle does not exceed 1.5% (with adiabatic — 3.5%). In ionized
steam, the moisture can reach 3.4%, which is very close to adiabatic, i.e. the
process is approaching equilibrium. The positive effect is achieved due to the
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action of the ionizer, which forms in the volume of steam numerous hydra-
ted ions (additional nuclei of heterogeneous condensation), which are a comp-
lex of an ion and associated electrostatic forces of water molecules. They are
«frozen in» into the steam flow and, getting into the volume of saturated and
supersaturated steam, intensify the condensation process, thereby reducing the
level of supercooling of the process.

It should be noted that such a process and an increase in efficiency corres-
pond only to this nozzle. Nevertheless, it can be argued that due to the more
complete use of the heat of condensation during the ionization of steam, the
tendency to increase efficiency should remain for any process of steam expan-
sion, including in real turbines.

3.3. Determination of a rational zone
of thermodynamic parameters for artificial
ionization of a wet steam flow

For the practical implementation of this approach, it is very important to de-
termine the thermo-gas-dynamic parameters of steam at which hydrated ions
are stable (tenacious) and do not collapse both in the zone of temperatures of
slight overheating (the zone before the phase transition) and in the zone of low
pressure, i.e. it is necessary to determine the boundaries of the thermodynamic
parameters of steam expansion at which the ionization process will be effective.

It is especially important to know the maximum values of steam pressures
and temperatures at which the action of the ionizer initiates and intensifies
the beginning of the steam condensation process.

These values can be identified through numerous experiments on the
bench, which makes it possible to determine the efficiency of the steam expan-
sion process with and without ionization. However, in addition to the diffi-
culties of this approach, it should be noted that determining the steam para-
meters corresponding to the beginning of condensation is quite difficult too.
The change in pressure and temperature in the nozzle, the values of which
are fixed in the experiment, in this case ambiguously determine the point of
condensation beginning, since the process is influenced by such factors as losses
arising in the nozzle and at its exit, which are difficult to take into account
when carrying out experiments. In addition, the result is affected by the mea-
surement accuracy.

Therefore, another quite simple and original approach to solve this problem
was proposed using both a barrier ionizer (BI) and a corona discharge (CD).

For these purposes, optical probes were used, which perceive in the visible
part of the light spectrum changes in the optical density of the steam flow de-
pending on the moisture according to the values of the output current of the
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Fig. 3.5. Scheme of the working section of the steam stand with a barrier ionizer and
optical probe: I — steam inlet chamber; 2 — valve; 3 — barrier ionizer; 4 — steam
line; 5 — outlets of the BI heater winding; 6 — pressure sensor; 7 — thermocouple;
8 — nozzle; 9 — outlet pipe; 10 — optical probe

probe. The value of the difference between the values of the current of the opti-
cal probe in the neutral and the charged flux in these experiments was used to
estimate the ionization efficiency. The greater the difference in the values of
the indicated currents (the greater the fog density), the higher the ionization
efficiency.

For these studies, a thermodynamic steam test bench was taken as a basis
(Fig. 2.29). The diagram of the modernized section of the stand with the BI
and the optical probe is shown in Fig. 3.5.

A similar modernization of the stand was also carried out for the corona
discharge device. At this stage of the research, it was planned to evaluate the
boundary parameters of temperatures and pressures at which ionization is
effective, as well as to determine and compare the performance of the barrier
and corona electric dischargers.

During the experiments in all operating modes of the stand, the values
of the current of the optical probe of the neutral and charged steam flows
were recorded at different values of the initial temperature of the steam in front
of the nozzle.

For performance tests, a number of pressure values were adopted, typical
for a number of wet-steam stages of the LPC turbines, p,: 112.8; 127.5; 142.2;
156.9; 176.5 kPa. At the highest value of p,, a near-critical pressure drop across
the subsonic nozzle was ensured, as well as reliable operation of the stand ele-
ments. The values of the initial temperatures and the ranges of their change
were determined during the experiments.

In Fig. 3.6—3.8 as an example, the study results obtained in some operating
modes of the stand are given.
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Fig. 3.6. Dependences of the optical probe current in the visible part of the light spec-
trum in a neutral and charged BI flow of steam on its initial temperature at an initial
pressure of 112.8 kPa: I — neutral steam; 2 — charged steam

Fig. 3.7. Dependences of the optical probe current in the visible part of the light spec-
trum in a neutral and charged BI flow of steam on its initial temperature at an initial
pressure of 142.2 kPa: I — neutral steam; 2 — charged steam
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As seen from Fig. 3.6—3.8, for each value of the initial pressure p ,there is a
range of initial temperatures in which the effect of ionization on the state of
the steam flow behind the nozzle is observed. This is evidenced by the change
in the probe current in the visible part of the light spectrum in the flow of
non-ionized (neutral) and ionized (charged) steam at the same initial tempe-
rature. As the initial temperature rises, the ionization efficiency decreases. This
is explained as follows.

In a charged steam flow, as mentioned above, hydrated ions arise, which,
when the steam expands and its temperature decreases to the saturation tem-
perature or close to it, are additional centers of condensation. The higher the
concentration of such ions, the more steam condenses and the greater the mois-
ture density due to the greater amount of moisture in the flow. Therefore, its
transparency decreases, and the probe current decreases. With an increase in
the initial steam temperature t,, i.e. with an increase in steam superheat, the
kinetic energy of water steam molecules increases, the number of steam mole-
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cules deposited on charged particles decreases, and the mass of hydrated ions
and their number also decreases. In this case, the amount of condensed steam
decreases, and the transparency of the flow increases. Consequently, the differ-
ence between the values of the optical probe current in the neutral and charged
flux decreases. With a further increase in the initial steam temperature, the ki-
netic energy of water steam molecules becomes so large that they are not re-
tained on charged particles in the zone of the barrier or corona discharge of the
ionizer. In this case, hydrated ions are simply not formed and condensation
nuclei are absent. Therefore, it is inappropriate to speak about the «survivabili-
ty» of hydrated ions in this case. In this case, steam condensation does not oc-
cur. The transparency of the flow does not change; therefore, the current of the
neutral steam probe, which has the greatest value, is equal to the current of the
charged steam probe. The higher the initial pressures, the higher the initial tem-
perature f,, and the equality of the probe current of neutral and charged steam
occurs, ie. I,,"=1,”. So, for example, in the mode with p ,= 112.8 kPa, the
equality of the probe current of the neutral and charged steam occurs at t ;= 145
°C, and in the mode with p,=176.5 kPa - at t ;= 160 °C (see Fig. 6 and 8). Thus,
in the investigated range of initial pressures in front of the nozzle p;112.8 +
176.9 kPa, the maximum values of the initial temperatures ¢, , at which the
effect of steam ionization by the barrier ionizer is no longer observed, are in the
range of =150 + 160 °C.

The results of the study of the influence of ionization of the BI steam on the
parameters of the steam flow made it possible to determine the maximum
values of the initial temperatures t,,,, in all studied modes, in which the in-
fluence of ionization is no longer observed, and the current of the optical probe
of the neutral steam is equal to the current of the charged steam (Fig. 3.6—3.8).
Naturally, the use of steam ionization at temperatures equal to or greater than
tomae dO€s not make sense.

In this case, with increasing pressure p,in front of the nozzle, t,,,, increases,
and the ionization efficiency decreases. The same will be observed with a de-
crease in the temperature of the expanding steam in the flow path of the wet
steam stages of the turbine.

As a result of the research, lines of equal level were obtained (Fig. 3.9),
which reflect the degree of efficiency of steam ionization with a change in pres-
sure and temperature, and their boundary values were determined.

It follows from what has been said before that, in the investigated range of
initial pressures, the effect of vapor ionization is most effective at a temperature
close to the saturation temperature and its effect is practically absent when ¢,
increases to ;.-

Similar studies, with the same regime parameters of the steam as the expe-
riments with BI, were carried out with a corona ionizer (CI). Based on the test
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3.3. Determination of a rational zone of thermodynamic parameters for artificial ionization

Fig. 3.9. Steam ionization efficiency de- o
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at the selected pressure were ob-
tained.

The upper limits of the maximum temperature and steam pressure for ex-
periments with IC at the same steam parameters at the nozzle inlet as in expe-
riments with BI were found.

To determine the lower limit of the effect of steam ionization on the flow
parameters in the flow path of the nozzle, it was sufficient to use the previously
obtained results of studies carried out on the above stand, which were carried
out at various minimum possible values of the initial pressure in front of
the nozzle. The ionization efficiency was determined in these experiments by
the magnitude of the decrease in the relative pressure in the nozzle outlet. In
this case, the initial temperature of the steam was chosen so that the super-
heating of the steam was maintained for all the accepted values of the pressure
in front of the nozzle in the range of 30—72 kPa. The research results are
shown in Fig. 3.10 in the form of the dependence of the relative change in
pressure on the steam pressure in front of the nozzle during ionization. At a
maximum pressure of p,= 72 kPa, the change in Ap is 8—8.2%, and at a pressure
of p,= 30 kPa, the effect of ionization is practically absent.

The result of the previously presented experiment at p,= 59 kPa (Fig. 3.2) is
also plotted in Fig. 3.10 and is in the zone of effective steam ionization (point N).

Thus, when the turbine stages operate in wet steam, where the steam den-
sity is low (pressure p, < 30 kPa), the use of an ionizer to reduce losses from
iupercooling of steam may be ineffec- 030 40 50 60 70 p, kPa

ive. - . . .

The studies carried out made it Sl M
possible to determine the area of the . 3\1
most effective steam ionization in the — ~4 ¢
ol e
Fig. 3.10. Relative pressure change at the sl *‘
nozzle outlet on the initial pressure du- ‘
ring ionization Ap, %
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A t=155°C

t=117°C
B t=103°C

t=93°C

Fig. 3.11. The area in the h, S-diagram of water steam, including the parameters at which
steam ionization is most effective: ABCD — during BI ionization; EFCD — with ioni-
zation CI

h, S-diagram (Fig. 3.11), which is especially important for the practical im-
plementation of this method.

As a result of the studies carried out, it was shown that ionization of
steam based on BI and CI is effective in the zone of the found rational flow
parameters.

It was found that if ionization occurs in the field of a barrier discharge, a
quasi-neutral wet steam is formed. This and previous experiments give grounds
to believe that such a discharge will not have a significant effect on electro-cor-
rosive processes in the flow path. At the same time, the effectiveness of influen-
cing the parameters of the flow of wet steam often exceeds the indicators ob-
tained with a corona discharge.

However, the practical application of such a discharge device is accompa-
nied by great difficulties, and therefore the author prefers the corona ionizer
since it is easy to manufacture and practical to operate. In addition, as shown by
special studies presented in Section 2, with a negative polarity of the flow, ioni-
zation practically does not have a significant effect on the deterioration of the
surface strength of the metal, which means that such a (corona) current ionizer
is effective both in terms of efficiency and reliability.

3.4. Determination of the dispersion
of an artificially ionized flow

For the practical implementation of the considered approach,
it is no less important to have information about the flow dispersion resulting
from steam ionization, since it is known that the presence of large droplets in
the flow leads to a decrease in the efficiency and reliability indicators.

In more detail, we will be focused on determining the dispersion of the
flow.
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3.4. Determination of the dispersion of an artificially ionized flow
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Fig. 3.12. Changing the diameter of droplets in a wet steam flow

It is known that the sizes of the drops formed during condensation de-
pend on the concentration of nuclei and diagrammatic moisture at the end of
the expansion process

3G-Y
= 3————
4T-n-p
where 7, is the radius of the drops, m; G — steam consumption through the
channel, kg/s; Y — diagrammatic steam moisture; » is the number of drops
formed in the steam flow per second, 1/s; p is the steam density, kg/m’.

Since each nucleus can contain no more than one elementary charge [46],
the number of drops at the end of the expansion process is equal to the number
of condensation nuclei and can be determined by the magnitude of the electric
current carried by the steam flow,

n =

e >

I
e
where 7, is the number of condensation nuclei carried by the steam flow, s;
I is the current carried by the steam flow, A; e — elementary electric charge
(1.6-10°C).

By changing the concentration of condensation nuclei in front of the
phase transition zone due to a change in the current value, it is possible to
change the droplet size at the end of the expansion process. Fig 3.12 shows
the dependence of the droplet diameter at the end of the expansion process

91



Chapter 3. THERMAL ELECTROPHYSICAL STUDIES OF THE INFLUENCE

on the concentration of condensation nuclei achieved by ionization and on the
degree of steam moisture.

Concerning the conditions of our experiment (Fig. 3.4), for example, when
a corona discharge was used to create condensation nuclei in a steam flow, at
a moisture of 3.5% and a concentration of condensation nuclei (charges) of
10" — 10" kg™, necessary for an equilibrium expansion [47], the droplet size
is ~ 0.4—0.8 microns (Fig. 3.12). The value of the corona discharge current I_,
to provide the desired concentration of condensation nuclei depends on the
flow rate of steam flowing through the corona discharge field G and the specific
corona discharge current J.

I.=J-G,
where ( )
n,-e

J= c

Since some of the charged particles arising in the corona discharge zone
settle on grounded surfaces, when determining the required value of the corona
discharge current, one should take into account the utilization factor of the co-
rona discharge 14

J-G I
Io:(—)> ncd.:_s’
g:cd. cd

where I is the value of the current carried by the steam flow.

The results of laboratory studies have shown that the efficiency of using
the corona discharge current can be n_4 > 0.01. With this value of 1, the spe-
cific current of the corona discharge should be ~ 3.2 - 107 A/(kg/s), which
coincides with the value of the specific current, which was used in our expe-
riment (Fig. 3.4).

Thus, during the ionization of steam with a specific current providing a
charge concentration of 10" —10" kg for conditions close to the equilibrium
state, the droplet size should not exceed 1 micron.

It is important to note that the energy consumption for steam ionization, as
shown by numerous experiments, is 0.03—0.15% of the energy released during
condensation on ions.

The obtained theoretical results of the formation of finely dispersed mois-
ture when exposed to a flow by a corona discharge were also confirmed in the
process of specially carried out field tests.

In these experiments, an optical probe developed at MPEI-CKTI (Fig. 3.13 a
was used to measure the moisture content and droplet size, with the help of
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3.5. «Vitality» of condensation nuclei formed during steam ionization
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Fig. 3.13. Traversing the flow downstream of the last stage with an optical probe: a —
optical probe for measuring moisture and droplet size «MPEI-CKTI»; b — change in
dispersity and moisture on time-based approach depending on changes in the charge
of the flow

which the corresponding measurements of the flow dispersion were made di-
rectly in the turbine operation mode, using a specialized vacuum chamber.
Changes in the dispersion and moisture content of the flow with time under the
influence of a corona discharge are shown in Fig. 3.13 b. The zone of switching
on the corona electrodes from 21 h 46 min to 22 h 00 min.

From Fig. 3.13 b, it can be seen that artificial ionization initially leads to an
increase in moisture and droplet size (up to a certain limit d = 0.8 um), with the
subsequent stabilization of the dispersion. A further increase in moisture oc-
curs due to an increase in the number of condensation centers with a fixed
droplet size.

3.5. «Vitality» of condensation
nuclei formed during steam ionization

It is not always possible to place a device for ionizing a steam
flow directly in the phase transition zone and has to be installed at some dis-
tance from this zone. In this case, it is necessary to know how «tenacious» the
nuclei of condensation are. To answer this question, special studies have been
carried out. A barrier discharge was used to ionize the steam (see Fig. 3.14).

From the steam boiler 1, dry saturated or superheated steam was supplied
to the barrier discharge chamber 2, then through the steam line 3 to the nozzle
4, and then the free stream 5 was diverted through the pipe 6 outside the la-
boratory window. When a stream of steam escapes into the atmosphere, its
temperature rapidly decreases, reaching the saturation temperature. An insig-
nificant part of the steam condenses on the solid particles and ions contained
in the air, as a result of which a transparent, barely perceptible fog is formed
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Fig. 3.14. Outflow of a stream
of water steam into the atmos-
phere: 1 — steam boiler; 2 —
barrier discharge chamber; 3 —
steam line; 4 — nozzle; 5 —
steam stream; 6 — pipe for
removing steam; a — outflow of
neutral steam; b — the outflow
of ionized steam

(Fig. 3.14 a). When steam is ionized (Fig. 3.14 b), a dense fog is formed. In
this experiment, a copper tube with an inner diameter of 8 mm and a length
of 1 to 2 meters was used as a steam line. Even though the steam line was
grounded, the nuclei of condensation in the steam flow persisted not only when
dry saturated steam was supplied from the boiler, but even steam superheated
by several degrees. Under the action of a barrier discharge, positive and ne-
gative hydrated ions with almost the same concentration are formed in the
steam volume, i.e. the steam flow remains quasi-neutral. Since the mobility
of hydrated ions is much less than molecules, they are «frozen in» in the
steam flow and, as its temperature decreases, increase in size due to conden-
sation. The formed hydrated ions are very stable and are not destroyed even
with some overheating of the steam. When the steam temperature drops below
the saturation line, steam begins to condense on them.

Thus, as a result of the experiment, it was found that the ionization of steam
can be carried out at a certain distance from the condensation zone, which
allows the electric discharger of the steam flow to be placed outside the flow
path of the turbine. In this case, it is recommended to use a barrier discharge.

3.6. Evaluation of the effectiveness
of artificial ionization
of the steam flow in the LPC

To begin with, let’s consider the known method of dosing
chemical additives such as octadecylamine (ODA) in feed water, which al-
lows, by reducing the surface tension of the liquid phase, to intensify the cru-
shing of drops. In this case, initially on ODA molecules, heterogeneous con-
densation develops, and then the effect of active fragmentation of droplets into
additional centers occurs, which integrally, due to the intensification of con-
densation, gives the effect of reducing hypothermia. Full-scale tests with the
use of ODA were carried out on turbines with a capacity of 12 MW, TPP
«Georgiy Dimitrov» and KA-70-30 in Reinsberg. A short-term increase in effi-
ciency of more than 2% was found [48]. However, this technology has not
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3.7. Field studies of the efficiency of ionization of supercooled steam

become widespread, since it turned out to be expensive due to the need for
continuous use of the reagent. In addition, with long-term use of ODA, the re-
agent products have a negative effect on the reliability and efficiency of the
turbine: there is a hydrophobization of the heat exchange surfaces of the en-
tire boiler-turbine path, which reduces the intensity of heat exchange; impulse
tubes of control and protection devices are clogged; when cleaning surfaces,
hidden fistulas appear, etc.

We are proposed, an equivalent approach, where ionized steam rather than
chemical additives are used to intensify the condensation process. In this case,
in contrast to ODA, the activation of the process of heterogeneous conden-
sation occurs on ions and the fragmentation of large droplets in the flow into
small ones — under the action of an electric field. Considering that positive
effects during steam ionization, such as a decrease in losses from hypother-
mia, droplet size, etc., are comparable to the use of ODA, and in some cases
even exceed these indicators, then when using ionization, the same can be ex-
pected (at least 2%) increasing the efficiency of the turbine unit.

3.7. Field studies of the efficiency
of ionization of supercooled steam

Based on the results presented above, it can be argued that an
artificial increase in the charge density in the flow path of the turbine could re-
duce the amount of supercooling of the steam and increase the efficiency of the
wet-steam stages. Unfortunately, it was not possible to carry out direct full-scale
tests on steam ionization directly in the flow path of the turbine. However, to
answer the question a full-scale experiment described below was carried out.

In the course of the experiment, the temperature distribution in the steam
flow downstream of the last stage of the T-250 / 300-240 turbine (TPP-5,
Kharkiv) and the effect of the space charge on the steam temperature were in-
vestigated. A universal probe was used to measure charges, temperature, and
total and static pressure of the steam flow (Fig 3.15).

To control the flow charge, a space charge neutralizer was used, installed
on high-voltage insulators along the entire perimeter of the diffuser at a dis-
tance of 500 mm from the outlet edges of the rotor blades (Fig 3.16).

The design of the neutralizer (see details in Section 5.2) allows it to be used
not only for neutralizing the space charge in passive (neutralizer is grounded)
and active (high voltage is applied to the neutralizer) modes but also in con-
trolling the charge formation process on the working blades of the last stage
turbines due to changes in the electric field strength directly behind the impeller.

During the research, it was found that in the flow zone with coordinates X
= 500 mm, where the flow rate for this mode did not affect the thermocouple
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Fig. 3.15. Combined probe

readings since it was close to zero, the
steam temperature remained practically
constant and it was below the saturation
temperature by the entire surface of the
probe at 5—8 °C. This indicates the pres-
ence of supercooling of the steam flow.

If there is indeed steam supercooling
at the turbine exhaust, then by changing
the concentration of condensation nuclei
in the steam flow, the supercooling value
can be changed. Since charged droplets or
particles can serve as condensation nuclei,
changing the density of charges in the
steam flow can affect the volumetric con-
densation process, and hence the amount
of supercooling and the static temperature
of the steam.

To determine the effect of the space
charge on the flow temperature at a steady-
state turbine operation, the thermal probe
was installed in the coordinates X = 0; X =

= 300 mm, and the temperature distribution on the probe surface was measu-
red. Then the neutralizer was grounded and the measurements were repeated.
Grounding the neutralizer led to an increase in temperature behind the last
stage along the entire perimeter of the probe surface. At the same time, the tem-
perature at the frontal point increased from 42 to 42.6 °C, i.e. by 0.6 °C. This is
because the neutralizer grounding causes a natural intensification of the forma-
tion of charges on the impeller and the charge density between the blades and

insulators increases.

Fig. 3.16. The layout of the neutralizer and probe behind the last stage of the T-250/
300-240 turbine: I — space charge neutralizer; 2 — working blade of the last stage;
3 — direction of steam flow; 4 — axis of the probe
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Fig. 3.17. Temperature distribution on the probe surface in the X = 300 mm coordinate:
I — initial mode; 2 — voltage across the neutralizer (-) 4.6 kV; 3 — saturation tempera-
ture in the condenser

The same picture is observed when the neutralizer is turned on in active
mode (Fig 3.17). When a voltage of -4.6 kV is applied to the neutralizer, the
temperature rises along the entire perimeter of the probe.

Fig 3.17 shows that when voltage was applied to the neutralizer, the tempe-
rature increased from 38 to 39 °C, i.e. by ~1 °C. In this case, the intensification
of condensation and an increase in temperature were caused by the active forced
ionization of steam by charges flowing from the neutralizer.

Thus, the conducted full-scale experiment shows the possibility, by in-
creasing the charge density, to reduce the value of steam supercooling, which
means that it justifies the prospects of this approach for increasing the efficiency
of a turbine plant.

Conclusions

e the developed approach allows: to intensify of the process
of steam condensation in the form of fine moisture (the droplet size does not
exceed 0.4—1 microns); to reduce film condensation and the concentration
of coarse moisture; to reduce the level of hypothermia and condensation
unsteadiness in the flow path;

e various options for the use of discharge devices in a turbine were consi-
dered and presented and it was found that the most preferable in terms of pro-
duction and operational parameters is a corona electric spark gap that repro-
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duces negative charges, a barrier source is more difficult to manufacture but can
be effectively used if installed outside the turbine housing;

e the range of parameters at which steam ionization is most effective is de-
termined, which is especially important for the practical implementation of this
method;

e the concentration of condensation nuclei, at which the steam expansion
process tends to equilibrium, is 10"*—10"° kg™, and the energy consumption
for ionization is 0.03—0.015% of the energy released during condensation
on ions.

A set of scientific studies has shown that steam ionization can be used to
increase the efficiency of turbine stages operating in a two-phase region. Pre-
liminary estimates based on the analysis and comparison with methods similar
in purpose (for example, using chemical additives) showed the possibility of
increasing the efficiency of a turbine plant by 1.5—2%.



CHAPTER I

INFLUENCE OF WATER-CHEMICAL

REGIME (WCR) ON ELECTRIZATION

OF WET STEAM FLOW WITHIN CHANGING PH,
INDICATORS OF RELIABILITY AND ECONOMIC
EFFICIENCY OF THE TURBO UNIT

4.1. Influence of water chemistry
on electrization of the steam flow

The main task of the chemistry of each TPP and CHP is to
ensure the operation of heat-power equipment without da-
mage and decrease in efficiency, which can be caused by the
following reasons:

e formation of sedimentations on the heating surface of
boilers, in the flow path of the turbine, in the condenser;

e formation of sludge accumulation in the boiler water,
feed water path;

e corrosion of the internal surfaces of heat and power
equipment.

Normalized indicators for sodium, silicic acid, electrical
conductivity, total hardness, iron, and copper content are cur-
rently the main requirements for the formation of water che-
mistry for TPP and CHP, the implementation of which ensures
the minimization of the above negative consequences.

The determination of the fact of presence in the flow of
various densities charges (from 10" to 10~ C/m’) in the flow
path and behind the last stage and the significant influence of
this phenomenon on the erosion-corrosion processes of de-
gradation of blades of low-pressure pump turbines served as
the basis for study the relationship between electro physical
phenomenon and various WCR, their influence on the indi-
cators of reliability and efficiency. Such studies introduce the
need for additional standardization of the water chemistry pa-
rameters that affect the charge formation of wet steam.

One of the main parameters of water chemistry is pH,
therefore, in this study, the task was to determine the effect of
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pH on the performance and reliability of the turbine. The study of the elect-
rization of the wet steam flow and the dependence of these processes on the
chemical composition of the working medium was started by the author in the
80s of the last century, and in 1992 the natural experiments were carried out
directly at CHP (Eskhar) [1]. During these studies, the first attempt was made
to determine the change in turbine efficiency depending on various pH values
(8.2—9.5). However, it was not possible to determine any influence of pH on the
efficiency of the turbine in these experiments but for the first time important
results on the electrization of the flow were obtained during the experiment in
natural conditions. The technical literature contains very scanty information on
works in this direction. So, for example, in [8], which was discussed in Section
1, it was suggested that the electrization of the flow, which depends on the
parameters and properties of the steam medium, has an insignificant effect on
reducing the efficiency of the turbine plant and requires additional research in
this direction. Deserves attention to the work [ 49], in which the author
investigated the processes of electrization of pure steam with the addition of
ammonia on an experimental stand. Despite the inconsistency and ambiguity
of the results obtained in real conditions, he determined the fact of some
influence of ammonia on the rate of charge formation: the addition of ammonia
led to a decrease in the intensity of charges in a flow with negative polarity.
Unfortunately, the work did not establish any regularity in the process of charge
formation from different pH values. At the same time, the authors do not
propose any explanations for these phenomena based on the results obtained.
There is also no information in the literature on field studies in this direction.
All of the mentioned above require a more thorough and concrete analysis
of these issues.

Comprehensive studies were carried out in this direction in IPMash NAS of
Ukraine, including experimental ones described earlier in Sec. 1 on the elec-
trization, of the air-droplet flow depending on the pH in the range from 8.0 to
9.6, where it was found that increasing pH from 8.0 to 9.0 the electrization
current gradually decreased to zero and with further increasing pH to 9.2, the
current reversed its polarity and then increased. In our opinion, the mechanism
for the formation of charges on water droplets in air and steam flows remains
practically the same. This allows us to assume a similar pattern of the considered
phenomena in airborne droplets and steam flows. A clear confirmation of this
conclusion is the results of studies carried out on full-scale objects. To clarify
the possibility of controlling the charge formation process in the flow path of a
steam turbine by changing the pH value of the feed water, special studies were
carried out at an 800 MW turbine at the Navajo station (Arizona, USA). The
experiment was carried out in collaboration with Sonoma Research Company
on behalf of the US EPRI.
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During the experiment, to obtain  Iprobe, ym
the required pH value of the feed water,
the required amount of ammonia was 5|
added to the feed water. To determine
the volumetric density of charges in the 1}
steam flow of the turbine, an electric
probe similar to that described in Sec. 0
1.2. The research results are shown in .,__———-‘I/T/ . .
Fig 4.1. 82 84 86 88 90 pH

It can be seen that an increase in
pH from 8.2 to 8.8 units causes a de-
crease in the probe current to zero, and
with a further increase in pH to 9.2, the
probe current reverses its polarity and sharply increases. The pH of the
condensate formed in the flow part of the turbine has not been measured, but
[50 ] shows that the pH of the condensed moisture moves downward, i.e., into
the acidic region. Based on the results of the experiments, it can be concluded
that by changing the pH of the feed water, it is possible to control the process of
charge formation in the turbine’s wet steam flow.

Thus, under natural conditions, the determining influence of pH on the
electrization of the steam flow has been convincingly shown.

If in the previous experiment, the process of charge formation in a zone of
already sufficiently high moisture was considered, then at the second stage of
research it was no less important to study the process of formation and ac-
cumulation of charges in the steam flow at the beginning of the phase transi-
tion zone and the effect of different water-chemical regimes on the value
of the generated charges. The studies were carried out jointly with the MPEI
staff at the ET-12 stand at the MPEI. Stand ET-12 is a specially equipped tur-
bine with 750 kW [19 ]. Determination of the bulk density of charges in a wet-
steam flow was carried out under various water-chemical regimes, including
ammonia (AWR): pH = 9.3, C(O,) < 10 pg/kg; neutral (NWR): pH = 8.2,
C(0O,) <10 pg/kg; oxygen (OWR): pH = 8.2, C(O, ) = 150—450 pg/kg.

During the experiments, the dispersion of the droplets and the degree of
steam moisture behind the last stage of the turbine were constantly monitored
by an optical probe.

At the regimes with steam moisture of 0.1, 1.0, and 1.7%, steam humidi-
fication occurred naturally — due to the triggering of a heat drop in a two-row
speed stage, while the proportion of the formed secondary (coarse) moisture
is small, less than one percent. Modes with moisture Y= 3.0 and 4.0 % were
achieved due to the operation of the upstream stage and additional injection of
feed water into the receiver located in front of the turbine.

Fig. 4.1. Dependence of the probe cur-
rent on the pH of the feed water (800 MW
turbine)
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Fig. 4.2. The change in the volumetric charge density depending on the water chemistry,
at Yo ~ 1.5%: I — volume charge density; 2 — mass steam moisture

Fig. 4.3. Changes in the volumetric charge density when dosed into ODA steam at dif-
ferent chemistries

At all WCRs, the volumetric charge density was determined with the fol-
lowing steam parameters in the measurement zone: overcooling AT =2—3 K;
moisture Y ~ 0.7% and ~ 1.5%.

The main results obtained with the electric probe are shown in Fig. 4.2.

As seen from Fig. 4.2, a decrease in the concentration of ammonia leads to
a significant increase in the volumetric density of the measured charge, from
initial values to 20.8 - 10~'° C/m’ with positive charge polarity on the AWR,
to 79 - 107'°C/m’ with negative charge polarity on NWR. At the same time, the
moisture degree did not change.

During the experiment, it was found that an increase in steam moisture
from 1.5% to 4% is accompanied by a sharp increase in the bulk density of
charges, approximately 2 times.

Interesting results were also obtained in the course of studies on the chan-
ge in the volumetric charge density upon the introduction of ODA into the
steam path in front of the experimental turbine. During the experiments, the
concentration of octadecylamine in the primary droplets formed in the flow
of condensing steam, in liquid films taken from the surface of the channel
under study, and in the steam in front of the turbine was monitored.

In the course of the experiment, the following study was carried out: wet
steam with pH = 9.3 flows around the sensor on AWR + O,, ODA is introduced
into the steam, which leads to a decrease in the volume charge density by 1.9
times (see Fig. 4.3). Further, the transition to NWR with pH = 8.0 is carried out,
while dosing into ODA steam leads to a decrease in the charge by 4.9 times.
From the above experiment, it follows that with a decrease in the pH value of
the steam, the influence of ODA on the charge value increases, which means
that ODA can be used as a factor that reduces the charge density in the flow.

Analysis of the results obtained in the course of laboratory and natural
experiments showed the following:
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* in the range of pH values from 7.0 to 9.6, which are currently implemen-
ted in water chemistry at operating CHP and TPP, the processes of electriza-
tion of wet steam occur in different ways, both in magnitude and in polarity;

e with an increase in pH from 7.0, the electrization current has a negative
potential, decreases to zero (in the pH zone 8.8—9.0)!" , and with a further
increase in pH, the concentration of charges increases with positive polarity;

e in the considered water-chemical regimes, both positive and negative
charges are present in the wet steam flow in the phase transition zone;

e in condensing steam with a finely dispersed structure of the liquid phase
at the beginning of the phase transition zone, there are electric charges on
all the considered WCRes, their bulk density at steam moisture Yo = 1.7% is
about -7 - 10”° C/m’;

e an increase in the degree of steam moisture from ~ 1.5% to 4% (the
appearance of coarse moisture) leads to a sharp increase in the bulk density of
charges, by about two orders of magnitude;

o the introduction of ODA into steam in all the considered water-chemical
regimes leads to a significant (2—4 times) decrease in the bulk density of
charges, which is very important, if necessary, to control the processes of charge
formation.

4.2. Thermal electrophysical studies

of the influence of water chemistry (pH) of feed
water on the efficiency of the steam expansion
process in the flow path of a supersonic nozzle

To study the effect of water chemistry on the possibility of
changing the flow characteristics, a thermodynamic stand was used, designed
to study electrophysical phenomena in the flow path of a supersonic nozzle
and presented in detail in Sec. 2 (see Fig. 2.28 and Fig. 2.29).

On this stand, experiments were carried out to determine the influence of
the pH of the feed water on the absolute pressure in the nozzle and on the
efficiency of steam ionization. The design of the stand allows to use of pure
with the addition of ammonia and ionized steam for research. Different pH
values of feed water were obtained by adding a dosed amount of ammonia to
the distillate, and ionized steam — using a special discharge device. The main
idea of this experiment was as follows: since the pH of the flow, as shown by
the earlier studies, can contribute to natural electrization, it is necessary to
check whether the additional condensation nuclei formed in this case are
sufficient to reduce the level of supercooling and increase the efficiency of the
expansion process in a supersonic nozzle. The experiments were conducted at
constant steam pressure upstream of the nozzle, and the initial temperature was
changed in a range from the saturation temperature of 89.5 to 100 °C. During
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experiments with different pH values feedwater pressure measurements we-
re performed at several points in the flow part of the nozzle at neutral and
charged steam. Fig. 4.4 shows the dependences of the absolute values of the
pressures of neutral and charged steam at point 7 in the outlet zone of the
tlow path of the nozzle, in which the greatest influence of ionization was
observed, obtained at different pH values of the feed water depending on the
initial temperature of the steam in front of the nozzle.

As seen from Fig. 4.4, the absolute pressures of neutral and artificially
charged steam practically do not change at all studied pH values of the feed
water and mainly depend only on the initial steam temperature. Although a
slight decrease in the pressure of the initial neutral steam is noted at pH = 8.2, it
is incomparable with the effect of using ionization.

This experiment once again convincingly confirmed the effectiveness of
artificial ionization, which makes it possible to organize a sufficient number of
condensation nuclei to achieve an almost equilibrium process of steam
expansion and showed that the pH of the feed water practically does not affect
the absolute values of the pressures in the flow path of the supersonic nozzle
during natural electrization (Fig. 4.4, curve 1), nor to an increase in the effi-
ciency of artificial ionization of steam (Fig. 4.4, curve 2), and hence, in general,
to the efficiency of the expansion process.

As for the effect of pH on the efficiency of a real turbine itself, taking into
account that pH can affect the rate of charge formation and the fact that a steam
flow with a high charge density in its entire volume can have a noticeable
effect on the efficiency of a turbine as was in tests on turbine T-37/50-8.9 [1]
(neutralization of charges in the flow in this experiment made it possible to
reduce the pressure downstream of the last stage by 150 Pa and increase the
power by 140 kW), then, despite the results obtained in laboratory conditions,
it was necessary for cogency to conduct tests on full-scale objects as well. Such
tests were carried out on an 800 MW turbine unit in the USA at the Navajo
CHP. The studies were carried out in a wide range of pH changes (7.0—9.6),
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which made it possible to change the concentration and polarity of charges in
the flow (Fig. 4.1). In the course of these tests, it was found that the changes
made in the water-chemical regime during operation do not significantly affect
the change in the power value. For the sake of fairness, it is necessary to say
about some inaccuracy of these studies, carried out on our instructions by
American specialists, since changes in the pH value did not record changes in
other (except for power) parameters, for example, steam consumption. Under
conditions of automatic maintenance of the set power, the flow rate could
decrease, which may indicate an increase in efficiency.

The absence of the expected effects is explained by the following cir-
cumstances: in the initial zones of the phase transition, where, as a rule, there is
a high level of supercooling, the number of condensation nuclei naturally
created by the flow is visibly insufficient (several orders of magnitude less than
necessary) for a tangible effect on the thermodynamic process. At the same
time, a high density of native charges, as noted earlier, takes place in the
zone of the last stage. But at this point, the level of overcooling of the flow is
already minimal and the possible achievable effect due to the polarization of the
droplets is neutralized by the loss of electrostatic forces directed against the flow
at the exhaust.

Based on the research carried out by the author and other works in this area,
it should be stated that a change in pH during the formation of water chemistry
does not lead to any noticeable increases in the efficiency of the turbine.

4.3. Influence of water chemistry
on the reliability indicators of turbine blades

The movement of a charged stream of wet steam where the
volumetric charge density and velocity of charged particles are changed, the
phenomena of fragmentation, merging, and corona of charged droplets take
place, it is accompanied by the induction of secondary charges and currents
in parts of the flow path, as well as by the appearance of electromagnetic
radiation in the zone of the last stages and the exhaust pipe.

As shown earlier in Sec. 2, all these phenomena can have a significant effect
on the state of the surface strength of the blades and be a complementary
factor to the mechanical (drop-impact) degradation of the metal, as well as
the electrical erosion of the rotor bearings.

Let us recall the main results of research in this direction:

e the impact of a positively charged flow softens the surface layer of the
blade (reduces the resistance of the metal) by 30—50%, the flow with negative
polarity minimize the destruction effect;

e the microhardness of the metal can increase or decrease up to 12% de-
pending on the magnitude and sign of the constant electric field, and the effect
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of an alternating electric field with a frequency in the range from 2.5 kHz to
20 kHz (close to real conditions) leads to a decrease in microhardness by 35%;

o All the above results and conclusions on the strength characteristics of
the elements of the turbine unit are directly interconnected with WCR for the
preparation of feed water, since, depending on the amine content, both in-
tensification (or minimization) of natural processes of charge formation and a
change in their polarity occur. Consequently, taking into account the above
circumstances, it is necessary, in our opinion, to supplement the require-
ments for choosing such pH values that would allow minimizing the condi-
tions that accelerate the degradation of the blade and bearing metal into the
main indicators of water chemistry regulation, taking into account the above
circumstances. According to our results of field studies, the pH values should be
in the range of 8.8—9.1 [51]. At the same time, it should be understood that
for each turbine unit, these operational indicators of the working environment
will be determined individually using appropriate measurements of the charge
densityandapproved onlyifthey donot contradict more significant technological
standards. The proposed standardization of water chemistry for charge
formation in a wet steam flow will extend the service life of the LPC blades and
reduce the likelihood of electroerosive destruction of bearings.



CHAPTER 5

DIAGNOSTIC METHODS AND MEANS

OF INCREASING RELIABILITY

AND EFFICIENCY INDICATORS

DEVELOPED BASED ON ELECTROPHYSICAL
PHENOMENA IN A TURBINE

5.1. Diagnostics of the concentration
of erosive moisture

Large and small drops have one very significant difference.
Drops formed in the course of volumetric condensation are
always electrically neutral, while large (erosion-hazardous)
droplets formed upon stripping from the surfaces of the
flow path carry a surplus electric charge. This difference can
be used to control the presence and change in the concen-
tration of large dispersed moisture in the steam flow of the
turbine, which is extremely important for predicting the ero-
sional destruction of the rotor blades. The diagram of the
formation of charges on drops when moisture strips off the
edges of the working surfaces is shown in Fig 5.1.

The main mechanism of droplet electrization is associa-
ted with the rupture of the electric double layer when the
droplet is detached from the blade edge (guide or working) or
from another surface.

This circumstance allows for determining the distribu-
tion and changes in the concentration of large dispersed mois-
ture in the steam flow by measuring only the probe current.
The design of the electric probe and the measurement tech-
nique are described in detail in [1, 19]. Even though the elec-
tric probe does not allow measuring the total moisture con-
tent of the steam and the dispersion of moisture in the
steam flow it can be used (due to its extremely high reliabili-
ty and simplicity) to continuously monitor the distribution
and relative change in the concentration of erosive moisture
along the turbine stage height.

The electric probe used in the research consists of an in-
sulated metal sphere with a diameter of 10 mm, a holder, and
a rod for installing and moving it in the steam flow of the
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Fig. 5.1. Charge formation diagram in steam flow
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Fig. 5.2. Electric probe: 1 — receiver element (sphere); 2 — electrode; 3 — framework;
4 — insulator; 5 — puck; 6 — washer; 7 — rubber ring; 8 — puck; 9 — puck; 10 — bar;
11 — cable; 12 — sleeve; 13 — rubber ring; 14 — washer; 15 — puck; 16 — puck;
17 — rubber ring; 18 — electrode output

turbine. The design of the probe is shown in Fig 5.2. Such a probe allows mo-
nitoring of the change in large dispersed moisture when changing the opera-
ting mode of the turbine.

A sluice device is used to install an electric probe into the steam stream
and extract it from the steam stream without stopping the turbine. The installa-
tion diagram of the sluice device in the turbine exhaust pipe is shown in Fig 5.3.

To install the sluice device during the shutdown of the turbine, holes were
coaxially cut in the wall of the exhaust pipe and in the visor of the exhaust dif-
tuser. The guide tube of the sluice device is installed and welded into these holes.
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Fig. 5.3. Installation diagram of the sluice device in the turbine exhaust
pipe K-325-23.5
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Fig. 5.4. Distribution of large dispersed moisture along the height of the
blade of the last stage K-325-23.5

To obtain information about the distribution of large dispersed moistu-
re along the stage height at various operating modes of the turbine unit, the
electric probe was moved along the radius using a coordinate device. When the
turbine was operating at nominal power, the electric probe current was mea-
sured in various coordinates along the stage height. The change in the probe
current is proportional to the relative change in the concentration of large dis-
persed moisture in the steam flow.

The distribution of large dispersed moisture obtained at the nominal ope-
rating mode of the turbine is further used as a basis for comparing the results
of measurements with other modes.

Fig. 5.4 shows the distribution of large dispersed moisture along the blade
height of the last stage blade K-325-23,5 (Ne = 300 MW, t,, = 545 °C).
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Fig. 5.5. Erosion of the working blade of the last stage of
the LPC turbine K-300-23.5 after 87,000 hours of operation

Fig 5.4 shows that the maximum amount of large dispersed moisture is
concentrated at the tip of the blade in the region of 30—100 mm, and then it
decreases. At a distance of 385 mm from the top of the blade, a shroud wire is
installed, in the area of which the concentration of large dispersed moisture is
reduced, practically, to zero. In the root zone, a decrease in the amount of
large dispersed moisture is also observed. Based on this, it can be concluded
that the most intense erosive wear occurs at the tip of the rotor blades.

This conclusion is confirmed by the practice of operating the K-300-23.5
turbines.

The blades of the last stages of the K-300-23.5 turbine have maximum ero-
sion wear in the range of 0—90 mm from the top (Fig. 5.5).

Thus, to predict the intensity of erosive wear of the rotor blades using a
stationary electric probe, it is sufficient to place it behind the last stage opposite
the tip of the blades at a distance of 20—50 mm.

5.2. Nevutralizer of the volumetric
charge of the steam flow in the turbine

In the case when it is impossible to prevent the formation of
charges in the steam flow of the turbine by changing the chemical composi-
tion of the feed water or by suppressing the process of charge formation, the
volume charge in the steam flow can be reduced using neutralizers. Both active
and passive neutralizers can be used to neutralize the space charge. To neutra-
lize the space charge, it is necessary either to increase the conductivity of the
medium or add charges of equal quantity and opposite sign to the bulk. In the
first case (the method of increasing the conductivity of the medium), the
volumetric charge decreases due to the flow of charges from the bulk to the
«ground». In the second case (compensation method), there is a mutual neu-
tralization of the charges of the same sign in the bulk and the added charges
of the opposite sign. The method for increasing the conductivity of the medium
is simpler. The compensation method is more effective, but it requires a high

110
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accuracy of supply of compensating charges to the
bulk, otherwise either incomplete compensation or
overcompensation occurs and a charge of the op-
posite sign is formed in the bulk.

Structurally, the neutralizer can be made in the
form of two half-ring electrodes (Fig. 5.6), installed,
for example, on support insulators on the outer wall
of the exhaust diffuser.

The electrodes are made of a steel bar with a
diameter of 16 mm. Sharp pins 5 mm in diameter
and 160 mm in length are installed on the electro-
des with a pitch of 100 mm between the support
insulators.

Due to the fact that the electrodes of the neu- Fig. 5.6. General view of the
tralizers are installed on support insulators it allows  tyrbine exhaust converter
to use the neutralizer in both passive and active
modes. Each neutralizer electrode has its own high-voltage terminal, which
can be used for independently grounding or supplying voltage to each neut-
ralizer electrode.

To determine the efficiency of the neutralizers, a special lock chamber
was installed in exhaust zone, through which, during the experiment, either
gas-dynamic or electric probes were inserted. The probes were moved using a
coordinate device along the radius of the impeller allowing us to measure the
distribution of charges in the flow and its gas-dynamic characteristics.

Fig. 5.7 shows the results of testing the neutralizer.

g9,, mC/m’
1.5
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0 100 200 300 400 500 600 X,m

Fig. 5.7. Change in the volumetric density of charges in the steam flow along the radius
of the last stage in three modes of the neutralizer (coordinate X = 0 corresponds to the
top of the rotor blade): I — initial mode (neutralizer is off); 2 — passive mode (neu-
tralizer is grounded); 3 — active mode (voltage -7 kV applied to the neutralizer)
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It can be seen that when neutralizing electrodes are grounded (passive
mode) in the region from the top of the stage at a distance of ~ 250 mm, almost
complete neutralization of the space charge occurs. In the range from 250 to
650 mm, the density of charges in the steam flow decreases approximately
two times. In the active mode, when a voltage of -7 kV is applied to the elec-
trodes of the neutralizers, almost complete neutralization of charges in the re-
gion from 300 to 650 mm from the top of the stage is ensured, but overcom-
pensation is observed near the top, as a result of which the charge in the flow
changes its sign to the opposite. By changing the voltage on the neutralizer the
degree of neutralization of the steam flow can be changed as well.

Studies have shown that a passive neutralizer is simpler and more reliable
than an active neutralizer does not require maintenance during operation and
has a fairly high efficiency. Therefore, to neutralize the volumetric charge after
the last stage of the turbine, it is suggested to use a passive neutralizer.

The result of neutralizing the flow downstream of the last stage, as pre-
viously shown in the subsection. 1.5 reduces back pressure and reduces flow
pulsations arising from electrostatic processes, thereby increasing the efficiency
of the turbine unit.

5.3. Methods for reducing erosion-
corrosion processes from the effects
of electrized large dispersed moisture

5.3.1. Estimative method for removing moisture
from the channels of the guide apparatus
of the last stage of a wet steam turbine

In the case of electrization of wet steam, a flow-through system
of ion transport occurs in the steam flow of the turbine with accompanying
electrophysical phenomena, see Fig. 5.8.

Parts of the surface of the flow path with moisture films dispersed on
them act as electrodes — ion emitters. The result of the flow of ion current and
electrophysical phenomena in the flow path is electrochemical degradation of
the surfaces of the flow path. The most dangerous, from the point of view of
hydrogen saturation, as it was previously established, is the positive ion cur-
rent carried by large dispersed moisture. In this case, in addition to the mecha-
nical effect of moisture, erosive moisture has an additional negative factor
affecting the metal as the effect of electrically charged drops. Considering this,
the most effective method of dealing with the damaging effect of charged ero-
sive-dangerous moisture is to minimize its contact with the surfaces of the
rotor blades. A promising method for solving this problem is the method
of removal of estimative moisture. In the technical literature on these issues,

112



5.3. Methods for reducing erosion-corrosion processes from the effects of electrized large

Ton collector electrode

g Steam flow
with ions
Neutral I:> Ton collector
steam flow electrode
—>

T T
9

Fig. 5.8. Ion transport system in the flow path

several patent solutions are presented by such companies as Rateau (heating
with hot water through channels along the guide blades), Siemens AG (electric
heating of blades), CEM company (heating steam is supplied to the hollow
blade through a tube that is lowered almost to its root, and then sucked into
the condenser through a hole in the periphery) and many other authors.

In 1996, CKTI developed a heating system for hollow guide blades, which
ensures complete condensation of the heating steam during heat exchange. This
technical solution was patented by a team of authors from CKTI and Turbo-
atom [52]. However, the proposed method has many disadvantages: uncon-
trolled heating of the blades, which does not allow the blades to be heated to the
optimum temperature; different operating modes of the turbine are not taken
into account, at which the optimal temperature for heating the blades is diffe-
rent. There is no diagnostic device for determining the presence or absence of
large dispersed moisture escaping from the guide blades. There are turbine ope-
rating modes in which the wet steam stage operates in superheated steam or
with low moisture. In these cases, it is either unnecessary to heat the blades or
the heating must be reduced so as not to reduce the efficiency of the turbine.

Unlike the CKTI patent, the authors of IPMash proposed an improved ver-
sion of estimative moisture removal, taking into account the electrization of
moisture in the flow [53], based on a (electric) probe that monitors the presence
of large dispersed moisture in the last stage. The design of such a probe is pre-
sented in detail in Sec. 5.1, its functioning is based on the processes of for-
mation of large dispersed moisture in the last stages of the LPC.

The developed method for preventing the formation of large dispersed
moisture in a wet steam turbine stage includes controlled utilizing a thermo-
couple installed on the outer surface of one of the blades, heating of all blades of
the stage guide vane to the optimum temperature, depending on the operating
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Fig. 5.9. Estimative method for removing moisture from the channels of the guide
blades: a — an electric probe behind the turbine impeller; b — longitudinal section
of the turbine stage and the cross-section of the guide blades; ¢ — diagram of the flow
of heating steam in the guide vane of the stage and the place of installation of the plugs
separating the drainage holes from the rest of the cavity in the rim of the guide vane

mode of the turbine and determined by the minimum content of large disper-
sed moisture in the steam flow acting on working blades of the stage, measured
with an electric probe. The blades are heated by steam taken from one of the
previous wet-steam stages directed into the inner cavities of the hollow blades
of the guide blades, and then steam in the form of condensate or steam-water
mixture is discharged through the drain holes into the turbine condenser. The
regulation of the steam consumption for heating the guide blades according
to the feedback signal from the electric probe makes it possible to exclude inef-
ficient use of steam and significantly increase the efficiency of the moisture re-
moval system. The electric probe is a stick electrode installed downstream of
the last stage of the turbine (Fig. 5.9 a). Erosive droplets are electrically charged
and, when hitting the probe, cause an electric current. The intensity of the cur-
rent signal depends on the amount of erosive moisture and makes it possible to
organize a feedback system to control the heating of the blades.

Below are the Figures from the patent of Ukraine No. 113131 [53], illustra-
ting the technical solution.

In Fig. 5.9 b, position 1 is an electric probe that records the charge of the
steam flow; 2 — temperature control thermocouple. In Fig. 5.9 ¢ 3 — the drain
hole on the left and right is separated from the cavity in the rim of the guide
vane by plug 4, which made it possible to pass the same amount of heating steam
into the blades, heat all blades to the same temperature, and also to exclude
perforating flow of a part of the heating steam past the blades into the capacitor.

High efficiency of moisture removal is achieved due to the controlled hea-
ting of the guide blades to the optimum temperature, measured by a thermo-
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Fig. 5.10. Block diagram of the guide vane temperature control system

couple mounted on the outer surface of the blade. The optimum temperature
of the sensor depends on the operating mode of the turbine, the steam con-
sumption for heating the blades and is determined by the minimum amount
of large dispersed moisture in the steam flow behind the rotor blades of the
stage, measured with an electric probe.

For the technical implementation of blade heating, an Automated Control
System ACS (120) can be used, the block diagram of which is shown in Fig. 5.10:

The technical implementation of such a system is associated with the so-
lution of the problem of creating an appropriate design for a compact steam
supply regulator, which can be used in conjunction with a modernized dia-
phragm of the last stage.

5.3.2. Method of reducing the flow charge
by correcting the water-chemical regime
and material properties (coatings)

Experimental studies of the process of formation and accu-
mulation of the space charge of the steam flow from the water-chemical regi-
me carried out on the 750 kW turbine of the MPEI ET-12 stand and on the
800 MW turbine, showed that the water-chemical regime affects both the inte-
nsity of steam electrization and the electric polarity [1]. In our opinion, this
may be due to the following reasons.

A change in the water-chemical regime, which leads to a change in the
pH of the working fluid, can be accompanied by a change in the surface ten-
sion forces of water condensate. It is logical to assume that the nature and in-
tensity of the destruction of the water condensate film, and hence the double
electric layer, largely depends on the forces of its surface tension. Therefore, a
change in the forces of surface tension of the condensate caused by a change
in the pH of the working fluid can and should be accompanied by both a chan-
ge in the dispersion of drops towards a decrease or increase in their size, and
the nature and degree of their electrization. What we see in the graphs shown
in Fig. 1.11 and Fig. 4.1.
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Fig. 5.11. Results of measurements of charges after
the last stage of the turbine

The studies presented in Sec. 2, also showed that the most dangerous, from
the point of view of metal surface degradation from charged droplets, is a flow
with a positive polarity, while droplets with negative and neutral signs have a
minimal effect. In addition, it was shown earlier that it is possible to change the
polarity and intensity of charge formation by changing the pH of the medium.
From all that has been said as already noted in the subsection 4.3 it means that
a rational choice of pH can minimize the negative effect of electrization on the
surface strength of the blade by imparting a neutral or negative potential to the
flow, as, for example, was achieved on an 800 MW turbine (see Fig. 5.11).

The technical implementation of the electrization suppression system by
the WCR correction can be performed based on an automated system using a
steam flow electrization sensor.

The solution that minimizes the unipolar space charge in the flow of the
working fluid in the LPC can be both special methods of neutralizing charges
[1], and the use of various metals and coverings of guide blades, consisting of
materials that give a negative or quasineutral sign of the electrostatic charge of
moisture dispersed from them, which, as shown earlier, minimizes the degra-
ding effect from electrophysical influences. In this case, the electrochemical
damaging ability of the working fluid is similar to neutral steam, i.e. minimal.
In this direction, as a confirmation factor of such possibilities to control the
polarity of the flow, one can cite the studies previously presented in the sub-
section 1.2, in which, as a result of experiments, it was found that the polarity of
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the flow depends on the material of the sample (stainless steel gives a positive
sign, and black steel and brass — a negative sign).

Research in this direction should be continued and a technology for coating
materials should be developed to minimize the process of charge formation.

5.4. Improving the efficiency
of the turbine due to artificial ionization
of the steam flow of the LPC

In the previously presented results of experiments carried out on laboratory and
full-scale installations, it was convincingly shown that it is possible to reduce
the loss of flow energy from overcooling and to increase the efficiency of the
steam expansion process due to artificial ionization of the working fluid. In the
course of these studies, the necessary elements of devices and structures were
developed and tested in operational conditions, ensuring reliable and safe ope-
ration of the ionizing steam system. These are a high-voltage unit supplying
the system of ionizing electrodes, providing stabilization, switching off the
current in case of deviations from the specified electrical parameters in emer-
gency modes; designing of bushing (current lead into the turbine) and suspen-
ded (for installing electrodes) high-voltage insulators; electrodes and their fas-
tening elements, etc. The operation of this system during tests for the ionization
of steam in a turbine at various TPPs and CHPs has shown high efficiency
and reliability. Below it is proposed to consider possible options for the imple-
mentation of artificial ionization of a wet steam flow in a turbine.

The greatest effect with the use of corona or barrier discharge ionizers can
be achieved if, at the stage of design and construction of turbines, the location
of the ionizing device is taken into account, which depends on the thermody-
namic parameters of the process, which determine the initial phase transition
zone in the flow path and take into account the most rational parameters steam
for ionization.

When determining the possibility of introducing the results of ionization of
steam at operating power units, problems of a constructive nature arise, since
such a technology was not envisaged in the design. One of these problems is the
choice of the location for the installation of the ionizing device in the flow path
of the operating turbine. So, for example, in K-300-23.5 turbines operating at
many power plants in Ukraine, it is most expedient for all recommended pa-
rameters to ionize steam before the third stage of the LPC, i.e. before the phase
transition zone (Fig. 5.12). At the same time, it is very difficult to carry out a
reliable design of the ionizing device in the indicated place of the existing flow
path of the turbine and this requires serious additional design and technologi-
cal improvements.
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Fig. 5.12. Placement of discharge electrodes for ionization of the steam flow in the flow
path of the turbine: I — discharge electrodes; 2 — insulators; 3 — collector; 4 — zone of
the beginning of condensation; 5 — high-voltage source; 6 — steam flow

Fig. 5.13. Placement of steam flow ionizers in the flow path of the turbine in front of the

first stage of the LPC
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Fig. 5.14. Scheme of external supply of ionized steam to the flow path

The most suitable place for steam ionization in such turbines is the cham-
ber behind the flow path of the medium-pressure cylinder of the K-300-23.5
turbine (Fig. 5.13). From this chamber, steam enters all three streams of the
LPC. However, concerning this turbine, the steam temperature before the first
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stage is ~ 200 °C. The ionization of steam at this temperature, based on previous
studies, becomes problematic, and more research is required.

Considering already presented in subsection 3.5 studies on the «survivabi-
lity» of ionized steam particles when using a barrier discharge, the arrangement
of devices schematically shown in Fig. 5.14 can be considered promising. In this
case, the generation of steam charges is carried out outside the flow path.

Taking into account the research carried out on the selection of rational
thermodynamic parameters at which steam ionization is effective, this techno-
logy can be successfully implemented in geothermal installations for turbines
with the following steam parameters: inlet temperature 80—150 °C and pres-
sure 180—200 kPa.

The considered options for the possible practical implementation of the
ionization of the steam flow, of course, require careful design studies and tests
on model and full-scale installations. Such work will increase the efficiency of
the turbine plant by 2% or more, which is a stimulating factor for manufacturers
of wet steam turbines.

5.5. Study of the possibility of using
physical fields (magnetic and electromagnetic)
to increase the efficiency of a turbine unit

Improving the efficiency of modern steam turbine installations
has been and remains one of the most urgent tasks in the economy sustainable
development. Most of these plants operate on the Rankine cycle with interme-
diate superheating of steam and regenerative feed water heating.

Traditional methods of increasing the efficiency of the Rankine cycle, such
as increasing the initial parameters of the steam, lowering the final pressure are
almost over exhausted.

Some new ways for increasing unit capacities and efficiency of power plants
have been started quite long ago and developed: steam-gas cycles [54]; the use
of multicomponent low-boiling mixtures with a variable temperature of vapo-
rization as a working fluid; the choice of optimal, in the thermodynamic sense,
new working fluids [55, 56].

However, among a few substances with known thermodynamic behavior,
water is still the most preferred working fluid for steam power plants.

A characteristic feature of the presence of phase transitions is a sudden
change at the transition point in the values of the functions of the thermody-
namic state of the working fluid: heat capacity, entropy, enthalpy, isobaric-iso-
thermal potential, and others.

In the case of the second-order phase transition, which can occur under the
influence of force fields and precedes a phase transition of the 1st order, there is

119



Chapter 5. DIAGNOSTIC METHODS AND MEANS OF INCREASING RELIABILITY

no change in entropy, i.e., no heat release or absorption. However, other ther-
modynamic parameters may change significantly.

Currently, studies of the impact on water of fields of various natures,
which can significantly change the thermodynamic characteristics of water
and water vapor, are being intensively developed.

Therefore, it seems appropriate to evaluate how such changes that occur
during a second-order phase transition will affect the thermal efficiency of
the Rankine cycle.

Analytical relations for determining the thermal efficiency of the Rankine
cycle when changing the specific heat of water and the hidden heat of vapo-
rization under the influence of a force field are based on classical thermody-
namics’ laws and the theory of turbomachines.

For the numerical study of changes in the properties of water under the
influence of force fields, the results obtained on an experimental stand, which
was developed and manufactured at IPMash NAS have been used.

The influence of physical (in particular, magnetic fields) on water and wa-
ter systems has been studied for a long time, but until now, the works of dif-
ferent researchers often contradict each other due to the lack of a theoretical
basis that would allow to explain and to apply the results obtained.

All experimental work in this area can be divided into two large groups:

e research aimed at changing any physical and chemical properties of water
to develop the theoretical basis for the influence of external physical fields;

e research aimed at obtaining specific changes in the properties of water
systems to use the results in real technological processes.

In our opinion, most of the studies related to the first group over the past
decade can be represented by the following few works. Valery Shalatonin et al.
[57] in the study of deionized water revealed significant polar-dependent chan-
ges in water ab-sorption in the UV range (180 — 350 nm) and water evapo-
ration. Ran Cai et al. [58] showed a decrease in surface tension and an increase
in the viscosity of water. Yongfu Wang et al. [59] found that the coefficient of
friction in magnetized water at different magnetic field strengths is less than in
untreated water. S. Jawad et al. in a study [60] reported the effect of the magne-
tization process on the chemical and electrical properties of tap water (pH, elec-
trical conductivity). Yanmin Li et al. in their studies [61] showed that a mag-
netic field can increase the freezing point of water and aqueous solution by
about 3.0—5.0 K. Kai-Tai Chang et al. in [62] found that the number of hydro-
gen bonds increases with increasing magnetic field strength. This means that
this field can control the size of the water cluster.

In the second group of studies, we are focused on works related to the ther-
mophysical properties of water. Youkai Wang et al. [63] found an increase in
evaporation by 38.98%, a decrease in specific heat capacity by 3.3%, and a de-
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crease in boiling point by 2%. J.A. Duenas et al. [64] state that the treatment of
deionized water with a magnetic field increases its evaporation by 20%. Yun-
Zhu Guo et al. [65] showed an increase in water evaporation. A. Szczes, et al.
[66] showed that the conductivity of water decreases, and this decrease is in-
versely proportional to the flow rate. E.S. Malkin et al. [67] showed that when
treating water with the help of the Ilios-M electromagnetic pulse apparatus,
a decrease in the specific heat of vaporization of water by 6...10% and spe-
cific heat capacity by 9% was obtained. The maximum effect is obtained at the
maximum pulse frequency.

All of the above works have, in our opinion, several significant shortages:

e it is stated that as a result of the action of the field, some parameter quan-
titatively changes only in one direction, and the magnitude of this change is
proportional either to the absolute value (in the case of a constant field), or to
the repetition rate of perturbing pulses (in the case of an alternating field);

e received, practically, the same result of the impact of the field in the case
of using distilled or tap water as an object of study;

e little attention is paid to the parameters of the water flow and the pa-
rameters of the pipelines through which water flows both in the zone of in-
fluence of the field and in other zones.

However, the results of all experimental works indicate the possibility of a
significant change in the properties of water under the influence of fields of
various physical natures.

One of the first tasks of these studies is to prove that these properties can be
changed both upwards and downwards, which will make it possible to control
the process at different stages of the technological cycle of a steam turbine unit.

For along time, IPMash NAS of Ukraine has been carrying out work aimed
at purposefully changing the thermophysical properties of the working fluid of
heat machines [68]. In experimental work, both the input parameters of water
and the climatic conditions of the work are controlled. The repeatability of re-
sults is up to 60%, because of the lack of accuracy of the measuring equipment
and the probable presence of unaccounted factors affect.

The data obtained to this time allow us to assert that the rate of evaporation
of distilled water can vary between 11% and +16%. The parameters of water
flow and magnetic field induction such as physical and chemical properties, the
optical density of water in the infrared range of wavelengths (+4.1% =+ -1.7%),
and the solubility of oxygen in water change were identified. This fact can be
used when calibrating magnetic systems for maximum impact efficiency. If
we take water with different degrees of purification as an object of study or do
not consider the trajectory and flow velocity, then the results differ radically.
Thus, we anticipate that the thermophysical properties of the working fluid
can be changed due to a second-order phase transition. In this case, under the
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Fig. 5.15. Research stands for measuring the heating rate of liquid media (functional
diagram): 1, 9, 10, 19 — temperature sensors of the surface of the heating chamber;
2, 13, 15, 18 — casing surface temperature sensors; 4-magnetic device; 5, 7, 16, 17 — air
temperature sensors; 6 — inlet water temperature sensor; 8, 14 — water temperature
sensors inside the heating chamber; 11 — conductometric sensor; 12 — voltmeter

action of a force field, hydrogen bonds in a water cluster are replaced by bonds
of ion-ion, ion-dipole, and dipole-dipole interactions. As a result, new clusters
are formed, but with different properties. The numerical values and the direc-
tion of change in properties are determined by the ratio between the number
of new and old clusters, their sizes, and the number of «free» water molecules.

Thus, if the goal of the research is to change the properties of water without
introducing additional chemical reagents into the water, it is necessary to par-
tially destroy and partially deform water clusters. The destruction or defor-
mation of hydrogen bonds is not particularly difficult due to their low energy.
Increasing the return time to the initial state is a significantly more difficult
task. Solving this problem will bring this scientific direction to a new quali-
tative level.

Up to now, there is no information about the reagent-free control of the
thermophysical properties of the working body of TPPs and CHPs and the
change in the efficiency of the thermodynamic cycle associated with this effect.

This paper presents the results of experimental studies on the influence of a
transverse magnetic field on the heat capacity of distilled water. Work was car-
ried out on the stand, the functional diagram of which is shown in Fig. 5.15.

A constant amount of heat was transferred to a constant volume of treated
water. The heating rate was chosen as a criterion parameter. Distilled water en-
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Fig. 5. 16. Device for generating a constant magnetic field

ters the stand input, which has undergone magnetic treatment in a transverse
magnetic field generated by permanent magnets (Fig. 5.16). The magnetic field
strength can be changed.

The stand works as follows: water enters the heating chamber through tap
K2; when tapping K4, structurally located in the upper part of the heating
chamber is open; after filling the heating chamber (this is evidenced by the
outflow of water through the tap K4), the tap K2 is close; in this way, a certain
amount of water is heated. Water can enter the heating chamber at different
flow rates, the value of which is determined by the K2 tap. Flow control is car-
ried out by a rotameter. Measurement of magnetic induction is carried out by
teslameter EM4305.

The work on the stand was carried out according to the following method.
The water was heated from 25 to 70 °C. As an informative temperature value,
the arithmetic mean of the readings of the sensors located inside the heating
chamber was chosen. All temperature sensors mounted on the stand were se-
lected using an exemplary mercury thermometer with an error of 0.1°C.

To provide measurements in real-time, the iButton TMEX™ SDK software
kit by Dallas Semiconductor, US was installed on the PC. To exclude the influ-
ence of the supply voltage of heating elements on the heating rate, this para-
meter was calculated using the formula:

V=45/U-A -,

where: V — the reduced heating rate; U — electric voltage supplied to the
heating elements; A — electric current consumed by heating elements.

The results of experimental studies are shown in the form of graphs
(Fig. 5.17). The final graphs included only those results that were obtained at
the same ambient temperature of 20 °C and a supply voltage of heating ele-
ments of 50V.

The graph (Fig. 5.17) shows that the reduced heating rate during water
treatment with a transverse magnetic field, considering the values of magnetic
induction and water flow consumption, established during the research through
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Fig. 5.17. Change in the reduced water heating rate at a flow con-
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Fig. 5.18. Dynamic evaporation stand (functional diagram): I — water pressure sensor;
2 — total water flow sensor; 3 — tap 2; 4 — rotameter; 5 — tap 1; 6 — pump; 7 — ex-
pansion tank; 8 — magnetic system; 9 — air temperature sensor; 10 — barometric pres-
sure sensor; 11 — relative humidity sensor; 12 — tap 3; 13 — tap 4; 14 — water flow
sensor through the evaporation column; 15 — evaporation column with fan; 16 — ex-
pansion tank; 17 — water temperature sensor before cooling; 18 — water temperature
sensor after cooling

the working section of the magnetic apparatus, can vary within -6% and +5 %.
We believe that this corresponds to a change in the heat capacity of water wi-
thin the same limits.

Along with studies on changing the heat capacity of distilled water on
another stand, the functional diagram of which is shown in Fig. 5.18, work was
carried out to study the influence of a magnetic field on its evaporation.

The evaporation rate was estimated by an indirect method based on the
temperature difference before and after the evaporation column. The results
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Fig. 5.19. Dependence of the temperature difference before and after the
evaporation column in the presence and absence of a magnetic field

obtained are shown in Fig. 5.19. With different magnetic field strengths and
different velocities of the water passing through the working section of the mag-
netic apparatus, the cooling efficiency can change in one direction or the other.

Based on research results, it can be stated that a magnetic field can change
the efficiency of water cooling within the range of -11% + +16%. We believe
that the resulting effect corresponds to a change in water evaporation. Based on
an analysis of literary sources [63, 67, etc.] and on the results of our own re-
search, it can be assumed that an increase in evaporation leads to a decrease in
the specific heat of vaporization and vice versa.

Consequently, in a reagent-free method, it is possible to significantly
change not only such physical and chemical properties of water such as op-
tical density, electrical conductivity, ability to dissolve oxygen, etc., but also
change the thermodynamic characteristics of water as a working medium. At
the same time, there is a tendency for a simultaneous increase or decrease in
specific heat capacity and evaporation or latent heat of vaporization. It should
be understood that the degree of water purification as well as the hydrodyna-
mic parameters of the equipment for moving water, along with the magnitude
of the magnetic field, are of great importance for achieving a positive effect.

We assume that the thermophysical properties of the working medium can
be changed due to a phase transition of the second order. In this case, under the
action of the force field, hydrogen bonds in the water cluster are replaced by
ion-ion, ion-dipole, and dipole-dipole interaction bonds. As a result, new clus-
ters with different properties are formed. Numerical values and the direction of
changes in properties are determined by the ratio of the number of new and old
clusters, their sizes, and the number of «free» water molecules.

Thus, if the goal of the study is to change the properties of water without
introducing additional chemical reagents into the water, it is necessary to par-
tially destroy and partially deform water clusters. The destruction or deforma-
tion of hydrogen bonds does not present particular difficulties due to their low
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1 energy. Increasing the recovery time is a
T much more difficult task. Solving this
problem will bring this scientific direc-
6 tion to a new qualitative level.

Until now, there is no information
about reagent-free control of the ther-
mophysical properties of the working

\ 2! medium of TPPs and CHPs and the
change in the efficiency of the thermody-
namic cycle associated with this effect.
S, S, S Let us theoretically estimate how
this will affect the value of the thermal
efficiency of the Rankine cycle.
Consider the simplest reversible
Rankine cycle without intermediate overheating of steam and regenerative wa-
ter heating (Fig. 5.20).
The classical dependence for determining the thermal efficiency of a cycle
is written as follows:

Ts

T, /3

Fig. 5.20. Reversible Rankine cycle in
T-S coordinates

n=1-4/q
where: g, — heat supplied in the cycle; g, — heat dissipation.

The supplied heat can be represented as the sum of the heat supplied du-
ring water heating (process 4—5), its evaporation (the latent heat of vapori-
zation r,, process 5—6), and steam overheating (process 6—1).

For the simplest reversible Rankine cycle, if we neglect the value of the
pump operation due to its smallness in comparison with the available enthal-
py difference that occurs in the turbine, the dependence for determining the
thermal efficiency of the cycle can be written as follows:

Ty T,
M, =1-T(S, -$,)/ [ C,, (TAT + T(S, - 8,) + [ C, (T)dT.

T Ts

Where C, (T) is the specific heat capacity of steam, which varies in the
temperature range T6—T1; C, (T) — specific heat capacity of water in the
range T4—TS5; S1, S3, S5, S6 — entropy at the corresponding points of the
cycle; T5(S6—S5)= r, — latent heat of vaporization;

Accordingly,

n =1-T,(S, —S3)/[_f(CPBdT)+rP + j(CPHdT)] .

1 Ts
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Under the influence of a magnetic field on the working body at the start
point of heating (point 4), the specific heat capacity of water C, will change
by AC,, and the latent heat of vaporization by Ar,.

Thus, considering this effect, the expression for determining the efficien-
cy of the thermodynamic cycle will change accordingly and take the form:

Ty T,
n,=1-T,(S, —ss/(j(c& +AC, ) dT +1, + ArPI(CPHdT)J

T, Ts

To verify the obtained dependence, we use the results of calculating the
thermal efficiency of the theoretical Rankine cycle of a turbine with the fol-
lowing parameters [69]:

P1=P4=P5=P6=11MPa; P2 = P3 =0.004MPa; t1 =550°C; 2 =t3 =t4 =
=28.98°C; t5 = t6 = 318.04°C; q, = 3368.6 kJ/kg; q, = 1903.6 k]J/kg; Cycle et-
ficiency = 0.435; r, = 1256.16 kJ/kg-K (P = 11MPa, t4 = 318.04°C); C, =2.54
(t1 = 550°C).

The efficiency of the cycle, in this case, was determined from the known
values of the supplied and removed heat 1, = 1 - g,/q,. Cycle efliciency=0.435.

For the calculation according to this relation, the averaged values of the heat
capacity of untreated water and steam C, = 4.19 and C,, = 3.89 were chosen.

Such values can be taken only for assessed calculations, for further research
it is necessary to approximate the change in the heat capacity of water and steam
from the temperature at a given pressure and put the obtained analytical de-
pendences under the integral sign.

The latent heat of vaporization in this process is r, = 1256.16 kDj/kgK
(P =11 MPa, t5 = 318.04 °C). The resulting calculated efficiency is 0.4348,
which coincides with a high degree of accuracy with that given in [65].

Numerical studies have shown that with an increase in C,, of 5% and n,
by 11%, the thermal efficiency of the Rankine cycle will be 0. 467 (an increase
of 3.1%).

The results obtained might be regarded as indicative (qualitative). Al-
though a significant effect of changes in the thermodynamic parameters of
water on the efficiency of the Rankine cycle has been theoretically proven,
in fact, in the process of heating we have a new working medium, the proper-
ties of which have not been fully studied, which indicates the need to continue
research.

The conducted studies have shown that the use of a second-order phase
transition, which occurs when a force field is purposefully applied to water,
makes it possible to increase the thermal efficiency of the Rankine cycle. The
direction of this action is determined, the results of which should be an in-
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crease in the specific isobaric heat capacity of water and a corresponding
increase in the heat of vaporization.

Despite traditional methods of increasing the efficiency of the cycle of
steam turbine plants (Rankine cycle), the implementation of this method
does not require a change in design, replacement of materials used in the crea-
tion of equipment and significant material costs. To be able to use a sec-
ond-order phase transition, it is necessary to continue experimental studies of
the effect of force fields on water. The goal is to obtain a positive effect at the
actual consumption of the working fluid and temperatures not only at the
stage of isobaric heating and evaporation, which was discussed above, but also
in the systems of regeneration, deaeration, and chemical water treatment; en-
sure that the duration of the property change is long enough to be used at any
stage of the cycle.



CONCLUSION

During the operation of wet steam turbines, part of its thermal energy
is converted into electrostatic energy of the flow due to direct con-
tact of the flow with the metal elements of the flow path. The magni-
tude of these energy losses is small, however, as the studies have shown,
the effect of electrization on the performance of the turbine unit is
very tangible and is relevant and important from both practical and
scientific points of view.

One of the main tasks of the research presented in this work was
to assess the level of electrization of the steam flow at the operating
turbines of TPPs and CHPs and to determine the post-factor effects
of the charged flow on the performance of the power plant. Compre-
hensive studies carried out by the employees of IPMash NAS of
Ukraine under the leadership of the author at various TPPs and CHPs
in Ukraine, the USA and Russia, have shown that in the process of
electrization of steam, the charge density in the flow can reach very
high values (an order of magnitude higher than in a thundercloud)
and these phenomena harm the operation of wet steam turbines: the
electric potential of the rotor increases and the risk of bearing de-
struction increases; electrostatic flow generation downstream of the
last stage increases back pressure and dynamic load on the rotor blade,
reducing the reliability and efficiency of turbines; dissociation of water
droplets in an electric field and electrolytic dissociation lead to hy-
drogen saturation of the structures of the flow path, etc., the influence
of an aggressive electrified steam medium on the surface strength of
the rotor blades. It is shown that factors such as the presence of a posi-
tively charged steam flow, and constant and alternating electric fields,
which were most often recorded during experimental studies on ope-
rating turbines of TPPs, significantly (two or more times) intensify
erosion-corrosion processes on the metal surfaces of the blades, redu-
cing thus, their working resource. In this case, the change in the sur-
face strength of the material during electrization of the flow occurs
mainly due to an increase (5—10 times) of the absorption of hydro-
gen into the metal and a change in its surface energy under the influ-
ence of electric fields, due to a change in the density of electrons.

When considering the degree of influence of natural electrization
of the flow on the efficiency of the turbine, it was taken into account
that this phenomenon, in principle, could be effective as a factor of
additional formation of condensation nuclei in supercooled steam.
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However, this assumption was not confirmed when considering the real processes oc-
curring in the turbine. This can be explained by the fact that in the initial phase transi-
tion zone when supercooling usually reaches a maximum level, the number of naturally
forming charges, as it was experimentally displayed, is insignificant, and they practically
do not affect heat and mass transfer processes. In the zone of the last stages, on the con-
trary, the level of hypothermia is already minimal, and the charge density is maximum,
which significantly reduces the possible effect of reducing hypothermia from electriza-
tion. Moreover, an additional negative factor is imposed on this process in this zone
such as electrostatic forces of flow deceleration. Thus, taking into account all possible
processes occurring during the flow of a charged stream (electrostatic forces of decele-
ration of the flow in the exhaust part, an increase in the non-stationarity of the flow due
to the uneven distribution of charges and electric fields in the flow path, the electrosta-
tic force of a drop directed to the grounded sections of the flow path, etc. ) it is possible
to estimate the amount of heat energy losses from the effect of electrization approxi-
mately 0.25—0.30% in the turbine LPC.

The information obtained as a result of comprehensive studies on the electrophy-
sical phenomena in the turbine, including the effect of electrified steam on the surface
strength of the blades, was the basic material for the development of new methods
and technologies that ensure an increase in the operational efficiency and reliability of
wet steam turbines.

On this basis, devices have been developed to neutralize the charged flow; a method
for diagnosing erosion-hazardous large dispersed moisture; universal probe for deter-
mining the density of charges in the flow, temperature, static and dynamic pressure;
evaporative method of reducing erosion-corrosion degradation of metal from the ef-
fect of an electrified medium, in which the control of moisture removal from the surface
of the blades is carried out by an electric probe; method based on the rational choice of
chemistry.

The dynamics of the growth of natural charge formation in the flow path of the
LPC, as previously noted, occurs in the direction opposite to the required dynamics of
the formation of additional condensation centers, which contributes to a decrease in
the level of supercooling of steam. Therefore, the second line presented in the monograph
is an artificial ionization of steam that was developed taking into account the accumu-
lated experience and the vision of the disadvantages of natural electrization. The prob-
lem of rational control of the processes of charge formation and ionization of steam for
this case was formed and solved in the following formulation — increasing the efficien-
cy of the process of expanding the steam flow in a turbine should be carried out by acti-
vating (or deactivating) it by local input (or output) into the working environment of
electrical and electromagnetic energy.

Numerous bench and partially full-scale tests have shown the high efficiency of the
proposed method of artificial ionization of the steam flow. As the calculations and re-
sults of experimental tests have shown, the efficiency of wet steam turbines in this case
can be increased by two or more percent due to a decrease in the level of overcooling
and non-stationary condensation, a decrease in film condensation and concentration
of large dispersed moisture, etc. Options for the local input of electrical energy for
the ionization of steam in the turbine, as well as elements of devices and structures
that ensure reliable and safe operation of the system that ionizes steam were developed
such as: high-voltage sources, corona, and barrier type electric dischargers, corona elec-
trodes, bushing, and suspension insulators. The boundary parameters of the steam
are determined, at which the ionization of steam can be efficiently carried out. The
developed method allows: to intensification of the process of steam condensation in
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the form of fine moisture (the droplet size does not exceed 0.4—1.0 microns); to reduce
the level of hypothermia and condensation unsteadiness; to reduce film condensation
and the concentration of large dispersed moisture.

To reduce the negative influence of the electrostatic forces of deceleration of the
flow in the zone of the last stage, local energy removal is provided with the help of
charge neutralizers, which have been successfully tested at TPPs and CHPs.

The proposed method of artificial ionization of the steam flow and its use for wet
steam turbines is scientifically sufficiently justified, and its effectiveness is confirmed
by the results of numerous studies and become a good basis for its further practical re-
finement and design improvement of promising steam turbines.

The work also investigated and studied the possibilities of controlling thermal pro-
cesses in a turbine using the correction of water chemistry, more precisely, the pH of
the medium. Unfortunately, the results of all specially conducted laboratory and field
tests in this direction showed that a change in the pH of the medium has practically no
effect on the intensification of the formation of process moisture in the flow path, and
hence on the process of steam expansion in the turbine and its efficiency.

At the same time, the fact of the influence of the pH of the medium on the intensity
and polarity of the charge formation of the steam flow has been experimentally indica-
ted. These processes, in our opinion, are not associated with process moisture but are
a consequence of film condensation on the blade surface, i.e. a factor influencing relia-
bility indicators to a greater extent than efficiency. In this case, a change in the properties
(amine content of the medium) leads to a change in the surface tension forces of the
water (film) condensate, which in turn contributes to both a change in the dispersion
of droplets escaping from the metal and the degree of their electrization and polarity,
i.e. parameters that significantly affect the surface strength of the blade.

Understanding these processes opens up broad prospects for the development of
recommendations for reducing erosion-corrosion degradation of turbine structural ele-
ments. In particular, it is recommended to select the amine content of the feed water
from the standpoint of the minimum charge density in the flow (or with negative polari-
ty) and carry out the corresponding control using an electric probe. Studies have shown
that such measures lead to a significant extension of the service life of the rotor blades.

The conducted studies have shown that the use of the effect of a second-order phase
transition under force action on water may be promising in further research, the goal
of which is to increase the thermal efficiency of a turbine unit.

The studies presented in the work on electrophysical phenomena in wet steam tur-
bines are relevant and important information for specialists in the energy- related
area. These comprehensive studies can be characterized as a new scientific direction in
the theory of steam turbines — heat-electrophysics.

The author is grateful to the management and specialists of the power plants at
which the field studies were carried out: TPP-2 “Eskhar”, TPP-5 Kharkov, Zmievskaya
TPP, TPP Novakho, TPP Consville, USA.

The author expresses special gratitude to the international partner from USA —
Ph.D., Weres O. as well as to all Employees of the Department of General Technical
Research in Power Engineering, who at different times took part in these works and,
first of all, Doctor of Technical Sciences Sklyarov V.P., Ph.D. Surdu N.V., Ph.D. Ne-
chaev A.V., Ph.D. Annopolska 1.E., Ph.D. Tarelin A.A., Engineers: Khinevich A.E.,
Orlovsky V.P., Lukyanov V.N., Vitkovska T.S., Kryzhenko B.P. et al.
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