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MATHEMATICAL MODELING OF HEAT TRANSFER
IN A CLOSED TWO-PHASE THERMOSYPHON

V.1. Maksimov, A.E.Nurpeiis

Tomsk Polytechnic University, Tomsk, Russia
E-mail: nurpeiis_atlant@mail.ru

Abstract: We suggested a new approach for describing heat transfer in thermosyphons and
determining the characteristic temperatures. The processes of thermogravitation convection in the
coolant layer at the lower cap, phase transitions in the evaporation zone, heat transfer as a result
of conduction in the lower cap are described at the problem statement. The main assumption,
which was used during the problem formulation, is that the characteristic times of steam motion
through the thermosyphon channel are much less than the characteristic times of thermal
conductivity and free convection in the coolant layer at the lower cap of the thermosyphon. For
this reason, the processes of steam motion in the thermosyphon channel, the condensate film on
the upper cap and the vertical walls were not considered. The problem solution domain is a
thermosyphon through which heat is removed from the energy-saturated equipment. The ranges of
heat flow changes were chosen based on experimental data. The geometric parameters of
thermosyphon and the fill factors were chosen the same as in the experiments (height is 161 mm,
diameter is 42 mm, wall thickness is 1.5 mm, ¢=4-16%) for subsequent comparison of numerical
simulation results and experimental data. In the numerical analysis it was assumed that the
thermophysical properties of thermosyphon and coolant caps do not depend on temperature;
laminar flow regime was considered. The dimensionless equations of vortex, Poisson and energy
transfer for the liquid coolant under natural convection and the equations of thermal conductivity
for the lower cap wall are solved by the method of finite differences. Numerical simulation results
showed the relationship between the characteristic temperatures and the heat flow supplied to the
bottom cap of thermosyphon. The results of the theoretical analysis are in satisfactory agreement
with the known experimental data.

Keywords: two-phase thermosyphon, mathematical modeling, heat flow, heat transfer,
evaporation, condensation, thermo-gravitational convection.
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MATEMATHYECKOE MOJEJIMPOBAHUE TEIIJIOITEPEHOCA
B 3AMKHYTOM JBYX®A3HOM TEPMOCH®OHE

B.!. Makcumos, A.E. Hypneiiuc

Ha[II/IOHaJIl)Hl)Iﬁ I/ICCJIelIOBaTeJI])CKI/lﬁ ToMcKHi MOJTUTEXHUYECKHH YHUBEPCHUTET,
r. Tomck, Poccus
nurpeiis_atlant@mail.ru

Pestome: IIpednosicen HOBbLIL ROOXO0 K ONUCAHUIO NPOYECCO8 MENTONEPEHOCA 8 MEPMOCUPOHAX U
onpeodenenusi xapakmepHvix memnepamyp. Ilpu nocmamnoske 3a0auu ONUCHIBAIOMCS NPOYECCh
MepMOSpasUmMayUOHHOU KOHBEKYUU 6 Cloe MENIOHOCUMENs HA HUJICHeU Kpbiuike, ¢hazogvle
npeepawenus 6 30He UCNApeHusl, MenIoNepeHoc 8 pe3yabmame KOHOYKYUU 6 HUJCHEl KpbluiKe.
OcHognoe donyujeHue, KOMopoe UCNONb308ANOCy NPU NOCMAHOBKE 3A0adll, — MO NOA0AHCEHUE O
MOM, YMO XAPAKMEPHbIE BPEMEHA OBUICEHU. NAPO8 NO KAHALY MEPMOCUPDOHA MHO20 MeHbule
Xapaxmepuvlx GpemeH Menionpo8oOHOCMU U CB0DOOHOU KOHMBEKYUU 6 Cloe XAa0da2enmd Hd
HudiCHell Kpbiuike mepmocugona. Tlo smoil npuuune He paccmampuganucs npoyeccyl O8UNCEHUs
napa 6 Kamaie mepMOCU@OHa, NieHKe KOHOeHcama HA GepXHell KpuluKe U GepMUKAIbHbIX
cmenkax. Obracme pewenus 3adauu npeocmaesisiem cobolu mepmMocupon, uepe3 KOMOpbil
ocywecmenaemcs Omeo0 Meniombl OMm IHEPSOHACHIUEHHO20 000pydoeanus. Jluanazonvl
UBMEHeHUsL MenjiogbiX NOMOKO8 GblOUPANUCL UCX00 U3  IKCHEPUMEHMANbHbIX — OAHHbIX.
Teomempuueckue napamempvl mMepmMocu@PoHa u Kodpuyuenmol 3an0IHEHUS BLLOUPATUCD
makumu Jice, KaK u 6 dxcnepumenmax (gvicoma — 161 mm, oumemp — 42 mm, moawuna cmeHox —
1,5 mm, €=4—16%) ona nocneoyroujeco cpasHenus pe3yibmamos YUCIEHHO20 MOOeAUPOBaHUs U
IKCHEPUMEHMANbHBIX OaHHbIX. [Ipu nposedenuu YUCIeHHO20 aHAAU3A NPeOnoNd2anoch, YmMo
meniouureckue CE0UCMEA KPbIUEK MepMocupona u xiaddzeHma He 3d6ucsm om
memMnepamypbl; paccmMampusaics IAMUHAPHLIL pedicum mevenus. bespasmepuvie ypasHenus
nepenoca euxps, Ilyaccona u snepeuu Onsi H#HUOKO2O MENIOHOCUMEINSL 8 YCLOBUAX €CIMECMEEHHOU
KOHGEKYUU U YPABHEHUsT MENIONPOBOOHOCU Olisl CIMEHKU HUICHEU KPLIUWKU pPeuleHbl Memooom
Koneunvlx paznocmeil. 11o pe3yibmamam 4ucienHo2o MOOeIUpoB8anus YCmaHo8IeHa 3A6UCUMOCTID
Xapaxmepuvlx memMnepamyp om 6eIutUHbl Meni08020 NOMOKA, NOOBOOUMO20 K HUNCHEU KPblUIKe
mepmocughona. Pezynvmamvl meopemuueckoeo amanuzd HAxoO0smcs 6 YO081emE8OpPUMenbHOM
COOMBEMCMEUU C U3BECTNHBIMU IKCHEPUMEHMATLHLIMU OAHHBIMU.

Kniouesvie cnoea: 08yxghasnviii mepmocudon, mamemamuieckoe MOOeauposanue, meniosou
HOMOK, MENIONEPeHOC, UCNApeHUe, KOHOCHCAYUsl, MePMOSPABUMAYUOHHASI KOHBEKYUSL.

bnazooapnocmu:  Vccnedosanue  nposedeHo 68 — paMKAX — NpOSPAMMbL  NOBLIUEHUS
KOHKYpenmocnocobnocmu Hayuonanvnoeo ucciredogamenvckoco ToMCKO20 nOIUMEXHUUECKO20
YHUBepcumema cpeou 6e0yWUxX MUPOBbIX HAYYHO-00paA308amenvHbix yeHmpos (npoexm BHY-
HI1113-300/2018).

Introduction

The prerequisite for successful operation of modern energy-saturated equipment (ESE) is
the removal of heat from heat-generating parts and modules [1-3]. Utilization of traditional air
cooling systems using various kinds of superchargers is not always possible. Failure of such
auxiliary equipment leads to an emergency operation of energy-saturated equipment. For this
reason, the use of heat transfer devices that are independent of power sources is relevant.
Closed two-phase thermosyphons (TS), which can be used for thermostating and thermoregulation
of various technological processes are the autonomous (independent of energy sources) heat
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exchangers [4, 5]. Evaporation and condensation in heat exchangers of this type are spatially
separated, which makes it possible to transform heat flows by changing the ratio of evaporation
and condensation surfaces. But at present, thermosyphons are almost not used in industry due to
the fact that the physics of heat transfer processes and phase transformations in the steam channel,
evaporation and condensation zones, and the condensate film flowing along the side walls in the
thermosyphon case is not well understood. For a detailed analysis of these processes, information
is needed on the temperature fields in the characteristic zones of the thermosyphon. But due to the
difficulties of sealing such heat exchangers when installing temperature sensors, the majority of
publications present the results of recording the temperatures of the external surfaces of the
thermosyphon walls. Such measurements are insufficient for the analysis of heat transfer
processes, because the heat flow through the TS case is intense both along the longitudinal and
transverse coordinates. The few results of temperature determination in a closed two-phase
thermosyphon [6-8] show its change only at individual points on the inner surface of the heat
exchanger under consideration. To analyze the operation efficiency of thermosyphons, one needs
information about the temperature distributions in the areas corresponding to the evaporation,
transport, and steam condensation zones [7-9].

Analysis of the relevant literature shows that various heat transfer models are currently used
for calculation of thermosyphons [10-14]: original researchers' codes [10-11] and commercial
software packages [12-13]. Models and methods [10-14] have certain advantages (the
completeness of description of hydrodynamic and thermophysical processes in all zones of the
thermosyphon; the possibility of solving spatial problems in the conjugate formulation, the
mathematical interpretation of various options for structural solutions, taking into account the
temperature and steam dependences of the characteristics of steam and condensate, and some
others). But the use of commercial packages and original codes for calculation of heat transfer
processes in thermosyphons is associated with the solution of a number of complex problems. For
example, working with packages of the ANSYS FLUENT type implies a highly-skilled user,
which is almost impossible in many cases when such packages are used by heating engineers to
solve specific problems. In addition, numerical simulation using such packages involves time-
consuming computations even when the processes are described in two-dimensional statements. A
well-proven and simple method for calculating heat transfer using balanced models [5, 9] does not
allow determining the temperature in the characteristic sections of the thermosyphon. For this
reason, it is necessary to develop a mathematical model less complicated than [10-14] and a
method for calculating unsteady heat transfer in a two-phase thermosyphon in order to describe
heat transfer processes taking into account phase transitions at media interfaces.

Analysis and generalization of the experimental results [15-16] made it possible to develop
a new approach to the mathematical modeling of heat transfer processes in two-phase
thermosyphons. An important difference between the mathematical model formulated in the article
and the known ones [10-14] is that when setting the problem, only thermogravitational convection
processes in the coolant layer on the lower cap, phase transformations in the evaporation zone, and
heat transfer as a result of conduction in the lower cap are described. The main assumption that
was used during the problem formulation is the provision that the characteristic times of steam
motion through the thermosyphon channel are much shorter than the characteristic times of heat
conduction and free convection in the coolant layer on the bottom cap of the thermosyphon. For
this reason, the processes of steam motion in the TS channel, the condensate film on the top cap
and the vertical walls of the thermosyphon were not considered. Further the problem statement is
presented.

Problem statement and solution method

The problem solution domain is a thermosyphon, through which heat is removed from
energy-saturated equipment. At the initial moment of time, the TS case and the coolant have a
constant and uniform temperature at all points. The ranges of heat flows variation were selected
based on experimental data [16]. Geometrical parameters of the thermosyphon and the filling

5
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factors were chosen the same as in the experiments [15-16] (height is 161 mm, diameter is 42 mm,
wall thickness is 1.5 mm, £ = 4-16%) for subsequent comparison of the results of numerical
modeling and experimental data.

In this formulation, hydrodynamic processes (steam motion) in the steam channel were
excluded from consideration, but the processes of conduction and convection in the coolant layer
were considered, and the processes of thermal conductivity in the lower cap of the thermosyphon
were taken into account. Based on the results of previous experiments [15-16], it was also
assumed that in the range of heat flows up to q=1.8 kW/m? all water steam formed on the surface
of the coolant layer rises very quickly, where it condenses on the lower surface of the top cap of
the thermosyphon and manages to return to the evaporation zone when draining along vertical
walls. The solution of the heat transfer problem in a thermosyphon in this formulation reduces to
solving the system of equations of continuity, motion, and energy for the coolant layer on the
bottom cap and thermal conductivity for the plate (Fig. 1) in an axisymmetric formulation.

X7
x7 3 2

‘Ul‘HqH‘I“I‘ X

Fig. 1. The problem solution domain: 1 - metal case; 2 - layers of condensate;
3 - steam channel; 4 - evaporation surface

The dimensionless equations of vortex transfer, Poisson, and energy for the liquid coolant
under conditions of natural convection and the heat transfer equation for the lower cap wall have
the form [11]:

2 2
%+U2@+VZ%: i 8_(22_{_8? +8®2’ (1)
ot oxX Y \Ra,(oX? oY?) oX
Y, oY
e T ®
2 2
3, ,4,%:,y, %, ___1_ (206, 76,) @)
ot oX o  [Ra,Pr, | oX* oY
100, 00, 00
- 7T 1 1 (4)
Fo, v oX* oY’

gyB(Th _TO)H3

va
the Fourier number; X, Y are the dimensionless system coordinates corresponding to X, y; a is the
thermal diffusivity, m%s; v is the kinematic viscosity coefficient, m/s; B is the volume
expansivity, 1/K; g is the gravitational acceleration, m/s’, H =y, -y, is the characteristic
dimension, m; t, is the time scale, s; t is the dimensionless time; u, v are the motion rates, m/s; U,
V are the dimensionless rates corresponding to u, v; V;, is the rate scale, m/s; T, is the
thermosyphon temperature at the initial time, K; T, is the boiling temperature of coolant, K; © is
6

. . . t, .
where Pr=-is the Prandtl number; Ra= is the Rayleigh number; FO:% is
a
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the dimensionless temperature; v is the flow function, m%s; vy is the flow function scale, m%s; ¥
is the dimensionless analog of y; o is the vorticity vector, 1/c; o, is the vorticity vector scale, 1/s;
Q is the dimensionless analog of .

The initial conditions for equations (1 — 4) are:

Y(X,Y,0)=Q(X,Y,0)=0, ©,(X,Y,0)=0,(X,Y,0)=0, (5)
Dimensionless boundary conditions for equations (1 — 4) are:
X =0, 0<Y<Y1:@=0, (6)
oX
00 o’
X =0, Y <Y<Y, —%=0, 2 =0, 7
' 2T oX {ax2 "
15C)
X=X, 0<Y<Y,: -4 6X1=0, (8)
Y =0, 0<X<X2:—a®l=Ki, 9)
oY
Y =Y,, 0<X<x1:a®2=—Q“W—”H, {¥,=0, (10)
oY AT, -T,)
00
Y=Y, X <X<X,:- a—leO, (11)
0,=0,, ¥, =0,
X=X, Y, <Y<Y,: 100, 2,00, 6‘1’2_0 (12)
X X o lax
®1:®21 ‘1”2 :0,
Y=Y, 0<X <X, 400, 1,00, a\yz_o (13)
o a oY Loy
VV” — A(IDH_PH) (14)
2nRT
M
where Ki=—————1is the Kirpichev number; Bi= is the Biot number; Q. is the
}\’1(Th _To) 9"1

evaporation heat; W, is the evaporation rate; q is the heat flow; 4 is the accomodation coefficient;
P, is the saturated steam pressure; Py, is the partial steam pressure above the liquid surface; R =
8314 J/kmol-K is the universal gas constant; M is the molecular weight; 1 is for the cap material; 2
is for liquid.

For numerical analysis it was assumed that the thermophysical properties of the
thermosyphon and coolant caps are independent of temperature; the laminar flow regime was
considered. The fluid was assumed to be Newtonian, incompressible, and satisfying the
Boussinesq approximation [11, 18].

The system of equations (1-4) with the corresponding initial and boundary conditions was
solved by the finite difference method [18]. Mass rates of evaporation and condensation were
calculated by the Hertz — Knudsen formula [19]. When solving the Poisson equation for the flow
function, the implicit method of variable directions was used, similarly to [18-20]. In determining
the boundary condition for the velocity vortex, the Woods formula was used.

Numerical studies of heat transfer in TS under conditions of energy removal from energy-
saturated equipment were carried out in typical ranges of heat flow changes corresponding to
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operating modes of energy-saturated equipment [21]. Heat flows to the bottom cap of the
thermosyphon ranged from 0.3 kW/m? to 1.8 kW/m?.

Results and discussion

Figures 2—3 show thermograms obtained from numerical simulation of heat transfer process
and conducting experiments when filling the thermosyphon cavity with distilled water in the range
of heat flows q=0.4-1.8 kW/m?.

It can be seen from Fig. 2 that the time to reach the steady-state regime of characteristic
temperatures obtained in numerical studies and experiments is quite large in the entire range of
changes in heat flows. Temperatures grow rapidly in the first 5000 - 6000 s, and then slowly. This
is due to the fact that within 2.5 hours the walls, the TS cap and the coolant itself are evenly
heated.
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M3t 319} /_,-’
L P M8} e
312 - a7k -~
e 3.7 36 5
. y
310 35F v
309 314 F y e
H3f >
308 32f <
307 31} A
X ¥ -
306 =310F . v
305 s09p /" 2 v
1 308 | Y /’,;_-;:;;——-—-—
304 . _ :_,__,,,.___5__-_—_ = 07k y e
303 306 Y
302 305 /
301 304F
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300 /
30zt
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298 1 i 1 1 A 1 1 1 J 300 o i i i L J
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e 0 2000 4000 6000 8000 10000
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c) d)

Fig. 2. Relationship between temperatures in the coolant layer on the bottom cap of the thermosyphon
(x=0 mm, y=6 mm) and time for a thermosyphon fill factor of 8%
and heat load g, kW/m?: a) 0.3; b) 0.4; ¢) 0.9; d) 1.8.
1 - experiment (-); 2 - numerical modeling (model taking into account
thermal conductivity and free convection) (- - -); 3 - numerical modeling
(model taking into account only conduction) (-----)
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As the heat flow increases to 1.8 kW/m? the changes in T in the coolant layer on the
bottom cap increase both in numerical simulation and in experiment. In the initial period of time
(up to 500 s), the growth dynamics and temperatures are the same for two cases of numerical
simulation (Fig. 2, curves 2, 3) and are in good agreement with experimental data (Fig. 2, curve 1).
This is explained by the fact that during this period of time convective flows are just beginning to
form, their intensity is minimal (Fig. 3, a), and they do not significantly affect the heat transfer in
liquid (Fig. 3, b).

0.014

0
0 Lm 0.021
a)
0.014
266
2986
E—
I
29
s
7553
0
(0 Lm (.021
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0.014

0 L.m 0.021

c)

0 Lm 0.021
d)

Fig. 3. Isolines of velocities (isotaches) (a, ¢) and temperature fields (b, d) in the coolant layer
on the bottom cap of the thermosyphon at q=300 W/m? and time: a, b - 100 s; ¢, d - 3000 s.
Temperature, K; velocity, cm/s

The energy transfer in this case is predominantly conductive. Over time, the forces of
thermogravitational convection increase, which leads to the formation of intense circulation flows
in the studied area (Fig. 3, ). The heated liquid rises up to the free surface, where heat is removed
due to evaporation (Fig. 3, d), the cold one drops down. The temperature difference (curves 2 and
3, Fig. 2) increases with time up to reaching the stationary mode. The temperatures (curve 2, Fig.
2) obtained from numerical simulation (using a model that takes into account thermogravitational
convection) are in good agreement with experimental data (discrepancy of not more than 5%),
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while the temperatures obtained taking into account only conduction in the bottom cap and the
coolant layer differ from experimental ones up to 50%.

Conclusion

Modeling of heat transfer processes in TS can be performed with a fairly high reliability,
without description of processes of steam motion in the steam channel, when solving the problem
of heat transfer in the heat transfer layer on the bottom cap of the thermosyphon and heat

conduction in this cap.
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DETECTION OF INTER TURN FAULT IN TRANSFORMER WINDINGS BY
PARAMETERS OF THEIR TRANSITION PROCESSES
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Abstract: The proposed method of detection the inter turn fault of transformer windings relates to
the area of defectoscopy and allows detecting inter turn faults in a wide range of damaged
(closed) turns. Power and instrument transformers with iron-core are widely used in power
networks. As the insulation ages or is damaged, the wires between various transformer sections
short circuits occur, which inevitably leads to a complete damage of the transformer. Short-
circuited part of the transformer forms an additional winding, the outputs of which are short-
circuited. The transition process of current increasing when DC voltage is connected to the
transformer outputs occurs in diverse ways in undamaged (cut-off) winding section and in the
damaged (short-circuited) section. The current growth rate in the undamaged section of the
winding is determined by high magnetization inductance. The inductance of the short-circuited
part of the winding is much less, so, the current growth rate in the short-circuited part is
significantly greater than the current growth rate in the undamaged part of the winding. The
article presents observations from computer models and real measurements of the substation
auxiliary power transformer, which show the possibility of determining the presence of a turn fault
in regards to the transition process parameters, the rate of current increase and decay in the
transformer winding. The device aimed to find the inter turn faults in the transformer windings,
working according to the proposed method will be quite simple and have a high sensitivity.

Keywords: transformer, ferromagnetic core, inter turn fault, transition process.

For citation: Mustafin RG. Detection of inter turn fault in transformer windings by parameters of
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OBHAPY)XEHHS BUTKOBBIX 3AMBIKAHUI OBMOTOK
TPAHC®OPMATOPOB 11O TAPAMETPAM INEPEXO/IHOI'O MPOLHECCA

P.I'. Mycrapun

Kazanckmnii rocygapcTBeHHblil JHepreTuyeckuii ynupepeurert, r. Kazans, Poccus
ramil.mustafin@gmail.com

Pezome: Ilpeonacaemass Mmemoouxka OOHAPYICEHUS  GUMKOBLIX — 3AMBIKAHULL — 0OMOMOK
Mpancopmamopos omHocUmcs K obaacmu O0e@exmockonuu u no3eojsem O0OHAPYICUBAMb
BUMKOBbLE 3AMBIKAHUSL 8 0OMOMKAX MPAHCHOPMAMOpPa 6 WUPOKOM OUANA3Z0HE NOBPENCOCHHBIX
(Bamxnymeix) eumxog. Cunogvie U UIMEPUMENbHbIE MPAHCHOPMAMOPLL € JHCENe3HbIM
CEPOCUHUKOM WUPOKO NPUMEHSIOMC 6 dleKmpodHepeemuveckux cemsx. Ilpu cmapenuu
UB0NAYUU, NPU NOBPENCOCHUU UZ0TAYUU, 8 MPAHCHOPMAMOPAX BO3HUKAIOM 3AMBIKAHUSL MENCOY
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BUMKAMU U3 PA3HBIX Hacmell 0OMOMKU, YMO Heu3DeHCHO NPUBOOUm K NOJIHOMY NOBPEHCOEHUIO
mpancopmamopa. Kopomxozamknymas uyacms 06MOmMKU — mpanc@opmamopa  obpazyem
OONOHUMENLHYIO 0OMOMKY, 6bI600bL KOMOPOU 3amMKHymul Hakopomio. I[lepexoownuiii npoyecc
pocma moxa npu NOOKMIOYEHUU NOCMOSIHHO20 HANPAICEHUS K BbIBOOAM MPAHCHOPpMAmMopa no-
DA3HOMY NPOUCXOOUM 8 HENOBPENHCOCHHOU (PA3OMKHYMOU) Yacmu 0OMOMKU, U 8 NOBPENCOCHHOU
(xopomxozamkrymoti) yacmu. CKopocms pocma MOKA 6 HeNnoSpedCOeHHOU Hacmu 0OMOMKU
onpeoensiemcst  OOALWOU  BEIUNUHON — UHOYKMUBHOCMU — HaMacHudeHus.  Hnoykmuenocmo
KOPOMKO3AMKHYMOU 4acmu 0OMOMKY 3HAYUMETbHO MEHbULEe, COOMEENCMBEHHO CKOPOCHb POCMA
MOKA 6 KOPOMKO3AMKHYMOU HACMU CYUeCmeeHHo OOonble CKOpoCcmu pocma moKd 8
Henogpedcoenol yacmu obmomku. B cmamve npusoosmcs nabmodenuss 6 KOMNbIOMEPHOU
MOOenu U 6 peanbHbIX UIMEPEeHUsX Ha Mmpauncopmamope coOOCMEEHHBIX HYHCO NOOCAHYUU
B03MOJICHOCb  ONpedeNeHUsl HANUYUSL BUMKOBbIX 3AMBIKAHUL NO NApamempam nepexooHo2o
npoyecca, no CKOpOCMU HAPACMAHUsL U cnada moxa 8 obmomxe mpaucgopmamopa. Ilpubop,
NPEOHA3HAYEHHbI OISl NOUCKA BUMKOBbIX 3AMbIKAHUWIL 8 06MomKax mpauncgopmamopa,
pabomarowull no npedrazaemol mMemoouxe 6yoem 0OCMAMOYHO NPOCMbIM U UMEMb GbLCOKYIO
4Y8CMBUMENLHOCHTD.

Knioueevie cnosa: mpancgopmamop, ¢heppomacnumnpiii cepOeuHUK, GUMKOBblE 3AMbIKAHUS,
nepexoouwil npoyecc.

Introduction

One of the most frequently-occurring transformer defects is the inter turn fault, when some
of the transformer winding turns is short-circuited [1]. Usually, the presence of inter turn faults is
detected from the parameters of the transformer normal operation at industrial frequency of 50 Hz
[2-6]. Increasing the frequency range during measurements of transformer parameters can increase
the sensitivity of detection methods of inter turn faults [7, 8].

In case of inter turn faults, two parts of a winding are formed: the undamaged part (A in
Fig. 1), which plays the role of the primary transformer winding, and short-circuited one (B in Fig.
1), which works as a secondary transformer winding.

To analyze the operation of the transformer winding with an inter turn fault, consider the T-
shaped model [9] (Fig. 1), where the active resistance of the A turns is Ra; scattering inductance of
the A turns is La; active resistance of B turns is Rb; scattering inductance of the B turns is Lb;
inductance of saturation is Lo (which is less than the initial inductance Lo due to short-circuiting
of B turns); E is the EMF connected to the winding. (All values are given for side A).

Ra La b gy

m

Fig. 1. T-shaped model of winding with inter turn fault (B turns)

Note that the scattering inductances of turns La and Lb are significantly less than the
saturation inductance of L’o, so the time constant Tab (of the Ra-La-Lb-Rb circuit), equal to,
Tap =(La + L)/ (Ry +Ry), is significantly less than the time constant 7o (of the Ra-La-L’o

chain), which is equal to. T(', =(Ly+ L'o)/ R,. Thus, the time constant Tab of the winding with
inter turn fault is significantly less than the time constant of the saturation circui T"o: Ty, <<T(;

This difference governs the principle of detection the inter turn faults of transformer windings: the
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time constant is measured in wide range, and the presence of transients with a small transition time
clearly indicates the winding short circuits in the transformer winding.

Materials and methods

To illustrate the operating principle of method for detection the inter turn fault of
transformed windings, the Matlab/Simulink software was used to build the model (Figure 2).

oA am
Koty
Discrete, :]
Ts=0001s ¢ c

Three-Phase Breaker1
powergui

BlA ae ‘
.[ g me o ga alm
— B—8|C c B—
B b
Three-Phase Breaker _
Parallel RLC Branch + ! i
e L T O e

Current Measurement =
DC Voltage Source Three-Phase
Transformer
(Two Windings)

+ rrent Measurement1 Scope

:I’»n—-—l|—

e
Add Scope

Fig. 2. The model of a transformer with a inter turn short-circuit, which is presented in the form of a
short-circuited secondary transformer winding

Fig 3 presents the parameters of the three-phase transformer model.

A short-term DC voltage of 100 V (from DC Voltage Source in Fig. 2), is supplied to the primary
winding of transformer (Three-Phase Transformer) through the current limiting resistance (Parallel RLC
Branch) of 60 Ohms active resistance. Three-phase breaker (Three-Phase Breaker) connects DC voltage to
the primary winding of the transformer (to the BC winding) in 0.02 seconds after the model start-up. The
second three-phase switch (Three-Phase Breakerl) closes the primary winding of the transformer (BC
winding) in 0.5 seconds after the model start-up. Thus, magnetization of the transformer core occurs in the
range of 0.02 — 0.5 seconds (current increase in the primary winding), after 0.5 seconds, the demagnetization
of the transformer core occurs (current drop in the primary winding).
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Block Parameters: Three-Phase Transformer (Two Windings)
access the neutral point of the Wye.

Click the Apply or the OK button after a change to the Units popup to
confirm the conversion of parameters.

Configuration =~ Parameters = Advanced
Units |SI T

Nominal power and frequency [ Pn(VA), fn(Hz) ]
|[ 16e6, 50 ] |

winding 1 parameters [ V1 Ph-Ph(Vrms) , R1{Ohm) , L1(H) ]
[[1.15e+05 2.2317 0.13681] |

Winding 2 parameters [ V2 Ph-Ph(Vrms) , R2(Ohm) , L2(H) ]
|[1050 0.055814 0.0034216] |

Magnetization resistance Rm (Ohm)
|6.9225e+05 |

Magnetization inductance Lm (H)

2866

Saturation characteristic [ i1(A) , phil(Vs); i2, phi2; ... ]

[0 0;0.89744 343.72;113.6 390.94] |

Initial fluxes [ phiOA , phiOB , phiOC ] (Vs):
[000]

R1 L1

Lm R.m%

o

Fig. 3. Characteristics of transformer used in the model

In the absence of inter turn short circuits (secondary turns of the transformer bc are not
closed), the transformer magnetization inductance is high (Magnetization Inductance Lm (H) in
Fig. 3), consequently, the rate of magnetization current change is small (Fig. 4).

When a turn short circuit occurs (transformer secondary turns bc are closed), the model has
two magnetization inductances: the primary circuit BC and the short circuit of bc turns. Moreover,
the number of turns in the primary winding is much larger than the number of turns in the turn
faults (as it can be seen in Fig. 3, from Winding 1 parameters V1 and Winding 2 parameters V2).
Therefore, the magnetization inductance of the primary BC circuit is much greater than the
magnetization inductance of the inter turn short circuit bc. This is reflected in the rate of increase
and decrease of the magnetization current (Fig. 5): first (up to a time of the order of 0.1 s), a rapid
increase in current occurs in the inter turn short circuit bc.
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Fig. 4. Current in the primary winding BC in the absence of inter turn short circuits.
Horizontal axis is time, s; vertical axis is current, A

Fig. 5. Current in the primary winding BC in the presence of inter turn short circuits (the secondary
transformer turns bc are closed). Horizontal axis is time, s; vertical axis is current, A

After current saturation in inter turn short circuit (as shown in Fig. 6), only the slow growth
of the magnetization current component in the primary winding BC remains (at times from about
0.2 to 0.5 s). After the primary winding BC closes, a similar process occurs: a rapid decrease in the
inter turn short circuit current (Fig. 6) (approximately in the range from 0.5 to 0.7 s), then a slow
decrease in the current in the primary BC circuit (see Fig. 5).
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Fig. 6. Current in inter turn short circuits bc. Horizontal axis is time, s; vertical axis is current, A

Results

From the presented model of inter turn failures in transformers (Figs. 2 - 6), it can be seen
that, based on the large difference in the rates of current change in the primary winding BC and in
the inter turn short circuit bc, it becomes possible to create a device for detecting coil faults in
transformer windings [10], using which the search for coil damage is significantly facilitated.

To verify and test the proposed methodology, transients were measured using an auxiliary
transformer TSKS-40/145/10-UZ of Askold Electrotechnical Plant LLC (TU 3411-002-65653492-
2010, the transformer idle run current is not more than 12%, power is 38 kVA, number of phases
is 3, frequency is 50 Hz, degree of protection is IP 00, rated voltage of HV winding is 10 kV, rated
voltage of HV winding is 0.4 kV, rated current of HV winding is 2.19 A, rated current of LV
winding is 54.9 A , short circuit voltage is 1.48%, insulation class F, circuit and group connection
is Y/Yn-0).

To record transients, the digital oscilloscope 6501 was used; the current in the transformer
windings was measured by recording the voltage drop across the active resistance, connected in
series with the measured transformer winding. Initially, a constant voltage of 8 V (through an
active resistance of 47 Ohms) was applied to the primary HV winding of the transformer (BC
pins). The current through the winding was measured by the voltage drop at a resistance of 10
Ohms, while the behavior of the transient process (with open - Fig. 7 and with closed - Fig. 8 turns
of the secondary LV transformer windings) was similar to the picture observed in the
Matlab/Simulink program (see Figs. 4, 5).

There are several ways for increasing the sensitivity of the proposed method:

1. By increasing DC voltage supplied to the transformer windings, while reducing the
measurement time interval (to maintain the same current in the transformer winding).

2. By applying a constant voltage (measuring transient) in the windings of the lower
voltage (LV).

3. By obtaining the reference measurements of the transient process in all windings of the
undamaged (without winding short circuits) transformer. Further, during periodic measurements,
the current transient measurements in the transformer windings should be compared with the saved
reference measurements.
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Fig. 7. The transient process in the primary HV winding (BC pins). At specific time (5 s) DC voltage
of 8 V was connected to the HV; at time of 11 s HV winding was closed.
The X axis is time, s; the Y axis is voltage amplitude, mV, at a resistance of 10 Ohms
(current measurement in the HV primary winding)
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Fig. 8. The transient process in the primary HV winding (BC pins), the secondary LV winding (BC
pins) are closed. At a time of 33.5 s, a DC voltage of 8 \VV was applied to the HV
through a resistance of 47 Ohms; at a time of 39.5 s, the HV winding was closed.
The X axis is time, s; the Y axis is voltage amplitude, mV, at a resistance of 10 Ohms
(current measurement in the HV primary winding)

Further DC voltage of 8 V (through an active resistance of 10 Ohms) was applied to the
secondary LV transformer winding (bc pins), the current through the winding was measured by the
voltage drop at a resistance of 1 Ohm. A clear difference between the transient process in the
absence (Fig. 9) and in the presence (Fig. 10) of inter turn fault (additionally wound one short-
circuited turn on the B phase core) was observed.
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Fig. 9. The transient process in the secondary LV winding (bc pins). At time of 0.02 s
a constant voltage of 8 V through a resistance of 10 Ohms was applied to the LV; at time of 0.10 s,
the LV winding was closed. The X axis is time, s; the Y axis is voltage amplitude, mV, at a resistance of 1
Ohms (current measurement in the LV secondary winding)
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Fig. 10. The transient process in the secondary LV winding (bc pins) in the presence of inter turn fault
(additionally wound one short-circuited turn on the B phase core).
At time of 0.02 s a constant voltage of 8 V through a resistance of 10 Ohms was applied to the LV; at
time of 0.10 s, the LV winding was closed. The X axis is time, s; the Y axis is voltage amplitude, mV, at a
resistance of 1 Ohms (current measurement in the LV secondary winding)

Conclusions

Thus, in the proposed method for detection the inter turn faults of transformed windings,
the transients are measured in wide ranges of times, which allows tuning away from transformer
magnetization currents, by measuring the transient in the fault itself, namely in the short-circuited
turns of the transformer winding. This solves the task of detecting the inter turn faults in the
transformer windings in a wide range of damaged (closed) turns.

The author expresses his gratitude to Badretdinov Nail (head of the laboratory of the
educational and research center "Electric Power Engineering” of KSPEU) and Zapechelnyuk
Eduard (head of the laboratory of the department “Relay protection and automation” of KSPEU)
for assistance in measurements.
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CLOSED CYCLE OF AIR-STEAM MIXTURE IN THE DRYING SECTION
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Abstract: The energy efficiency of the drying section of paper machine is determined by the
technology of heat flows arrangements in it. Paper drying is the most energy-consuming stage of
paper production. The thermal mode of the drying section is provided by the steam condensate
system which is a part of it. Analysis of exergy increments shows that almost all elements of the
drying thermal process are characterized by low exergy efficiency. The main ways for increasing
the degree of thermodynamic perfection of the processes occurring in the drying section of the
paper machine are identified based on the exergy analysis. It is assumed that the deep internal
heat recovery of the steam-air mixture for heating the source air will increase the exergy efficiency
of the heat recovery plant and reduce heat removal to the environment. The effectiveness of
development and implementation of a closed cycle use of steam-air mixture in the drying section
was examined. Building a closed cycle provides that the air mainly has a process duty, that is, it is
a transport agent for the transfer of moisture and heat along a closed circuit. The calculations
show that the exergy efficiency of the processes in the recovery unit of the drying section of the
paper machine of the existing production is 28.6% against 66.29% for the proposed method.

Keywords: paper machine, paper drying, exergy analysis, energy saving, exergy efficiency,
ventilation systems with heat recovery, heat exchanger, exergy, process ventilation, paper
production, heat recovery, energy efficiency.
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3AMKHYTbBIN HUKJI TAPOBO3AYILHOW CMECH B CYHINJIbBHOM YACTHU
BYMATI'OJEJATEJBbHOW MALIWHbI

B.I'. Kazakos, E.H. I'pomoBa

Beicmasi mkosaa TexHosioruu u 3Hepreruku Cankr-IlerepOyprexoro
rocy1apcTBeHHOI0 YHHBEPCUTETAa MPOMBIIIIEHHBIX TEXHOJOT Uil U 1u3aiiHa,
r. Cankr-Iletepoypr, Poccus
gromova.gturp@mail.ru

Pe3ome: Dnepeemuueckas spgexmusnocmos  OyMaco0eniamenvHol MAuuHbl ONpeoensemcs
mexHoI02uell Opeanu3ayuL Meniosblx NOMoKo8 6 ee cywunbhou yacmu. Cywra oymazu s61semcs
Hauboiee JHEP2eMUYECKU 3aMpPAmHbIM IMANOM NPOU3BOOCMEA OYMAICHOU NPOOYKYUl, MAK KAK
HaubobUlee KOIUYECMBO GOOSHBIX NAPO8 GbIOCIAEMCS UMEHHO 6 cyuwunvhot yacmu bBJ/IM.
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Payuonanvruoe pacnpedenenue nomoxog 8030yxa u nAposo30YULHOU CMecU 8 CYUWUNbHOU Yacmu
Ccnocobcmeyem noGbleHUIo NPOU3B0OUMENbHOCIU U CIAOUTU3AYUU PAOOMbL MAUUUHDL.
JTumepamypnuutit 0630p. TennoBoil pexuM CYIMIMIBHONH 4YacTH oOeclieuyMBaeTCs BXOISIIEH B e
cocmae napoxkonoencamuou cucmemou. Cywecmeyowue cucmemvl MenI0CHAbNICEHUs C
KACKAOHbIM — pacnpedenenueM OAGNeHus, 6 COCMAs KOMOpblX 6X00sm, KaK H‘pasuio,
08YXCMYneH4amovie MeniopeKynepayuontblie YCMaHo8KU NO360AI0M YACMUYHO YMULUIUPOBANb
HU3KONOMEHYUATbHYIO MENJony ompabomasuiezo napa u CyuuibHo20 6030yXd.

Mamepuanvt u memoodvt: Asmopamu Oviiu NPOU3GEOEHBL PACHEMbl  CYWUILHOU Y4acmu
Oeticmgyioweti bymazooeramenvHoli mawiunsl. Pacnpedenenue suepeuu no @yHKYUOHANLHBIM
yacmsam B/IM 6 ciyyae mpaouyuoHHOU mMexHOI0SUYECKOU cXxeMbl NO360seN COelamb CLeOyIouuli
8bIB00. NPU HEZHAYUMENbHOU Oole Yyoansemou erazu 6 cywunvhoi yacmu BAM (0,7 %),
nompebaenue Hepeuu 30ecb MAKCUMATbHO. AHATU3 NpUpaujenull dKcepeuu noKazviéaem, umo
npaKkmuyecku 6ce INeMEHmbl MeNnni08o20 Npoyecca CYWKU XaApaKmepusViomcs HUKUMU
sHavenuamu sxkcepeemuueckux KIIJ[. Ha ocnosanuu sxcepzemuueckozo amaiusa 6 cmambve
8b10€1A10MCsl OCHOBHbBIE HANPABNEHUSA NOBLIUUEHUS CINENneHU MePMOOUHAMULECKO20 COBEPULEHCNEA
MexXHONI02UYeCK020 Npoyecca 8 CYWUNbHOU Yacmu 6ymMazo0enramenbHOU MauluHbl.

Pesynomamor u oocyscoenue: Ilpeononazaemcs, umo 2nyOoKas. 6HYMpPEHHAs pe2enepayusl
meniomsl NApo8o30YWHOU CMecU OAf HAzpe8d UCXOOHO020 B030YXad HNO360IUM  YEeaUdUums
axcepeemuyeckuti KII[] mennopexynepayuoHHol YCMAHOBKU U CHU3UMbL OMB00 Meniomvl 8
oxpyarcaiowyro  cpedy. Paccmampueaemcs  a¢pgexmusnocms - paspabomxu u - pearuzayuu
3AMKHYMO20 YUKLA UCHONb308AHUS NAPOBO3OYWHOU cMecu 8 cyuunbHoli yacmu. Opeanusayust
3AMKHYMO20 YUuKia npedycmampugdaem, 4mo 8030YX, 8 OCHOBHOM, Hecem MEeXHONO0SUUECKYIO
HA2py3Ky, MO ecmb AGNAEMCA MPAHCNOPMHBIM ACEHMOM 6 NepeHoce 61dzu U Meniomsl no
3AMKHYIMOMY KOHMYDY.

Buoi6oowi: Ilposedennvie pacuemuvl noxaswvigarom, umo axcepeemudeckuti KIIJ[ npoyeccos 6
PEKYNepayuoHHoOl YCMAaHoBKe CYUWUTLHOU Yacmu 0yMazo0eiamenbHol Mauunbl O0eticmayiouux
npouszeodcme cocmasiiem 28,6 % npomus 66,29 % 6 npednodcennom cnocobe. B yenom,
axcepeemuueckuit KIIJ] cywunvnou uyacmu BJ/M 6 cayuae peanuzayuu 3aMKHYMO20 YUKIA
naposo30ywHoi cmecu 6ydem pasen 72,4 %.

Kniouesvie cnoea: OGymacodenamenvHas Mawiuna, cywxa Oymasu;, IKCepeemuyecKuti aHauuz,
anepeocbepesicenue; sxcepeemuveckui KI/[; cucmemvl genmunsiyuu ¢ pekynepayuel menjiomvl,
MENIOPEeKynepamop,  dKCepeusi;,  MeXHONOSUYeCKas —GeHMUIAYUs, NPoUsgoOCcmeo  bymazu,
VIMUIU3AYUsL MEnionvl; JHEPLeMuUiecKas 3QPexmueHoCmp.

Introduction

The energy efficiency of a paper machine (PM) is largely determined by the technology for
heat flows arrangement in the drying section.

Modern paper machines are equipped with rather complex and high-performance
ventilation systems and installations that ensure successful running of the paper manufacturing
process. Along the entire paper motion from the headbox to the reel the necessary thermo-humid
regime of the air surrounding the paper sheet is created using ventilation systems. PM includes
wire, press and drying sections. The wire section is designed to remove the main part of moisture
and formation of the paper web, the press part is aimed at removing the additional moisture by
pressing. The remaining part of moisture is removed by drying in the drying section of the
machine [1].

A large amount of moisture is released from the surface of the wet web. Ventilation units
are used to remove the forming water vapors from the wire section outside the hall. At the same
time, their condensation on the surrounding surfaces is prevented, and the necessary sanitary
conditions for the staff are created. The highest water vapor emissions occur in the drying section
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of the machine. The supply and removal of heat in this part of PM determines the heat
consumption from external sources. That is why the drying section has long been the object of
close attention of scientists and engineers as the object of the greatest expenditure of thermal
energy.

Ensuring the necessary parameters of the air environment is achieved by the arranged
supply of fresh and exhaust air.

The rational distribution of air flows, the optimal choice of parameters and the frequency of
air exchange in the drying section contribute to increased productivity and stabilization of the
machine operation, alignment of the moisture profile of the paper web.

Literature review

The thermal regime of the drying section is provided by the steam condensate system which
is a part of it. Currently, the group heat supply system with cascade pressure distribution and steam
bypass over individual groups of cylinders has gained predominant use. Such a heat supply system
prevents the passage of steam into the condensate system [2,3].

The thermal circuit of the drying section consists of three functional groups: drying
cylinders, water separators and heat recovery unit. A heat recovery unit is an integral part of the
existing paper machines and includes three units, each of which consists of two recovery stages
(heat exchangers) and a scrubber for heating the process water. The first stage of recovery
provides pre-heating of the process (drying) air, the second one provides heating of the outside
(ventilation) air. Thus, the low-grade heat of the exhaust steam and the drying air is partially used.
From the press section of the machine, the wet paper web enters the first paper dryer cylinder.
After passing 46 drying cylinders, 92% of the paper web dried to dryness is removed from the
drying section for further processing.

From under the hood cap of the PM drying section the air-steam mixture / (Fig. 1) with a
temperature of 100 °C is fed into the first recovery stage 2 (TU-1). The air-steam mixture gives
some part of heat to the process (drying) air /7 supplied from the machine room with a
temperature of 28 °C, and heats it up to 42 °C. Drying air from the recovery stage 2 is fed into the
air heater /2 by centrifugal fan &, where it is heated to 100 °C, and after it is sent under the hood

cap of the drying section of the machine /4.
6

7 5
8
9 3 4
<77
10
2 8
11 ) / 12 13
17 1 16 15 14

Fig. 1. Technological scheme of a traditional heat recovery unit:
1 - air-steam mixture; 2 - heat exchanger (heat trap) TU1;

3 - heat exchanger (heat trap) TU2; 4 - outside air;
5 - scrubber; 6 - axial fan; 7 - shutoff valve;

8 - air heater; 9 - centrifugal fan; 10 - check valve;

11 - ventilation air; 12 - air heater; 13 - steam; 14 - drying air;
15 - condensate; 16 - scrubber water and condensate from the exhaust air;
17 - air supplied from the machine room
Condensate 15 is discharged to the CHP, and scrubber water 16 is used to dilute the paper
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pulp. Outside air in the winter period is heated in the second recovery stage 3 up to temperature of
0 °C, and then it is heated to 20 °C in a heater 8 by steam from the thermal power plant. From the
heater 8, the heated air is supplied to the machine hall 11, where it assimilates the heat of
equipment and reaches temperature of 28 °C, at which it enters the first recovery stage 2.

The partially cooled air-steam mixture flows from the first recovery stage 2 (TU-1) to the
second recovery stage 3 (TU-2), where it gives some part of its heat (up to the saturation
temperature) to the outside air 4. Next, the air-vapor mixture enters the scrubber 5. The purpose of
the scrubber is to separate moisture from the steam-air mixture by cooling it. The steam in it
condenses. The temperature of the air discharged from the scrubber is 45 °C.

Materials and methods

The authors have calculated the drying section of the existing paper machine.

The drying section of the paper machine under consideration consists of 46 paper drying
and one refrigerating cylinders. The drying cylinders are arranged in two rows, staggered, and are
heated by condensing steam. Its dryness before drying is 43.5%, final dryness of paper is 92%.
The temperature of the pulp after the wire frame is 50 °C. The consumption of drying air is 12 kg
per 1 kg of evaporated water. The productivity is 13.1 tons of paper per hour.

Energy supply and dehumidification for various parts of PM are given in table 1.

Table 1
Energy distribution at PM
Wire section Press section Drying section
No. Characteristics . Vacuum- . Vacuum- Electrical
Driver Driver Steam
pumps pumps energy

Energy
! distribution, % 6 5 6 1 3 69
, | Removed 97.2 2.1 0.7

moisture, %

Analysis of the results given in table 1 shows that only 0.7% of the total moisture removed
in the paper machine is removed in the drying section of the machine. The amount of energy
consumed to remove this moisture is 72% of the total energy supplied, of which 69% is energy
consumption in the form of low pressure steam.

From table 1 it can also be concluded that, despite the relatively small amount of moisture
removed in the drying section of the PM (0.7%), the energy consumption here is maximum, and
the amount of heat input in the form of saturated steam from the CHP is determined by this
particular section of PM.

During the study of the drying section of the existing paper machine it was established [4]
that its exergy efficiency is only 52.6%. The low exergy efficiency of the drying section is
determined by the exergy efficiency of the heat recovery unit of the drying section (57.5%) with
the spent exergy amounted to 30% of the total exergy supplied.

This process is characterized by high irreversibility and, accordingly, low exergy
efficiency. Analysis of the components of the exergy balance made it possible to identify the main
directions for increasing the degree of thermodynamic perfection of the technological process in
the drying section of PM.

1. Increasing the exergy efficiency of the heat recovery unit. Analysis of the exergy balance
items shows that the exergy efficiency and the share of exergy spent in this process to the total
exergy in the system are: = 57.5% and y = 30%, respectively.

2. Reducing the heat flux discharged into the environment. As it follows from the heat
balance, 60% of the heat flux is removed to the environment.

3. Increasing the potential of the drying air during the process of its absorption of the steam
of the PM drying part.

4. Increasing the dryness of the paper web entering the dryer.
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The practical implementation of the modernization of the drying section of PM in these
areas becomes possible on the ground of the development of the following technical solutions [5,
6]:

- Intensification of the work of heat exchangers with a corresponding reduction in
underheating between the heated air and the steam-air mixture (SAM). This measure will increase
the exergy efficiency of the heat recovery unit;

- Development of a closed or almost closed SAM cycle of the PM drying section;

- Application of heat pump units in the PM ventilation system [7];

- Increasing the potential of drying air by optimizing the temperature of air directed under
the PM cap, and the temperature of the source air [8];

The proposed technical solutions are not exhaustive. They can be considered as possible
options for the modernization of the PM drying section.

Results and discussion

In this article, the authors considered one of the most promising ways to increase the exergy
efficiency of the PM drying section, which also allows one to reduce energy costs in the steam-
condensate system of the existing plants, namely the development of a closed cycle of a steam-air
mixture.

Fig. 2 shows a scheme of a heat recovery unit of a paper machine with a closed drying air
cycle.

/
/ Condensate

Lo \
Outside air ' To the hall / :
/. to the boiler house

Fig. 2. The ventilation scheme of the drying section of the paper machine with a closed cycle of the drying air
motion: 1 - closed hood over the drying part; 2 - air heater; 3 - aftercooler; 4 - mixing heat exchanger (MHE);
5 - centrifugal fan circulating air in a closed hood (drying chamber); 6 — moisture, removed from paper web
during contact drying

The air-steam mixture (Fig. 2) with a temperature of 100 °C, removed from under the
insulated hood 1 that covers the drying section of the machine (drying chamber), is sent to the heat
exchanger TU 2.

The air-steam mixture leaves the TU 2 heat exchanger at a saturation temperature of 45 °C
and is sent to the mixing heat exchanger - aftercooler 3, from where, at a temperature of 25 °C,
dried and cooled, the air returns to TU 2. Some part of the dried air, equal to the mass of cold air,
used in the mixing heat exchanger is removed to the hall of the paper machine. In the heat
exchanger TU 2, the air is heated to 80 °C, then it enters the air heater (AH) 4, where its
temperature rises to 100 °C, i.e. the temperature necessary for the ventilation process of the
considered drying unit [9, 10].

In the aftercooler, the air temperature decreases due to the addition of outside air with an
average annual temperature of 7 °C. In summer, a cooling machine is used [11].

Moisture released from the web during contact drying is absorbed by the drying air and
removed from heat exchangers [12, 13]. All the heat released during condensation of the heating
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steam in the cylinders, besides the heat carried away by the heated paper web, is absorbed by air
and is used in heat exchangers of the regenerative circuit 2 and 3. The air is circulated by a
centrifugal fan 5.

The thermodynamic process carried out in the proposed heat recovery unit is shown in Fig.
3asani-—ddiagram.
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Fig. 3. Thermodynamic process of ventilation of the drying section of the machine for a closed cycle of air
movement

The diagram (Fig. 3) shows the following processes:

1-2 - Cooling of the drying (technological) air in the heat exchanger TU to 45 °C, d = 60
g/kg of dry air;

2-3 - Cooling of the drying (technological) air in the aftercooler;

3-4 - Heating of dried and cooled air in a heat exchanger TU to 80 °C, d = 20 g/kg of dry
air;

4-5 - Heating of the dried air in the heater t = 100 °C;

5-1 - Change of air parameters in the drying chamber t = 100 °C, d = 103 g/kg of dry air.

Exergy characteristics of the thermal process of heat and moisture transport by the proposed
method are given in table. 2.

Analysis of thermal processes of functional groups by the proposed method shows that
exergy efficiency is quite high [14, 15]. So the processes in the heat exchanger of the regenerative
circuit and the heater, where 91% of the exergy of the total in the system is supplied, are
characterized by exergy efficiency of 73.73% and 63.60%, respectively.
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Table 2
Exergy characteristics of the heat recovery unit of the PM drying section for a closed cycle of drying air
Exergy characteristics Regenerative circuit heat Aftercooler Air heater
exchanger
Heat flow, AQ; kKW 2947.98 1071.99 1071.99
Thermodynamic heating 3255 289 363
temperature, Ty, K
Received exergy,
AE,, KW 412.08 33.38 245.11
Thermodynamic cooling 3455 308 43717
temperature, To;, K
Spent exergy,
AEo,, KW 558.88 97.45 385.4
Exergy efficiency,
73.73 34.26 63. 60
Ni=AEyi AEi %

Thus, the exergy efficiency of processes in the recovery unit of the existing PM drying
sections is 28.6% versus 66.29% for the proposed method.

Conclusions

Analysis of the exergy characteristics of the PM drying section during the implementation
of the proposed method for heat arrangement in a heat recovery unit allows us to draw the
following conclusions.

The smallest exergy efficiency have the third group of drying cylinders (59.6%), air heater
(63.6%) and terminal cooler (34.3%). However, the total share of spent exergy in them is about
12% of the total spent exergy. Therefore, their influence on the overall efficiency of the PM drying
section is not significant. In general, the exergy efficiency of PM drying section is 72.4%. As was
indicated above [4], the exergy efficiency of the PM drying section for the existing modern plants
is 52.6%. Such a significant increase in exergy efficiency was achieved by scientifically based heat
technology in a heat recovery unit with a closed cycle of air movement.
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Abstract: The purpose of this article is to perform a comparative study of a reversible heat engine
with an ideal or real gas as a working fluid and to determine the change in its efficiency
depending on the thermodynamic characteristics of the working fluid. The main research method
is the method of thermodynamic potentials, based primarily on the analysis of changes in the free
and internal energy of an ideal and real gas in a cyclic process. The theory of thermodynamic
potentials is used to consider the Carnot quasistatic heat engine. A comparative analysis of its
operation is carried out, for a cycle with both an ideal and a real gas as a working fluid. The
possibility of analyzing cyclic processes occurring in heat engines using the method of
thermodynamic potentials has been identified and substantiated. The study has shown that the
existing formulation of the Carnot’s theorem is valid only for ideal gas as a working fluid. Based
on the work carried out, the Carnot’s theorem in the general case can be formulated, for example,
as follows: the efficiency of the heat engine nr, when it operates at the reversible Carnot cycle with
real gas as a working fluid, is determined by the following expression:
Nr =1—T—B +¢,
Ta
where Tp and Tg are the temperatures of the upper and lower isotherms of the Carnot cycle,

respectively; € is the correction term (positive or negative), depending on the thermodynamic
properties of a real gas, which tends to zero as the properties of a real gas approach the
properties of an ideal gas.
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efficiency of the Carnot cycle; efficiency of heat engines; efficiency.
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MEPMOOUHAMUYECKUX Xapakmepucmuk paboueco menda. OCHOBHLIM MeMOOOM UCCAEO08AHUS
AGNACNC MEMOO MEPMOOUHAMUYECKUX NOMEHYUATIO8, OAZUPYIOWUTICS, NPedicOe 6Ce20 HA aHANU3e
U3MeHeHUsL C606OOHOU U GHYMPEHHell IHEPIUU UOEAbHO20 U PEabHO20 2A3d 8 YUKIUYECKOM
npoyecce. B cmamve Ha OCHOBe meopuu MeEPMOOUHAMUYECKUX HOMEHYUALO8 NPOU3EEOeHO
paccmompenue  Keasucmamuieckozo mennogoco odgucamens Kapro, 6 pamkax Komopoeo
ocyujecmener CpasHUMeNbHbIl AHAIU3 €20 pabomyl, KaK 05l YUKLA ¢ pabodum meiom UoedibHbolll
2az, mak u ONs YuKia ¢ pabouum menoM pedaivhuvlil 2asz. B pabome evisigrena u obochosana
B03MOJICHOCHIb  AHANU3A YUKIUYECKUX NPOYECCo8, NPOMEKAUUX 6 Menio8bix O08Ueamensix ¢
UCNONL30BAHUEM MemoOd MePpMOOUHAMUYecKUx nomenyuanos. Ha ocnoge npogedénnoco
UCCNIeO08AHUS YCMAHOBGIEHO, YO CYWECmeyiowas opmyrupoeka meopemsi Kapno cnpaseonusa
moavbko Ol paboyeco mena «udeanvHvill 2azy. B obwem ciyuae, HA OCHOBAHUU NPOGEOEHHOU
pabomvi, meopema Kapno moocem Ovimb chpopmyruposana, Hanpumep, CieOVIOWUM 00pA30M:
KO uyuenm nonesHo2o Oelucmeuss Meniosou MAuluHbl 1y, Npu e€ QYHKYUOHUPOBAHUU NO
obpamumomy yuxiy Kapno c¢ pabouum meniom peanvHulli 2a3, Onpeoensiemcs ciedyiowell
Gopmynou:
Nr =1—T—B +&,
TA
20e Tp u Tg — memnepamypa, cOOmeemcmeeHHo, 6epxuell u nudicreti usomepm yuxia Kapmo; €

— nonpaexka (nOJZOJfCMm@ﬂbH(l}Z uau ompuuameﬂbHaﬂ), 3asuciauas om mepMOdquMMUQCKMx
ceoticmes peailbHoco 2asa, Komopas Cmpemumcs K HY10 npu npu6/zu9fceHuu ceoticms peailbHoco
2a3a K C80UCMBam 2a3a UdeaibHO20.

Knrouegvie cnoea: menioeou oguzamens, mepmoouHamuieckue nomeHyuansl;
xapaxmepucmuueckue Qyuxyuu, suepeus I'uboca, suepeus I'enomeonvya; meopema Kapno, yuxn
Kapno; keasucmamuyeckuii npoyecc; oopamumsiii yuxkiuveckuu npoyecc, KIIJ[ yuxia Kapno;
KIIJ] mennogvix 0gucameneii; Kodgduyuenm noiezHo2o 0eticmeus.

Introduction

In a number of previous publications [1, 2, 3], the author used the method of
thermodynamic potentials [4, 5] to analyze the simplest thermodynamic processes (mixing of ideal
gases and isothermic equilibrium and non-equilibrium expansion of an ideal gas). This work
explores the behavior of real gas in thermodynamic cycles and the influence of its properties on
the efficiency of heat engines basing on the basic principles underlying the earlier publications. It
should be noted that application of the theory of thermodynamic potentials to the “ideal gas
mixture” system was a key factor in the appearance of an article entitled “The Gibbs Paradox and
its Solution” [1]. So, the author poses the second task of the present work: to indirectly confirm the
basic principles underlying this earlier publication. It should be noted that this problem is very
actively discussed as a matter of modern thermodynamics, as evidenced, in particular, by the
following works [6-10].

In accordance with 1. Prigogin [11, p. 81], “Carnot showed that a reversible cyclic heat
engine must perform the maximum work (driving force) ...”. Later he [11, p. 81] reports: “If any
heat engine could perform more work than a reversible cyclic engine, then an infinite amount of
work could be done. First, using a more efficient engine, it was necessary to transfer heat from the
hot tank to the cold, then, using a reversible heat engine, return the same amount of heat to the hot
tank. Since the direct process gives more work than it is required to complete the reverse process,
the result is a gain in work. ... Carnot argued that this was impossible.”" Note that in this discussion
there is a substitution of concepts. In fact, Carnot actually speaks only of volumetric-mechanical
work (and only about it), into which the heat supplied to the system is converted (or vice versa, the
work is converted to heat), and this phenomenon is observed only when a heat engine with an ideal
gas as working fluid is used. At the same time, “Joule and Thomson showed that the vast majority
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of gases studied by them are cooled during free expansion, since such expansion is associated with
work against the internal forces of interaction between gas particles” [12, p. 35]. There is the
possibility of heating real gases during expansion [p* . 249], however, an increase in gas
temperature is a rather rare phenomenon, therefore, in the framework of this work we mainly
restrict ourselves to considering the first case. Thus, when using non-ideal gas as a working fluid
in the upper Carnot isotherm, the heat supplied to the system is spent both on the performance of
volumetric-mechanical work and on maintaining a constant temperature of the “self-cooling” gas.
As a result, the isotherm of the real gas will be below the isotherm of the ideal gas [13, p. 22],
which should be interpreted as the presence of some internal compressive pressure of real gas.
This thesis is illustrated by Fig. 1 "Isotherms for ideal (1) and real (2) gases."

Thus, it can be stated that under isothermal expansion of one mole of a real gas at relatively
low pressures (when its volatility coefficient is less than one), the work performed by it will be
less than that performed by one mole of an ideal gas at the same pressure change. This is driven by
the fact that part of heat received by the non-ideal gas from the hot tank will be spent on
maintaining its temperature, which is necessary for an isothermal process due to the presence of its
"self-cooling" effect, that is, it is spent on chemical work against the Van der Waals forces. A
similar situation, except for the sign, is also observed for the lower isotherm of the Carnot cycle. In
this case, attraction of real gas molecules to each other takes place, so when it is compressed by
external forces, in addition to heat generated due to mechanical work (as it is observed, for
example, for an ideal gas) its self-heating occurs due to strengthening of Van der Waals bonds.
So, in this case the chemical work will be performed by the substance itself. This leads to
increased, in comparison with the amount of volumetric-mechanical work performed, heat transfer
to the refrigerator of the system in question. In addition, we note that it is necessary to take into
account the internal energy of a real gas, the change of which actually determines the volumetric-
mechanical work of adiabats of the Carnot cycle. It is known that in the general case it depends on
the volume of real gas [11, p. 163] and, therefore, the volumetric-mechanical work performed in
adiabats (by the system and being done on the system) in this case is not subject to reduction. So it
can be argued that when carrying out the Carnot cycle with the participation of real gas, along with
the use of heat for performing volumetric-mechanical work, it is also used for performing chemical
work, which has an influence on the system efficiency. This phenomenon will be considered in
more detail in subsequent sections of this work. In addition, it should be noted that there are no
doubts that the considered effects and their values depend on the type of reversible heat engine
(thermodynamic cycle), which requires analysis of this factor, but is clearly beyond the scope of
this work.

PA

Fig. 1. Isotherms for ideal (1) and real (2) gases
We now return to the Carnot’s theorem itself. Its traditional formulation, given, for
example, in the monograph by I. Prigogin [11, p. 83], states that the discovery of Carnot “... comes

! Yavorsky B.M. CrpaBounuk o (usnke: cnpaodrnk / B.M. Yavorsky, A.A. Detlaf. Moscow:
Nauka, 1974. (In Russ).
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down to the statement that the efficiency of a reversible heat engine is maximum, does not depend
on the properties of the heat engine and is a function of only the temperatures of the hot and cold
tanks:

n=1- 2 =1-f(y,ty) )
Q2
where f(t,ty) are the function of only temperatures t; and ty of hot and cold tanks.”

Earlier we showed that in the case of real gas this statement is not true. Therefore, the
aforecited conclusion of the Carnot’s theorem should be attributed exclusively to the working fluid
“ideal gas”. In case of a real gas, expression (1) becomes simply incorrect, since there appears
relationship between m and the gas properties. In the following sections of this article, we show

the validity of the stated thesis using specific examples.

Materials and methods

Analysis of the work of the Carnot thermodynamic cycle with the “ideal gas” working fluid
can be found in almost any course of thermodynamics. Therefore, we will use one of the variants
for studying this issue, basing, for example, on the monograph of I. Prigogin [11, pp. 83-86].
Together with it, we will use the method proposed by the author and presented, in particular, in his
work, “Philips and Carnot Heat Engines from the Point of View of the Theory of Thermodynamic
Potentials” [3].

P

th/-u I~
PI!J‘/;
P,,‘._/Au'
Ppf i
Py S N S :
- - » BbY -
Pefc o 0. Clc)
J V =
Vo Vg V, Vb ‘B Ve v
Ve Vg vy
h
Vi

Fig. 2. Carnot cycle in P-V coordinates for ideal and real gas

Fig. 2 shows a graph of the cyclic operation of the Carnot machine in pressure-volume
coordinates for one mole of ideal gas and one mole of real gas. Moreover, without loss of
generality, it is accepted that the right adiabats and the right parts of isotherms of thermodynamic
cycles of real and ideal gases coincide. In other words, the real gas in this case becomes ideal.
Using this technique allows us to consider any Carnot cycle with the participation of the real gas
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a—ab-dc—d as the difference of two Carnot cycles ("large” a—b—c—d and "small" ab—b —
¢ —dc), in which, in their right part, the expansion of real gas is so significant that it becomes an
ideal gas. An explanation of this thesis is presented in Fig. 3. In addition, in order to simplify
further calculations, we assume that the device under consideration, operating with either ideal or
real gas, is in vacuum, and to analyze its operation we use the theory of thermodynamic potentials,
assuming that only one mole of gas is always used in the system.

Stage 1. Isothermal transitions at temperature Ta.

Ideal gas. Transition A - B.

In this case, in accordance with I. Prigogin [11, p. 84], external work performed by one
mole of ideal gas A,g is determined by the expression

B VB
= = _— 2
Ang =, PAV RTAInVA, )
where P is the gas pressure; V is the current gas volume; Vo and Vg are the ideal gas volumes
at the beginning and at the end of the upper isotherm of the Carnot cycle, respectively; Tp is the

gas temperature of the upper isotherm of the Carnot cycle, R is the universal gas constant.
When using pressure as an independent variable, the last expression can be rewritten [14, p.
22] in the following form:

B PB
Anp = P=—RTxIn-2, 3
'AB IQ vd Aln P ©)
where Py and Pg are the ideal gas pressures at the beginning and at the end of the upper isotherm

of the Carnot cycle, respectively.
In such an isothermal process involving an ideal gas, heat Qg is absorbed from the

reservoir, and the following equality is fulfilled:
Ang =QaB - 4)

PA

Fig. 3. The scheme of transformation of Carnot cycles with real gas as a working fluid

Real gas. Transition a - b.
In this case, external work performed by real gas A,y is determined by the ratio [14, p. 22]

b fb
Agh :_[anPz—RTAInf—a (5)

36



Ipobaemor snepeemuru, 2019, mom 21,

where fy and fy, are the volatilities of real gas at the beginning and end of the upper isotherm of
the Carnot cycle, respectively.

Further, the difference between the volumetric-mechanical work of a real gas A, and
the volumetric-mechanical work of an ideal gas Ajgeg Will be a certain amount A g, which N.

Izmailov calls the excessive work of expansion and is determined [13, p. 22], with the system of
signs adopted by us, as follows :

Pa
Apg =RTp Inf_A = Ajdeal ~ Areal - (6)
where Ajgeql is the isothermal work performed by ideal gas when expanding from pressure P, to

pressure Py, Ayeg IS the isothermal work performed by real gas when expanding from pressure
Pa , corresponding to volatility f, to pressure Pg, at which the real gas becomes an ideal one.

In this case, it can be stated (see Fig. 2) that heat received by the system with real gas
(when volatility coefficient is less than one) is consumed both for performing external work Agp
and for working against internal pressure forces A g, i.e., the mutual attraction of gas particles. It
should be noted that in the a - b isotherm the amount of heat absorbed by the real gas Qg remains
unchanged, that is, it is equal to the heat absorbed by the ideal gas Q,g in the isotherm A - B.

Thus, for the upper isotherm of the Carnot cycle with alternating participation of the real and ideal
gas it can be written:

QaB =Qab- ()

AnB — Aab =Apag >0. (8)

Stage 2. Adiabatic transition.

Ideal gas. Transition B - C.

It is known that the only source of energy for performing external work Agc , under
adiabatic expansion of an ideal gas, is a change in its internal energy AU [14, p. 42]. Therefore, in
this case, we can write

—AU =G, (Ta—Tg) = AsC - 9)
where C,, is the heat capacity of an ideal gas at a constant pressure, and Tg is the gas temperature
in the lower isotherm of the Carnot cycle.

Due to the preconditions imposed on the considered Carnot cycles, an analysis of the
adiabatic transition b - ¢ for a real gas is not required (all its parameters coincide with the
parameters of an ideal gas), i.e. in particular Agc = Ay

At the same time, for further research, we need to know the characteristics of an ideal gas at
the moment of the end of the right adiabat at a temperature Tg (the beginning of the “lower”
isotherm of ideal and real gas). For this purpose, the transition from point B to point C is carried
out in two stages. In the first case, we move at a constant volume of ideal gas from point B to point
B’ located on the lower isotherm of the Carnot cycle, which will lead to a corresponding change in
its internal energy [3]:

—AUgg' =C,(Tpo —Tg)- (10)

The heat released as a result of this process we will direct to a battery, which has a
temperature Tg . It should be noted that the volumetric-mechanical work in this case, due to the
constancy of the volume of gas, is zero. The further transition of one mole of ideal gas is carried
out along the isotherm from point B’ to point C. In this case, as we found out earlier, the external
work performed is limited by the amount of heat supplied to the system and going to actually carry
out this work (in our case, the amount of heat released as a result of a decrease in internal energy).
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Thus, we can write [13, p. 22], taking into account the isothermal equivalence of the Helmholtz
and Gibbs energy changes, the following expression:

C VC PC
Agc =Agc =|,,PdV =RTg In—==-RTg In—=. 11
C C -[B' B Vg B Pg- (11)
In this case, a combination of equations (10) and (11) allows one to determine the values

Ve and Pe corresponding to the volume and pressure of an ideal gas at point C of the lower
isotherm. Indeed, from these expressions it follows that

V R

~C —_RTgIn-C . (12)
Vg P
In these two equations, only V¢ and Pc are unknown. In turn, the external work Agc or

CV(I'A —TB) = RTB In

Ay of the considered system during its adiabatic transition from point B to point C will be equal
to:
Asc =P =G (Ta—Tp)- (13)
Stage 3. Isothermal transitions at temperature Tg .
Ideal gas. Transition C - D.
We will consider this process by analogy with stage 1.

In this case, in accordance with I. Prigogin [11, p. 85], external work (negative) performed
on an ideal gas is determined by the expression

D VD
= = —. 14
Acp = [ PdV =RTg iva (14)

When using pressure as an independent variable, the last relation can be rewritten [13, p.
22] in the following form:

Ach :ngdP ——RTg In%. (15)
In such an isothermal process involving an ideal gas, heat Qcp is transferred to the
refrigerator, and the following equality is fulfilled:
Acp =Qcp - (16)
Real gas. Transition ¢ - d.
In this case, external work (negative) Acq performed on real gas is determined by the
equation
d Vd
A =] PdV =RTg InW. 17)
When using pressure as an independent variable and volatility f , the last relation can be
rewritten [13, p. 22]:
Acg =I:VdP = —RTg In];—i:—RTB In;—‘z. (18)
In turn, the difference between the values of the work of the real and ideal gases will be a
certain amount Acp (negative), which N. Izmailov calls the excess work of expansion and is

determined in this case [13, p. 22] as follows:
— _RT= | i_ — 19
Acp = and—'ACD Acd - (19)
Therefore, the heat Qcp generated by the system with real gas in the isothermal process ¢ —
d and transferred to the refrigerator can be decomposed into two components:
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—Heat received as a result of the actual transformation of mechanical work with the
participation of external forces acting on the system, and quantitatively equal to this work:

f
~RTg In-4;
PC
—Heat received as a result of work performed due to the attraction of molecules (Van der

Waals forces), which is equal to Acp .

Thus, it can be stated that in this case, external work is completely converted into heat;
moreover, heat is also generated due to the work caused by the forces of VVan der Waals.

Stage 4. Adiabatic transitions.

Perfect gas. Transition D - A.

In this subsection, we will use the results obtained by us when analyzing stage 2, which will
have opposite signs due to the fact that the process under consideration proceeds in the opposite
direction. All necessary explanations can be obtained from the analysis of Fig. 2: it can be seen
that the considered transition is divided into two parts: isothermal D - 4" and isochoric 4’ - A. It is
known that under adiabatic compression of an ideal gas, a change in its internal energy is
numerically equal to the volumetric-mechanical work performed on it [14, p. 42]. Therefore, in
this case, an increase in internal energy is observed, and the following relation can be written:

AUpp =G, (TA—Tg) =—Apa- (20)

Thus, for transition D - A, given the the Helmholtz and Gibbs energies change equivalence
in this case, we can write [15, p. 42]:

Apa = Apa: =jA PV —RTg In VA" = _RTg In 1A' (1)
D Vb Po

The combination of the last two equations allows one to determine Vp and Pp,
corresponding to the volume and pressure of an ideal gas at point D of the lower isotherm. Indeed,
from these equalities it follows that

—C,(TAo—Tg) =RTg In\%:—RTB In%. (22)
D

In turn, from the latter expressions one can easily calculate the considered values Vp and
Pp by means of simple algebraic transformations.

Real gas. Transitiond - a

We will analyze this process by analogy with the D - A transition, replacing the
corresponding pressures by volatilities, and the molar volumes of an ideal gas by molar volumes of
real gas. All necessary explanations can be obtained by analyzing Fig. 2, from which it can be seen
that the transition under consideration is divided into two parts: the isothermal d - ' and the
isochoric a’- a.

It is known that during adiabatic compression of gas, a change in its internal energy is
numerically equal to the volumetric-mechanical work performed on it [14, p. 42]. Therefore, in
this case, an increase in internal energy is observed, and the following relation can be written:

AUga =Cr(TA—Tg) =—Aya (23)
where C; is the heat capacity of real gas at a constant volume Vg , which in general case can be a
function of both temperature and volume. In our discussions, without loss of generality, in order to
simplify the analysis, we accept it depending only on the real gas volume. As for the previous

discussions, the volumetric-mechanical work is concentrated in the section d - a’, and accordingly
it is equal to zero in the section a' - a. Then, taking into account the comments made, we get:

Ada :A\ja' :J-a PdVv ZRTA |n\£:—RTA|n£. (24)
d Vd fd
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The last two equations allow, using simple algebraic transformations, to calculate the
parameters of the real gas Vg and fq at the point d.

3. Results and discussion

3.1 Efficiency of the Carnot cycle with ideal gas

In accordance with I. Prigogin [11, p. 86], the efficiency of the Carnot cycle with an ideal
gas 7; is determined by the formula

_A 4 T8 25
i QaB Ta 9)

where A is the total amount of work produced by the considered system.

We show that the results we obtained in the previous paragraph using the method of
thermodynamic potentials coincide with the latter formula. To do this, we use fig. 2. The amount
of heat entering the system in our case, as well as in the usual version of analysis of this process, is
equal to Qg and equals to work performed at this stage Aapg .

To determine the work on the adiabat B - C, one can use the results of the previous
paragraph (stage 2). In this case, the third-external work performed by the system is
“concentrated” on the isotherm with temperature Tg and is determined by the following

expression:
Agc =Cy(Ta-Tg)- (26)
A similar situation, except for the sign, is observed when considering the transition along
the adiabat D - A. External work performed on the system is concentrated on the isotherm with
temperature Tg and is determined in this case by the formula

Apa =-Cy(Tao—Tg) =—Agc - @7)
Thus, the total work performed on the upper isotherm and two adiabats, i.e., on the section
D-A-B-C, will be equal to

Apaec = AnB + Aec + Apa - (28)
However, knowing that
Apa=—Pgc (29)
we obtain
\:!
Apagc = Aag =RTp In\/_A : (30)

It is known that for negative external work performed on the lower isotherm of the Carnot
cycle, we can write:

v
Acp =RTg lnf- 31)

In addition, consideration of the geometry of Fig. 2 allows us to state that the following
equality is true
VB =In Ve :
Va  Va
At the same time, taking into account the fact that on the lower isotherm the same amount
of work, determined by expression Agc =—Apa =C,(Tao—Tg) is added and subtracted to the

In (32)

Vg . , . .
work Aa'g'=RTg InV—B, it becomes possible to assert that its value remains unchanged and,
A
therefore, the following relation is true:

Vg' V

RTgIn—B-=RTgIn-S . (33)
Va Vb
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And finally, compiling the last equation with the previous one, we get
V V,
vB =1In Yc .
Va Vb

Taking into account the last three expressions and substituting the expressions for work
Acp and Apppc into the expression that determines the efficiency of an ideal gas allows us to

obtain the following formula:

In (34)

RTA InV—B + RTB InV—D

m=——A Y, 18, (3)
RTAIn B Ta
Va
This expression for the Carnot cycle efficiency completely coincides with a similar relation
obtained in traditional way [1, p. 86], which confirms the correctness of the method of
thermodynamic potentials for solving the problems under consideration. In the next subsection of
this publication, we complicate the task somewhat by applying the method of thermodynamic

potentials to analyze the efficiency of the Carnot cycle with the “real gas” working fluid.

3.2. Efficiency of the Carnot cycle with real gas

In case of Carnot cycle with a “real gas” working fluid, its efficiency M, can be calculated

using a formula similar to the corresponding formula for an ideal gas:
=2 (36)

Qab

However, the expression for the work, we denote it here Ay, will look somewhat different,
since we have to use the concept of volatility instead of pressure in these calculation, and instead
of the ideal gas volume, we use the real gas volume. In this case (see Fig. 2), the determination of
the cycle efficiency can be carried out using the technique used in the previous paragraph of this
paper. As before, we assume that the amount of heat Qgp, is equal to heat entering the system.

And, in turn, the work performed by the system in the section a - b will be determined by the
formula

Agp = RTAInV—bz—RTA Intb. 37)
Va fa
Note that in this case, in accordance with the analysis carried out in Paragraph 4, Ayp and

Qap and are not equal to each other. To determine the work Ay in section b - ¢ from point b of

the upper isotherm along the isochore, we descend to the intersection with the lower isotherm at
point b’, and then we move along the lower isotherm to point c. Then the total work on the section
b - 5’ - c, due to the constancy of the volume, on the isochore will be concentrated on the segment
b’ - c and is equal to the following value:

Abb'C = Ab'C = RTB |nV—C = —RTB |nL = —RTB |n& = CV(I'A —TB) . (38)
Vo fo: Ry

Note that according to the terms of the problem, the properties of ideal and real gases
coincide in this area, and the corresponding heat capacities are equal to each other. At the same
time, the solution of the latter relation relative to f., P, and V; allows one to determine the

properties of the considered gas at point c.

To determine the point d - the end of the lower isotherm of the Carnot cycle - we use the
following technique. From point a of the upper isotherm a - b, along the isochor a - a’ we descend
to the point a’ located on the continuation of the lower isotherm ¢ - d, and then move along the
isotherm a’- c to point d.
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In fact, in the Carnot cycle, the movement along the adiabat under consideration proceeds
in the opposite direction, which requires appropriate consideration by setting the signs in the
following formula:

Var far
Ada'a = Ada' = ~Aa'd =RTg |nﬁ=—RTB |”%=—Cr (Ta=Tg)- (39)

where C, is the heat capacity of real gas, at a constant volume V .

We note that the solution of the last expression in relation to fy and Vg allows one to
determine the properties of a real gas at point c.

Thus, the total work performed on the upper isotherm and two adiabats, i.e., on the section
d-a-b-c, will be equal to:

Adabc = Pab + Ao'c + Ada (40)

However, due to the fact that in this case, for the adiabats b - ¢ and d - a, the heat capacities

are not equal to each other, i.e. C, =C,, s0

Avec #—Pda - (41)

Thus, based on the last two formulas, we obtain the expression:

Adabc = RTAIn\\%jL RTg In\\//—°+ RTg |n\£:

! V,
a b d (42)

:—RTAInh—RTBInL—RTB Inta’.
fa fpr f
At the same time, taking into account the data from the previous paragraph, for work
(negative), which was performed on the system on the isotherm ¢ - d, we obtain the following
expression:

A =RTg InYd _ ~RTg Intd. (43)
VC fC
It is more convenient to present the last two ratios in the form
V .
Aﬁabc = RTA InV—B—AAB + RTB |n—C—AB'C + RTB |nV—A—ADA' s (44)
Va Vg Vp
Y,
A =RTg In=B—Acp, (45)
Ve

where Aag, Ag'c, Apa' and Acp is the corresponding redundant expansion work, and
according to the conditions of the problem Ag:c =0.

Substitution of expressions for work Asq and Aggpc in expression that determines the
efficiency allows us to obtain the formula

RTAInV—B—AAB + RTB |nV7C—AB'C + RTB In\i—ADA-
A Vg Vb

Nr = +
RTA InX—B
A : (46)
Vb
RTB In— — ACD
Vv B
+ v :1—_|_—+ €
RTpIn-B A
Va
It is more convenient to present the obtained equation in the form:

Nr=mnj+&, (47)

where
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—AAB + RTB InV—C—ABvC + RTB IHE—ADA- —ACD
Ve Vb

£= v . (48)

RTpIn-B

Va

Analysis of the last formula allows us to state that the value & that distinguishes the

efficiency of the Carnot cycle with a working fluid “real gas” from the efficiency of the Carnot

cycle with a working fluid “ideal gas” is a complex function of temperature of the cycle isotherms

and the thermodynamic properties of the real gas that distinguish it from the ideal gas. In addition,

it can be concluded that the efficiency of a real gas can, depending on the value of the volatility

coefficient of a real gas, exceed or be less than the efficiency of an ideal gas. A more detailed

analysis of the issue can be performed only taking into account the specific properties of the

working fluid, that is, including the analysis of the contribution of various quantities A to the
correction term €.

An indirect confirmation of the validity of the obtained formula is the fact that when the

equality Apg =Ag'c =Apa' =Acp =0 is true, that is, during the transformation of real gas

into ideal gas, the following quantities are simultaneously reduced in the last formula:

RTg In\\//—C and RTg In\%. Thus, in this case, the correction term & becomes equal to zero,
' D
and the real gas is transformed into ideal gas.

Consequently, it can be stated that the efficiency of the quasistatic Carnot cycle is
determined, in particular by the properties of a real gas. From the point of view of electrochemistry
[15, p. 18], this result is quite expected, since it is known that with the equilibrium course of
electrochemical reactions, the external work carried out by means of chemical energy can occur
both with absorption and with the release of heat. In other words, a quasistatic system can perform
additional, for example, volumetric-mechanical, work due to a chemical process that takes place
with the absorption of heat from the environment or vice versa, with the release of heat into the
environment. In this article this well-known principle is applied to a new object - the Carnot
thermodynamic cycle.

4. Conclusions

Thus, based on the performed work, the following conclusions can be drawn:

1. The existing formulation of the Carnot — Clausius theorem is valid only for the “ideal
gas” working fluid.

2. In general case, based on the presented calculations, the Carnot — Clausius theorem can
be formulated, for example, as follows: the efficiency of a heat engine m, when it is operated on

a reversible Carnot cycle with a “real gas” working fluid is determined by the following formula:
T
n=1--B+¢ (49)
Ta
where Tp and Tg are the temperatures of the upper and lower isotherms of the Carnot cycle,

respectively; € is the correction term (positive or negative), depending on the thermodynamic
properties of a real gas, which tends to zero as the properties of a real gas approach the properties
of an ideal gas.
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Abstract: The article considers the feasibility of changing the structure of a distribution electrical
network by transferring points of electricity transformation as close to consumers as possible. This
approach is based on installation of pole-mounted transformer substations (PMTS) near consumer
groups and changes the topology of the electrical network. At the same time, for groups of
consumers, the configuration of sections of the low-voltage network, including service drops,
changes. The efficiency of approaching transformer substations to consumers was estimated by the
reduction in electrical energy losses due to the expansion of the high-voltage network. The
calculation of electrical losses was carried out according to twenty-four hour consumer demand
curve. To estimate the power losses in each section of the electrical network of high and low
voltage, the calculated expressions were obtained. For the considered example, the electrical
energy losses in the whole network with a modified topology is reduced by about two times, while
in a high-voltage network with the same transmitted power, the losses are reduced to a practically
insignificant level, and in installed PMTS transformers they increase mainly due to the rise in total
idle losses. The payback period of additional capital investments in option with modified topology
will be significantly greater if payback is assessed only by saving losses cost. Consequently, the
determination of the feasibility of applying this approach should be carried out taking into account
such factors as increasing the reliability of electricity supply, improving the quality of electricity,
and increasing the power transmission capacity of the main part of electrical network.

Keywords: power distribution network; electrical energy losses; quality of electricity; power
transmission capacity; reliability of electricity supply; energy conservation; feasibility study; pole-
mounted transformer substations.
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46



Ipobnemor snepeemuru, 2019, mom 21, Ne 3

60u3u epynn nompebumenei cmoaoogvix mpancgopmamoprvix noocmanyuu (CTI) u mensem
mononozauio  dnekmpudeckoi cemu. Ilpu smom Ona epynn  nompebumeneti  UMEHIEMCS
KOH@uUaypayus y4acmkog cemu HU3KO20 HANPANCEHUs, BKIIOYAIOWUX 8600bl 8 00MA U 30AHUSL
Dgppexmusnocmv  npubIUdICEHUS  MPAHCHOPMAMOPHBIX ~ NOOCMAHYULL K nompebumensim
OYEHUBANACL NO BENUHUHE CHUIICEHUS NOMepb INEKMPOIHEePSUU 3d Cuem pACUUpeHus cemu
8bICOKO20 Hanpsidicenus. Pacuem nomepv anexmposuepauu  Obii  GLINOIHEH NO  HACOBbIM
UHMEPBANAM MUNOBO20 CYMOYHO20 2paghuka Hazpysku nompebumenei. bviiu nonyuensl
pacuemuvle GbIPANCEHUS, NO3BONAIOUWUE BLIYUCIUMb NOMEPU MOWHOCMU HA 6CEX YYaACmKax
INEKMPUYECKUX cemell HUKO20 U 8bICOKO20 Hanpsidicenus. s paccMompeHHo2o npumepa nomepu
INEKMPOIHEP2UL 8 YETOM IO CeMU € USMEHEHHOU MONON02UEH CHUINCAIOMCSL NPUMEPHO 8 084 pa3d,
npu 9MOM 8 Cemu GblCOKO20 HANPSNCEHUs. C NpedcHell nepeodsaemoli MOWHOCMbIO nomepu
CHUIICATOMCSL 00 NPAKMUYECKU HE3HAYUMO20 YPOBHSL, A CYMMAPHbIE NOMeEPU 8 MPAHCHOPMAMOpPax
803pacmaiom 8 OCHOGHOM U3-3a pOocma oOwux nomepv xorocmoeo xooa. Cpox oxynaemocmu
OONOJIHUMENbHBIX KANUMALbHBIX GJI0JCEHU 6 6aApUAHmM ¢ U3IMEHEHHOU mononozuel 6ydem
00CMAmMOYHO OOILWUM, eClU OKYRAeMOCmb Oy0em OYeHUBAmbCsi MOIbKO 3a CHem SKOHOMUU npu
cHudiceHuu nomeps. OnpeodeneHue YerecooOPA3sHOCMU NPUMEHEHUs. OAHHO20 N00xX00a cledyem
nPpou3800UmMb ¢ Y4EMoM MAKux akmopos, Kax yeeaudeHue HAOEHCHOCMU IJ1eKMpPOCHAOICEHUs,
nOGbIUEHUE KAYeCmEa INEKMPOIHEP2UL U YEeTUudeHUe NPONYCKHOU CROCOOHOCIU MASUCMPATbHOU
yacmu dNeKMpU4ecKkoll cemu.

Knwwuesvie cnosa: pacnpederumenvhas —cemv; nomepu  3NeKMPOIHEPISUU;  KA4eCME0
INEKMPOIHEPSULL; NPONYCKHAsL CnocobHOCmb; HA0EHCHOCMb INEKMPOCHAONCEHUSL;
9HepaochepediceHue; MeXHUKO-IKOHOMUYECKoe 000CHO8anue, cmoaboeasi mpanchopmamopHas
NnOOCMAanyusl.

Introduction

The problem of high energy losses and low voltage levels in low-voltage distribution
networks (secondary distribution networks) is discussed in many publications, for example [1-3].
To solve this problem, well-known methods are used [4, 5], namely: replacing overhead line
(OHL) wires with larger cross-section wires, disaggregation of lines, reactive power compensation
and installation of control transformers. The transfer of electrical network to a higher rated voltage
for low-voltage networks is not applied, since power receivers are connected directly to this
network.

For suburban and rural networks, overhead lines are used, which account for the majority of
the load losses. Load losses also occur in a step-down transformer of a transformer substation (TS)
and inputs to houses and buildings. Transfer to a higher rated voltage in such networks is possible
on the sections of the overhead line and on branches from it when moving the transformation
closer to consumers using pole-mounted transformer substations (PMTS). This approach is used in
many countries, in particular the USA and Canada [6, 7], where three-phase distribution
(12.47/0.416 kV) and single-phase (7.2/0.24 kV) transformers are usually installed near
consumers.

In the Russian literature, there appear proposals for the use of the so-called innovative
network in which pole-mounted transformer substations (PMTS) are as close to the consumer as
possible [8, 9]. The innovative project of Rosseti® considers the use of 6-10/0.4 kV PMTS with
capacities from 25 to 100 kVA, installed in close proximity to consumers and allowing one to
minimize the length of 0.4 kV OHL. The project aims to increase the reliability of electricity
supply to consumers through the use of simpler design solutions: the use of PMTS installed on

! Innovation and evolution. Rosseti // Electrical energy. Transmission and distribution. 2017
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standard supports; replacement of disconnectors and fuses by reclosers installed on branches from
OHL 10 kV lines and ensuring their protection up to PMTS installed.

For electrical networks of external power supply with a voltage of 0.4-10 kV for
agricultural purposes, the new construction is recommended to be carried out by transferring
transformation points (several PMTS 10/0.4 kV with a capacity of up to 40 kV-A with single-
phase and three-phase transformers) directly to the consumer.

The benefits of PMTS using near consumers are:

. Improving the quality of electricity at the consumer;

. Reduction of electricity load losses;

. Reduction of commercial electricity losses;

. Reduction of operating costs;

. Simplification of the installation of automated electricity metering;
. Simplification of the installation of protective equipment;

. Increasing the transmitting capacity of main OHL;

. Improving the reliability of power supply.

We should also note the following disadvantages of expanding the 10 kV network, replacing the
0.4 kV network:

o Increasing the OHL cost;
o Increasing the total cost of distribution transformers;
o Increasing the idle losses.

The feasibility study of the new network topology can give various results, which are
determined by the specifics of consumers’ location, their capacity and daily load schedules, as well
as by the lengths of the main line and branches from it. PMTS power and the number of
consumers connected to them are also of importance.

Materials and methods

Consider one approach to justifying a project to build a 10/0.4 kV electrical network with
TS transfer as close to electricity consumers as possible.

To justify this approach, we adopt a method for comparing network construction variants.

New construction can be performed in 2 options:

Option 1. The network is constructed by steel insulated wires (the Russian SIP type) at a
voltage of 0.4 kV. The cost of TS is included in the capital investment of the option (traditional
option).

Option 2. The network is constructed by protected wires (SIP3) at a voltage of 10 kV with
PMTS being placed near a group of consumers (1-6 and more) and inputs into buildings at a
voltage of 0.4 kV. There is no centralized TS, and a new 10 kV line connects to the existing 10 kV
network.

For simplicity, we assume that consumers have the same power and the same configuration
of the daily load schedule, the main line does not have branches and consumers are evenly
distributed along the main line on both sides of it, and the length of the inputs to them from one
support on both sides of the main line is the same.

As a comparison criterion, we take the total discounted costs for the eight-year life of the
facility. Schemes of the options are shown in Figs. 1 and 2.

We accept the cost of construction of 1 km of 0.4 kV OHL with SIP2 wires 3x50+1x54.6 -
1200 ths. rubles, and for 10 kV OHL with SIP3 50 wires - 1885 ths. rubles. Given the market cost
of 4 PMTS with transformers of 25 kV-A and TS with a transformer of 100 kV-A, as well as the
cost of SIP4 wires 2x25 for inputs to buildings, we get the cost of constructing 0.4 and 10 kV
network options, respectively, 1103 and 1654 ths. rubles.

2 Integrated price standards for typical technological solutions for capital construction of electrical
power facilities in terms of electrical grid facilities. Approved by order of the Ministry of Energy of Russia
dated February 8, 2016 No. 75.
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Fig. 2. Scheme of a 10 kV network option using PMTS (version with 10 consumers
at PMTS). The supports on which the PMTS are mounted are indicated by dark gray.

Electricity losses AW for the two options are determined using the formula:

where AWg, is the losses in overhead line; AW, is the losses for inputs to buildings; AWy is

the load losses in transformers; AWy is the losses of idling in transformers.

A significant share of power losses

for a low-voltage network occurs in

100 the OHL network sections, for

example, according to [10], losses in

50 OHL are 91.8%, and at inputs

(connections) of consumers it is 8.2%.

0 Therefore, by changing OHL to 10

kV voltage can have a very large
impact on reducing line losses.

A 10 kV OHL with a function

Hours of power distribution to consumers

Fig. 3. A twenty-four hour load chart for private houses with PMTS will be characterized by

low load and low current density.

Replacing a 0.4 kV line with a

maximum current of about 200 A at

the head section (current density of

about 4 A/mm?) with OHL of 10 kV, we have a 25-fold decrease in current and current density

(with the same wire section): 0.16 A/mm?, which entails a huge reduction in power losses: 25

times. The load losses in such OHL become negligible. It is natural to believe that a 10 kV

network can and should cover much more consumers and it should be used where 2 or more TS
are using a traditional power supply scheme with a 0.4 kV network.

For numerical estimation of losses reduction, we compare losses in the schemes shown in
Figs. 1 and 2. To calculate the losses, we take the daily schedule of the private houses load shown
in Fig. 3.

The monthly electricity consumption of a residential building in which three people live
can be taken 470 kWh, therefore, the average power consumed by one house is: Pav=0.654 kW.
Assuming that the daily load schedule of one month is the same for all days of the month, we get
the average power equal to 63.4%, so the schedule fill factor $=0.634 and the maximum power
Pmax=1.03 kW. It should be noted that the considered load shedule refers to the total power of the
line, and for each house individually or several houses, the fill factor will be less, and the energy
losses in the OHL end sections and at the inputs will be more. For simplicity, we accept the same
schedule for all parts of the network.

Load, %

1 357 911131517192123
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Losses calculation for networks with 0.4 kV OHL
Power losses in a single-phase input into the building at the considered time i are:

PIZ (1+ tgz(P) 0, 2lip
2
Ubph
where B is the power consumed by the house during the considered hour; tge is the reactive

AP|n_i =

power coefficient; Iy iy is the linear resistance of the input conductor, lin is the length of inputs

from a certain pole; U rzah is the network phase voltage.

Power losses in inputs to the entire building at the considered time i:,
APZin i =nhAPin_i,

where ny, is the amount of houses.
Power losses at the OHL section K at the considered time i:
2
k

2
2
(R+4Rq i _)nik+> m=14Pec oHLima +[1+t9 q’} o,0HLksec. OHL

APec OHL I k =
sec 1 U 2
k
- - - AP -
where k is the section number, starting from the furthest from TS ,zmzl sec. OHL i.m-1 1S the

sum of losses at the previous OHL sections; n; is the amount of houses connected to one PMTS;
Io.oHL IS the specific resistance of the OHL wire; I oy is the length of one OHL section; U =

0.4 kV is the linear network voltage k, = 1.2 is the non-uniformity coefficient, which takes into

account the increase in power losses caused by the imbalance of the OHL phase load currents [11].
In this formula losses of reactive power for simplicity are not taken into account due to the
low values of SIP inductive resistances.
OHL power losses at the considered time i:

n
AROHLi = APsec OHL i k-
Load losses in transformer at the considered time

{[nnﬂ +APsgi +APoHL ]2 [1+ tgzw}} Rt
AF)Ti = 2
Uhv

where Ry is the transformer resistance; Uy, is the voltage of high-voltage winding of

transformer.

Daily power losses in the inputs, OHL and transformers are determined by summing 24
values of hourly power losses, the idle energy losses in the transformer is equal to the product of
the idle power losses by 24 hours.

Methodology for calculating network losses with 10 kV OHL and PMTS

We accept the condition that there is a separate input for each building connected to the
PMTS, while the length of the inputs for houses remote from the PMTS can be large, and
neighboring supports are used to suspend them.
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It is convenient to determine the power losses at the inputs to the buildings and 0.4 kV
OHL, going from one PMTS in the considered hour through the average length for the inputs of

R2(1+1tg%p |1y :n2lin_av
one PMTS:, | : ( g (p) e

in—av ARy j =N pmTS

2
Ubh
where B is the power consumed by the house during the considered hour; tgpis the reactive
power coefficient; ry ;,is the linear resistance of the input conductor; li, 5, is the average length

for the inputs of this PMTS; Ny, pmTs IS the amount of houses connected to one PMTS; U ph is the

network phase voltage.
Power losses at the PMTS transformer windings at the considered time i:

[ (RMhpwmTs +4‘Pm_n)2(1+t9(P)RT ]
U2
Av

APri =Npmrs

where Npyrs IS the amount of PMTS.
Transformer idle power losses are:.

AR =Npprs ARgle-
Power losses at the 10 kVV OHL section k at the considered time i,

2
k
2
(Rnhprms +APr  + ARgie )k + X" = 14Psec oHL i,m—1} (1+ tg (P)r0,0HLlsec.OHL

U2

APsec OHL ik =

where lgo. op is the length of the 10 kV section between two PMTS; U =10 kV is the linear
OHL voltage.
OHL power losses at the considered time i:. APy = Z k APsec.OHL i k-

Daily power losses in the inputs, OHL and transformers are determined by summing 24
values of hourly power losses, the idle energy losses in the transformer is equal to the product of
the idle power losses by 24 hours.

The following values are taken in the calculations [12]: the linear resistance of the SIP2
wire is 3x50+1x54.6: 0.641 Ohm/km, the linear resistance of the SIP-3 wire 50 is: 0.72 Ohm/km,
the linear resistance of the SIP-4 wire 2x25 is: 1.2 Ohm/km

Active resistances of transformers [13]:

_P.-UZ, 1970.10°

TMG-100/10: Ry rat _ =19,70hm
S2, 1007
2 2
TMG -25/10: Rp = Fe Yra _ 000107 _ g0y
St 25
Results

For the first option, losses in the network with 0.38 kV OHL (Fig. 1) amounted to 31.83
kWh (4.83% of the transmitted energy); for the second option, the losses in the network with 10
kV OHL and PMTS (Fig. 2) amounted to 15.7 kWh (2.44% of the transmitted power). Thus,
losses decreased by 2 times when using a network with PMTS. The structure of losses is shown in
Figs. 4 and 5.

The payback period of the option with large capital investments (10 kV network) will be
long enough if the payback is estimated only by saving losses. Approximately accepting annual
electricity losses as daily losses multiplied by the number of days in a year, for the given example,
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additional capital investments in the second option will pay off by saving losses for 31 years. At
the same time, taking into account an increase in the reliability of power supply, an increase in the
quality of voltage among consumers, as well as a number of other indicators, the electrical network
of 10 kV should be considered more preferable. A similar assessment is given by the authors [14],
arguing that such reconstruction or new construction provides significant savings in network losses
compared to any other method under consideration, but the initial high investment outweighs the
benefits offered for the remaining part of the evaluation period.

Idle run Losses
losses at
22% inputs
2%
Load
losses
in OHL
transfor losses

64%
Fig. 4. The structure of losses in the network with an 0.38 kV OHL with the head TS

Losses at
inputs HL
6% losses
0% | Load
losses in
transform
er
30%
Idle run
losses
64%

Fig. 5. The structure of losses in the network with an 10 kV OHL with PMTS

Calculations of electrical energy losses made for cases of installation of 5, 6, and 8 PMTS
(the number of connected houses to one PMTS, respectively, are 8, 6, and one PMTS with 4
houses and 5) showed an increase in losses with an increase in the number of PMTS. Since that
losses for a 10 kV network are determined only by losses in transformers (Fig. 5), with a decrease
in the load per one PMTS (number of houses), the total load losses in transformers decrease, while
the total idle losses increase as the number of transformers increases. In this case, idle run losses
prevail over load losses, and the total losses in transformers increase.

Comparing the economic efficiency of construction of distribution networks using PMTS in
Russia and North America, where such networks are widespread, it is worth noting that in Russia
the cost of electricity for the population is about two times lower than in the United States. And
the energy consumption by one house in the USA is 897 kWh [15], which is almost twice as much
as in Russia.

Conclusions

1. In an electrical network with PMTS located as close to the consumer as possible, the
losses in medium-voltage OHL become insignificant, while the losses in PMTS transformers
increase. In general, losses are mostly reduced.
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2. The more consumers (houses) are connected to one PMTS, the lower the total power
losses in the transformers and in the network as a whole are, while losses at the inputs increase due

to an increase in their length.

3. The rationale for building a network with PMTS as close to the consumer as possible
cannot be done taking into account only the reduction of electrical energy losses in the network;
one should evaluate the improvement of electrical energy quality, the reliability of power supply
and the reduction of operation costs. Improving the quality of electrical energy, first of all, will
affect the reduction of negative voltage deviation among consumers, as well as the voltage
asymmetry coefficient in the zero sequence. It should be expected that an increase in the reliability
of power supply will occur due to a decrease in the failure rate of a total network of 10/0.4 kV, by
switching off only PMTS with damaged sections of the 0.4 kV network, as well as due to a higher
level of 10 kV OHL reliability as compared to 0.4 kV OHL.
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APPLICATION OF X-RAY FLUORESCENCE SPECTROMETRY IN
ASSESMENT OF ULTRAFILTRATION MEMBRANE SURFACE CONDITION AT
WATER PRE- TREATMENT UNITS OF THERMAL POWER PLANTS

E.V. Veselovskaya, E.N. Voloshina, S.E. Lysenko
Platov South-Russian State Polytechnic University (NPI), Novocherkassk, Russia

Abstract: The objects of the study were the Doy Chemical hollow-fiber ultrafiltration membranes
which were use for preparation of make-up water for the Novocherkasskaya Regional Thermal
Power Plant (RTPP).

We tried out a possibility of applying the X-ray fluorescence spectrometry to study the
condition of the spent non-recoverable ultrafiltration membranes in order to identify the causes of
their irreversible destruction. The ARL Quant’X X-ray fluorescence energy dispersive
spectrometer of Thermo Scientific (USA) was used in the study.

Thin cuts of the Doy Chemical hollow-fiber ultrafiltration membranes were used in the
experiments, which had worked for more than three years in the field conditions of the feed water
of the Don River, Russia.

The analysis of the obtained samples spectra allowed us to assume that the membranes
were irreversibly contaminated by iron bacteria. Basing on the conclusions made during the
analysis of X-ray fluorescence spectra we developed and tested in field conditions one of the
optimization variants for technological pretreatment scheme. This scheme enables a significant
increase in the service life of ultrafiltration membranes, even when the feed water is heavily
contaminated by bacteria. Field tests of the modernized technology were carried out at
Novocherkasskaya RTPP during 2016-2018 and showed a significant increase in the service life of
the membrane modules. At the same time, the quality of the filtrate, productivity and pressure
drops at the cascades of ultrafiltration units fully corresponded to the normative values even in
conditions of deteriorated quality of the feed river water.

It has been proved that aggressive regeneration of ultrafiltration membranes that have
worked for a long time under the conditions of feed water having increased values of the total
microbial number and high values of permanganate oxidation does not allow one to restore their
initial state. In this case the main cause of ultrafiltration membranes contamination is iron, which
is present in colloidal and bacterial forms in the pores and on the membranes surfaces. In the
conditions of the Novocherkasskaya RTPP, in addition to timely flushing and chemical
regeneration of ultrafiltration membranes, the necessity of organizing a preliminary treatment of
the feed water with reagents having a prolonged bactericidal effect is accepted.

Keywords: thermal power plants; water pre-treatment; water use; water regimes; water treatment
units; water desalination; ultrafiltration membranes; X-ray fluorescence spectrometry; iron
bacteria; water disinfection.
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units of thermal power plants. Power engineering: research, equipment, technology. 2019; 21 (3):
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HNPUMEHEHUE PEHTTEHO®JYOPECIHEHTHOM CIEKTPOMETPUH
JJISI OHEHKHU COCTOSHUSA NOBEPXHOCTH YJIbTPA®UIBTPAIIMOHHBIX
MEMBPAH BOJOIIOATI'OTOBUTEJIBHBIX YCTAHOBOK T3C

E.B. Becenosckasi, E.H. Bosiomuna, C.E. JIbiceHKko
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M.U. [natoBa'', r. HoBouepkacck, Poccus

Pestome: Obvexmom uccie008amus SAGIAIUCL NOJOBOJOKOHHbIE  YIbMPADUILMPAYUOHHBIE
membpanvt npouzeoocmea Doy Chemical, ucnonwsosannvie npu noocomosxe dobasounoii 600vl
onst Hosouepracckou I'POC.

Onpobosana  603MOJCHOCHbL — NPUMEHEHUst — Memoodd  PeHM2eHOMIYOpeCcyeHmHOU
cnekmpomempuu 0715 UCCIe008ANUSL COCIMOSIHUSL OMPAOOMAHHBIX, HE NOONENCAUUX PeLeHePAYUlL,
VALMPADUILMPAYUOHHBIX MEMOPAH C YEbIO blAGIeHUsI NPUYLUH, NPUSOOSUYUX K UX HEOOpamumou
oecmpykyuu.  HMccneooganus — npogoounsu ¢ HOMOWDBIO  PEHM2EHOPDIYOPECYEeHmHO20
anepeooucnepcuonnozo cnekmpomempa ARL Quant’X npouszeodcmea Thermo Scientific (USA).

B okcnepumenme 6viiu  uUCnONb3068ambl  MOHKUE Cpe3bl  00pA3Y08 NOLOBOJOKOHHBIX
yabmpaguivmpayuonnvlx  membpan  npouszsoocmea Doy Chemical, npopabomaswux 6
nPOU3BOOCMBEHHLIX VCI08UAX DONee mpex Jlem Ha UCXOOHOI 800e peKu J[oH.

Ananuz nONYUEHHBIX CNEKMPos 00pa3yo8 NO360UIL NPEONONONCUMb  Heobpamumoe
3aepsizHenue membpan oiceresobaxmepusimu. Ha ocHose 66160008, cOelannblx npu anaiuze
PEHM2EHOPDIYOPEeCYEHMHBIX CREKMPOE, PA3PA6OMAan U OnpoHo6an 8 NPOU3OOCHEEHHBIX YCLOGUSIX
O0UH U3 6APUAHMOE ONMUMUZAYUU MEXHOLOSUYECKOU CXeMbl RPeOOHUCTIKU, NO360AIOUULL
BHAYUMENLHO YEeNUYUMb CPOK CAYHCObL YIbMPADUILMPAYUOHHBIX MEMOPAH, 8 MOM HUCIe Npu
3HAYUMENLHOM OAKMEPUATLHOM 3A2PSAZHEHUU UCXOOHOU 600bl. [Ipouzeoocmeentvie UCHbIMAHUSL
MOOEPHUUPOBAHHOU MexHOoL02uu npogooutucyt Ha Hosouepracckoii I'POC ¢ meuenue 2016-2018
20008 U NOKA3ANU ZHAYUMENbHOE YEETUYEHUEe CPOKA CYIHCObl MemOpannvix mooyieu. Tlpu smom
Kauecmeo — urbmpama, NPOU3BOOUMETbHOCMb U Nepenadbl  0asleHuss HA — KAcKaoax
VIMPAPUILIMPAYUOHHBIX YCIAHOBOK NOIHOCMbBIO COOMEEMCMBOBANU HOPMAMUBHBIM 3HAYEHUSIM
oaoice 8 YCILOGUSX CHUNICEHUSL KAYeCMEd UCXOOHOU PEUHOU 800bl.

Jlokazano, umo nposedeHue ApecCUBHOl  pezeHepayuu  YIbmpapuIbmpayuoOHHbIX
MeMOpan, ompabomaswiux ONUMENbHbIL CPOK 6 VCIOBUAX UCXOOHOU 600bl C  NOGBIULCHHbIMU
SHAUeHUsIMU — 00We20 MUKPOOHO20 HUCAA U  GbICOKUMU  3HAYEHUSMU  NePMAHSAHAMHOU
OKUCTIAEeMOCMU, He NO360Jsen B0CCMAHOSUMb UX UCX0OHOe cocmosinue. OCHOBHOU NPUYUHOU
3aeps3Henus  YIbMmpaQuibmpayuoHHblX MeMOpan 6 OaHHOM Clydae SGNSEmCsi  JICeneso,
npucymcmayioujee 8 KOJAI0UOHOU U OAKMEePUATLHOU POPMAX 6 NOPAX U HA NOBEPXHOCIIU MEMOPAH.
B ycaosusix Hogouepracckou [POC nomumo C60€8PEMEHHbIX NPOMBIGOK U  XUMUYECKUX
pezenepayuii  yibmpapuibmpayuouHblX MemMOpan NpU3HaHA HeobX0O0UMOCMb  OpP2AHU3AYUU
npedsapumenvHoi 0o6padomKu UCXOOHOU B00bl peazeHmamu, 001a0aruuMy NPOIOHUPOBAHHBIM
baxkmepuyuOHbIM Oelicmeuem.

Knouesvie cnosa: meniosvie sekmpudeckie Cmanyul;, 86000N0020MO8KA, 6000UCNONb306AHUE,
BOOHBIE — PENHCUMbL, 600010020MOGUMENbHbIE  VCIAHOBKIL, obecconusanue  800bl;
VALMPAYUILMPAYUOHHBIE Memoparvl, penmeeno@ayopecyeHmuast CReKmpoMempusi;
Jrcene3obaxmepuu,; 0be3zapadcusamniie 800bl.
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Introduction

In recent decades, membrane technologies for natural waters treatment have been
increasingly widely used in the practice of water treatment of thermal power plants (TPP), due to
their environmental friendliness, high quality of water purification, compact size of units and the
possibility of their full automatization [1-6]. Ultrafiltration membrane units successfully replace
multi-stage technological schemes, which include clarifiers. This allows one to avoid the
deposition of contaminants by reagent methods and, consequently, to exclude the formation of
precipitation of high humidity. This circumstance is extremely important, since efficient
dewatering of precipitates involves the use of additional reagents and finishing dehydration units.

The main disadvantages of ultrafiltration methods for water pre-treatment are the
membranes high cost, the significant consumption of wash water, and the sensitivity of
membranes to the impact of certain specific impurities present in natural waters that can cause
their irreversible destruction. Therefore, we believe that it is important to use highly informative
methods for analyzing the surface condition of membranes, which allow one to predict possible
negative changes of the membrane condition in the presence of certain impurities in the feed
water.

Energy dispersive X-ray fluorescence spectrometry (EDXRF) was chosen as one of the
methods for obtaining objective information about the surface condition of the spent ultrafiltration
membrane. This method allows simultaneous recording the entire range of energies of the
secondary (characteristic) radiation from the sample [7—9]. Fluorescence radiation is decomposed
into the spectrum using Si-based semiconductor detectors that record all radiation from the sample
and convert it into electrical pulses, forming a spectrum in the form of relationship between the
number of pulses and the energy of each element. Further, the spectra are processed by
mathematical methods and statistical analysis, allowing obtaining quantitative and qualitative data.

According to our data, the EDXRF method has not yet been applied for assessing the
condition of spent ultrafiltration membranes used at the pre-treatment stage at water treatment
facilities of thermal power plants. We have chosen this research method as it has certain
advantages, namely the relatively low requirements for sample preparation and the possibility of
analysis in wide range of concentrations.

Problem statement

In recent years, at PJISC OGK-2 Novocherkasskaya Regional Thermal Power Plant (RTPP)
ultrafiltration clarification is used as a water pre-treatment technology, which was introduced by
the specialists of NPK Mediana-Filter. Initially, the technological scheme of water treatment
included the direct supply of raw water after preliminary mechanical filtration to ultrafiltration
units. However, this technology resulted in reduction of the filter cycle and premature failure of
the membranes. Therefore, as an experiment, a technology for preliminary disinfection of raw
water by chlorine-containing reagents was developed, successfully tested on stand-alone modular
units by the specialists of NPK Mediana-Filter under the direct supervision of the head of the
chemical workshop of PJSC OGK-2 Novocherkasskaya RHPP S.E. Lysenko.

This article presents the EDXRF study of the surface condition of the spent ultrafiltration
membranes, which were operated according to the technology without preliminary disinfection of
water. In addition, a detailed description is given of an improved technological scheme of
ultrafiltration, implementation of which has shown positive results.

Experimental technique

The surface conditions of ultrafiltration membranes were studied at the Platov South-
Russian State Polytechnic University using the ARL Quant’X X-ray fluorescence energy
dispersive spectrometer from Thermo Scientific (USA). The device has the following
characteristics:

- Silicon-lithium detector with electric cooling;

- Measurements sensitivity is in the range from 0.0001 to 100%;

- The measurement time for one element is from 10 to 60 seconds;
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- Adjustable size of the X-ray beam from 1 to 10 mm.

The thin cuts of samples of hollow-fiber ultrafiltration membranes from Doy Chemical,
which had worked under real conditions for more than three years at the feed water of the Don
River were used in the experiments. Slice No. 1 is the initial sample in dry condition; slice No. 2 is
the sample subjected to soaking for 48 hours in distilled water; slice No. 3 is the sample in contact
with a 4% solution of citric acid for 48 hours with continuous shaking and subjected to subsequent
washing with distilled water for 6 hours.

Unfortunately, according to the terms of supply for the membranes, it is impossible to
obtain a sample based on a "fresh" membrane (before its commissioning) to perform a
comparative analysis. Therefore, the EDXRF method was used to study samples based on
membranes decommissioned due to the impossibility of restoring their original flow capacity, that
is, the so-called "spent" membranes.

Before being placed in cuvettes, the slices, which contacted with liquids, were held in air
for 10 min. To detect characteristic radiation, semiconductor solid-state detectors were used, the
operation of which is based on ionization inside the semiconductor, the detector type is Si (Li).

The anode material of the analyzer tube is Rh (optionally Ag). The maximum radiation
power was 50 W at voltage supplied in 1 kV increments in the range from 4 to 50 kV. The
selectivity of the recording was provided by 7 filters and additional direct excitation of electrons.
The maximum counting speed was up to 100,000 pulses per second with an optimal value of about
50,000. The radiation stability is 0.25% for 8 hours for the device sensitivity in the range from
0.0001 to 100%.

Experimental results

Quantitative and qualitative results of the conducted experiments are presented in Table 1
and Figs.1,2.

Table 1
Quantitative results of the initial sample study by X Energy dispersive X-ray fluorescence
Oxides concentration, % Element concentration, %
SO, 19.02 Sx 7.62
Cl 4.92 Cl 4.92
TiO, 19.52 Ti 11.70
MgO - Mg -
CaO 7.95 Ca 5.69
P,0s 6.29 Px 2.74
K,0 25.65 K 21.29
Fe,03 0.501 Fe 0.350
ZnO 0.400 Zn 0.322
Sh,03 0.0850 Sh 0.0710
AlL,O; 14.62 Al 7.74
MnO 0.956 Mn 0.740
WO; 0.061 w 0.048
Br 0.0203 Br 0.0203
PdO 0.0097 Pd 0.0084
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Fe

Fe

562keV 594keV  626keV  658keV 690keV 7.22keV 7.54keV 7.86keV 8.18keV
Fig. 1. X-ray fluorescence spectra of the initial sample of ultrafiltration membrane, fabricated using
palladium filter.

Fe

Fe

580keV 6.12keV 644keV 6.76keV  7.08keV  740keV 7.72keV  8.04keV 8.36keV

Fig. 2. X-ray fluorescence spectra of the initial sample of ultrafiltration membrane after chemical
washing, fabricated using palladium filter

For the sample No.2, which was in contact with distilled water, no significant changes were
revealed, so we can conclude that washing with water without the use of aggressive reagents does
not lead to positive changes in the surface of the worked ultrafiltration membranes. Therefore,
further studies were performed for the initial sample and sample No.3. The figures show the most
characteristic parts of spectra for these samples.

Comparison of the spectra of the initial sample and the sample after aggressive chemical
washing allows us to conclude that even chemical regeneration does not contribute to a
fundamental change in the condition of the ultrafiltration membrane. In order to understand in
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more detail the reasons leading to an irreversible deterioration of the membrane, we consider the
composition of the initial water entering the ultrafiltration unit (Table 2).
Table 2
Composition of the initial river water supplied to the ultrafiltration plant, according to the data from
the chemical workshop of the Novocherkasskaya RHPP for 2014 - 2016

Characteristics Meas. unit Value
Total salt content mg/l 500-1000
Particles percentage mg/I 3-50
Iron concentration mg/l 0.1-21
Permanganate oxidizability mgO./| 3-32
Total stiffness mg- equ/L 5-10
Alcalinity mg- equ/L 2.3-45
Hydrosilicic acid concentration mg/l 4-16
Oil products concentration mg/l 0.05-1.1
pH 7.5-8.5
Temperature °c 7-34

Besides this, the increased values of the total microbial number were periodically recorded
in the feed water. The presence of bacterial water pollution, together with high permanganate
oxidizability, allows us to conclude that there is a bacterial film on the surface of the membranes
[10, 11].

Analysis of the obtained spectra shows that the spent ultrafiltration membranes are
characterized by the presence of iron, which remains even after acid chemical washing. Bacterial
iron or iron bacteria are typical representatives of surface water bodies. Iron bacteria are
represented, as a rule, by filamentous forms that can effectively be fixed on the surface of water
treatment equipment, in particular on the surface of ultrafiltration membranes. In addition, iron
oxides accumulate on the surface of bacterial cells, both as a result of absorption by ferrous
bacteria of ferrous ions from the feed water, and as a result of oxidation of the bacterial film itself,
accompanied by the deposition of insoluble ferric oxides and hydroxides. The absence of the effect
of acid washing of the spent ultrafiltration membrane can apparently be explained by the fact that
iron (I11) hydroxide, which is a product of the activity of iron bacteria, under the proposed
conditions of membrane regeneration forms a colloidal gel capable of accumulating in the
membrane pores, reducing their cross-sectional area.

Thus, taking into account the increased permanganate oxidizability of the feed water and
the high probability of bacterial contamination of ultrafiltration membranes, it was concluded that
it is advisable to continuously disinfect water using sodium hypochlorite as a disinfecting reagent.
To ensure the longest possible exposure time of free chlorine, the point of introduction of sodium
hypochlorite, as a result of field experiments, was chosen in front of contact filters located in the
technological scheme immediately before the ultrafiltration units.

Taking into account the transport lag from the point of introduction of sodium hypochlorite
in the feed water pipeline to the point of control of free chlorine in the ultrafiltered water supply
line to reverse osmosis plants (the location of reverse osmosis units in the process flow diagram is
immediately after the ultrafiltration units), which is from 50 to 60 minutes, and inconstancy of
chlorine absorption of the feed water, the selection of the optimal dose of sodium hypochlorite was
carried out step by step with a dose change interval of not less than 1 hour.

The concentration of free chlorine at the inlet to reverse osmosis plants was monitored
using the Burkert free chlorine control system, as well as by titration. For dosing of commercial
sodium hypochlorite in a wide range of concentrations of active chlorine (from 20 to 190 g/l), a
metering pump for the SEV-1 dosing station and the SEV-1 consumption tank were used.

Implementation of these technical measures had a positive effect on the condition of
ultrafiltration units: the cartridges replacement time increased from 4 to 6 weeks, and during the
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inter-flood period it was about 8 weeks. The quality of the filtrate, productivity and pressure drops
on the cascades of ultrafiltration plants during 2016—2018 never went beyond the regime charts.

Conclusions

Analysis of X-ray fluorescence spectroscopy data shows that even aggressive regeneration
of ultrafiltration membranes that have spent a long time (more than 5 years) does not lead to
restoration of their initial condition. This, possibly, is a consequence of exceedance of the critical
transmembrane pressure during operation of the ultrafiltration unit, which causes irreversible
mechanical changes in the structure of the membrane fiber. Taking into account the characteristics
of the feed water, we can conclude that the main cause of contamination of ultrafiltration
membranes, apparently, is iron, which is present mainly in colloidal and bacterial forms. Given the
developed surface of ultrafiltration membranes, it can be assumed that the deposition and fixing of
these forms of iron will occur both on the membrane surface and in its pores. As a result of these
processes, the pore cross-sectional area of ultrafiltration membranes will decrease, causing a
decrease in the flow through the membrane and, accordingly, an increase in transmembrane
pressure, leading to its destructive changes.

Thus, based on the data of X-ray fluorescence analysis, we consider it expedient to carry
out not only timely washing and chemical regeneration of ultrafiltration membranes, but also to
organize preliminary disinfection of water entering the ultrafiltration unit, for example, by solution
of sodium hypochlorite, which has a prolonged bactericidal effect.
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Abstract: Electrical energy from the place of its generation is transmitted to consumers of various
capacities. The distance from the source of electrical energy to the consumer can vary from
several meters to several thousand kilometers. In this regard, the accurate determination of the
operating parameters of the power transmission line (PTL) is a mandatory and necessary
condition for the PTL normal functioning. In the current-carrying parts of the double-circuit PTL
there are six incident and six reflected waves of the electromagnetic field. They determine voltages
and currents. A scheme is proposed for the distribution of these waves along linear wires of a
homogeneous section of a double-circuit PTL. This scheme shows that the current-carrying parts
of the adjacent wires have a significant impact on voltages and currents in one wire. This scheme
illustrates the distribution of the amplitude values of electromagnetic field waves, defined as the
integration constant. Using the integration constants, the propagation constants of
electromagnetic waves along the linear wires of the PTL and the corresponding wave impedances,
one can obtain the amplitude values of the incident and reflected waves at any point of the double-
circuit PTL, and hence the currents and voltages in the double-circuit PTL. The article presents a
method for determining the currents and voltages in a double-circuit PTL according to the load.
The proposed method will allow determining the qualitative and quantitative indicators of
electrical energy (induced voltage) appearing from each wire separately and provide the
possibility of their elimination, which will improve the quality of electrical energy.

Keywords: development of methodology for calculation the operating parameters of a double
circuit power transmission line; incident and reflected waves; self and mutual wave impedances.
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Pestome: Onexmpuueckas dHepeus Om Mecma ee 2eHepayuu nepeoaemcs nompeoumensim
paznuunoll mowHocmu. Paccmosanue om ucmoyHuKa 31eKmpuiecKkoll snepeur 00 nompeoumens
Mooicem Oblmb OM HECKOMbKUX Mempo8 00 HECKOIbKUX Mblcad KUiomempos. B cesasu ¢ smum
mouHoe OnpedeneHue PedCUMHbIX Napamempos aunuu oaekmponepeoauu (JIDI1) sensemcs
00513ameNbHbIM U HE0OX0OUMbBIM  YCI08UeM Oisi HOPMAaibHO20 (Gyukyuonuposanus JIOI. B
mokogedywux uacmsax oeyxyennoti JIDII npucymcmeyrom wecmv nadarowux u uecms
OMPAICEHHBIX BOIH INEKMPOMACHUMHO20 NOsL. FIMeHHO onu onpedensiiom 3HAYeHUsi HanpsdCeHul
u mokog. /s yuema 63aumMHO20 GIUAHUSL NPOBOOOE 8 CIAMbE NPEOLONCEHA CXeMA PACNPeOereHUs.
SMUX BOJIH NO JUHEUHbIM NPOB0OaM 00HOPOOH020 yuacmka ogyxyennou JIDII. U3 smou cxemol
BUOHO, UMO HA GEAUHUHY HANDANCEHUU U MOKO8 8 OOHOM NPOBOOE OKA3bIEAEeH CYUeCHIBEHHOE
BRUAHUE MOKOGEOYIUE YACMU COCEOHUX NPOB0O08. DMa cXema ULIIOCmpupyem pacnpeoeneHue
AMAIUMYOHBIX 3HAYEHUU GOIH INEKMPOMAZHUMHO20 NOJS, KOMOPble SGISIOMC NOCMOSHHbIMU
unmezpupoganus. C nOMOWBIO NOCMOSHHLIX UHMEZPUPOBANUS, NOCTOAHHBIX PACHPOCTNDAHEHUS.
INEKMPOMACHUMHBIX GONH MO JUHEUHbIM npoeodam JIDII u coomeemcmeyiowux G0IHOBIX
CONPOMUGLEHUIL MOJCHO HOLYYUMb HA2TSOHOE npeocmagienue 06 aMNAUMYOHbIX 3HAYEHUSIX
naoarwux U OMpAdCeHHbIX GOJH 8 Jobol mouke ogyxyenuou JIDII, a snauum, u o mokax u
Hanpsicenusix 8 ogyxyennou JIDI1. B cmamve npedcmagiena memoouka onpeoeieHusi mokos u
nanpsicenul 6 ogyxyennou JIOII no naepysxe. Ilpednacaemas memoouxa no3eoaum onpeoesms
KAuecmeeHHvle U  KOAUYECTNBEHHble NOKA3amenu dNeKMmpudeckol dHepeuu  (Hagedennoe
HAnpsdcenue), NOSGIAIOWUECS OM  KaAANCO020 Npo8oodd 6 OmMOEeIbHOCmU U obecnedum
B03MOJICHOCTL UX YCHPAHEHUS, YMO NO360IUM NOBLICUMb KAYECBO INEKMPULECKOU IHEP2UlL.

Knrwouesvie cnosa: paspabomxa memoOuKku pacuema pedCUMHBIX NapamMempos O8YXYEenHol
JIDIT; nadatowjas u ompasxceHnas 80aHa; cOOCMEEHHbIE U 83AUMHbBIE BOIHOBbIE CONPOTMUBTIEHUSL.

Introduction

Usually, electrical energy is delivered from power plants where it is generated, to
consumers using the overhead power transmission lines (PTL), which are characterized by
transmission capacity, length and design.

Most consumers of high power are located far from the places of electricity generation.
So, the transportation of electrical energy has to be carried out by overhead power lines of
voltage of 35 kV and higher. Often such PTL are double-circuit. The use of double-circuit power
transmission lines allows one to save raw materials (material for new supports), reduce the
exclusion zone, improve the environmental situation, etc.

Electricity supplying organizations are obliged to provide consumers with high-quality
electrical energy that meets the requirements of current regulatory documents'. For load
planning, it is necessary to calculate the modes for each PTL. In this case, it is advisable to take
into account the largest number of factors affecting the transmission of electrical energy along
power lines.

The calculation of electric networks modes is crucial for electric power systems. One of
the main tasks is to calculate the modes of double-circuit overhead power lines, in particular, to
determine currents and voltages at any point on the power line wires. To solve this task it is
necessary to know voltages and currents either at the beginning of the power line or at its end, in
addition to the primary parameters of the analyzed PTL.

The article provides an option for calculation operational parameters at known voltages and
currents at the end of power lines. This information can be obtained at the substation under
consideration.

Experimental technique

. GOST 32144-2013. Electric Energy. Electromagnetic compatibility of technical equipment. Standards of

quality of electrical energy in general-purpose power supply systems. Moscow: Standardinform, 2014. 16 p.
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The transmission of electrical energy is accompanied by directional distribution of
electromagnetic field [1], which propagates through an unloaded power transmission line
according to harmonic laws [2].

Typically, analysis of transmission of high-quality electrical energy is performed for a
single line wire. This is true, since the process of such energy transmission through each linear
wire is the same. In this case, the electromagnetic connections between the PTL linear wires
are so insignificant that taking them into account does not make sense [3, 4]. But this is true
only for high-quality electrical energy. Otherwise, these electromagnetic interconnections
should be taken into account.

Electricity is transported through each linear wire of a homogeneous section of a double-
circuit power transmission line by six incident waves of the electromagnetic field and six
reflected waves [1]. This fact is confirmed by the equations of distribution of phase voltage and
linear current [5]. For a line wire, they have the following form:

. 18 1 o
== Yi Yil |, 1
UA/ GE(AA/(ZFI)E +AA/2ie ( )
- Yl - yl . yl
iA/ :1 i AA'Zie il ) AA'(Zi-l)e i . AB'Zie vil ) AB'(Zi-l)e i N Ac'zie vil ) AC'(Zi-l)e i
6ic Zeai Zepi ZeABi VAIN:Y VAN VAN

o vil i vil - Vil
Angie?! An@ia® " Agge™! A Acme™! Aceigf

Zeaai Zeaai Zeawri Zeawri Zecraii Zecra'i

: @

where A pnj and Ay, Ao and Ay Aco and Aoy, Aug @A Auyig), Agry and
Agrig)s Acrai @nd Ay ) are the integration constants for the i-th pair of electromagnetic field
waves; y; is the propagation constant for the same pair of electromagnetic field waves; Z .,
Z z z z

ZcBi? Z=cCli? =cAi? Z=cBi?
;CC"A'i 1 ;CB'C'i ! ;CB'A"i 1 ;CB'B"i ! ;CB'C"i 1 ;CC'A"i ! ZcA"B"i 1 ;CC"A"i are the mUtuaI wave impedances'

The distribution of phase voltages and linear currents in other linear wires is described in a
similar way.

Equations (1) and (2) indicate the presence of a double-circuit design of six incident and six
reflected waves of an electromagnetic field in each linear wire of a power transmission line.
Moreover, one incident and one reflected waves of them can be considered as normal waves of the
considered linear wire. The remaining ten waves in this case should be considered as induced from
neighboring linear wires. All this is considered in the distribution scheme of the electromagnetic
field wave amplitudes along the linear wire of a homogeneous section of a double-circuit power
transmission line, shown in Fig. 1. The following notation is used in the scheme: 1 and 2 are the
normal incident and reflected waves of the electromagnetic field; 3, 5, 7, 9, and 11 are the incident
waves of electromagnetic field induced from neighboring wires; 4, 6, 8, 10 and 12 are the reflected
waves of the electromagnetic field induced from adjacent wires.

Zcy are the self-wave impedances; Z g, Zocwis Zoawis Zoastio
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H K In the distribution scheme of
y the electromagnetic field wave
. - (1A'
7 A I A / amplitudes the currents IgA, ),
A, Tinls
A, — T, ! [8) jac) - jea) o jaer) o ac)
Z’/4 2A" 2N 2A" 1 2A 2A'
% e i illustrate part of the electrical energy
7z 3 2 AA_ V1l entering the load.
ed 4, i Integration constants illustrate
y — —cd., the amplitudes of the waves of the
[ AB‘ 1k electromagnetic field. Odd
ZcA,,. ;€ integration constants A, —Au,
108 )\ 2y
A 24, Agr — Ags Acr — Ao A —
G AB Vinks Apvrs Pgn — Pgmyy Acn — Acmy
ZL-CAM [ e illustrate the reflected waves, and
AB
A —~— ¢ 4 even integration constants A,,
B, | _— C. Tk
7 e ] e Axr Asr — Agpy Acr — Acnps
Z, Z
cA B., cC4, Avz = Aves Aga = Agras Aoy —
A, A 5.1 Acy, — illustrate the incident waves.
Z 7 The integration constants illustrating
=cA A, £oC4, L .
y A the incident waves of electromagnetic
C. |+ I é ik field exceed the values of integration
Z.py o) Z .,y constants illustrating the reflected
4. 24, - i waves.
B.. The  implementation  of
ZCA B equations (1) and (2) allows us to
A predict currents and voltages at any
A, point in a double-circuit PTL. For
ZCA Y this, one should know reliable
A. information about the primary and
Ca secondary parameters of power lines
Z, n and voltages and currents at the end
cC'4;
A of the analyzed power lines.
B.. Parameters of the equivalent
,ZCA B, circuit of power line are usually taken
as primary parameters, and self and
mutual wave resistances, attenuation
coefficients, phase coefficients, etc
A are usually taken as the secondar
Ci y y
7 parameters. Secondary parameters
cC 4, ll can be calculated if there is reliable
data on the primary parameters. Such
Fig. 1. The distribution scheme of the electromagnetic field information can be taken from the
wave amplitudes along the linear wire of a homogeneous section reference Iiteraturez., but it is not
of a double-circuit power transmission line exact.

Gerasimova VG, et al. Production, transmission and distribution of electrical energy. Under total ed.
professors of MEI VG, 9nd ed., Sr. Moscow: Publishing House MEI, 2004.
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More accurate information can be obtained as a result of appropriate calculations [6 - 13].
But it is a cumbersome procedure, requiring consideration of many factors affecting the amount of
the transported electrical energy. The primary parameters of PTL can be determined
experimentally [14, 15]. But such an operation also requires implementation of a number of
organizational and technical measures. But the obtained information will be reliable. Self-wave
impedances illustrate the influence of the intrinsic parameters of a linear wire on the transmission
of electrical energy. Mutual wave impedances illustrate the influence of electromagnetic links
between the current-conducting parts of power lines on the same process of electrical energy
transmission.

Self- and mutual wave impedances are calculated by the formulas:

L, A A A
R I .Y o Vil
3)
ALY S N S
T A T A = Vilex

where A, Ay, Apny Agny Agas Ay, Agn are the determinants of the system of equations that

make up the mathematical model of distribution of electrical energy over a homogeneous section
of a double-circuit power line [4].

The following equality confirms that the current at the end of the linear wire A’ is derived from
six pairs of waves of the electromagnetic field:

Lo = (180 1 1)+ 080+ 0+ 1), @

where 1§, 1@, 18, {4, 1€ and ) are the current shares at the end of a linear wire A’

from each pair of waves of electromagnetic field. The equation for the first current component in
expression (4) is the following:

£ = 50+ TR0+ 150 + 150+ 1520+ 10 (5)
where Iél,ff) is the self-current at the end of the linear wire A’ from the first pair of waves of
electromagnetic field; %), 1) (440 (U8 [UCY) are the currents at the end of the linear
wire A’ induced from neighboring wires from the first pair of electromagnetic field waves. For

the remaining components of current in expression (4), the current shares will be found in a similar
way.

By substituting equation (5) into equation (4) we obtain:
Lo =50+ 10+ 10+ 14 162 4 147+
+ TR (2804 20 A (280 (20
+ IR 33 4 By oAy j38Y) g ey
T A [ R (GRS [ aR e R [
+ TSN 118 IR0 4 5N 4 (08 4 587 4
[(6A) | j(68) , y(6c) | [(6A) , |(6B7) |'(60")) 6
Tha tha thy Tha thy +ha') (6)
The distribution scheme of the electromagnetic field wave amplitudes (Fig. 1) shows that

for the end of the linear wire A’ the following relation will be valid, which is found as the ratio of
the integration constants to the wave impedance:

2A _Z 7

=cAl =cAl
To simplify the subsequent presentation, we perform a replacement using the symbol B:

[aa) _ Anz el _ An enls - )
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BA’l = 'A‘Auey1IE ; BA’2 = AA'ze_yllz ) (8)
The remaining integration constants are reduced to equations of the form (8).
By substitution of equation (8) into expression (7), we obtain:
) - Buz B
ZcA’l ZcA’l
Thus, the integration constants from the end of a double-circuit power transmission line are
defined as the sum of the product of the current and wave impedance and the integration constant:

By, = Ilgl:"); +Bay .

This equality establishes a quantitative relationship between the integration constants at the
beginning and at the end of a double-circuit power transmission line. To calculate the integration
constants, it is necessary to know the numerical values of almost all components of the output
current. To find them, one can use the fact that each component of current is inversely proportional
to the corresponding wave resistance. In this case, taking into account formulas (3), the following
equality is true:

cA'l

|:£1/i§’) _ Zewa _n. I:glﬁ") _ Zops _N. I'.gl:’) _ Zena _n.
|gﬁ) Lo 72 |£3AM Zoanw 7s Fre Lo 7
(1A b F(1A) ©)
!ZA’ _Ltws _N. !ZA’ _ Zons _n
|£5A/’x) L s Igi'A) ANCI
The derived equations (9) allow us to express all currents through the current |'§1,f’> :
1620 = L2180, 150 = g, 10 < Laif 10 < i) il < Lo 1G9 (10)
N Ve N N Il

By substitution expression (10) into equations (6), we obtain an equation in one unknown.
In this case unknown is the current Iél,f,'). Solution of this equation makes it possible to determine
the formula for calculating this current:
|‘£1:,’) _ 6|'2A’7/1A1A’ +0 . (1)
(7/1"'7/2 tV3 T Vst Vs +7/6)(A1A’ FAn +Agn + Ay +Agy +A6A’)
Voltage at the end of the line wire A’, taking into account equalities (8), can be rewritten
as follows:

06U, =2By; +2By; + 2By +2B,y; +2Byg + 2B,y +

+ 61,0 A (71;CA’1 +72Lona T Valons + Valoya ¥ VsLops + yG;cA'G)

(71 TVt Vst Vst Vs +7’6)(A1A' FAun +Agp + Ay +Agy +A6A’)

=2B,; + 2B + 2By + 2B, + 2B, + 2B,y +A. (12)

The initial task was to obtain integration constants, which make it possible to determine

voltage and current anywhere in the double-circuit power transmission line. There are six of them

in equation (12). To calculate them, one needs another 5 (five) equations. They can be obtained
using the derivatives of equation (1) with respect to variable I.

The second derivative of equation (1) with respect to variable | for the end of the linear wire A’
taking into account expression (12) takes the form:
dU,, 1
TZZA % [27’12 Bu1 +273Bus +273Bus +274Bay +27Bg +
6 I.ZA’AlA’ (713Z<:A’1 + 7§ZCA’2 + 7§ZCA’3 + 72Z<:A’4 +
(71"‘7/2 TVt Vat Vs +76)(A1A' + A +Agp + Ay +
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3 3
+ 75 os + 76ZcA'e) 10 5 2 2
- ==2y By +275Brs + 275Bc +
+A5A’+A6A’) 6( V1 Ba1 T £Y2Bpg +4)3Bps

+ 272 Ba7 + 2752 Buo + 2762 Bau + b) . (13)
When analyzing the results of transmission of electrical energy through power lines, it is necessary
to solve differential equations of the second order. This solution is associated with the search for
numerical values of the propagation constants. The second derivative of the phase voltage in a
linear wire A’ with respect to variable | can be determined through the primary parameters of a
double-circuit power transmission line [4, 5]:
o
d UZA'
di®
+XOC”A’)_XOA/B’ ;OA’B/ _XOA’A”ZOA/A” _XOC/A’ ;OC/A’ _XOA/B”Z

= [ZOA’ (!OA’O +!0A’B’ +XOA’A” +!OA’B” +!OC’A’ +

oA'B" -
_XOC”A’ ZOC”A/n}JzA/ +[ZoA’B/ (XOB’O +XOB’C’ +XOB/B” +XOB’C” +

+XOB’A” +XOA’B/)_XOA’B/ ;OA/ _XOB'C/;OC’A/ _XOB/A”ZOA/A” -

_XOB'B” ZOA’B” _!os’c” ZOC”A'}JZB/ +IZOC’A’ (Xoc’o +XOC’A” +
+XOC’A’ +!oc/c” +Xos’c’+103”c/)_ioc’/¥ ;OA/ _XOB’C’ZOA’B/ -

_XOC/AIIZOA/AII _!OB/IC/ ZOAIB// _XOCIC// ZOC//AI pzcl +
+ [;OAIA// (XOA//O'F XOAHB/I +XOA/AII +XOC”AN +XOB/AN +XOCIA” )_

_XOA”B” ;OA’B” _XOC”A”n ;OC”A/ _XOA/A”;OA’ _XOB/A”;OA’B’ -

—Zoc'a ZOC’A’ ]JZA// +[ZOA’B” (XOB”C” +Xos”o +XOB”C’ +
+!0A/B” +!OB/BH +!0A”B” )_XOBNC// ZOC”A/ _XOA’B” ;OA’ -

—Yoerer Zoas' ~Yosrc' Loc/a ~Yoa's ZOA’A”pZB“ +
+I.;OC”A' (XOC”O +XOC”A/ +YOCNA” +YOB/C” +Y0C/CN +
+Y B/c! )_YOC”A/ ZOA/ _YOB/C”Z Y

0 o0A'B! _—OC/C”ZOC/A’ -
—Yocrar Zown' —Yosicr Zonw pzc// =
=bU,u +0U,5 +BU,c +bU, 0 +bU o5 +BU .
For the end of the line wire A’, this equation can be rewritten as follows:
d?J. ., . . . . .
TZZA = b1U2A’ + bzuzs' + bauzc' + b4U2A” + b5U2B” +
+bU,e =hy. (14)
When combining equation (14) with equation (13), the following expression is obtained:
6b, —b = 271ZBA'1 + 27228A'3 + 27§BA'5 + 27fBA'7 +
+ 27/53 Bag + 27§BA’11 . (15)
The fourth derivative of equation (1) with respect to variable | for the beginning of a linear
wire taking into account equalities (8) takes the form:
dU,, 1

dr* - 6(27148A'1 + 27;nBA'3 + 27§BA’5 + 27/28/” +

+27{Bug +27¢Byy + C) . (16)
The fourth derivative of voltage at the end of the linear wire with respect to variable | can
be represented as follows:
d'U,,
dr

=cU,, +CU,p +CU,c +CU a0 +CU o +CU e =Gy 17)
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By combining expression (17) with equation (16) we obtain:
6C, —C =27, By + 275 Bs + 273 By + 27 Bay + 275 Byg + 275 By - (18)
The sixth derivative of equation (1) with respect to variable | for the beginning of a linear
wire, taking into account equalities (8), will take the form:
d’U,, 1
TGZA = 6(271GBA'1 + 27§BA’3 + 27368A'5 + 27§BA'7+ 27568A'9 + zygBA’ll + d) . (19)
The sixth derivative of voltage at the end of the linear wire A" with respect to variable | can
be also written as follows:

deu. ., . . . . . .
dIGZA =dU,, +dU g +dU,e +dU, . +dU,p +dU,c =d, . (20)
The combination of equation (20) with equation (19) gives the following expression:
6d, —d = 2716 Bar + 27/5 Bas + 27§ Bas + 275 Ba7 + 275? Bao + 272 Bau - (21)

The eighth derivative of equation (1) with respect to variable I for the beginning of a linear
wire A’, taking into account equalities (8), takes the form:
du,, 1
TgZA = E(ZVfBA'i + ZVSBA’S + 27§BA'5 + 272 Ba7+ ZJ/SABA'Q + 272 Ba + f ) (22)
The eighth derivative of voltage at the end of the linear wire A’ with respect to variable |
can be written as follows:

5
d ;;A' AU+ T+ FUe + FU e+ Tl + foUer = f, (23)

Equation (23) together with equation (22) form the following expression:
6f,—f= 2718 Bar + 27? Bas+ 27/3 Bas + 272 Ba7 + 275? Bag + 27: Bas - (24)

The tenth derivative of equation (1) with respect to variable | for the beginning of a linear
wire A’ taking into account equalities (8), will take the following form:
du,,
dIlO
So, the tenth derivative of voltage at the end of the linear wire A’ with respect to variable |
takes the form:

= % (27lloBA’1 + 27/%OBA’3 + 27§OBA’5 + 27/41108A'7+ 27éOBA’9 + 27éOBA'11 + h)- (25)

d*u,, : . : . . ,
dIlOZA =hU,x +hU,s + U, +hU, a0 +hU e +hU 0 = hy (26)

By combining equation (26) with equation (25) we get the following:
6h, —h= 27110 Bar 27%0 Bas+ 2730 Bas + 274110 Ba7 + 27/;0 Bao + 27é0 Bas - (27)

The joint solution of equations (12), (15), (18), (21), (24) and (27) will allow us to form
equalities for calculating the odd integration constants from A,, to A,.,. The even constants of

integration from A,, to A,,, are calculated by formulas (8).

In a similar way, the remaining integration constants for each linear wire of a double-circuit
power transmission line are determined. This can be carried out under the condition of availability
of reliable information about the numerical values of the primary parameters of a homogeneous
section of a three-phase power transmission line of double-circuit design and output voltages and
currents at the frequency of each harmonic component.

Results

A method has been developed for determining the numerical values of integration constants
at known output phase voltages and linear currents. The integration constants calculated in this
way will provide insight into the propagation of electromagnetic field waves in the linear wires of
power lines. In addition, the information obtained allows predicting the results of transmission of
electrical energy through a double-circuit power transmission line.
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Conclusion

The result of this study can be applied in engineering practice at the stage of design, reconstruction
and operation of double-circuit power transmission lines. Calculation of the integration constants,
currents and voltages, and the operational parameters as a whole, will make it possible to predict
the result of electrical energy transmission along the homogeneous sections of a double-circuit

power transmission line.

With a minor modification, the proposed methodology for calculating the integration constants,
and therefore the design of electrical energy transmission results, can be extended to
heterogeneous sections of power lines, and to the entire transmission line as a whole. It can serve
as an example of the development of similar techniques for power lines of other versions.
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Abstract: The aim of the work is the development and study of methods for reducing the cost of
heat energy for heating buildings and constructions by means of usage of automated control
systems based on a programmable logic controller. Methods: In contrast to the known methods,
the proposed mathematical model of non-stationary processes in heat-intensive enclosures makes
it possible, according to the adaptive control algorithm, to perform forecast and standby heating
taking into account the time dependence of the outdoor air temperature. Results: The algorithm
ensures the equality of the heating system power and the heat losses power, allows one to maintain
the desired indoor air temperature in the room when the outdoor air temperature changes. The
heat loss compensation mode is achieved without using the temperature chart parameters of the
network water and the parameters of proportional-integral-differential control laws that are
necessary to set up at common automatic heating control systems. When calculating the forecast
and standby heating modes, the mathematical model allows, at given initial and final temperatures
of the internal air, determining the heating system power, which provide the desired temperature
at the end of a specified period of time. The adaptive control algorithm allows setting the
calculated outdoor temperature and the desired internal air temperature at any time. Under the
forecast control, the mathematical model allows determining the system power at which the
internal air temperature will remain almost constant when the outdoor air temperature changes.
Conclusions: The developed algorithm of adaptive control allows one to create an energy-efficient
heating system that provides the desired room temperature with minimum consumption of thermal
energy taking into account all parameters affecting the heat loss power and the heating system
power.
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Pestome. Lenwv: Lenvio pabomwl asusemcs paspabomra u uUcciredo8aHue Memooo8 CHUICEHUS.
3ampam menyiogou 3Hepeuy Ha OMONIEHUCIOAHUL U COOPYIHCEHUU 3a cHem NPUMEHeHUs. CUCeM
A6MOMAMUZUPOBAHHOLO YRPABIEHUS

Memoowi: Memooom mamemamuyecko2o MOOETUPOBAHUSL  HECTNAYUOHAPHBIX — MENTI0BbIX
npoyeccos 8 Ccucmemax OmMONIeHUACO30AHAMEMOOUKA pACHema peicuMo8 NPOSHO3HO20 U
0€JICYPHO20 OMONJEHUSL U AN2OPUMMAOANIMUBHO20 YRPABGIEHUS CUCMEMOU OMONAEHUs, KOMOPbLl
Peanuzoean Ha NpoSpamMmupyemMom JIo2uYecKkoM KoHmpoliepe. B omauuue om uzeecmmvix
MeMmOo008 NPEOL0NCEHHAS MAMEMAMULECKAsL MOOELb HECTNAYUOHAPHBIX NPOYECCO8 8 MENI0EMKUX
02PadcOeHUsIX NO360SIEIN OCYWECMBIAMb N0 AIOPUMMY AOANMUBHO20 YNPABGIEHUS NPOSHOZHOE U
0€JICypHOe OMONIEHUE C YYemoM USMEHEHUs. 60 6PEeMEHU MEeMNepamypbl HaAPYICHO20 6030VXd.
Pesynomamol:  Ancopumm obecneuusaem paseHcmeo MOWHOCMU CUCTHEMbL OMONLEHUST U
MOWHOCMYU — MENJoblX ~ NOMEPb,  NO36ONAEMNO0OEPHCUBAMb  3AOAHHYIO  MEMNepaAmypy
BHYMPEHHe20 8030YXA 6 NOMEWEHUU NPU USMEHEHUUMEMNEPamypbl HAPYICHO20 6030yXd. Buixoo
HA pedCUM KOMNEHCAYUu mMeniosblx nomepsb 0ocmueaemcsi 0e3 UCHONb308AHUS NAPAMEMPOs
memnepamypHozo epaguxa cemegol 600bl U NAPAMEMPOS HPONOPYUOHATLHO-UHMESPATLHO-
ouphepenyuanvblx 3aKOHO8 Pe2yIupoBanus, Komopuvle HeoOXo0uMbl Ol HACMPOUKU UWUPOKO
PACHPOCMPAHEHHbIX — CUCEM  ABMOMAMUYECKo20 Ynpagienus omonienuem. Ilpu pacueme
PEdHCUMOB NPOSHOZHO20 U O€IHCYPHO2O OMONIEHU MAMEeMAMU4ecKas Mooelb NO360Jsem npu
3A0AHHBIX HAYATLHBIX U KOHEUHbIX MEeMNEPpAmypax 6HympenHezo 6030yXa Onpeoeiums 3HaA4eHUs.
MOWHOCMU  CUCEMbl  OMONAEHUs, obecneuugaiowue icelaemylo memnepamypy 6 Kouye
3a0AHHO20 NPOMEICYMKA BpeMeHU. Anzopumm adanmueHo20 YRpagieHus Nno36oasem 6 ool
MOMeENm 8peMenU 3a0amb3HaA4eHUs. PACYEMHOU MeMRePamypbl HaAPYICHO20 8030yXa U mpebyemotl
memnepamypvl 6HympeHnHe2o 6030yxa.llpu npocHosHoM ynpasieHuu Mamemamuyeckas mMooelb
no36oisem  Onpedeums — 3HAYEeHUs MOWHOCMU — CUCEMbLIPU  KOMOPBIX — mMeMnepamypd
sHympenHezo 6030yxa Oyoem o0cmasamvCsi NPAKMUYECKU NOCHMOSHHOU NpU  U3MEHeHUu
memMnepamypbl HaAPYHCHO20 8030YXd.

Buieoowt:  Paspabomanuwiii  aneopumm — a0anmueHo20  YHPAGIeHUs NO0380Jsem  Co30amb
IHEP2OIPPEKMUSHYIO CUCmeMy OMONAEHUs, 00eCneyusarwyyio npu MUHUMATLHOM PACXooe
MEeNI080LL IHEP2UL 3A0AHHYI0O MEMREPAMYPY 8 NOMEWEHUSAX 30AHUsL C YHemOoM 6CeX NapaMempos,
BIUSTOUUX HA MOWHOCIIb MENI0BbIX NOMEPL U MOUWHOCMb CUCHIEMbI OMONIEHUSL.

Knrwouesvie cnoea: mamemamuyeckas mooenb, MOWHOCMbCUCTIEMbI OMONNEHUA, NPOZHO3HASA
memnepamypa, HapyjicHvlil 8030VX,NPOZHO3HOE OMONIEHUE,0eHCYPHOCOMONIeHUe, ANOPUMM
a0anmueHoO20 YNpasieHus, NPOSPaMMUpyemblil 102U4ecKuti KOHMpoep.

Introduction

In developed countries, the global energy crisis of the 70s of the 20th century accelerated
the development and implementation of energy-saving technologies, contributed to a large-scale
structural economy reorganization to reduce the share of energy-intensive industries by their
transfer to developing countries. All of this taken over the past quarter of the 20th century led to a
decrease in the energy intensity of economy in developed countries by 2-2.5 times. The policy of
energy-saving and energy efficiency continues in the 21st century. According to the State report on
the state of energy-saving and energy efficiency in the Russian Federation in 2017 (http://www.
economy. gov.ru) over the past ten years, the energy intensity of the economy of the advanced
countries has decreased by 15-20%, while the previously adopted plans are being revised towards
tightening. For example, by 2020 it is planned to reduce the economy energy intensity in the
United States by 25% as compared to that in 2005, in the EU countries by 20% as compared to that
in 2007, and in the P. R. China by 49% as compared to that in 2006. Therefore, the task of energy
saving and improving energy efficiency for our country is very relevant.
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Buildings and constructions are among the main consumers of heat energy, which account
for up to 20% of the total balance of global energy consumption [1]. According to the Forecast of
the scientific and technological development of the sectors of the fuel and energy complex of
Russia for the period up to 2035 (https://www/minenergo.gov.ru) the centralized heat supply
systems form the core of heat supply in Russia, the share of which in the total volume of heat
energy production reaches 82% (1.3-10° Gcal per year). The expert estimations show that the
housing and utilities sector solely, excluding the budget sphere, accounts for about 20% of the
total energy saving potential in the Russian Federation [2]. At the same time, in the public sector,
about 82% of the total amount of operated buildings have a reduced, low and very low energy
efficiency class, which indicates a significant potential for energy saving in this sector. One of the
most efficient ways to reduce the consumption of thermal energy for heat supply is the automation
of heating systems and the improvement of heat supply control algorithms [3,4,5].

In Russia, the regulation of the heat supply regime of the vast majority of buildings and
constructions is carried out centrally from the heat source (boiler room, CHP) according to the
temperature schedule of network water supply depending on the outdoor temperature. In this case,
control is carried out depending on factors common to all buildings in the area of heat supply
source. The group stage of regulation has a similar drawback, when management is carried out
from factors common to fewer buildings [6,7,8,9].

Thus, centralized and group heating control systems do not take into account the individual
static and dynamic heating characteristics of individual buildings, the effects of insolation and
wind, do not enable efficient management of heat carrier parameters, and the organization of
forecast and standby heating. Therefore, they often do not provide optimal temperature regime in
the premises and result in irrational overspending of thermal energy, especially in autumn and
spring. The technological capabilities of individual heat points (IHP) with automatic weather
regulation are much higher, since they allow one to take into account almost all the factors
affecting a single building. Therefore, the task of increasing the energy efficiency in the heat
supply of buildings can be solved only by widespread introduction of IHP with automatic weather
regulation [8, 10, 11, 12].

The aim of this work is to develop a mathematical model of the unsteady thermal regime of
a building, which describes the dynamics of real processes occurring in buildings and
constructions during the transition from one state to another, taking into account the actual specific
heating characteristics of the enclosing structures, the thermal inertia of buildings, external
disturbances in the form of outdoor temperature air changes [4.13]. The model is implemented in
an adaptive heating system control algorithm for a programmable logic controller (PLC).

Materials and methods

The object of simulation is a centralized heat supply system of a typical four-story
educational building D of Chuvash State University, consisting of a heating station, main supply
and outlet pipes, stacks and connections to heating units, as well as shut-off and control valves.
The housing is supplied with heat in accordance with the temperature schedule 130/70 °C. The IHP
scheme includes forced pump circulation with coolant mixing from the return pipe [4,13]. The
automatic weather control system includes: PLC-150 programmable logic controller, water
temperature sensors in the supply line, at the inlet and outlet of the heating system, outdoor and
indoor air temperature sensors, electromagnetic water flow converter, full pressure transmitters at
the inlet and outlet of heat point, circulation pump that controls a two-way valve with an electric
actuator. Signals from the sensors enter the control cabinet for further processing by the controller
and its peripherals. The main thermo-technical characteristics of the case are: mass of heat-
resistant enclosures M=1460 t; the average heat capacity of the heat-resistant enclosure material
¢=800 J/(kg-K); the generalized thermal characteristic of the building, determined by the statistical
processing of data from an automated heat point [4], qV=2.843 kWI/K; indoor heat transfer

coefficient o\, = 7.8 W/(m?-K), outdoor winter heat transfer coefficient o, =23 W/(m?-K); time

constant: T =1.728-10° s=48 hours.
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Comfortable conditions in the premises with minimum consumption of heat energy for
heating are achieved at the heat balance of the building or construction, when the heating system
provides compensation for heat losses taking into account technological and domestic heat and
insolation. To calculate the forecast and standby heating modes and the emergency response
modes for heating, it is necessary to study the relationship between the temperatures of indoor and
outdoor air and the power of the heating system during non-stationary processes.

In order to ensure a predetermined air temperature inside a heated room, the actual power
of the heating system P, should compensate the calculated heat loss of the building Pjyg,

taking into account the technological and domestic heat energy input into the heated building, as
well as insolation.

The calculated heat loss power depends on the thermal characteristics of the building and
the temperatures of the indoor and outdoor air:

Ploss = AV (tcalc.in ~tealc.out) (1)
where V is the external total structural volume of the building; qis the specific heating

characteristic of the building, which should take into account the real thermophysical
characteristics of the enclosures, the shape and orientation of the building, the infiltration and the
wind impact. The product qV is a generalized thermal characteristic of the building.

The difference between the actual or desired temperature of the air inside the building and
the continuously measured actual or set outdoor temperature (tcaicin ~tealc.out) iS the main

disturbing factor for the heating system. The heating system power required to compensate heat
loss depends on the temperatures of the direct and return water and the water flow in the heating
system:

Pheat = G2PC(tgir - Tret) = Pioss - Pext - @)
where G, is the volume water consumption in the building heating circuit; p is water density; c

is the specific water heat capacity; tyj,,tret are the temperatures of direct and return water in the

building heating circuit; Py is the power of technological and domestic heat sources including

insolation.

The most common method of heating system control is to control perturbation (according
to the temperature of the outdoor air or using the temperature difference between the indoor and
outdoor air). The control system may provide feedback using the temperature of coolant entering
the building, or using the coolant temperature in the return pipe [3,5,6]. In this case, only coolant
temperatures are usually used, through which, using a number of assumptions, the power of the
heating system is determined by mathematical modeling. High-quality control by changing the
temperatures of the direct and return water in accordance with the temperature schedule with a
constant flow rate of water cannot fully compensate heat losses, since the influence of wind and
insolation is not taken into account. The network water temperature at the heat source is
determined by the air temperature for a certain period, taking into account the forecast and the
available heat capacity of the source. Transport lag leads to a mismatch between the consumer
network water temperature and the current outdoor temperature. In addition, the heat source often
fails to comply with the temperature schedule of the network water, therefore widespread heating
control algorithms that use only the temperature of the external and internal air, as well as the
water temperature in the heating pipes and heating systems cannot provide timely and full
compensation of heat losses. It should also be noted that for the implementation of well-known
control algorithms for network water temperature, reference points of the heating system schedule
and parameter values of proportional-integral and proportional-integral-differential laws of
regulation are necessary.
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The existence of water flow meters in modern heating centers allows one to determine the
actual heating system power and to perform control not according to the temperature schedule, but
directly by the power of the heating system, based on equality (2) using the adaptive control
algorithm [4,13].

The algorithm for adaptive heat supply of buildings and construction, created on the basis
of the automated heat point of building D, Chuvash State University, which takes into account
weather, climatic and functional conditions, is implemented in the CODESY'S environment on the
PLC-150 programmable logic controller with registration and visualization of all measured and
calculated values at an automatic operator workstation (AOW) [4]. The algorithm provides a quick
access to the mode of compensation for heat loss without using the parameters of the network
water temperature schedule and the parameters of proportional-integral and proportional-integral-
differential laws of regulation [4,13].

To study the dynamics of thermal processes in heating systems, a model based on the heat
balance of internal air and enclosures using quasistationary approximations can be applied [14].
The differential heat balance equation for the temperature of the internal air has the form [14]
when written using the notation adopted in the theory of automatic control:

dt in_air dt out_air

Tin_air . *+tin_air = KPheat * Tout_air +t

out_air 3
where Tin_air is the time constant for the indoor air temperature tjn air; Tout_air is the time

constant for the outdoor air temperature tyt 4ir i Pheat iS the actual power of the heating system;

k=1/qV is the coefficient for transmission via the channel “heating system power - indoor air

temperature”.
The product of the building specific heating characteristic q and the external total structural

volume of the building V is a generalized thermal characteristic gV that can be determined by
statistical processing of metering nodes data [4]. The time constant Tj, ,i; can be expressed in
terms of mass of heat-resistant enclosures and the generalized thermal characteristic qV :

Tin_air = ;qﬂv
where ¢ is the average specific heat of heat-resistant enclosures; U is the correction factor
taking into account the difference in the values of heat transfer coefficients from the outer surface

of the wall to the outside air oLq,; gjy and from the inner air to the inner surface of the wall

U '

Qin_air [14]:

U= R wall + ZRout_air

Rin_air +R wall + Rout_air

where Ry =08/ is the wall thermal resistance; R is the resistance to heat

in_air =1/ Olin_air

transfer from internal air to the inner surface of the wall; R is the resistance

out_air =1/ Aoyt air
to heat transfer from the outer surface of the wall to the outside air
In stationary mode at heat loss compensation:
Pheat = Ploss = Y (tcaic.in - tcalc.out)

In non-stationary modes, with forecast control and standby heating, the actual power of the
heating system may differ from the heat loss power

Pheat = KPjoss -
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Equation (3) is easily solved for the time-independent outdoor air temperature [14].
However, in reality, this temperature can vary significantly, which must be taken into account
when calculating the forecast, standby and emergency control heating modes [15,16]. To simulate
the cooling or warming processes, it was assumed that the outdoor temperature at the initial time

T =0isequalto ty,; 4jrg. @nd then began to change in time according to the law
tout_airk 'tout_airO
% '
where Tot air0. Lout airk @re the outdoor temperatures at the beginning and end of the period

—p.2
Lout air = Bt +lout air0: B=

Ty . In addition, the outdoor air temperature change rate at the initial time is zero. In this case,

B<O0 for the predicted cooling, B>0 for the predicted warming and B=0 for the constant outdoor air
temperature.
For this law of the outdoor temperature change in time, equation (3) has the form

7. Gtin air = KPpogt + 2T oyt air BT+ B2 4
in_airT *+tin air = KPheat + 2Tyt air BT+ Bt™ +1oyt airo- 4)
The initial conditions for solving equation (4) are:

©=0, tin_air =tin_air0» tout air =tout_air0-

The solution of equation (4) under the initial conditions (5) has the form ©
tin_air (1) = Cexp(- _ u =)y,
in_air
where C = tin_air0 - ZBTin_air 2+ 2B-I-in_airTout_air - K(tin_airo 'tout_airo) ~tout_air0;
y(r)=Br . 2|E>’Tin_airT + 2BTin_air 242 BTout_airT -2 B-I-in_air-l-out_zatir + . (6)

+K (tin_airO - tout_ai rO) + tout_airO
In the particular case for the stationary mode with B=0 and K =1, the actual power of
the heating system is equal to the heat loss power

Pheat = Pext = Ploss -

If the actual power of the heating system is greater than the heat loss power, the
temperature of the internal air will increase, if it is less, the temperature of the internal air will
decrease. The internal air temperature change rate depends on the coefficient K . When the heating
is turned off and K =0, the mathematical model allows estimating the temperature cooling time
inside the room taking into account changes in the temperature of the outdoor air.

During non-working hours (holidays, weekends and night time), the temperature of the
indoor air can be reduced by decreasing the heating power to the standby heating mode in order to
reduce heating costs. To ensure a decrease or an increase in air temperature from temperature

tin airo t0 @ predetermined level t;, 5 during time Ty, the power of the heating system Pheat

is determined from solution of the following equation with respect to the coefficient K

Tk
)+ YKty tin airostin_airk) - ™)

tin_airk (t) = Cexp(- —
in_air
Then, the calculated power of the heating system is determined as
Pheat = KPy,

where P, is the power at the beginning of the room temperature cooling or heating period.
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Results

The proposed mathematical model makes it possible to determine the coefficient K for a
given indoor air cooling or heating rate and the required power of the heating system during stand-
by heating, taking into account the outdoor air temperature change in time. Tables 1 and 2 show
the calculations results for changes in heating power and heat energy consumption during two days
when switching to standby heating mode and vice versa, and also without switching to standby

mode at a constant outdoor temperature toy; air =—15 °C(Table 1) and when changing outdoor

temperature from toyg air =—15 °C to -17 °C (Table 2). It can be concluded that the specific

value of thermal energy savings due to standby heating on non-working days substantially depends
on the outdoor air temperature and for toy; gir =—15 °Citis 11%. The calculation data show that
when the heating is completely turned off and the outdoor temperature is -15 °C, the air in the
room will cool down to 14.6 °C in 8 hours (Fig. 2a, curve 2). If the outdoor air temperature during

this period decreases to -17 °C, then the indoor air will cool down to 12.6 °C (Fig. 2a, curve 3), and
if the outdoor temperature rises to -13 °C, the indoor temperature will decrease for only 3.4 °C.

Table 1
Changes in the heating system power and the thermal energy consumption at a constant

outdoor temperature oyt ajr =—15 °C

. Thermal
. Heating
Time, energy
Mode h system -
ours consumption,
power, KW KW-h
Cooling of indoor air to15 °C 8 6.91 55.28
Operation with reduced heat losses (standby heating) 28 85.3 2388
Ecx)tra-heatmg (increase in the internal air temperature to 20 12 149.65 1795
Total 48 4238.28
Operation without standby heating 48 99.5 4776
Thermal energy savings 537.72
Table 2

Changes in the heating system power and the thermal energy consumption when changing the outdoor
temperature from toyt ajr =—15 °Ct0 -17°C (Fig.1)

- Heating Thermal energy
Time, .
Mode hours system consumption,

power, KW kW-h

Cooling of indoor air to15 °C 8 43.95 351.6
Operation with reduced heat losses (standby heating) 28 90.97 2547.16
ggtoré;heatmg (increase in the internal air temperature to 12 155.24 1862.88
Total 48 4761.64
Operation without standby heating 48 105.2 5049.6
Thermal energy savings 287.96
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Fig. 1. Change in outdoor temperature over time:
1 - during warming; 2 - during cooling
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Fig. 2. Changes in indoor temperature during 8 hours:
a) for a complete heating shutdown; b) for standby heating.
Curve 1 was obtained when outdoor air temperature increased from toyt gjr =—15 °C 10 -13°C;

curve 2 is for tout_air =-15 °C; curve 3 was obtained when outdoor air temperature decreased from
tout_alr = —15 OC to -17 °C

From experimental relationships between the indoor air temperature and time, obtained
when the heating was completely turned off, time constants T can be determined [14,15,16].
Indoor air temperature maintenance at a given level should be ensured in a wide range of the
outdoor air temperature changes due to a corresponding change in the temperature of direct
network water according to the temperature schedule. It should be noted that the temperature of
direct water will vary with a certain delay in time due to the inertia of the heating system and
transport delay. Therefore, in the existing control algorithms according to the network water
temperature schedule, the required power of the heating system is achieved using proportional-
integral and proportional-integral-differential laws of regulation not immediately, but with some
delay [16, 17, 18].

The mathematical model developed in this work allows studying the operation modes at
constant and variable power of the heating system. The adaptive control algorithm allows one to
reach any given heating mode, including during standby and forecast control, without using the
parameters of the temperature schedule and the parameters of proportional-integral and
proportional-integral-differential laws of regulation.
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To maintain a constant room temperature for a given time interval T, , the coefficient K

and calculated power of the heating system can be determined by solving equation (7) from the
condition that the indoor air temperature is equal at the beginning and at the end t;,, i =tin airo

of a certain time interval t, . During this interval, the power of the heating system is assumed to

be constant over time. Table 3 shows the forecasted heat loss power and the estimated power of
the heating system during cooling and warming.

Figure 3 presents the calculated relationships between the internal air temperatures during
cooling and warming and time at the heating system power determined using the mathematical
model (curves 1) and the heating system power equal to the heat loss power at the beginning
(curves 3) and at the end (curves 2) of the considered time interval .

Table 3
Changes in the forecast and calculated power of the heating system during the outdoor air cooling
and warming
Predicted .
Change in outdoor Outdoor Outdoor heat 10ss Predicted _
temperature over a tempera_turf: at temperature power at the heat loss EstlmaFed power
specified time the beginning at the end of beginnin power at the | determined from
; of the the g g end of the a mathematical
interval t, (8 g . of the .
calculation calculation calculation calculation model, kW
hours) interval, °C interval, °C | . interval, kW
interval, kW
Cooling -15 -17 99.5 105.9 135
Warming -15 -13 99.5 93.8 62.5

(o ¥ . o

3 4 5 6 7 hours 0 1 2 3 4 5 6 7 hours
a) b)
Fig. 3. Dependence of indoor air temperature on time during warming (a)
and cooling (b)for various heating system powers: 1 — power,
determined from a mathematical model; 2 - power equal to losses at the end of the time interval;
3 - power equal to losses at the beginning of the time interval

From fig. 3b (curve 2) it can be seen that setting the heating system power equal to the heat
loss power at the end of the cooling interval does not provide a constant indoor air temperature of
20 °C and causes under-heating; during warming, setting the heating system power equal to the
loss power at the end of the selected interval (Fig. 3a, curve 2) causes the set temperature to be
exceeded, i.e. extra-heating. Similar phenomena, but more pronounced are observed when the
power of the heating system is set equal to the heat loss power at the beginning of the interval.
Therefore, in case of forecast heating, to stabilize the temperature of the indoor air, it is necessary
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to set not the powers corresponding to the predicted temperatures of the outside air at the end of
the considered time interval, but the power determined using mathematical model, which takes
into account the thermal inertia of the enclosing structures. During cooling, the calculated power is
greater than the heat loss power at the end of the period under consideration, during warming it is
less, which is explained by the influence of heat accumulated by the building envelope. Therefore,
forecast heating control [16,17,18] should be proactive taking into account the thermal inertia of
the building. Studies using a mathematical model showed that in order to maintain a constant
temperature of indoor air in a room, it is necessary to set not the forecasted temperatures of the

outdoor air, but the calculated ones t.gc.out » Which, under cooling, are lower than the forecasted
outdoor air temperature at the end of the considered time interval, but under warming they are
higher. The calculated outdoor temperature can be determined from the expression

t _ CIVtcaIc.in ~ KPIoss
calc.out = qV '

where Py, is the heating network power at the beginning of the considered interval.

The calculated outdoor temperatures necessary to maintain the indoor air temperature at a
given level are greatly influenced by the time constants of buildings and construction. So, for
example, for a time constant T =48 hours, when the outdoor temperature decreases by 2 degrees

from -15 °C to -17 °C, the calculated temperature {qgic oyt =-28 °C, and when it is increased by 2

degrees tegic.out= -1.97 °C. With a decrease in the time constant to 24 hours for the same

conditions, the calculated outdoor temperatures are -22 °C and -7.97 °C, respectively. Thus, with a
decrease in the time constant, which occurs with a decrease in the mass and thermal resistance of
the building enclosures, the calculated temperatures approach the outdoor air temperatures at the
end of the considered time interval, and the coefficient K tends to 1.

Mathematical models, algorithms for standby heating and maintaining at a given level the
heating system power during forecast control can be implemented using PLC. The adaptive control
algorithm uses continuously measured temperatures of indoor and outdoor air, and also allows
setting the calculated temperature of the outdoor air and the required temperature of the indoor air
to provide a comfortable temperature in the room as settings for air temperatures [4,13]. With
forecast control, the mathematical model allows determining the heating system power and the
ambient temperature settings, at which the indoor air temperature will remain almost constant
when the outdoor temperature changes without under-heating and extra-heating.

Conclusions

The proposed mathematical model of unsteady processes in heat-resistant enclosures allows
the forecast and standby heating to be adapted according to the adaptive control algorithm, taking
into account the change in the temperature of the outdoor air over time. When calculating the
modes of forecast and standby heating, the mathematical model allows, at given initial and final
temperatures of the internal air, determining heating system power that provide the desired
temperature at the end of a given period of time. For the standby heating, this is the temperature at
the end of the cooling or warming interval. The developed adaptive control algorithm allows one
to provide any design conditions and create an energy-efficient heating system that provides a
given temperature in the building’s premises with minimal heat consumption, taking into account
all the parameters that affect the heat loss power and the heating system capacity.

The created experimental installation for monitoring and controlling the heat supply
regimes of a building allows, faster than the known algorithms, achieving equality of the actual
power of the heating system and the power of heat losses when weather conditions change, to
implement any adaptive control algorithms without setting the temperature parameters of the
network water.
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SUPERSONIC FLOW OF TWO-PHASE GAS-DROPLET FLOWS IN NOZZLES
A.l. Sharapov, A.A. Chernykh, A.V. Peshkova
Lipetsk State Technical University, Lipetsk, Russia

Abstract: For practical applications, the description of processes occurring during the flow of
two-phase gas-liquid mixtures requires a simple physical and mathematical model that describes
the behavior of a two-phase medium in the entire range of phase concentrations changes and in a
wide range of pressure changes. Problems of this kind arise in various branches of industry and
technology. In the space industry, one often has to deal with the movement of various gases in
rocket nozzles, consider the combustion, condensation of various vapors on the nozzle walls and
their further impact on the velocity sublayer at the nozzle wall. The large acoustic effect arising
from the engines affects the gas-liquid mixture in the nozzles of rocket engines. In the metal
industry, metal cooling occurs with the help of nozzles in which the emulsion mixture is supplied
under high overpressure. But this is only a short list of applied issues in which one has to deal
with a problem of this type. The paper presents the results and directions of study of the problems
of two-phase dispersed gas-droplet flows in the nozzles. The main methods of investigation of two-
phase heterogeneous flows are described. The main characteristics of heterogeneous two-phase
flows in the nozzles, which were confirmed by experimental results, are presented. The calculation
of the air-droplet flow in the Laval nozzle is given. The technique, which is based on integral
energy equations for two-phase dispersed flows, is described. The main problems and questions
concerning the further description and studying of two-component flows are stated.

Keywords: gas-droplet flows, heterogeneous medium, sound propagation, sound velocity, Laval
nozzle, quasi-equilibrium flow, critical parameters, medium compressibility, Witoszynskyj nozzle,
acoustics of dispersed medium.

For citation: Sharapov Al, Chernykh AA, Peshkova AV. Supersonic flow of two-phase gas-
droplet flows in nozzles. Power engineering: research, equipment, technology.2019; 21(3):86-98.
(In Russ). doi:10.30724/1998-9903-2019-21-3-86-98.

CBEPX3BYKOBOE TEYEHUME JIBYX®A3HbIX 'A3OKAIIEJBbHBIX IIOTOKOB B
COILIAX

A.W. Mlapanos, A.A. YepHbix, A.B. IlemkoBa

JInnenkuii rocyiapcTBeHHbI TeXHHYECKH YHUBepcHTeT, I'. JIuneux, Poccust
sharapov-lipetsk@yandex.ru, Peshkova_Nastja@mail.ru

Pe3rome: [[ns npakmuueckux npuiodiCeHull ONUCAHU NPOYeccos, NPOUCXOOIUWUX NPU MeYeHuu
08YX(aA3HBIX  2A300CUOKOCIHBIX  CMecel, Heobxoouma npocmas QuauKo-mamemamuieckas
MoOenb, onucvlealowjas noseoenue 08YXQA3HOU Ccpedbl 60 6CeM OUANA30He USMEHeHUs
KOHYyenmpayuii ¢az u 6 wupokom ouanazone usmenenus oasienuil. Ilpobremvt maxoco pooa
BCTNAIOM 6 PA3HBIX OMPACTAX NPOMBIULIEHHOCIU U MEXHUKU. B kocmuueckou npomviunennocmu
yacmo NpuUxoOUMcs. CMAIKUBAMbCs € OBUJICEHUEM PA3IUYHLIX 24306 6 COWIAX paKem,
paccmMampusams c2opanue, KOHOEHCayuio PaiuiHbiX Napo8 Ha CMEHKAX conel u OalbHeliuee ux
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GUSIHUE HA CKOPOCMHOU NOOCIOU Yy CmeHKU conaa. boavwiotl akycmuueckuu sghgpexm, ucxoosuuil
om Osucameneil, GIUAEM HA 2A30ACUOKOCMHYIO CMECb 6 CONIAX pakemuvlx Oeucamenei. B
MEMANNIONPOMBIULEHHOCIU UMeen MeCMo OXAAdCOeHue Memaiia ¢ HOMOWbIO (OPCYHOK, 6
KOMOP®IX IMYIbCUOHHASL CMECh NOOAEMCs NOO 8bICOKUM U3DbLIMOUHbIM OasieHuem. Ho smo auws
Kpamxuii nepeueHb NpukiaoHvix 3a0ay, 6 KOMOPbIX NPUXOOUMCS CMAIKUBAMbCS ¢ NPoOIemMoll
makozo muna. B pabome npusedenvi pesyromamol u HANPAGIEHUs UCCIEO08AHUSL NPOOIEMATNUKY
meyenus 08YXQA3HbIX OUCNEPCHBIX 2A30KANENbHbIX NOMOKO8 8 CONIAX 3d NOclieoHee 6peMsl.
H3n001cenvt 0cHo8HbIC MEMOObL UCCAEO08AHUSL 08YXPA3HBIX 2emepO2enHblx NOMOK08. [Ipusodamcs
OCHOBHbIE XAPAKMEPUCMUKU NPOMEKAHUS 2eMEPOLEHHbIX 08YX(PA3HBIX NOMOKO8 6 CONIAX,
Komopbie Oblau NOOMBEPIHCOeHbl ONbIMHbIMU pe3yabmamamu. IIpugooumcsi pacuém meyenus
8030YULHO-KANENbHO20 nomoka 8 cone Jlasans. HMznodcena memoouxa, Komopas onupaemcs Ha
uHmezpanbHvle dHEpeemudecKue Ypaguerus 0s 08YX(asHblX OUCNEPCHbIX NOMOK08. H3nooicenbl
OCHOBHblE  NpOOTEMbl U BONPOCHL,  Kacarwuecs OalbHeliuezo0 ONUCAHUsL U U3YYeHUs
08YXKOMNOHEHMHbIX NOMOK08. B pacuemax npenebpezaemcst cmpyxkmypa 08yxgasnozo nomoxa u
paccmampuearom e2o medeHue Kak 00HOCKOPOCHHOU 0OHOMEMNEPAMYPHbIl KOHMUHYYM.

Knrouegvle cnosa: cazoxanenvhvle nomokKu, cemepocennasl cpeda, pacnpocmpaneHue 36yKa,
CKOpoCmb 36yKd, COnjo Jlasans, Kea3upasHoeecHoe medeHue, KpumudeckKue napamempbl,
corcumaemocmss cpedbz, conno Bumowumncrozo, aKycmuka OucnepCHbzx cpe()

Introduction

To describe the processes occurring during the two-phase gas-liquid mixtures flow, a
simple physical and mathematical model is needed that shows the behavior of a two-phase
medium in the entire range of changes in phase concentrations and in a wide range of pressure
changes. Problems of this kind arise in various branches of industry and technology. In the space
industry, one often has to deal with the movement of various gases in rocket nozzles, consider
their combustion, condensation of various vapors on the nozzle walls and their further impact on
the velocity sublayer near the nozzle wall. The large acoustic effect arising from the engines
affects the gas-liquid mixture in the nozzles of rocket engines. In metal industry, metal cooling is
made using nozzles in which the emulsion mixture is supplied under high overpressure.

The study of motion of various two-phase media is currently of great interest for the aircraft
industry, engineering, and for the design of water circuit of nuclear reactors. Due to the complexity
of the processes of interphase interaction, the general approaches for these types of two-phase
mixtures are not formalized due to the peculiarities of their behavior. This issue was already
addressed in the 30-40s of the last century, but issues related to determination the speed of sound
[1-4], description the flow in the presence of phase transitions, etc., are still not systematized and
have not been properly studied. This interest is mainly caused by finding universal relations [2] for
describing various flow parameters in dispersed multicomponent media, since motion of such
flows, for example, in nozzles is associated with various heat transfer processes, as well as
processes accompanied by phase transitions. This can be attributed to various gas-droplet media in
which the dispersed phase in the form of liquid droplets is in suspension.

It is also worth noting that a small number of works [2, 4] are devoted to the study of gas-
droplet systems at sufficiently high mass contents of the droplet phase (¢>5%).

The study of propagation of sound waves in various media is inextricably linked with heat
and mass transfer processes, but the authors [1, 5, 6] state that heat transfer processes are not
involved in the propagation of acoustic waves in stationary two-phase media. As for the unjustified
increase in speed at ¢ <0.5, the situation has an inverse physical formulation. The gaseous medium
itself begins to prevail over the liquid one, and the gaseous medium, which begins to fill the entire
volume, becomes a source of waves itself. As a result of long-range order destruction by
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perturbations, a state with slowly decreasing waves arises, therefore, the energy that the surface
layer of the 5-droplet begins to emit is amplified, and two wave fronts are obtained.

As was noted above, an interpretation based on linear theory can no longer be applied [1,
5], since the so-called dispersion phenomena are observed during the propagation of sound waves:
reflection, absorption, etc. If one considers the “liquid — gas” interface, an abrupt change in the
speed of sound will be observed at its boundary [5-10].

We address a two-phase medium of the “droplets—gas” type in which a wave propagates
with a length comparable to the free-path length between the droplets. The concept of the speed of
sound should be taken into account. It is appropriate to use the methods of molecular kinetic
theory, in which molecules will be replaced by small droplets (heterogeneous medium). Knudsen's
criterion will be applicable to such a system. The description of a system with sufficiently large
liquid droplets requires another approach: not from the point of view of compressibility, but with
consideration of such a process as a two-component one [1, 6, 10, 11-16]. The system should be
divided into separate “droplets-gas” transitions, which together will characterize the entire system.
The wave propagation process is similar to the Brownian motion of molecules, as a result of which
some assumptions become applicable. Based on these formulas, a comparison of different gas-
liquid systems was made.

As a result, methods of probabilistic description of the process or a separate description of
the liquid — gas boundary become feasible. There exists the scaling method, when the system is
compared with the free path length between individual dispersed inclusions. In this case, for
example, a sound wave of a certain frequency flies onto a drop, which generates a series of fronts
(also acoustic waves) that begin to propagate from the source in different directions [17, 18]. The
generation of waves is associated with a change in the continuum, and therefore in acoustic waves
the main change is made by the liquid, which, due to its diffusion motion, is a very good refractive
component. Therefore, based on this point of view, one should subdivide the degree of intensity of
the wave propagation through such dispersive homogeneous media.

Research method

Consider the equations for equilibrium and frozen flows. We will proceed from the basic
kinetic integral equation for a two-component medium. After simple transformations, it reduces to

the equation
, 2c,(To-T)
W= WO + 2
1+p~d
During a polytropic process, in case when there are heat exchange processes, relation (1)
takes the form

M

2¢ T,l1- 8"
w= W+ "O(zﬂ) @)
1+¢°d

For an inhibited process, one can obtain the ratio

2¢, To\L-p"
w=\/wg+—p 0( d ) 3)
(1+d)

Several conclusions can be drawn from these two equations. Firstly, the Mach number for
the inhibited flow, with the same pressure and temperature drops, is greater than the Mach
number for the equilibrium flow. This is true for any ratio of phase slip coefficients .

Laval nozzle calculation
We give an example of the Laval nozzle calculation for a two-phase vapor-air medium. The

pressure change profile is shown in Fig. 1. The initial pressure is 1.2 bar, the output pressure is 0.5
bar.
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Fig. 1. The profile of pressure changes along the entire length of the Laval nozzle

Consider the change in velocity over the entire nozzle profile for the case of equilibrium air
flow. An example of calculation is shown in Fig. 2 for different exponents m.
650
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Flow velocity w,

Relative nozzle length

Fig. 2. Change in the air quasi-equilibrium flow rate at different exponents m

It is seen that for the case m=0.1, the speed of sound is reached in the critical section. For
the case m=0.5, the speed of sound is reached well before the flow reaches the critical section of
the nozzle. But such a case is not realized in practice, because the adiabatic index cannot be
negative.

Now consider the flow distribution with a small amount of gradually mixed moisture
Ad=0.4 kg/kg. The initial flow velocity at the entrance to the nozzle is taken equal to 10 m/s. From
the graphs in Fig. 3, it can be seen that for m=0.5 the flow rates are different in the critical section,
and for the frozen flow this value is greater than for the equilibrium one. The speed of sound is
reached later at equilibrium flows in comparison with the frozen flow, as shown in Fig. 3. This
figure shows the establishment of the speed of sound for both equilibrium and frozen flows. In this
case, a gradual mixing of moisture deforms the velocity profile, and the achievement of the speed
of sound for a frozen flow occurs long before the minimum nozzle cross section is reached. As the
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exponent m decreases, the flow continues to expand, passing through the critical section of the
Laval nozzle.
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Fig. 3. Change in the gas-droplet flow with a gradually mixed moisture Ad= 0.4 kg moist./kg at different
exponents m. For the inhibited flow the speed of the liquid component is two times lower

Figures 4 and 5 show the results of calculating the change in the rates of the frozen and
equilibrium two-phase droplet-air flow. These dependences show how the slip coefficient ¢ affects
the flow propagation in the nozzle. An increase in the velocity of the droplet component in the
main flow leads to a shift in the maximum of the velocity profile towards the output section, and
the case with the opposite effect leads to a shift in the maximum to the input section. Moreover,
such an effect is observed only if there is a mixing of small portions of moisture.
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Fig. 4. Change in the gas-droplet inhibited flow with a gradually mixed moisture Ad= 0.4 kg moist./kg at
different exponents m. For m=0.2 the speed of the liquid component is two times lower than the gas one, and
for m=0.5 the reversed dependence is observed
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Fig. 5. Change in the gas-droplet quasi-equilibrium flow with a gradually mixed moisture Ad= 0.4
kg moist./kg at different exponents m.

Consider a gas-droplet flow with a moisture content of 1 kg. moist./kg. In fig. 6 it can be
seen that for two-phase gas-droplet media the flow velocity does not approach the sonic one in a
critical section. Note that the critical velocity for a two-phase flow does not correspond to the
speed of sound in gas. The critical velocity becomes equal to the speed of sound only in a gas in
which there is no moisture or dispersed inclusions. Since the critical velocity is equal to the speed
of sound only for an ideal gas and isoentropic flow, such a property is no longer applicable for a
polytropic flow.
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Relative nozzle length
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Fig. 6. Change in the gas-droplet equilibrium flow with d=1 kg moist./kg at different exponents m.
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Taper nozzle calculation

If the area is known, then the speed of each phase can be found, since the gas phase
consumption is known, G=20 Kkg/s, and the phase densities are known. In this case, the droplet
phase velocity can be found using the moisture content ratio (3). The remaining graphs were
constructed using the iteration method using formula (3). The main ratios that were used in this
task are:

G G
Wj=—— and Wiq=—"-— 4)

PeFi PeFiia
We find the temperature from relation (3), which can be represented by the iteration method
as follows:

\

20p(Ti+1_Ti)

2
Wi 1 =, |Wi + (5)
i+l I (1+(p2d )

The pressure is found from the Mendeleev-Klaiperon equation of gas state in the form

Further, one can set the distribution of the nozzle cross-sectional area over its entire
dimensionless length, and from here find the flow velocity, since the amount of air M supplied to
the nozzle is known. Then, using formula (6), one can find the temperature difference at each
iteration by setting the velocity coefficient. In this case, the velocity coefficient was taken equal to
0.8. It was indicated that in the course of solving the problem the phase pressures were taken equal
to each other. In this case, the law of distribution of the cross-sectional area, which was used in
solving this problem F=f (x) is:

F=Ax2+B,
where x is the dimensionless nozzle length, 4 and B are the constants, which are found from the
conditions: for F, =0.9 m?, X;=0,and for F, =0.5 m?, X =1.

Further the main calculation is presented. The pressure change along the entire
dimensionless nozzle length is set by the following laws, which are shown in Figs. 7 and 8.

200000
190000 { '\
180000 1\
170000 4\
160000 -
150000 -
140000 A
130000 -
120000 -
110000 -
100000

Pa

Pressure along the nozzle length P

0 0.2 0.4 0.6 0.8 1

Relative nozzle length, x/L
P=S/L"3 — — — Asymptotical

— == p=S/L

Fig. 7. Pressure change along the entire dimensionless nozzle length
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Fig. 8. Pressure change along the entire dimensionless nozzle length according to the exponential law
(Witoszynskyj)

Since the temperature in the gas is equal to the temperature in the liquid, the temperature
change in the media will be adiabatic:

T=Ty| — (7
Fo
Temperature distribution in the equilibrium flow is different. Such flows are characterized
by polytropic gas compression, therefore, we use the formula:
n-1
P T
T=Ty| — . (8)
Fo

For convenience, the polytropic index is taken as 1.2.

Thus, the task of propagation of a two-phase flow of the “liquid droplets-gas” type in
nozzles of different geometries was solved and graphs of distribution of the two-phase flow
velocity over the dimensionless length of the nozzle were obtained (Figs. 9-11). The solid line in
figures for the law, which is shown by the solid line in Fig. 8; small strokes and dash-dotted lines
show the approximations for the law depicted in Fig. 7.
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Fig. 9. Relationship between change in the inhibited flow velocity and dimensionless nozzle length at
different exponents m when pressure is distributed according to the hyperbolic law
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Fig. 9. Relationship between change in the inhibited flow velocity and dimensionless nozzle length at
different exponents m when pressure is distributed according to the cubic law
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Fig. 10. Relationship between change in the inhibited flow velocity and dimensionless nozzle length at
different exponents m when pressure is distributed according to the exponential law

The dimensionless length is presented as the ratio of the variable value to the maximum
one, and the dimensionless diameter in relation to the minimum value. The initial temperature was
taken equal to 70 °C, the initial pressure was 200 kPa.

The obtained results show that the most acceptable profile for achieving a high flow
velocity is the exponential profile. The same can be said about the achievement of the speed of
sound: during profiling the most suitable nozzle, an exponential nozzle is more preferable from the
point of view of critical flow parameters. These dependences were obtained for quasi-equilibrium
flow. In each case the prevalence of equilibrium or frozen methods of mixture compressibility will
be determined by the non-stationary process conditions. Thus, there arises a problem for
describing a two-phase system with the same component parts from the point of view of acoustics.
And here it is necessary to emphasize that a clear answer on how to describe such a medium in
terms of compressibility [1, 10, 11, 14, 16] has not been received yet. Therefore, the concept of
sound speed for such a system is no longer applicable. It is worth noting another one property of
the Vitoshinsky profile. When x/L=0.75 is reached, the flow velocity remains constant, i.e. critical
flow rate was reached at 0.75. The remaining tapering nozzles need to set a large degree of
pressure reduction in order to increase the speed of the working jet.

It remains to consider one more question about the applicability of all thermodynamic
equations to heterogeneous gas-droplet media, but with rather small droplets. The theoretical and
experimental studies for superheated vapor were also carried out, which resulted in formulation of
conditions for the applicability of the gas state equation. As a result, for M<3 and a pressure of 1
MPa, it is possible to use the thermodynamic equations of gas state for such gas-droplet flows.

Under certain properties, superheated or saturated vapor can be considered as a
homogeneous medium, but the applicability of the basic thermodynamic equations is violated at
high supersonic speeds [11, 12]. Therefore, it is worth pointing out that a similar picture of
applicability of thermodynamic relations for an ideal gas will be observed for vapor-gas media
under the condition that this medium does not contain dispersed inclusions in the form of droplets.

Conclusions

A two-phase medium is a system that has certain specific features that appear as a result of
the propagation of acoustic waves of different frequencies. In this connection, several questions
arise that need to be considered: how to characterize such a system from the point of view of
sound theory and what is meant by the speed of sound; how to describe the characteristics of such
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a system, which includes such critical parameters as Pcr and tcr? Therefore, the question about the
inapplicability of the concept of the speed of sound to multiphase media is raised, since it is
ultimately necessary to consider in each phase its speed of sound. In this case, the analysis of the
two-phase flow should be based on the general integral energy equations, taking into account the
fact that the gas and condensed phases can have different temperatures, pressure and velocity using
a two-fluid flow model; the predominance in each case of equilibrium or frozen methods of
compressibility of the mixture will be determined by the conditions of an unsteady process. A two-
phase or some other multicomponent system must be described using equation (2); at the same
pressure and temperature the Mach number for the inhibited flow is greater than the Mach number
for the equilibrium flow. With a high content of the liquid component, the condition of local
thermodynamic equilibrium is violated, and one should not use the equations applicable to the gas

component.
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Abstract: The purpose of the article is to study the possibility and feasibility of participation of
nuclear power plants (NPPs) with VVER in emergency frequency control in power systems with
a high proportion of nuclear power units and, at the same time, of reducing the power
consumption for the own needs of the main circulation pumps during modes with power below
nominal. To solve these problems, it was proposed to increase the achievable speeds of power
gain (load increase) due to the installation of frequency controlled drives of the MCP. Large
system frequency variations (caused by large imbalances between generation and demand) may
jeopardize electrical equipment, in terms of maintaining stable and reliable operating
conditions. For NPPs, the task of preventing or localizing accidents is even more important than
for TPPs, since in case of major system accidents, it is possible to completely stop external
power supply of the NPPs own needs. Thus, besides the requirements for the primary control of
the frequency of NPPs with VVER, today we need more stringent requirements for their
emergency acceleration and mobility. The operation of NPPs with long-term non-recoverable
active power shortage causes a decrease in the speed of the main circulation pumps of NPPs
with VVER and a decrease in the coolant flow rate. It is shown that the installation of variable
frequency drives of the MCPs at NPP with VVER is appropriate not only to save energy
consumption for their drive in partial modes, but also to increase the power of NPP above the
nominal (without reducing the reserve before the heat exchange crisis in the reactor core) for
the elimination of system accidents, and thus to improve the safety of the NPPs included in the
power system.

Keywords: nuclear power plant, power system, frequency, emergency control, main circulation
pump, variable frequency drive.
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Pestome: Llenvio cmamvu a6151emes U3yyeHue 603MONCHOCIU U Yereco0OpA3HOCMU yYacmus
ADC ¢ BBOP 6 npomusoasaputinom YacmomHuom pe2yiuposanu 8 IHepeoCUCEeMAax ¢ 8blCOKOU
o0onell amoOMHbIX IHeP2OONIOKO8U, OOHOBPEMEHHO, CHUICCHUS PpAcxo0d INeKMmpOoIHepeUU Hd
cobcmeennbie HyHCObl 2NABHBIX YUPKYIAYUOHHBIX HACOCO8 HA PENCUMAX C MOUWHOCHIbIO HUdICE
HOMUHAAbHOU. [Nl pewienus 3mux 3a0a4 HpeodiodCceHO NOBbICUMb OOCMUNCUMbBIE CKOPOCTU
Habopa mowHocmu (Habpoca Haspy3Ku) 3a cyem YCHAHOBKU UYACMOMHO De2yiupyembvix
npueoooe I'L[H. H3zmenenue wacmomol 8 dHepeocucmeme, 8bl36AHHOE OONbUUM OUCOANAHCOM
Medncdy ceHepayuell u nompebienHuemM, MOJCem NOCMASUMb HOO YepPo3y INEKMPpUecKoe
obopyoosanue ¢ MOYKU 3PEHUs NOOOEPICAHUS CMAOULLHBIX U  HAOEICHLIX  YCI08UlL
okcnayamayuy. /[nsa amomMHuiX 1EeKMpOCManyuil 3a0aya npeoomepauwjeHuss Ui I0KAIU3ayun
asapuii npeocmaensemcst euje bonee saxcuou, wem oasi TOC, m.k. npu KPYRHbIX CUCMEMHbLX
aABAPUSX 8O3MOICHO NOJIHOE NPEKPAWeHUe SHEUHe20 IHePeOCHADICeHUsT COOCMBEHHBIX HYIHCO
ADC. Taxum obpazom, kpome mpebosanuii Kk nepsuunomy peeyiuposanuto yacmomsi AIC ¢
BBOP nyoscuwr 6onee sicecmrue mpebosanus K UX A8apuliHoli RPUEMUCmocmu U MoOUIbHOCMU.
Paboma ADC npu OnumenvHOM HEGOCCMAHABAUBAEMOM Oeuyume aKMUBHOU MOUHOCHIU
6bI3b18AEIN CHUJICEHUE YUCAA 000POMO8 2NAGHBIX YUPKYIAYUOHHBIX Hacocos ADC ¢ BBOP u
yMeHbulenue pacxoda menionocumens. Ilokazano, ymo ycmanHo8Ka 4acmomuo-pecyiupyemvix
NPUBOO08 2IABHBIX YUPKYIAYUOHHBIX Hacoco8 na ADC ¢ BBOP yenecoobpasna, 6 nepcnexmuage,
He MONbKO 05l IKOHOMUU PACX00a IHEPIUU HA UX NPUBOO HA YACTNUYHBIX PEeANCUMAX, HO U Ol
nosvlueHusi MouHocmu dHepeodiokoe ADC eviue HOMUHANLHOU (0e3 YMeHbUleHUs 3anaca 00
Kpuszuca menioooMeHna 8 axKmusHol 30He peaxkmopa) Oisl JUKEUOAYUU CUCTNEMHBIX agapull, a
s3Hauum, u 01 nogviueHus: bezonacnocmu exodsuux 6 OOC snepzobroxos ADC.

Knrwouesuvie cnosa: amommast INEKMPOCMANYUSL, 9Hepeocucmema, yacmoma,
npOMuUBOAsApuUliHOe  pecyiuposanue,  2IAGHbIU  YUPKYIAYUOHHLLIL — HACOC;  HYACMOMHO-
pezyaupyemulii npugoo.

Bnazooapnocmu: Hccredosanue gvinonneno npu ¢unancogou noddepicke PODU ¢ pamkax
Hayunozo npoexma Ne 17-08-00220 A.

Introduction

Attempts to normatively involve nuclear power plants (NPPs) in the regulatory process,
including emergency ones, have been implemented for a long time. One of them was undertaken
in 2002 by RAO UES Order No. 524 dated September 18, 2002. In accordance with RAO UES
Order No. 544 “On improving the quality of primary and secondary frequency regulation of
electric current in the UES of Russia”, the main condition for connecting power plants,
including the nuclear ones to the power system is their participation in the primary frequency
regulation in the power system.

The requirement for the participation of nuclear power units in the dispatch load schedule
has recently been accompanied by the requirement to involve NPPs in the primary regulation of
the current frequency in the network [1, 2]. In accordance with the standard of the organization
of JSC “SO UES” (Company's Code STO 59012820.27.120.20.004-2013. Norms for the
participation of power units of nuclear power plants in the normalized primary frequency
regulation), the maximum required change in power is + 2% of Ny, for the normalized primary
regulation of frequency (NPRF) and -8 % of N, for the general primary regulation (GPRF),
moreover, in the first 10 seconds at least 50% of the required power change should be fulfilled.

However, due a number of reasons noted earlier in the Russian studies [3], this,
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apparently, is also not enough, since the requirements do not stipulate the gradually growing
need for participation of large nuclear power units in emergency frequency control in the UPS.
For such participation, the speeds and ranges mentioned in [3] are clearly not enough. Large
hydroelectric power stations (HPS) and even hydroelectric pumped storage power stations
(HPSPS) do not possess maneuvering properties previously assigned to them, mainly due to
the large inertial delay at the derivative spillways, as well as due to their overregulation by
numerous requirements of the System Operator.

With the development of accidents with a steady decrease of UPS current frequency, a
serious contradiction is that in UPS with a high proportion of nuclear power plants during
accidents with a decrease in the frequency, NPPs should increase generation. Unfortunately,
MCPs make it impossible, since they reduce power and flow rate of the pumped coolant
proportionally to the decrease in mains supply frequency. This was noted in [4]. In case of
emergencies with increasing frequency (increased generation over the consumer load), such
nuclear power plants also run the risk of stopping external and then internal power supply.

One of the most efficient technologies that can fundamentally solve the problem of
maneuverability of nuclear power plants with VVER is a smooth change in the flow rate of the
coolant by controlling the rotation frequency of the MCP electric drives (Fig. 1) [5-8].

[ Neutron power controller ]—)I Coolant flow controller ]

!

reactor outlet temperature I Frequency converter ]
sensor *

[ MCP electric drives ]

Fig. 1. The block diagram of the flow rate control

Theoretical basis

The NPP operation with a long unreplaceble shortage of active power causes a decrease
in the number of MCP revolutions and a decrease in the coolant flow rate. The use of special
frequency converters can eliminate this contradiction [9], since the operation of thyristor
converters does not depend on the mains supply frequency. When using them, the power of the
unit can be increased to a supernominal value to eliminate system accidents without reducing
the supply before the heat transfer crisis in the reactor core [10]. Moreover, this maneuver can
be implemented in the long-term mode (monitoring the load) and during participation in the
regulation of the emergency frequency drop (dynamic load surge).

Studies have shown that a smooth change in the coolant flow rate by controlling the
rotational speed of the MCP electric drives allows one to obtain the specified steam parameters
and, due to this, the efficient energy characteristics of the turbines during the NPP modes of
partial power, start and stop, and significantly reduce temperature and pressure fluctuations in
the main circuits. This leads to a decrease in the ranges of changes in the average temperature of
the core and mitigation of neutron-physical disturbances in the core. At the same time, resource-
saving internal devices are achieved, reliability, durability and efficiency are improved by
reducing low-cycle fatigue of metal of power equipment and increasing the efficiency of the net
unit in the power range of 60—100% of N, and above the nominal one [11].

The most important MCP advantage achieved with a variable frequency drive (VFD) is
the possibility of an additional (to 4% of N,y achieved by today) power increase up to 7-10%
above the nominal level. It is based on the possibility of maintaining the same safety factor
before the heat transfer crisis DNBR (Departure from nuclear boiling ratio) by
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correspondingly increasing the coolant weight velocity [11].

The main circulation pumps are most strictly regulated for operation in case of
emergency frequency deviations in the network (for power units with a VVER-1000 reactor
unit):

A) From 50 to 51 Hz - up to 10 s and not more than 60 s or 10 times in total per year;

B) From 49 to 48 Hz - up to 5 minutes and not more than 26 minutes or 20 times in total
per year;

C) From 48 to 47 Hz - up to 1 min and not more than 6 min or 15 times in total per
year;

D) From 47 to 46 Hz - up to 10 s and not more than once every three years.

The literature gives an example [3] of the need to increase the rate of the generation
shortage elimination in order to maintain the stability of power units operation. This problem
becomes especially urgent in connection with the increase in the share of NPPs in many UPSs,
since it is known that in case of system accidents with breakdown of external power supply,
there arises a task of reliable and long-term (up to 72 hours) removal of residual heat
generation from the reactor core due to internal power supply. Many NPP sites with reactor
units (RU) of Russian architecture, namely Akkuyu NPP (Turkey), Ruppur NPP (Bangladesh),
Kudankulam NPP (India), Jordan, Egypt, Finland, etc. turn out to be “inside” energy regions
with relatively weak transmission capacities of electrical connections.

At the same time, it is known that reserves of transmission capacities above 20% of P,
when implemented, can “shift” the calculated phase angle to an unacceptable zone ©>70-80°
with occurrence of amplitude fluctuations and even flow vectors, which can cause an avalanche-
like accident. If the initial phase angle ® is 60° and there is a generation shortage in comparison
with consumption, and the generators rotors in the UPS receiving part are “slowed down a little”
when entering the dead zone of the turbine regulators (for example, 4h=-1 rpm), then the
receiving system rotors will “turn around” due to a lag to the critical value of the phase angle of
90°. If it is 1 rpm (360° per minute), then a thirty-degree (30°) limit excess of the angle ® will
be achieved in just 5 s [60/(360/30)=5 s], which requires very high loading speeds to prevent a
system accident [3].

On the other hand, the relationship between active power N and frequency in the case
of rotating MCP injection machines is established from simple reasons:

af3 df

Nact = af 3 or dl:lj—]im = 2af 2df :3Tdf :3NactT' dNaet _ o df

3—.
act f

Modern VVER reactors also have a certain maneuverability with stabilizing negative
feedback between the average temperature of the active zone and reactivity [12-13]. This
connection is much more stable today during the operation time due to the addition of
gadolinium to the fuel compositions, so the fuel rods today are often called gadolinium fuel
rods. Such fuel and the active zone based on it are much more stable and safer during
operation.

With tertiary regulation in such UPSs, a high emergency response rate (rate of shortage
or load surge) should be provided and there should be a margin for the upper power level [3].
However, this reduces the installed capacity utilization factor (ICUF). But if ICUF is
determined by the initial level of nominal power, then its value is sometimes greater than 1. This
was shown by the operational practice of a number of NPP units in separate temporary operation
areas during operation at 104% Npom.

This problem can also be successfully solved when the power units will have a
significant margin to increase power above the nominal. Such a reserve is quite real when
equipping a MCP with a converter with a high-voltage variable frequency drive (converter
with HVVFD).

In the absence of adjustment range and the occurrence of an unforeseen power shortage

but as af3 = N

act’
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under conditions of full load of the units (generators), an unrecoverable decrease in frequency
occurs (Table 1, Fig. 2):

fy — f1 = —Af (1—e_t/Tf j o vice versa f, — f; = +Af (1—e‘”Tf ) ,

where T is the frequency constant of the power system, T¢ =10+15 s; Af is the final value of

the frequency change due to a shortage (—) or an excess (+) of power, i.e. the difference between

generation and load AP = Py + Pj5aq in % or infractions afos= AP% 100 _ AP i =13

K" Pload.nom

is the frequency factor of the power system [14]
[ = R
fz_flz_APKA)(l_et/Tf)zﬁx AP (1_e'[/Tf)

K" Pload.nom
Table 1
Frequency drop in UPS at various factors K and resulting shortage
Power shortage Frequency drop Af, Hz (%)
AP, % K=1 K=2 K=3
2 1 (2%) 0.5 (1%) 0.33 (0.7%)
4 2 (4%) 1 (2%) 0.67 (1.3%)
6 3 (6%) 1.5 (3%) 1.00 (2%)
8 4 (8%) 2 (4%) 1.33 (2.7%)
10 5 (10%) 2.5 (5%) 1.67 (3.3%)
50 50 figdz
495 498 -
49
49,6 -
48,5
49,4
48
475 49.2 1
47 49
0 10 20 30 40 50 tms\ 0 10 20 30 40 50 tMs
a) b)

Fig. 2. The frequency drop after an accident with nonrecoverable power shortage (2, 4 and 6%) for various
power systems: a - frequency factor of the power system K=1; b - K=3

Operational experience shows that in most power systems, a sudden loss of 5% of the
generating power will not lead to an unacceptably low frequency, while a loss of 20% of the
generating power will almost certainly cause the system collapse. The practical limit of sudden
losses and, therefore, the maximum power of one generating unit is about 10% of the minimum
system demand [15]. Figure 3 shows the change in frequency when a 10% power shortage
occurs in the power system (according to [15]).

The transition time from one mode to another when working on a schedule is minutes. In
emergency situations that may occur in the power system or at the plant with its equipment, a
limited change in power is required in a very short time (gaining up to 10% of the nominal
power in no more than 2 s; short-term pulse unloading of the turbine) or a complete shutdown of
the unit. Moreover, temperature limitations do not play such an important role [3]. The rate of
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change of power is determined mainly by the dynamic characteristics of the units and automatic
control systems. The ways to increase the emergency intakes of blocks are fundamentally
different from the ways to improve the remaining maneuverable characteristics, and in some
cases the improvement of the latter is accompanied by a significant deterioration in the
emergency intake. Therefore, although throttle response is certainly one of the components of
maneuverability, often maneuverability and throttle response (which is understood as emergency
throttle response) are considered as independent characteristics [3].

f, Hz
50
49 3
18] 2
47 1
46 T T T
0 5 10 15 t,s

Fig. 3. Frequency change when a 10% power shortage occurs in the power system:

1 - frequency drop; 2 - frequency change with increasing production at operating power units;
3 - with an increase in production and disconnection of a group of consumers

Obviously, a compromise is needed between the growing need for the active
participation of NPP units with VVER reactors in the regulation of load schedules and the
desire to keep their average annual installed capacity utilization factor (ICUF) high and
economically-acceptable [16]. In this regard, in most cases, it may turn out to be economically
more profitable to transfer the regulation region to the near-base, that is, to the sub- and
supernominal range of permissible power [17, 18]. The speed of power gain by NPP power
units during the elimination of emergency power shortages in receiving power systems or
systems that are separated from the power connection with the power shortage is to ensure a
rapid increase in the generated power by 10% in 1-2 s.

For NPP units, the task of preventing or localizing systemic accidents seems even more
important than for TPPs [15]. This is due to the need for emergency cooling of the reactor after
it is stopped. As the lessons of major system accidents show, it is possible to completely stop
the external power supply of the station’s own needs. Thus, it is obvious that in addition to the
requirements for NPRF NPPs with VVER-1000, 1200 (projects of NPP-2006, NPP-TOI)
nowadays it is necessary to present more stringent requirements for emergency intake and
mobility.

In this regard, it is also advisable to transfer the MCP in the Ist circuit to a variable
frequency drive through a converter device and provide a bypass contactor to return to the
normal network in the event of a scheduled repair or failure.

Results

The results of calculations of characteristic values when changing the frequency of the
supplying MCP current in the range from 46 to 53 Hz are presented in Table. 2. Figures 4 and 5
show the relationships between the coolant flow rate and power of the VVER-1000 and VVER-
1200 power units and the frequency of converter with HYVFD MCP in the range of load
reduction with the MCP frequency drive from ~ 0.92 and increase to ~ 1.06.

Note that, the results shown in rows 5 and 6 of table 2 prove that the formula of MCP
power proportionality to the 3rd power of frequency gives a fairly accurate result. At the same
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time, it should be borne in mind that K=1+3 is the conditional frequency factor of the power
system, depending on the composition of the consumer equipment.

Table 2
The results of calculations of characteristic values when changing the
frequency of the supplying MCP current

Frequency, Hz (AC current at MPC)

Characteristics 46 | 47 | 48 | 49 | 50 | 51 | 52 | 53

1. Relative coolant consumption 092 | 094 | 0.96 | 0.98 1 1.02 | 1.04 | 1.06
2. Flow through MPC (VVER-1000):
m3/h 20010 | 20445 | 20880 | 21315 | 21750 | 22185 | 22620 | 23055
kg/h* 14407 | 14720 | 15034 | 15347 | 15660 | 15973 | 16286 | 16600
3. Network pressure, m
Network 1 59.2 | 619 | 645 | 67.2 70 728 | 75.7 | 78.7
Network 2 719 | 751 | 783 | 81.6 85 88.4 | 919 | 955
Network 3 76.2 | 795 | 829 | 86.4 90 936 | 97.3 | 101.1
4. Relative power of MPC 0.78 | 0.83 | 0.88 | 0.94 1 1.06 | 1.12 | 1.19
5. MPC power (VVER-1000), kW 3582 | 3821 | 4070 | 4329 | 4600 | 4882 | 5174 | 5479

6. MCP pump power according to the

exact formula for the network 3 3590 | 3827 | 4075 | 4341 | 4608 | 4889 | 5182 | 5488

7. MPC electrical power (VWER-1000), | g0/ | 5009 | 6636 | 7059 | 7500 | 7959 | 8436 | 8933

kW**

8. NPP power, MW***
for VVER -1000 920 | 940 | 960 | 980 | 1000 | 1020 | 1040 | 1060
for VVER -1200 1104 | 1128 | 1152 | 1176 | 1200 | 1224 | 1248 | 1272

9. NPP power taking into account
changes in the MCP power, MW
for VVER -1000 925 | 944 | 963 | 981 | 1000 | 1019 | 1037 | 1056
for VVER -1200 1110 | 1133 | 1155 | 1178 | 1200 | 1222 | 1245 | 1267

* the density of water at p=160 at, t,,=305°C
** power was determined for the ration Ng/Nypc for the designed frequency of 50 Hz
*** nuep=const adopted for a relatively small range of frequency and load conditions 0.92—1.06 of Nyom

23]5 O, ths. m3/h

23,0
22,5 A

22,0

21,5 A
21,0 A

20,5

20,0

46 47 48 49 50 51 52 ¢

Fig. 4. Relationship between coolant consumption and the frequency of converter with a high-voltage
variable frequency MPC drive of the VVER-1000 power unit
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1060 N-MW. 1280 N-MW
P Y/
1040 - / 1260 4
1240 A /
1020 - 1220 -
1000 1200
1160
960
1140
940 1120
920 1100
46 47 48 49 50 51 52 frlj|z 46 47 48 49 50 51 52 frl:iz
a) b)
Fig. 5. Relationship between power of the VVER-1000 (a) and the VVVER-1200 (b) power units and the
frequency of the MCP supply current: —— — taking into account MPC power change; - - - — without

taking into account MPC power change

Conclusions

1. If the frequency-controlled drive is used only for saving expenses for pumping the
coolant in the load range below N, then the MCP and the converter are selected according to
Nnom, and the savings depend on the area below N, and are associated only with the energy
consumption for drive of 4 MCP.

2. A greater impact can be achieved when installing MCP and converter devices with
high-voltage frequency-controlled drive, providing increased power above Np,, and even
higher than those achieved today at VVER-1000 without MCP replacing. This is acceptable due
to the fact that with an increase in the coolant flow rate above the calculated (nominal) one, an
additional reserve is formed before the heat transfer crisis of the second kind DNBR. At the
same time, the expenses of MCP supplying above N, will increase, and when adjusting
schedules below N,om, they will fall. The final effect in this case will be significantly greater
due to the replacement (in a less capital-intensive way) of new construction, as well as due to
displacement of gas from the Russian energy sector, as a more valuable export resource.
However, in this case, it is necessary to select the MCP and HVVFD of the highest power.

3. When the frequency changes by 1 Hz, the coolant flow through the MCP changes in
direct proportion to this change in the 1st degree, that is, through the active zone of the reactor
(VVER-1000) 4 x 435=1740 m*/h or at a water density of 720 kg/m® for 1253 t/h. Since at the
first stage of the assessment it is possible to take the efficiency of nuclear power plants to be
constant in a close to basic mode, it is easy to see that such a decrease in flow rate also causes a
corresponding change in the thermal power transmitted from the Ist to lind circuit, i.e. 1 Hz
corresponds to 1253/62646=0.02 or a 2% change in thermal power. For a unit with a 1000 MW
RU, this corresponds to (at naes=const) 2% of electric power or 20 MW, for a VVER-TOI unit it
is equal to 24 MW.
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FEATURES OF APPLICATION OF THE METHANE-HYDROGEN FRACTION
AS FUEL FOR THERMAL POWER PLANT BOILERS

M.A. Taymarov, V.K. llyin, E.G. Chiklyaev, R.G. Sungatullin
Kazan State Power Engineering University

Abstract: The methane-hydrogen fraction is a gaseous hydrocarbon by-product during oil
processing for obtaining petroleum products. Until recently, the methane-hydrogen fraction was
used as furnace oil in internal technological processes at a refinery. Some of the low-calorie
methane-hydrogen fraction was burned in flares. Driven by the prospect of the methane-hydrogen
fraction use as a fuel alternative to natural gas for burning in thermal power plants boilers, it
became necessary to study the methane-hydrogen fraction combustion processes in large volumes.
The conversion of ON-1000/1 and ON-1000/2 furnaces from the combustion of the methane-
hydrogen fraction with combustion heat of 25.45 MJ/m? to the combustion of the composition with
combustion heat of 18.8 MJ/m? leads to a decrease in temperature in the flame core for 100 °C as
an average. The intensity of flame radiation on the radiant tubes decreases. Therefore, the
operation of furnaces during combustion of methane-hydrogen fraction with a low heat of
combustion at the gas oil hydro-treating unit is carried out only with a fresh catalyst, which allows
lower flame temperatures in the burner.

The experiments to determine the concentration of nitrogen oxides NOx and the burning rate w of
the methane-hydrogen fraction in the ON-1000/1 furnace and natural gas in the TGM-84A boiler,
depending upon the heat of combustion Q," were carried out. The obtained results showed that the
increase in the hydrogen content H, from 10.05 % to 18.36% (by mass) results in an increase in
the burning rate w by 45%. The burning rate of natural gas with methane CH, content of 98.89%
in the TGM-84A boiler is 0.84 m/s, i.e. it is 2.5 times lower than the burning rate of the methane-
hydrogen fraction with H, content of 10.05%. The distributions of heat flux from the flame g over
the burner height h in the TGM-84A boiler were obtained in case of natural gas burning and
calculation of burning of the methane-hydrogen fraction with a hydrogen content of 10.05% and
methane of 28.27%. The comparison of the obtained data shows that burning of methane-
hydrogen fraction causes an increase in the incident heat flux g; at the outlet of the burner.

Keywords: thermal power plants; methane-hydrogen fraction; burning; combustion; heating oil;
vacuum gas oil; power boilers; burning rate; temperature; natural gas; heat; flame; burners; boiler.

For citation: Taymarov MA, Ilyin VK, Chiklyaev EG, Sungatullin RG. Features of application of
the methane-hydrogen fraction as fuel for thermal power plant boiler. Power engineering:

research, equipment, technology. 2019; 21(3):109-116. (In Russ). doi:10.30724/1998-9903-2019-
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OCOBEHHOCTHU ITIPUMEHEHMU S METAHO-BO)IOPOJIHOI?I OPAKIINN
B KAYECTBE TOIIJIUBA OJI51 KOTJIOBTAC
M_.A. Taiimapos, B.K. Unbun, E.I'. Yukases, P.I'. CyHratyaiun

Kaszanckuii I'ocynapcrBeHHblil JHepreTuueckuii Y HuBepcurter, r. Kazans, Poccus.
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Pe3rome:. Memano-6000poonas ppaxyus a6nsemcsi NOOOUHLIM 2A3000PA3HBIM Y2Ne68000POOHbIM
NpoOyKmMoMm npu nepepabomke Hepmu ¢ NOLyUeHUeM KOHeuHblx  Hepmenpodykmos. Jlo
HOCNEeOHe20 6peMeHU  MemaH0-6000POOHOU (paKyls UCNOIb306AIACy KAK NEYHOe MONIUBO HA
HII3 60 euympennux mexHnonoeuweckux npoyeccax. Hexomopaa uacme Huskokaiopuiinou
MEMAano-6000pOOHOU PPaKyuu CocU2aiach 8 ghaxenax. B cesn3u ¢ nepcnekmueHoOl UCNOIb306AHUSL
MEMAano-6000pOOHOU (PpaKyuu Kax Moniuea dibmepHamueHO20 NPUPOOHOMY 2a3y OISl COHCULAHUSL
8 DHEpeeMmuUYecKUX KOMAAX MENI08bIX INEKMPOCMAHYUL BOZHUKIA HEOOXOOUMOCMb U3YYeHUs
npoyecco8 20peHuUst MemaHno-6000poOHoU gpakyuu 6 Oonvuiux obvemax. Ilepesod neueii OH-
1000/1 u OH-1000/2 ¢ cocueanuss memano-6000pPOOHOU Ppakyuu ¢ MenIomou C2opanus
25,45 Mo/ na cocueanue cocmasa ¢ meniomoti ceopanus 18,8 MIuc/m® npusooum
CHUdICEeHUI0 memnepamypel 6 aope ¢haxena 6 cpeonem Ha 100 °C. Humencusnocmv usmyyeHus
Gakena na paduanmuvle mpyowl ymenviiaemcs. Iloamomy sxcnayamayus nevel npu crcueaHuu
MEmMaHo-6000pOOHOU PPaKyuu ¢ HU3KOU MENIomol C2OPaHusi HA YCMAHOBKe 2UOPOOHUCHKU
2430111 NPOBOOUMCsL MONBKO NpU  C8edceM Kamaauzamope, OOnycKaloujem 0Oolee HusKue
memnepamypbl paxkena 6 monke.

IHonyuennvie asmopamu pe3yibmanl IKCHEPUMEHMOE NO ONPEOESICHUI0 KOHYSHMPAayuu OKCUO08
asoma NOy u cxkopocmu zopenusi W memano-8000poonou @paxyuu 6 neyu OH-1000/1 u
npupoonozo 2asa ¢ xomue TI'M-844 6 3asucumocmu om meniomol ceopanus Q,F nokasanu, umo
yeenuuenue codepoicanus 6o0opoda H, ¢ 10,05 % (no macce) do 18,36 % npusooum k pocmy
cxopocmu copenusi W Ha 45 %. Cropocme 2openust npupooHo20 2azd ¢ COO0epicanuem mMemana
CH, 98,89 % 6 xomue TI'M-84A4 cocmasnsem 0,84 m/c, mo ecmv 6 2,5 pasza nudice ckopocmu
20penust Memano-6000poOHoU Gpaxyuu ¢ codeprcanuem H, 10,05 %. Pacnpeoenenue mennosvix
nomoxos om gaxena Qg no evicome monku h ¢ komne TI'M-84A4 npu cocueanuu npupoonozo 2aza
8 CpaBHEHUU C PACHEMHbIMU OAHHBIMU HPU COHCUSAHUU MEMAHO-6000POOHOU ppaKkyuu npu
cooepoicanuu gooopoda 10,05 % u memana 28,27 % noxaswieaem, ymo coicuecanue Memano-
6000pOOHOIL PpaKyuy 6bI3bI6AEIT POCH RAOAIOWUX MENTOEbIX NONMOKOE (g, Ha bIX00€ U3 MONKL.

Knrouesvie cnosa: mennogvie snekmpuieckue CManyuu, Memano-6000p0OHAs PPaAKYUsl;
cofcueanue; 2operue; neuHoe Monaugo, 8aKyyMHbII 2a30Ub;, IHepeemuyecKue Komibl, CKOpoChbs
2openus; memnepamypa, npupooHslil 2a3, menioma, gaxei,; 20peiku; Komei

Introduction

The methane-hydrogen fraction is formed at the refinery during the process of deep oil
processing. It is a by-product that, at its large production volumes is used as fuel for technological
furnaces, depending on the composition and its calorific value, and at small production volumes it
is burned in flames [1-5]. Nowadays, it is planned to use the methane-hydrogen fraction as a
gaseous alternative fuel for power boilers of thermal power plants (TPP). However, there are some
features of the chemical composition and combustion process of the methane-hydrogen fraction
associated with the hydrogen content. This circumstance does not allow utilizing the methane-
hydrogen fraction as a substitute for natural gas without a detailed study of its heat and energy
characteristics during combustion. Therefore, the study on this topic is relevant.

Obiject description

The properties of the methane-hydrogen fraction were experimentally studied using the
operating furnace equipment ON-1000/1 and ON-1000/2 of the vacuum gas oil hydrotreatment
unit of workshop No. 2 at JSC Ryazan Oil Refining Company. TGM-84A boilers were considered
as research objects where it is planned to use the methane-hydrogen fraction as fuel instead of
natural gas. During the experiments, the TERA-50 total radiation radiometers were used to measure
the heat fluxes, and dual chromel-alumel thermocouples [6] and the ThermaCAMP-50F
thermographic camera were used to determine the flame temperature. The composition of the
samples of the methane-hydrogen fraction was analyzed in the central factory laboratory. The
experimental procedure for measuring the operation parameters of furnaces and the boiler is
described in [7]. The operation parameters of the TGM-84B boilers during combustion of the
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methane-hydrogen fraction were calculated using [8-12]. The scheme of the ON-1000/1 and ON-
1000/2 furnaces, which were used to study the regime parameters of the combustion process of the
methane-hydrogen fraction, is shown in Fig. 1.

The dimensions of the burners of the ON-1000/1 and ON-1000/2 furnaces are: length is 8.6
m, width is 3.3 m, height is 5.5 m. LE-CFSG-2W bottom gas burners 1 in the amount of 40 pcs. are
made as single pipes with an outlet diameter of gas supply openings of 6.3 mm and provide a flow
rate of methane-hydrogen fraction per furnace in the amount from 1000 to 1500 m%h.

'\f

|
<

=

Fig. 1. Cross section of the ON-1000/1 and ON-1000/2 furnaces:
1 - burners; 2 — hatches; 3 — radiate coil; 4 — convective coil

Research methodolo

The heat fluxes and temperatures incident from the flame were measured through the side
hatches 2. The heat of combustion of the methane-hydrogen fraction is received in the burner by
radiating coils 3 (see Fig. 1), which provide heating of vacuum gas oil in the amount of 177 t/hin a
mixture with hydrogen-containing gas in the amount of 97.4 thousand m®h and convective coils 4
in the chimney.

The product is heated from 322 °C to 347 °C. The temperature of the outer surface of the
radiant coils as measured by ThermaCAMP-50F thermographic camera is 530 °C.
The scheme of the TGM-84A boiler, for which the possibility of using the methane-hydrogen
fraction as a fuel instead of natural gas is considered, is shown in Fig. 2.

223
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O ' ¥
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Fig. 2. The scheme of the TGM-84A boiler
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The TGM-84A boiler is a gas-oil drum boiler, which is characterized by steam capacity
of 420 t/h, steam parameters of 560 °C and pressure of 14 MPa. The furnace is divided in
height into two halves by a partition wall. The burner has the following dimensions: width is
15 m, depth is 7.5 m, height is 27 m. Burners of 2 pcs. are located at heights of 7.2 and 11.8
m. The natural gas consumption for the TGM-84A boiler at a nominal capacity of 420 t/h is
32.5 thousand m*/h for the lower calorific value Q,'=34.24 MJ/m® and the following gas
composition: methane CH;=98.89% (by mass), ethane C,H=0.47%, propane Cs;Hg=0.18%,
nitrogen N,=0.76%. The HF-TsBK-VTI-TKZ vortex burners are installed at the TGM-84A
boiler, with a unit power of 76.7 MW when operating on gas, with peripheral tubular gas
distribution: 12 pcs. of the @23, and 12 pcs. of the &33. The air swirl is dual-flow in hot air
and consists of two sections of the axial (central) swirl and one section of the tangential
(peripheral) swirl.

Research results

The compositions of the methane-hydrogen fraction used as fuel for the ON-1000/1, ON-
1000/2 furnaces for heating vacuum gas oil at JSC Ryazan Oil Refining Company are given in
Table. 1.

Sample| I-Pentane, |Pentane ,

Table 1
Compositions of samples of methane-hydrogen fraction used as fuel for furnaces
ON-1000/1 and ON-1000/2 for heating of vacuum gas oil at a hydrotreating unit
Density N-
Sample pat Hydroge [Methane,| Ethene, | Ethane, |Propene, Propane, % |-Butane, Butane Sum of
760mm | n,%by| % by | % by | % by | % by ' % by "| butylenes, %
No. by mass % by
Hg and mass mass mass mass | mass mass by mass
0°C, Q) mass
1 0.440 14.75 | 18.53 2.06 12.45 3.34 13.26 5.40 9.95 0.71
2 0.380 18.36 | 18.28 | 0.86 10.74 | 1.00 13.34 4.55 12.94 0.20
3 0.444 1433 | 2441 0.54 10.50 0.73 14.45 4.87 13.39 0.35
4 0.431 13.76 | 36.71 | 0.55 9.86 0.66 12.48 2.88 7.03 0.36
5 0.481 11.04 | 44.18 | 0.50 8.08 0.36 10.56 3.15 8.44 0.00
6 0.400 1542 | 3151 1.07 8.43 0.57 8.04 2.17 4.67 0.06
7 0.445 1599 | 364 0.03 7.26 0.04 16.54 6.13 18.46 0.00
8 0.434 1459 | 24.82 0.73 10.85 1.72 14.71 5.05 8.85 0.24
N- Hexane Hydroge

and |Oxygen, [Nitrogen,| Carbon | Carbon

i Calorific val '
higher, | % by | % by |oxide, %)|dioxide, % n sulfide, - Calorific value Q.

No. 1% by mass % by % by | mass mass |by mass| by mass % by Mafm?
mass mass mass
1 4.21 2.39 0.00 2.95 9.27 0.11 0.58 0.03 20.91
2 4.96 4.78 0.23 1.91 7.25 0.03 0.36 0.20 22.83
3 3.94 4.10 0.19 1.35 5.98 0.03 0.36 0.48 21.27
4 2.39 2.76 0.60 1.79 7.65 0.06 0.18 0.28 23.98
5 3.50 3.06 0.27 1.57 4.93 0.03 0.25 0.10 22.96
6 1.20 1.14 0.00 6.18 19.19 | 0.03 0.20 0.12 25.45
7 7.32 5.03 0.39 5.06 13.93 | 0.00 0.18 0.00 18.80
8 3.40 2.58 0.20 3.03 8.29 0.06 0.23 0.67 21.88
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Fig. 3. Distribution of flame temperature t; and heat flux from internal
lining g, along the height h of ON-1000/1 and ON-1000/2 furnaces when burning methane-hydrogen
fraction with the sample compositions No. 6 and 7 at an excess air coefficient of 1.3

The obtained experimental data of the nitrogen oxides NOx concentration and the burning
rate w of methane-hydrogen fraction in the ON-1000/1 furnace and natural gas in the TGM-84A
boiler, depending on the calorific value Q,, are given in Table. 2.

Table 2
The obtained experimental data of the burning rate w of methane-hydrogen fraction in the ON-1000/1 furnace

and natural gas in the TGM-84A hoiler, depending on the calorific value Q"

Temperatu NOy
Calorific q Fuel reatthe | concentratio| o .-
value | Density conte ét % CH, content,| Excess air consumoti outlet n, rate wg
Q.. | p kg/m® by mass | 70 by mass |coefficient au| " mgﬁ] from | mg/m?® (in s
MJ/m® ' burner | terms of
Ty, °C a=1.4)
25.43 0.540 10.1 28.3 1.3 1115 802 84.8 2.02
26.68 0.536 10.05 28.27 11 1375 881 63.6 211
2283 | 0.38 18.36 18.28 1.1 1458 884 56.1 3.07
33.94 0.69 - 98.89 1.1 32500 1150 136 0.84

The distribution of heat fluxes from flame g; over the burner height h in the TGM-84A
boiler during the combustion of natural gas is shown in Fig. 4. The calculated data for the

combustion of the methane-hydrogen fraction with a hydrogen content of 10.05% and methane
28.27% is also presented in Fig.4.
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hhm H,=10.05 % , CH, =28.27 %
CH, =98.89 %
= 0,
15 CH, =98.90% [15]
10
5

0 100 200 g, KW/m?

Fig. 4. Heat fluxes from flame g; over the burner height h in the TGM-84A boiler during the combustion of
natural gas (CH, =98.89 %) in comparison with the calculated data for the combustion of the methane-

hydrogen fraction (H,=10.05 %, CH, =28.27 %) for steam load of 255 t/h
and with data [13] for the boiler PK-41

Discussion

As it is seen from table 1, the calorific value of the methane-hydrogen fraction is 55.5—
75.1% of the calorific value of natural gas used as fuel for TPP boilers. The experimentally
obtained distribution of the flame temperature and heat fluxes g, incident from the inner
lining over the height h of the burners in the ON-1000/1 and ON-1000/2 furnaces when
burning the methane-hydrogen fraction with the samples composition No. 6 and 7 at an excess
air ratio of 1.3 is shown in fig. 3.

As it can be seen from fig. 3, the conversion of ON-1000/1 and ON-1000/2 furnaces
from the combustion of the methane-hydrogen fraction with combustion heat of 25.45 MJ/m®
(sample No.6) to the combustion of the composition with combustion heat of 18.8 MJ/m?
(sample No.7) leads to a temperature decrease in the flame core for 100 °C as an average.
Heat fluxes g, also significantly decrease; therefore, the operation of furnaces during the
combustion of the methane-hydrogen fraction with low heat of combustion at the gas oil
hydrotreatment unit is carried out only with a fresh catalyst that allows lower flame
temperatures in a burner.

As it can be seen from table 2, an increase in the hydrogen H, content from 10.05% to
18.36% (by mass) leads to an increase in the burning rate w by 45%. The burning rate of natural
gas with methane content of 98.89% in the TGM-84A boiler is 0.84 m/s, i.e. 2.5 times lower than
the burning rate of the methane-hydrogen fraction with H, content of 10.05%. Due to the low heat
of combustion of the methane-hydrogen fraction, the concentration of nitrogen oxides NO, is on
average 2 times lower compared to that during combustion of natural gas.

As it can be seen from fig. 4, the burning of the methane-hydrogen fraction (H,=10.05 %,
CH,=28.27 %) causes an increase in the incident heat fluxes g at the outlet of the furnace, which
is accompanied by an increase in heat loads of the TGM-84A boiler superheater and leads to a
decrease in efficiency, compared to that during operation of this boiler on natural gas. However,
the distribution of heat fluxes of flame over height h during combustion of the methane-hydrogen
fraction is most suitable for a direct-flow boiler PK-41 [13] of supercritical pressure having a
burner chamber pinch.

Conclusions

1. The burning of the methane-hydrogen fraction with a high, over 10% (by mass),
hydrogen content instead of natural gas in the TPP power boilers is accompanied by increased
values of the incident heat fluxes at the outlet of the burner.
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2. To reduce the amount of incident heat fluxes at the outlet from the boiler burner, it is
necessary to increase the methane share in the methane-hydrogen fraction, which will reduce the
rate of fuel combustion and ensure fuel combustion within the burner volume.
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MODELING OF THERMAL STRESSES DESTROYING THE POROUS COATING OF
HEAT-EXCHANGE SURFACES OF POWER PLANTS

A.A. Genbach?, D.Yu. Bondartsev'?

!Almaty University of Power Engineering and Telecommunications, Almaty, Republic of
Kazakhstan
2JS Trest Sredazenergomontazh, Almaty, Republic of Kazakhstan
d.bondartsev@saem.kz

Abstract: Modeling of the low heat conductive low-porous capillary porous coatings and metal
(copper, stainless steel) surfaces (base layer) was studied. Heat and mass transfer in the porous
coatings moved with excessive liquid due to the combined action of capillary and mass forces.
The dynamics of vapor bubble was described along with their heat-dynamic properties, which
were observed by the optic research methods. Finding solution for the thermoelasticity allowed
to reveal the influence of the specific heat flow and heat tension of compression and stretching
depending on time of supply and sizes of pulled particles at the time of the system limit state as
to "porous coating - base layer". The theory was confirmed by the trial, which was observed by
camcorder SKS-1M.

Keywords: capillary-porous coatings, thermoelasticity, compression stresses, tensile stresses,
model.
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MOJIEJJMPOBAHUE TEPMUYECKHUX HAIIPSIDKEHUM, PA3PYIHAIOLIIAX
MOPUCTBIE MOKPBITUE TEIINIOOBMEHHBIX TIOBEPXHOCTEM
SHEPTOYCTAHOBOK
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Peszrome: Hccnedosano moodenuposanue NIOXOMENIONPOBOOHBIX MALONOPUCIIBIX KANULISPHO-
NOPUCNBIX  NOKDPBIMULL U MEMALIUYecKux (Medb, Hepocageiowas Ccmaib) HOBepXHOCHell
(noodnosxcka). Tennomacconepenoc 8 KANULIAPHO - NOPUCTIBIX HOKPLIMUIX NPOMEKAIL C U3ObIMKOM
AHCUOKOCMU 3a CUEM COBMECHHO020 OeUCMEUsl KANULIAPHBIX U Maccogulx cul. Onucana ounamuka
nApoGbIX NY3bIPell U UX MepMOSUOPAGIULECKUe XAPAKMEPUCTIUKY, HAOTI00aeMble ONMU4ecKumu
Memodamu uccredoganus. Paspabomana ¢uszuueckas modens npoyecca meniomacconeperoca 8
peanvrou nopucmou cmpykmype. s maxoi mooenu peweHa 3a0aud MmepmMoynpyeocmu u
onpeoeneno npedenbHoe COCMOsIHUE CUCMEMbL XOPOUO - U NIOXOMENIONPOBOOHbIX MAMEPUATIO8
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(nopucmoe noxpvimue Ha MeMAIIUYecKoU noonodicke). Onpedenenvi mennogvie HNOMOKU,
n00B0OUMbLE K NOBEPXHOCMU, 8PEMS UX 8030€UCMBUS HA CO30AHUE PAPYMAIOWUX HANPSIICEHU,
pazmepvl  OMpLIBAIOWUXCA  4ACTIUY U 2IYOUHbI NPOHUKHOBEHUS MEMNEPAMYPHOU BONHbL 8
noonodcky. Tennogvie nNOmMoKU NOOCHUMBIBATUCH OM BPEMEHU B3Pbl6OOOPAIHO2O NOAGNCHUS
nepeozo 3apooviuia (1 0® ¢) 00 spemenu paspyuterus mamepuanos (1 0% - 10° c), m.e. om epemeHu
penaxcayuu 00 epemenu, onucvleaowezo Mmuxponpoyecc. C ygemuuenuem eaudumnvi 0 6
Hazpesaemom cioe U, CRe008amenbHo, YMEHbUEHUEeM 6pDeMeHU Hazpesa T, pacmem pofb
Hanpsxcenuss cocamus. Hecmomps Ha 8bICOKYIO CONPOMUBTAEMOCTNG COHCAMUIO, PA3PYULEHUE OM
COCUMAIOWUX MEPMOHANPSIICEHUT RPOUCX00UmM 8 OoJiee OIAZONPUSMHBIX YCA0BUAX MCHOBEHHO20 U
6 manvix 00wvémax. Teopus noomeepicOeHa IKCNEPUMEHMOM, HOIYUEHHbIM 8 pe3Vibmame
nHaonooenus kamepou CKC-1M. Paspywienue KanuiisapHO-nOPUCMbIX NOKPLIMULL NPOUCXOOUM 6
pesyibmame nomepu YCMouUUgOCmYU 8 MOHKOM Cloe, NPULEHCAWUM K CBOOOOHOU NOBEPXHOCHIU.
Iosmomy paccmampuganocs HAnpsdCeHHOe COCMOSIHUE 6epXHe20 ClO0s, MOIWUHA KOMOPO2O
3asucum om  KoOIpuyuenma menioomoaqu, CMPYKMypbl HOKpLIMUS U  NOOIOICKU
(Memannuueckol napozenepupyioujeti N08epPXHOCM,).

Knioueegvie cnosa: KanuuisIpHo-nopucnvle NOKpblmMus, ecmecmeerHnble MuHepajibHble cpedbz,
mepmoynpyecocmv, HANPANCEHUA CHCAMUSA, HANPANCEHUS pPACMIANCEHUA, MOO@JZb, 2JleMeHRmbl
IHEPcoyCmMAaHoBOK, MmeniomaccoobMmeH.

The actual task in power plants is to create the degree of cooling of high-tension parts and
assemblies. Modeling of capillary porous coatings and analogy of the processes taking place in
them allow to reveal the mechanism of heat transfer at vaporization of liquids, to establish the
zones of fatigue cracks occurrence and development in the centers of steam embryo activation, to
study natural and artificial porous coatings applied to metal fences (substrates) up to the onset of
the ultimate state of materials.

In our works [1-3] it is shown that different models given in [4-12] describe different
modes of boiling and do not contradict each other.

On the basis of experimental and theoretical studies [4-12] dynamic models of heat transfer
intensification at boiling on a porous surface are constructed. Developed surfaces contain tied
internal cavities in the form of rectangular channels and small pores connecting the channels with
the volume of liquid.

The ratio of the latent heat flow (% D rp ﬁf_j to the total heat flow could be larger (2 to 5)

times for a developed surface than for a conventional surface with a specific heat flow up to 1x10*
W/m? At high heat flows, this ratio decreased. The deviation of some data from estimated data

reached 300%. The following indications are used in the formula: D — average detachable
diameter of vapor bubbles in the porous structure; r — specific heat of evaporation; p, - vapor

density; 7 — average nucleation centers density; f — average frequency of vapor bubble generation
and silence.

Let's develop a physical model for transferring the specific heat flow g through the steam-
generating surface (wall or substrate) which is covered by a capillary-porous structure (Fig. 1).

Processes of heat and mass transfer in the porous coating take place with the liquid
overflow M= mI / mv due to the action of the potential of pressure developed by capillary and

mass forces AP g, 4 -

118



© A.A. I'enbay, [1.10. Bonoapyes

Te

Owick

Fig. 3 Physical model of the heat and mass transfer in the real porous structure of coatings under the
quuid overflow: Straight lines — fluid movement; wavy lines — steam movement: q — specific heat flow,
Wim?; Ty, Ty, Ts— temperatures of gases, wall (substrate) and saturation (°C); 8yan, 1, 8y, Swick — thicknesses
of WaII liquid, vapor, wick (m); mg (y) m, — flows of liquid and steam, (kg/s); AP g — Current dynamic
capillary and mass pressure (N/m?);d — grain size (m); w, — width of the porous material cell (m).

In the cooling system under investigation, with small heat flows, heat is transfered due to
conductive heat transmission; its value is the higher, the greater the effective thermal conductivity
of the structure moistened with the liquid and the thermal conductivity of the shell. The fluid flow
has a smooth nature; there are no vapor bubbles and related perturbation processes on the liquid
surface. The liquid intensely evaporates from the menisci with small excesses of the coolant; when
a liquid overflow increases, the evaporation begins from the surface of the flowing films.

In a certain heat flow that is smaller than the parameter M = mI /mv, a disruption in the

smooth wavy flow of the liquid film begins, and separate vapor bubbles appear. Several active
structure cells are constantly acting generation centers. The onset of liquid boiling (AT, ;) depends
on a lot of conditions and design parameters and is determined by the equation for this variation
AT,y , Which corresponds to the heat flow g, The decrease in the flow rate of the cooling liquid
My, or the increase in the heat inflow ¢ lead to a rapid growth of evaporation centers 7.

A zone of transition to the developed bubble boil is not high due to the high rate of growth
of the active vapor generation centers n. A further growth of the heat load g leads to the stable
operation of a large number of active bubble generation centers and their uniform distribution
throughout the steam-generating surface. However, certain critical conditions lead to a burnt-out
and a surface burn-over. Therefore, the analogy in the processes of deliberate destruction of brittle
materials and the burnt-out allows to model such processes and identify the mechanism thereof [1-
3].

To learn the destruction process mechanism, experiments were carried out with the use of
photoelasticity and holography methods [1]. The stress state of the models was estimated at similar
times by photographic recording of isochromic patterns and counting the band order n at different
points in the directions under study.

The solution of the problem of thermoelasticity makes it possible to determine the limit
state of the medium for a porous coating and a metal vapor-generating surface [1-2].

In case of thermal destruction of poorly heat-conducting coatings with low porosity and a a
metal wall (substrate), it is required to identify the effect of the specific heat flux (q) applied to the
surface and the time of its action t on the formation of destructive stresses (o), the granulometric
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composition of shell (size of detached particles), as well as the depth of penetration of the
temperature perturbation (3) for the metal.

If g increases in a very short time interval (1), the dynamic effects become very significant
and compression stresses (o) reach large values which are often several times higher than the
tensile strength of the material in compression. Therefore, it is necessary to take into account these
stresses in the mechanism of thermal destruction of the material. We have to find out what type of
stress o; reaches before its limit values.

Let's consider a plate with the thickness of 2h. The constant ultimate heat flux (q) is
supplied to the surface z =+h, starting from the timepoint t = 0. The bottom surface z = -h and the
plate side edges are thermally insulated.

Thermal conductivity equation with limiting and initial conditions can be written in the
form:

—=—,T=0,t<0 1
Wozr ot e @)
8—Tzq, z=+h;

W 0oz

8_T_ z=-h

woaz oo '

where «,,, 1,, — coefficients of thermal diffusivity and thermal conductivity of the wall
(substrate).
The temperature distribution along the thickness depends on thermophysical properties of
the material, its heat flux value and feeding time [2]:

3z 6z

2. )i M W h 4 () [ aMm M(E ) P
T(h’rj_q 2(ckp)T+ 12M nMZ . n—4(cxp)rcos AT &)

where M = %W; n — positive numbers; ¢ — heat capacity; p — wall density.

Using the known temperature distribution in the plate, we can find the thermal tension and
compression stresses arising at a certain time t at various depths from the surface g; = (h = z;) for a
given value of the heat flux (), since the plate with a variable temperature is in the plain stress

condition.
c =0 =—£T(E;rj+;IaET(£;r)dz, ®)
* Y (1-v) \h (1-v)2n* h

where the first term is the component of the compression stress, and the second term is the tension
stress. a — linear expansion factor; £ — Young's modulus (elasticity modulus); v — Poisson ratio
(lateral contraction);

If we are given the limit values of tension (Gjim ens.) and compression (Gim.comp.) Stresses for
coating and metal, we obtain the dependence of the heat flux (q) required for destruction, based on
the time of supply (t) and the depth of penetration (3). In addition, when we equate temperatures
on the plate surface to the melting temperature T,, of coating and metal, we find the values of
specific heat fluxes necessary to melt the surface layer for a different period of action thereof (q,),
i.e. in each case, we have functional dependences of the heat flux on the time it affects the coating
and the metal surface.
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The causes of the destruction of boiler-turbine parts depend on the prehistory of the
development of cracks in the stress raiser (relaxation zone) [4-8, 9-12]. Counting must be
conducted from the time of the explosive appearance of the nucleating center of vapor (the time
interval is 10 s to 10 s). The energy of the spontaneous appearance of a vapor bubble is a value
close to the value which is constant (invariant) with respect to time of its growth. It is spent to
maintain the nucleating center with a radius of Ry, and prevents it from collapsing (q reaches up to
10® W/m?). At this time interval, a thermodynamic equilibrium is established for the transition
from microprocesses (microparticles and clusters with sizes of (107+10®) m (nanoparticles) of
separate (single) individual bubbles to processes described by the behavior of a large number of
bubbles, using integrated characteristics (g, @, AT, AP, w), where @, AT, AP, w is average values of
heat transfer coefficients, temperature and hydro-gas dynamic pressures and flow velocity. The
presence of stress concentrators where the active vapor phase is generated, significantly reduces
the G”m,comp_/ Gilim.tens. Fatio, and this value can be equal (1+2), including for energy steels. We have
also to take into account the presence of other stress raiser, the cyclicity of loads during starting
and stopping modes of equipment operation, which lead to fatigue cracks (stresses).Consequently,
there's a high possibility that Gjim.tens. = Glim.comp-, @Nd Glim ens. reaches 10 MPa and becomes of the
same order for porous coatings.

The processes of death as well as the nucleation have also explosive nature (t = 10%+107Fs),
which leads to the emergence of cumulative phenomena, which along with the corrosive and
electrical processes destroy the stress raiser (active generation center) due to erosion processes,
bringing its size to the critical crack. In the case of instant condensation of vapor in the cavity
(hole), its volume instantaneously disappears and a powerful cumulative effect (cavitation) is
formed. In this case, shock waves penetrate into the the parts and cracks develop, where an oxygen
enters.

At the moment of "birth" of a bubble or a drop, « is up to 1x10° W/m? at a vapor
temperature (500 + 565) °C, AT reaches 500 °C, and q values acting at the bottom of the bubble
("dry" spot zone) is up to 5x10” W/m?. If we take into account that the individual vapor bubble
generates q 10 times more than its integral value [3], then the total q is 5x10® W/m?, which is
represented in g = g (t, 8) in the figures. The greater the penetration depth of the heat wave (or 6 of
the detached particle from the porous coating), the longer it will take to destroy the parts by
stresses (Figures 2-4).

6.x 10° N’
6: -2 ? r 4 8 10
62 @0-30 20 50 100
61 |-2000 @ 2000 5000 8000 10000
g 50 |lo 100 300 500 700

[ ——

S

10,7

x10”
(z-h), m

Fig. 2 Stress diagrams o; for the quartz plate (coating) thickness for various heat fluxes g; and the time
of their action t: g, = 8.8x10” W/m?; g, = 0.12x10” W/m?; g5 = 0.008x10” W/m?;
40 - yield strength
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Fig. 3 Stress diagrams for granite coating thickness for different heat fluxes g; and time t of their action:
0y = 0.142x107 W/m?; g, = 0.042x10” W/m?; gz = 0.0075x107 W/m?;
117 — yield strength: o;, = x10° H/m?, E = x10° H/m?.
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Fig.4 Stress diagrams for the teschenite plate (coating) thickness for different g;and t values:
q; = 6.6x10° W/m?; g, = 0.1x10* W/m?; 76 — yield strength

The relationship between compressive and tensile stresses is shown in Fig. 2-4. It is stress
diagrams (coating) within the plate for various time intervals from the beginning of the process
under consideration. At small values of t and order of 102 s, only compression stresses arise.
Starting from © ~ 10" s, in some region of A (h-z;), the compression stress turns into a tensile
stress, and for different time intervals it is at different depths from the plate surface.

With an increase in q in the heated layer, and consequently a decrease in the heating time ,
the role of the compression stress increases. Despite the high resistance to compression, the
destruction from compressive thermal stresses occurs under more favorable conditions of
instantaneously and in small volumes.

For heated vapor-generating surfaces, the film boiling was established and the temperature
of the surface increased sharply to a value T, as a result of the change in the boiling condition.
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Fig. 5. Fragment of a high-speed shooting of the destruction of a teshenite with a rocket flame-jet
burner with a specific heat flux equal to 1.2x10° W/m?. A shell with a size of 2.5x107 forms for 2.2 s.

A line of destruction of "equal possibilities" is clearly visible (arrow): 1 — capillary-
porous coating; 2 — particle (shell) detached from the coating; 3 — line of destruction of "equal
possibilities”. Cinemagram of particle flight in time: 1, to tg: 1 =0's; 2 =5/1500 s; 3 = 10/1500 s;
4 =15/1500 s; 5 = 20/1500 s; 6 = 25/1500 s.

A calculation was made of the specific energy (Q) of the destruction of a unit volume of
quartz, granite, and teshenite coatings. The energy Q was calculated, depending on the thickness 6
of the detached particles. Curves have pronounced minima.

For quartz coating, the minimum energy loss is Q=0.5x10° J/m® for t= (0.1 + 1) s, & = (0.1
+0.25)x10 m.

For granite coating: Q=2.5x10° J/m® for © = (0.1 + 5) s, & = (0.1 + 0.3)x10% m. For
0=0,1x10" W/m? and & = (0.2 + 1.5) x10? m, Q = 2.5x10° J/m®.

For teshenite coating: Q=0.5x10° J/m® for t = (0,1 + 5) ¢, & = (0,1 + 0,4)x10” m, where the
ratio of limit normal compression and tensile stresses varied from 20 to 30. The presence of
microcracks in the coating monolith reduces its compressive strength in the vicinity of this crack
so that the compressive strength can be only 2 times greater than the tensile strength.

Curves (Q = f (q)) with their minima with increasing of 5; move in the direction of the
decrease in g, and for the thermal destruction of brittle coatings, a lower energy capacity Q is
required.

Conclusion

The danger of the appearance of limit thermal stresses is great at the moment of startup and
shutdown of power equipment at power plants. These stresses arise primarily in the places of
concentrators, which are active vapor phase centers or condensate formation centers. The
capillary-porous structure can be both of natural origin (salt deposits, tarnishes) and artificially
created with well and poorly heat-conducting materials in a wide range of porosity and
permeability of 3% to 90%. Structures can play a modeling role and serve as a high-intensity and
forced cooling system. For example, teschenite porous coatings with a 5-fold greater lineal
expansion coefficient and a 10-fold lower thermal conductivity factor and approximately the same
melting point in comparison with energy steels serve as a modeling material. They are the most
viscous with a porosity of up to 30%.
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DEVELOPMENT OF TECHNIQUE AND PROGRAM FOR ANALYSIS OF OPTIONS
FOR TRANSITION TO A CLOSED HOT-WATER SUPPLY SCHEME FOR HEAT
SUPPLY SYSTEMS
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Abstract: The article describes the prerequisites for development of methodology for integrated
assessment of options for transition to a closed hot-water supply scheme. For analysis of
promising options for transition to a closed system of hot water supply, criteria have been
proposed that influence the choice of possible solutions. Block diagrams of boundary conditions
and independent variables were created. A pyramid of indicators which affect the operating
costs of heating system over 25 years of its operation was formulated. A method and a program
for selecting the optimal transition scheme to a closed hot-water supply system with calculation
of weighting factors have been developed.

Key words: heat networks, hot water supply, heat supply system, method of selecting the optimal
solution, weighting factors.
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PABPABOTKA METOJAUKHN N ITIPOI'PAMMBI AHAJIN3A BAPUAHTOB
INEPEBOJA HA 3AKPBITYIO CXEMY I'BC CUCTEMBI TEIIVIOCHABKEHU A

D, H. Fa3n3onl, W.T. AxmeroBa’

000 «Hepckas Iuepreruka», Cankr-IlerepGypr, Poccns
2Pre0Y BO «KI'Y», Kazans, Poccus

Pestome: 6 cmamve paccmompenvt NPeOnoCuLIKY pa3pabomKu MemoOuKu YKPYRHEHHOU OYeHKu
sapuanmos nepegoda na sakpvimyio cxemy I'BC. [lns ananuza nepcnekmueHuIX 6apuanmos
nepexooa Ha 3akpvuimyio cucmemy ['BC npednodcenvl Kpumepuu, Grusiowue Ha 6b160p
603modicHblx  pewtenuil. Cocmasnenvl OIOK-CXeMbl SPAHUYHLIX YCIOBUU U  HE3AGUCUMBIX
nepemennvix. Chopmyruposana nupamuda nokazamenetl, GIUSIOWUX HA IKCHIYAMAYUOHHBLE
3ampamsl cucmemuvl meniocuaboicenus 3a 25 nem ee npumenenusi. Paspabomana memoouxa u
npocpamma 6blb6opa ONMUMANbLHOU cxembl nepexoda Ha 3axkpwuimyio cucmemy I'BC ¢ pacuemom
6€C08bIX K0P Puyuenmos.

Knrwouesvie cnosa: mennogvie cemu, copsyee 8000CHAOICEHUE, CUCMEMA MENIOCHAONCEHUS,
Memoouxa 8blO0pa ONMUMAILHO20 PeuleHUsl, 8ecosbie Kodpduyuenmol.
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Introduction

From July 27, 2010 the Federal Law No. 190 “On Heat Supply” (hereinafter FZ-190)
entered into force, so most heat supply organizations and local self-government bodies were faced
with the issue of transition of subscribers connected to hot water supply (HWS) through an open
circuit to a closed circuit of HWS preparation [1, 2]. This obligation is enshrined in paragraph 9 of
Article 29 of FZ-190. Taking into account the fact that more than half of the heat supply systems
operating in Russia today are open, the question of choosing the most appropriate method for
switching to a closed DHW preparation scheme is quite acute [3 - 6].

To date, there is no approved methodology for an integrated assessment of options for
transition to a closed hot water supply scheme at the scale of settlements/cities. The only possible
method for comparing options and assessing the cost of measures to organize a closed hot water
supply system is the technical and economic study of each option for a given city. This work in
itself requires significant costs, and therefore, local authorities are not ready to carry it out. As a
result, the solutions included in the designed heat supply schemes are either not sufficiently
substantiated, or there is no justification for the decisions taken.

Development of choice criteria for options of transition to closed HWS system

To analyze perspective options of transition to closed HWS scheme it is necessary to
evaluate the criteria that affect the choice of each of the possible solutions [7]. Table 1 presents the
main criteria and characteristic that they affect.

Table 1

The main criteria for choosing an option for transition to a closed HWS system
Criterion Characteristic Note
The four-pipe system in
comparison with the two-pipe one
has a larger surface of heat
exchange with the environment
and a larger total length of the
heating networks.
For a CHPP, the use of a four-
Source type CHPP/boiler house pipe system is economically
unreasonable.
In case of lack of free space or
Dimensions of basement of inability to access it, installation
residential buildings of individual heating unit (IHU)
is not possible.
At low population density,
options with a developed heating
network (four-pipe system or
central heating system) are more
expensive.
When switching to IHU/central
heat supply station (CHSS)
options, the load on CWS
networks significantly increases.
In this case, for HWS, either a
separate branch with cold water is
required, or the option of
connecting via a four-pipe system
becomes appropriate.

Heat losses from the surface
of the pipeline/hydraulic
losses in the networks

Heating season degree-day
(HSDD)

Availability of space for
additional equipment at
consumer

The specific heat load of the

Population density region (Geal/km?)

Capacity of cold water supply Hydraulic losses in the
(CWS) networks networks
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Continuation of the table

The presence of HWS cut on
the temperature chart

Temperature chart of the
heating network

An additional factor in the
transition to the four-pipe system,
where the temperature cut can be
abandoned.

The real heat load of the
district

The presence or absence of a
reserve capacity of the heating
network

The increase in network water
consumption for CHSS/IHU
options compared with the four-
pipe system and, as a result, the
need for new networks.

The ratio of peak load for
heating and hot water supply

Heat losses from the surface
of the pipeline/hydraulic
losses in the networks

The four-pipe system in
comparison with the two-pipe one
has a larger surface of heat
exchange with the environment
and a larger total length of the
heating networks.

Soil type and the possibility of
work performance

The density of urban
development, improvement of
the district, access to
communications, etc.

The cost of pipeline laying
directly depends on the
complexity of construction and
installation works.

The existing connection
schemes

The ratio of the existing load
connection schemes for HWS:
open system/IHU/CHSS/four-
pipe system.

Auvailability at the heat supply
source of the appropriate
equipment and experience of
working with it of the operating
organization.

Operation costs

Service life of pipelines and
main equipment.

The four-pipe system, unlike
CHSS/IHU, does not require
regular technical inspection and
replacement of the main
equipment.

Table 1 considers exclusively basic assessing criteria of transitioning options to a closed
HWS system. In a real project, this list can be reduced or expanded depending on the current
situation in the considered project. Nevertheless, it is appropriate to divide the proposed criteria
into two categories:

* Boundary conditions (according to the type of logical variables “true/false”);

* Independent variables (the value of which will vary in different projects and will be
converted into natural or monetary equivalents).

Drawing up a block diagram of boundary conditions and independent variables

The positions 2, 3, 6, and 10 of the basic criteria shown in Table 1 can be proposed as
boundary conditions. Figure 1 shows an explanatory block diagram for accounting these boundary
conditions.
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Type of the central The space for additional
heat supply source: ‘\. 1),2) equipment at consumer:
1) CHPP | g 1) Is present
2) Boiler house £ 1),2) 2) Is absent

1), 2)-
—— G
\ 4 v 4 1’
o FoUTpipe > CHSS > IHU
system
B A
1), 20—
= 1)
The existing
HWS cut on the temperature chart: connection circuits:
1) Is present I D 1) Four-pipe
2) Is absent 2) CHSS
3) [HU

Fig. 1. Block diagram of boundary conditions

The other criteria presented in Table 1 (1, 4, 5, 7, 8, 9, 11) have a quantitative assessment
(toe, kW-h, rub.) and are considered as independent variables. Fig. 2 shows an explanatory block
diagram for accounting of independent variables data. The considered criteria include: heating
season degree-day (HSDD), population density, capacity of cold water supply networks (CWS),
real heat load of the district, the ratio of the peak load on heating and hot water supply, soil type,
as well as the possibility of work performance and operating costs. These independent variables
are presented in the diagram as gray squares and are connected to the indicators they affect.

A significant difference between the criteria of Fig. 2 from the positions shown in Fig. 1 is
the presence of a natural and, as a result, cash equivalent, allowing one to quantify the impact of
each position on the decision to choose a priority scheme for the district HWS. An important
feature of this block diagram is separation of costs for capital investments and annual costs. The
second indicator becomes extremely relevant when comparing heat and hydraulic losses, as well as
the cost of repair work and replacement of the main equipment. It is further recommended that all
economic indicators be added over a period of 25 years. Such an approach will allow a more
objective assessment of the options for the CHSS/IHU and the four-pipe system, as it takes into
account the nominal life of pipeline equipment, which is 25 years for metal products. In addition,
the announced period will include major repairs and replacement of heat exchange equipment for
options with installation of heating units according to the type of CHSS/IHU.
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Fig. 2. Block diagram of independent variables

Thus, it is possible to compile an enlarged block diagram for assessing the options for
transition to a closed HWS system taking into account the indicators presented in Figs. 1 and 2.
Below is the basic calculation scheme in the framework of the developed methodology (Fig. 3).

Initial data acquisition
(loads, HSDD, etc.)

|

Assessing
the boundary
conditions

1

Calculation J
of independent variable
in natural and
monetary equivalents

|

Choice
of the preferred
HWS sheme

Fig. 3. Basic scheme for choosing the optimal HWS system
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Development of a program for choosing the optimal HWS scheme

The final indicator for choosing the option of switching to a closed system, as noted in Fig.
2, are the cash costs over 25 years of operation of a newly introduced or reconstructed heat supply
system. However, due to inflation, changes in market prices for equipment and other indicators
that affect the final project cost, it is difficult to use accurate quantitative indicators to select the
optimal solution. For this reason, the developed methodology is based on the analysis of a variety
of relevant feasibility studies for various projects with selection of qualitative weighting factors for
each of the criteria.

Based on these assumptions, a pyramid of indicators can be formulated that affects the
operating costs of the heat supply system for 25 years of its application. Figure 4 presents this
scheme, which is based on indicators that are affected by all 7 previously considered criteria (Fig.
2).

_~"Costs over 25 years ™.

- of operation, ™~
- ths.rub )
Capital costs, Annual costs,
ths.rub./year ths.rub./year
o 1. Heat losses
1. Pipelines 2 Hvdraulic 1
% Errier . Hydraulic losses

3. Equipment repair and renewal

Fig. 4. Pyramid of costs over 25 years of operation

Fig. 4 shows that capital costs include 2 items, while annual costs include 3 items. Figures
5-7 present the interface of the program for choosing the optimal scheme of transition to a closed
HWS system with the calculation of weighting factors. Here, a weighting factor equal to 1
approximately corresponds to costs of 100 million rubles.

City Norilsk
Heat load, Gcal/h 100
Heating 80
HWS 20
Heat consumption, Geal/year 500000
Average network diameter, mm 80

Analysis of boundary conditions:

Source CHPP Boiler house

Place v | N

for equipment = | v

Cut Yes ' No

Scheme 4-pipe CHSS IHU

Input of independent variables

HSDD 6000
Network length for an option with IHP, km 100
Tariff for electrical energy, rub./kWh 4
Tariff for heat energy, rub./Gcal 2000
Soil type (1 for dry, 1.14 for wet) 1

Fig. 5. Initial data input
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Cost for network laying
Dy, mm | Dry soil to spoil | Dry soil with disposal Wet soil to spoil Wet soil with disposal
80 16225.7 17355.48 20801.72 22293.53
100 19586.28 20833.91 24169.26 25782.91
125 20981.97 22167.25 25508.4 2711625
150 22969.73 2421156 27533.05 251609
200 26883.82 28418.26 31470.69 33423.71
250 33121.31 35089.88 37833.5 40132.87
300 36037.88 37683.05 40680.13 42735.89
350 42216.64 44354.67 46910.79 49507.08
400 48161.93 50299.96 52823.73 55454.14
450 54361.8 56618.46 59029.92 61783.43
500 59855.17 62111.84 64493.78 67276.8
The ratio of wet and dry soils 1.14

Fig. 6. Intermediate calculations

160

[ =
Qo 9N B
o O O
\
\

\

N

: —— 4-pipe
e CHSS
= [HU

Weighting factors
[2)] 00
o o
\

\

(]
o

2000 4000 6000 8000 10000
HSDD

Fig. 7. Calculation results presented in the graphical form

Conclusions

Based on the results of the analysis, the following conclusions can be drawn:

* The final indicator for choosing the option of switching to a closed system is the cash cost
over 25 years of operation of the newly introduced or reconstructed heat supply system. However,
due to inflation, changes in market prices for equipment and other indicators that affect the final cost
of the project, it is difficult to use accurate quantitative indicators to select the optimal solution.

« It has been established that when implementing a closed HWS system, the material
characteristic of networks increases as follows: for 100% for a four-pipe network (when switching to
a closed HWS system using a four-pipe scheme, it is required to lay 100% of the material
characteristic of the pipelines of HWS networks from source to consumers); for 70% for a network
with a central heat supply station (when switching to a closed HWS circuit via a CHSS, it is required
to lay about 70% of the material characteristics of the pipelines of HWS networks from the central
heating system to consumers); 0% for a network with IHU (main networks for HWS are not laid).

« The sharpest increase in heat losses is observed for the variant with a four-pipe system. So
for HSDD equal to 9000, the equality of heat losses for the four-pipe heat network and the system
with IHU is noticeable.

 About 55% of all costs are heat losses, which means that the HSDD indicator will be one of
the most important when choosing a reconstruction option.

* The developed methodology proved its applicability when compared to a detailed feasibility
study.
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METHOD FOR CONTROL OF THE START-UP REGULATING DEVICE
FOR POWER TRANSFORMERS OF THE POWER SUPPLY SYSTEM

V.S. Klimash, B.D. Tabarov
Komsomolsk-na-Amure State University, Komsomolsk-on-Amur, Russia

Abstract: Three-phase thyristor switches are designed for pulsed formation of inrush currents of
electrical equipment with their subsequent shunting in steady state operation. In transformer
substations, they perform a bumpless turning on of a power transformer by connecting its primary
winding first to two phases of the network at the moment of zero crossing by the phase voltage of
the network third phase, and then to the network third phase at the moment of zero crossing by the
line voltage of the other two network phases. In this case, the starting currents of the transformer
almost immediately enter the steady state without the appearance of constant components in the
magnetization currents and voltage drop. To expand the functionality of thyristor switches, it is
proposed, in addition to bumpless turning on of a power transformer, to disconnect it without
arcing between the contacts of electrical equipment, as well as to carry out continuous voltage
regulation for consumers when voltage in the network changes. The proposed method and
structure for its implementation on the basis of two three-phase thyristor reactor keys and a
capacitor bank make it possible while changing the network voltage to stabilize the generated
reactive power at the input of the substation without creating the current distortions in the power
transformer and power transmission simultaneously with stabilizing the substation output voltage.
Modeling and research of the start-regulating device as part of a transformer substation was
carried out in the MatLab environment. The results of numerical experiments in stationary and
dynamic modes of the substation operation showed the feasibility of using the developed technical
solutions for the industrial power supply system.

Keywords: three-phase network, transformer substation, dual-band regulation, thyristor-reactor
regulator, capacitor bank, control method, control operations, consumer voltage stabilization,
reactive power compensation of the network, mathematical model.
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Pestome: Tpexchasuvie mupucmophvie Kouu npeoHA3HaA4eHvl OAsi UMNYIbCHO2O0 DOPMUPOBAHUSL
NYCKOBbIX —~ MOKO8  INEKMpPoobOpyoosanuss ¢  NOCIeOVIOWUM — UX  WYHMUPOBAHUEM 8
ycmanosuguiemcs pescume pabomul.  IIpumeHumensHo K mpaHc@opmamopHbimM HOOCHAHYUAM
OHU BLINONHAIOM De3Y0apHOe BKIIOYUEHUSL CUN08020 MPAHCHOpMaAmopa 3a cuem NOOKIOUEHUs. €20
nepeuYHOll 0OMOMKU CHAYANA K 08YM (asam cemu 8 MoMeHme nepexooa QasHoeo HaAnpsiCeHus
mpembell paza cemu yepes HOb, A 3amemM K mpembvell paze cemu 6 MOMEHm nepexood JUHeUH020
Hanpsxcenuss 08yx opyaux ¢az cemu uepesz Honw. Ilpu smom nycxkogvle moku mpancgopmamopa
NPAKMU4ecKU cpasy 6X00um 6 YCMAHOBUBWUECS pedcumM 0e3 BO3HUKHOBEHUS NOCMOSIHHbIX
COCMasnAWUx 6 MOKAX HAMASHUYMUBAHUA U cnaoa Hampsicenus. [ pacuwupenus
DYHKYUOHATLHBIX 803MOJICHOCMEN MUPUCHOPHBIX KMoYell npednazaemcs, Kpome 6e3y0apHozo
NOOKIIOHEHUS. CUN0B020 MPAHCHOPMAMOpA, OCYWECMEIsMb €20 OmKIoueHue be3 obpazoeanus
oyeu Medcoy KOHMAKMAMU INeKMPOAnnapamypuvl, d MAaKice OCYWECmBIamb HenpepuieHoe
pez2ynuposanue HAnNpsAdceHus |y nompebumeneu npu  USMEHEHUU HANPANCEHUs 6 Cemu.
Ipeonooicennvlii cnOcod u CMpyKmypa e2o peanu3ayuu Ha 0CHO8e 08X Mpexhasnvlx peaKmopho-
MUPUCIOPHBIX KTIOYel U KOHOEHCAMmOpHOU bamapeu no38oisiom npu USMEHEeHUU HANPAHCEHUs.
cemu  O0HOBDeMEHHO  cO  cmabunuzayuell  GbIXOOHO20 — HANPSNCEHUs.  NOOCMAHYUU
CMadUIU3UPOBAMY 2EHEPUPYEMYIO PEAKMUBHYIO MOWHOCTL HA 6X00e NOOCmanyuu 0e3 co30anus
UCKAdICeHUIl MOKa 6 CUN0BOM mpancopmamope u snekmponepedave. Mooenuposanue u
uccnedo8anue nyCcKope2yiupyloue2o yCmpoucmeda 8 cocmage mpanchopmamophol noocmanyuu
nposoounocs 6 cpede MatLab. Pe3ynbmamvl YUCIeHHbIX IKCNEPUMEHMO8 8 CMAYUOHAPHLIX U
OUHAMUYECKUX ~PEeNCUMAX pabomvl NOOCMAHYUU NOKA3AAU Yereco0OpasHOCMb NpUMEHEeHUs
PA3paboOmaHHbIX MEXHUYECKUX peueHutl Ois CUCTEMbL NPOMBIUIEHHOZ0 INEKMPOCHAOIICEHUSL.

Knrouesvie cnosa: mpéxghasnas cemv, mpancgopmamophas nooCmanyus, 08yXnoo0ouana3oHHoe
pezynuposanue, peaxmopHO-MUPUCIOPHbILL  Pe2yiamop, KOHOEHCAmopHas 6amapes, Ccnocob
VHpasiienue, onepayuu ynpasieHus, cmaduiu3ayus Hanpsjicenus nompebumenet, KOMHneHcayus
PEAKMUBHOU MOWHOCIU CEMU, MAMEMAMUYECKASL MOOEIb.

Introduction

The commercially available thyristor AC voltage regulators with natural switching (TRVN)
have relatively small overall dimensions, high speed and operational reliability. They are used to
start asynchronous motor, at the input of diode rectifiers, in heating installations, lighting systems
and in other electrical technologies. According to individual projects, they are manufactured for a
voltage of 35 kV and a current of 2 kA for static compensators of reactive power of electric
steelmaking plants [1].

At the same time, experimental studies on the use of TRVN as start-regulating devices for
power transformers (PT) of substations 6 (10)/0.4 kV did not find practical application. This is due
to the fact that with an increase in the control angle of the thyristors, TRVN consumes additional
reactive power and introduces distortions in the output voltage and input current of the substation
[2-11].

Analytical study of appropriate literature, patents study, and survey of testing experience in
industrial operation allowed creating new technical solutions for transformer substations (TS).
This is a reactor-thyristor AC voltage regulator with natural switching (R-TRVN) [12, 13]
specially designed for PT and its control method [14].

The proposed R-TRVN device is installed on the high side of the PT in the same manner as
the mechanical on-load tap-changer, and under continuous regulation it provides stable voltage for
consumers with voltage deviations from the nominal by + 10%. At the same time, it provides a
sinusoidal voltage at the input and output of PT for three values of voltage in the network (nominal
value, increased and decreased relative to the nominal value by 10%). Between these sinusoidal
levels, a continuous narrow-range regulation is carried out in two sub-bands: in the upper one it is
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with lowered network voltage, and in the lower one with increased network voltage. Regulation is
performed with a harmonic composition of voltage, meeting the Russian State Standard
requirements, and without distorting the shape and phase shift of the current network.

The R-TRVN control method, in addition to dual-band regulation, provides bumpless
turning on PT under load, in which there are no shock electrodynamic forces on the transformer
windings and voltage reduction, and shutdown is performed without arcing on the mechanical
contacts of the high voltage switch [15].

The purpose and objectives of research

The purpose of this work is to study the adjusting properties and energy parameters of the
substation according to the P-TRVN - PT scheme using a mathematical model.

To achieve this purpose, the following tasks were set and solved in the work.

1. Development of a software package for substation research according to the P-TRVN -
PT scheme.

2. Study of voltage at the PT input and at consumers when the voltage deviation in the
network is + 10% of the nominal.

3. Study of current shape in the network, reactor, thyristor switches and at the PT input
during the process of voltage stabilization at consumers.

4. Study of the current network phase when voltage deviates from the input of the
substation, which includes P-TRVN and a block of capacitors.

Development of a specialized device for a transformer substation

Two schemes are proposed for connecting the P-TRVN device to the primary circuit of the
PT substation. They are shown in fig. 1. In the first circuit (Fig. 1, a), the device is connected
between the network and the primary PT winding connected in a star, and its pulse-phase control
system (PPCS) is synchronized with the voltage of the secondary PT winding. In the second
scheme (Fig. 1, b), the device is included in the cut of the star of the primary PT winding, and its
pulse-phase control system is synchronized with the network. Both circuits perform regulation
with identical physical processes and have their own advantages and disadvantages in the
reconstruction of existing and newly designed TSs, taking into account the use of dry or oil PTs in
them. At the same time, the advantage of the second circuit is that when a three-phase short circuit
occurs in the primary winding of the PT, the thyristors are not exposed to emergency current.

Fig. 1. Schemes of a transformer substation with a reactor-thyristor voltage regulator
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The circuits (Fig. 1) contain a three-phase network G, a power line W, an input high-
voltage switch Q1, a high-voltage switch Q2 in the CB capacitor bank circuit, modules of the main
VS-1 and additional VS-2 thyristor switches with a pulse-phase control system PPCS-1 and PPCS-
2, AC contactor, main L1 and additional L2 reactors, power transformer PT and active-inductive
load Z.

The device operates as follows.

The power transformer PT is turned on when the additional thyristor switches VS-2 are
completely turned off. In this case, firstly two main thyristor switches VS-1 using an additional
reactor L2 connect two phases of its primary winding to the corresponding phases of the network
G at the moment of zero crossing by the phase voltage of the network third phase G, then the third
main thyristor switch VS-1 connects the third phase of the primary winding of the power
transformer PT to the network third phase at the moment the line voltage of the other two phases
of the network is crossing zero. At the end of the process of turning on the PT power transformer
while preparing the substation for voltage regulation, parallel to the fully open main thyristor
switches VS-1, the main reactor L1 is connected via a three-phase contactor AC. Further, when the
conductive state of the thyristors changes, the process of voltage regulation starts both up and
down as relating to the network voltage. The upper limit is set by the transformation ratio of the
power transformer, and the lower limit is set by the resistance of the reactor.

The proposed R-TRVN control method provides voltage regulation at the input of the
power transformer relative to the network voltage and among consumers between the specified
regulation limits: the maximum and minimum divided by the nominal level.

The maximum limit of voltage regulation at the power transformer load is set by the
transformation coefficient of the power transformer PT with the main switches VS-1 completely
turned off and the additional thyristor switches VS-2 fully turned on at a reduced voltage in the
network G. The additional thyristor switches VS-2 at this moment bypass the main L1 and
additional L2 reactors in the circuit primary winding of a power transformer PT.

The rated voltage level at the load is ensured when the main switches VS-1, which bypass
the main reactor L1, are fully turned on, and the additional thyristor switches VS-2 are completely
turned off at the rated mains voltage G and the rated load Z.

The minimum regulation limit on the load is set by the total resistance of the main L1 and
additional L2 reactor with completely closed main VS-1 and additional VS-2 thyristor switches
with increased voltage in the network G and rated load Z.

A change in the network voltage affects the voltage of consumers and leads to a change in
the reactive power of the capacitor bank and in the network.

The inductance and voltage drop are regulated using R-TRVN at the TS input. Depending
on the positive and negative voltage deviations at the substation input, it is necessary to
individually select the resistance of the primary and secondary reactors. This contributes to the
achievement of high quality load voltage.

It should be noted that the reactive power of capacitors depends on the change in the supply
voltage and that during the process of voltage stabilization for consumers, the conductive state of
thyristors and inductance of R-TRVN in the PT primary circuit are regulated using a thyristor
switch. An increase in inductance simultaneously with an increase in the generated reactive power
of capacitors eliminates the deviation of the reactive power (deviation of the current phase) of the
network according to the principle of indirect compensation.

The known devices built on the principle of indirect compensation of reactive power with
parallel connection to the network and capacitors and a thyristor-reactor device [19] create current
distortions in the network and can operate either in the mode of reactive power compensation, or in
the mode of voltage maintenance.

For the proposed method and device [13, 14], the distinctive feature of the principle of
indirect compensation of network reactive power with simultaneous compensation of voltage
deviations at consumers without distorting the PT and network current is that the capacitor is
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connected to the network in parallel, and the reactor is connected in series between the network
and TS.

An increase in the inductance in the PT circuit during the pulse-phase control of the
alternating voltage at the reactors neutralizes the additional reactive power generated by the
capacitors, providing a slight deviation of the network phase current from voltage and maintaining
the maximum cos@ value. This is one of the great features of the proposed device.

Turning off the substation power transformer PT without the occurrence of an electric arc
and switching overvoltages is conducted as follows.

Before turning off the power transformer, pulses are first removed from the additional
thyristor switches VS-2. Then, the main thyristor switches VS-1 are transferred to the fully open
state and the current through the contacts of the three-phase contactor AC and the main reactor L1
is set to zero. After this, the three-phase contactor AC is used to disconnect the de-energized main
reactor L1 without arcing and overvoltage. At the final operation of the method, control pulses are
removed from the main thyristor switches VS-1 with natural switching and they are turned off
without switching losses when phase currents are crossing zero.

Mathematical modeling of the reactor thyristor device

To study the regulatory properties and energy parameters of the substation according to the
R-TRVN - PT scheme and physical processes in static and dynamic modes, a software package
was developed in the Matlab environment [16]. The substation model is built for the circuit of Fig.
1b, and is shown in Fig. 2. It contains the following elements and modules: three single-phase
sources forming a three-phase network (Ua, Ub, Uc); power line W; input high-voltage switch Q1;
high-voltage switch Q2 in the battery circuit of the capacitor bank CB; contactor AC; modules of
the main VS-1 and additional VS-2 thyristor switches with a pulse-phase control system PPCS-1
and PPCS-2; main L1 and additional L2 reactors; power transformer PT; active-inductive load Z
and other auxiliary elements.
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Fig. 2. Block-modular mathematical model of a transformer substation with a dual-band control device

Figure 3 shows detailed schemes of modules that have particular differential equations and,
when joint, form a common system of differential equations of the object under study.
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Fig. 3. Detailed schemes of models of the software package:
a) - thyristor key; b) - control systems

Research results of a transformer substation with a start-regulating reactor-thyristor device

When modeling, the following physical processes of substation according to the R-TRVN -
PT scheme were studied.

1. Study of voltages at the PT input and consumers with voltage deviations in the upper and
lower sub-bands of regulation.

2. Study of voltages at R-TRVN at the PT input with respect to the network. The obtained
oscillograms are shown in Fig. 4.

3. Study of the network current shape at that at the input of PT in the reactor and through
the thyristors during voltage stabilization at the consumer when working from dual-band R-TRVN.

Further we analyze the results of TS numerical studies in MatLab using the R-TRVN
scheme. Figure 4 shows voltage oscillograms at the TS elements using the R-TRVN scheme. They
are obtained at rated load and network voltage deviations of + 5% of the nominal level and are
shown for one phase. It should be noted that when the regulation is shifted from the middle in one

direction or another, the voltage shape improves and tends to be sinusoidal.
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Fig. 4. Oscillograms of voltage drop in the network, transformer and device
at the upper (a) and lower (b) voltage control sub-bands:
1, 2, 3 and 4 are the phase voltages in the network, at the PT input, at R-TRVN and phase voltage at the PT
input at the network rated voltage

The device employs a narrow-range pulse-phase regulation of alternating voltage with a
parallel connection of reactor and thyristor switch [17]. This three-phase device is included in the
primary circuit of the PT connected to a star without a neutral wire. Such an inclusion creates an
interphase voltage interaction [18], as a result of which the voltage modulation frequency increases
three times with respect to the switching frequency of the phase thyristor switches (Fig. 4).

When the network voltage is increased by the deviation +AU, the device, increasing the
control angle o, reduces the conductive state of the thyristors and, increasing the inductance on the
high side of TS, creates a voltage drop -AU on it, while maintaining the required voltage at
consumers. With a decrease -AU, the device reduces the control angle a, increases the thyristors
conductive state and, reducing the inductive resistance on the high side of TS, creates a voltage
drop of +AU on it.

Thus, during stabilisation of load voltage, the X, of reactor thyristor device is regulated,
providing the principle of indirect compensation of reactive power [19].

The oscillograms in Fig. 5 illustrate voltage regulation in the upper and lower sub-bands.
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Fig. 5. Oscillograms of currents and voltages in the upper (a) and lower (b) sub-bands of

voltage regulation: 1 and 2 - phase voltages of the network and PT input;
3, 4 and 5 - phase currents of the network, capacitor and PT input
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Analysis of these oscillograms shows that the shape of the network current is distorted
slightly, and its phase coincides with the network voltage, which determines high efficiency of
electricity consumption of the transformer substation.

R-TRVN studies have revealed that voltage regulation on the TS high side does not
adversely affect the shape of the network current. The results of this study are illustrated by the

following figures.
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Fig. 6. Oscillograms of currents at different angles of thyristor control:
Ic and Ip are the phase currents of the network and additional reactor; It is the phase current of the main
thyristor switch

Oscillogram in Fig. 6b, illustrates the PT operation at its rated mode and characterizes that,
at rated PT operation, the currents of network, additional reactor, and main thyristor switch are
equal. It can be seen from the oscillogram (Fig. 6, a and c) that the thyristor and reactor currents
are distorted, and their sum, being the network current and the current of the power transformer,
retains a sinusoidal shape at any control angles. This is another remarkable property of the device,
which does not create additional losses in the power transformer and in the network during
regulation [20].

Conclusions

Studies of a mathematical model of dynamic and quasi-stationary processes of a dual-band
reactor-thyristor AC voltage regulator with natural switching as part of a transformer substation
allowed us to draw the following conclusions:

1. The use of a reactor-thyristor device of continuous operation allows one to release a
mechanical switching device with a current-limiting reactor of on-load tap changing type, to
simplify the PT design and the technology for production of complete transformer substations.

2. When the voltage deviation in the network is £ 10% of the nominal value, the device
maintains the voltage at consumers at a given level with an accuracy of not more than = 1%.
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3. The device, together with a capacitor bank, simultaneously with voltage stabilization at
the transformer substation output provides stabilization of the generated reactive power at the

substation input.

4. During the process of continuous regulation of voltage at the input of substation under
load, the reactor-thyristor AC voltage regulator with natural switching does not create current
distortions in the power transformer and in the network.

5. When applying a special control that takes into account electromagnetic processes, the
device produces bumpless turning on the power transformer under load without phase currents
exceeding their established values and turning it off without arcing at the contacts of high-voltage

switching devices.
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Abstract: The work is devoted to the features of propagation of electromagnetic signals (20-1000
kHz) along multi-wire overhead transmission lines. For monitoring the status of overhead power
lines, a location method can be used. For connection to power lines, the connection equipment is
used, which forms the high-frequency path of the power line, which has a limited frequency
bandwidth. To select the optimal signals of location probing, it is necessary to investigate the
impact of high-frequency path on the pulsed signals. This paper investigates the distortion of
pulsed location signals in high-frequency paths. The influence of elements of the high-frequency
path is studied using a simulation model of the high-frequency path of an overhead transmission
line developed in the PSCAD software environment with subsequent experimental verification.
Elements of high-frequency path of the developed simulation model are described. The influence of
duration of the probe pulses on the shape and spectrum of the reflected signals is analyzed. It was
established that during the passage of microsecond pulses, their differentiation occurs, the
reflected signal is a combination of responses from the rising and falling edges of the probe pulse.
With this in mind, criteria are proposed for optimizing the duration of the location pulses. During
formation of ice deposits on the overhead lines wires, additional distortion of the pulse signals’
shape occurs. Using the experimental data, the distortions of the reflected pulsed signals and their
spectra are analyzed as ice deposits grow on the wires of overhead power lines. The established
patterns of pulse shape distortion and the developed criteria for optimizing the pulse duration are
used for location probing of overhead power lines to control ice deposits on the wires and to
detect damage.
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Pesrome: Paboma noceawena 0cobeHHOCMAM pACNPOCMPAHEHUs. INEKMPOMASHUMHBIX CUSHANO8
(20-1000 xI'y) no mHo20NPOBOOHBIM 6030VUIHBIM TUHUAM dJeKkmponepedayu. [isk MOHUMOpuHaa
COCMOAHUSL 8030V UIHBIX TUHUL INEKMPONEPeOa iy MOXCem UCHOIb308AMbCA TOKAYUOHHBIL MEeMOO.
Hnsa nooxmouenus K JTUHUAM IAEKMponepeoauu UCHOIb3Vemcs annapamypa npucoeouHeHus,
00pa3yIoWyIo  6LICOKOYACMOMHBIL  MPAKM  TUHUY  dJeKmponepeoaul, KOMOpbvlll  umeem
OCPAHUYEHHYIO HACMOMHYI0 NOAOCY NPONYCKaHus. [na  6bl00pa OnMUMANbHbIX CUSHANO8
JIOKAYUOHHO20 30HOUPOBAHUA HEOOXOOUMO UCCIe008amb GIUAHUE bICOKOYACMOMHO20 MPAKMA
HA — UMNYIbCHble — cucHaavl. B pabome  uccnedyiomcs — uUcCKadceMus  UMHYIbCHLIX
JIOKAYUOHHBIXCUSHANIO8 8 BLICOKOUACTNOMHBIX MPAKmMax. Bauanue snemenmos 8uicokouacmomnozo
mpakma ucciedyemcs ¢ HOMOwblo  paspabomannou 6 npoepammuou cpede PSCAD
UMUMAYUOHHOU MOO€NU 8bICOKOUACTHOMHO20 MPAKMA 6030YWHOU JUHUU DNIeKMponepeoavu ¢
nocnedyiowetl SKcnepuMeHmanvHoll nposepkou. Onucvleaiomes d1eMeHmyl 8blcOKOYACOMHO20
mpakma paspabomanHoll UMUMAYUOHHOU MoOenu. Ananusupyemcs 6eausHue OnumenbHOCHU
30HOUPYIOWUX UMNYILCO8 HA POPMY U CHEKMP OMPANCEHHBIX CUSHANO8.YCMAHOBNEHO, Mo npu
NPOXOAHCOCHUU MUKPOCEKYHOHBIX UMNYIbCO8 NPOUCXOOUM UX OughpepeHyuposanue, ompaxceHHbull
CUSHAN ABNAEMCA KOMOUHayuell OMKIUKO8 Om nepeoHe20 U 3a0He20 (POHMO8 30HOUPYIOUEe20
umnynoca. C  yuemom 2mo20 npeonasarmcs Kpumepuu — ONMUMUZAYUU  ONUTNETbHOCIU
JIOKAYUOHHBIX UMNYIbCos. [Ipu 06pazoeanuu 20101e0HbIX OMLONCEHUL HA NPOBOOAX 8030VUIHbIX
MUHUL  NPOUCXOOUmM — OONOTHUMENbHOE — UCKAdiCeHue QOopMbl  UMNYIbCHBLIX  cueHanos. Ilo
IKCNEPUMEHMATLHBIM OAHHBIM AHATUSUPYIOMCS UCKANCEHUS OMPAICEHHBIX UMNYIbCHBIX CUSHANO8
U UX CHeKmpo8 Npu HAPACMAHUU 20]0NEOHbIX OMIOMCEHUN HA NPOBOOAX G030VUIHLIX NUHULL
aekmponepedayy. Ycmanosnennvie 3aKOHOMEPHOCMU UCKANCEHUS (DOPMbL  UMRYILCOS U
paspabomannvie Kpumepuu ONMUMUZAYUU OTUMETLHOCU UMNYILCOS UCTIONLIVIOMCA  HpU
JIOKAUUOHHOM 30HOUPOBAHUU B030YUIHbIX JUHULL JJeKmponepeoayu O KOHMPOIs 20101e0HbIX
OMI0JHCEHUTI HA NPOBOOAX U OOHAPYI’CEHUSL NOBPENCOCHU.

Knroueevie cnoea: 6030ywHas JIuHUSA ~ 2NeKMponepeoavu;  GblCOKOYACMOMHbIL — MpPAKm,
JIOKAYUOHHOE — 30HOUPOBAHUE; UMNYAbC, opma, CcneKmp;, OAUMENbHOCHb;  UCKANCEHUS,
UMUMAYUOHHASL MOOETb,; 20JI0JICOHbLE OMIONCEHUSL.

Bnazooapuocmu: Mamepuanvl 0151 nyoauxkayuu noO20mMosienvl npu QUHAHCOB0U NOOJepicKe
Munucmepcmea nayku u evicuieco oopazoeanuss P® no Coenawenuio Ne 14.574.21.0141 om 26
cenmsibps 2017 200a, ynukansnvii uoenmugurxamop npoexkma RFMEF157417X0141.

Introduction

Overhead power lines (OHPL) are the least reliable elements of a power system, as they are
long, and are exposed to atmospheric and human impacts. During their operation, dangerous impacts
on their elements can appear that are not provided by the conditions of normal operation and lead to
damage and, consequently, to serious accidents. In addition, in some cases the reliability of the
overhead line operation is reduced due to the existing deterioration of electrical equipment.
Therefore, the issues of OHPL monitoring, timely preventive control of wires condition, rapid
detection and elimination of accidents consequences are urgent tasks for power engineers around the
world.
According to the high voltage classes, the most massive and extended class of 110 kV brings the
largest number of technological violations. A significant contribution to the accident statistics of
overhead lines is made by glacial accidents occurring due to the formation of glaze deposits of excess
size. For example, in the autumn-winter period of 2017-2018, the share of accidents caused by ice
was about 15% of the total number of accidents™.

Location monitoring of overhead lines

! All-Russian meeting “Results of the autumn-winter period of 2017-2018” Ministry of Energy of the

Russian Federation 2018. Available at: https://minenergo.gov.ru/node/7822 Accessed: 14 Apr 2019.
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One of the promising methods for remote monitoring of the overhead power lines state is
the method of location probing [1-5]. This method provides early detection of the beginning of the
icing process on the wires, followed by monitoring the dynamics of the growth of ice deposits,
determining the moments of the beginning and end of ice melting. In case of an accident, this
method determines the distance to the place of damage.

Figure 1 shows a diagram of connection of location equipment to an overhead power line at
the Kutlu-Bukash substation (SS) using a coupling capacitor (CC) and a connection filter (CF). To
prevent shunting of substation buses, a high-frequency stopper (HFS) is used, which together with
the overhead lines form a high-frequency (HF) overhead line path. A connection filter FPM-6400
(passband of 51-1000 kHz) with a coupling capacitor SMP-110v3-6400 and a supression filter
VZ-630-0.5 (suppression band is 160-1000 kHz) are installed on this overhead line.

SS “Kutlu-Bukash” OHL 110 KV 40 SS “Rybnaya Sloboda”
HFS HFS
I Y Y\ I
a
ol A
'AY

Fig. 1. Connection diagram of the location device to the wires of the 110 kV “Kutlu-Bukash —
Rybnaya Sloboda” OHPL (a), reference reflectogram (b)

The transmitter of the location device emits a probe pulse to the overhead power line,
which after reflection from the inhomogeneities of the wave resistance of the overhead line (for
example, the line end, branch, damage) is received by the receiver of the location device. In this
case, the propagation time and amplitude of the reflected pulse characterize this inhomogeneity
and the propagation conditions of pulse in the line.

Most commonly, a location device works in parallel with technological high-frequency
communication equipment, which imposes a number of requirements on the mutual compatibility
of equipment [6], and on the methods used to extract location signals among technological RF
communication signals [7]. The existing simulation models of overhead power lines either do not
take into account the influence of the connection equipment [8, 9], or describe the line wires using
a phase-independent frequency model [10], and this is a reason why there is a discrepancy between
the model and experimental results.

Simulation model of an overhead power line

To study the features of distribution of location signals along the HF paths of the overhead
lines, a simulation model was developed in the PSCAD software environment. The model of the
HF path of the overhead line includes: multi-wire lines near the earth surface (phase wires and
ground wearers of the overhead line); connection devices consisting of connection filters with
coupling capacitors, HF cables; processing devices, consisting of high-frequency stoppers -
separation circuits, which are a particular case of separation filters; high-voltage equipment of
substations, located behind the high-frequency stopper (it is presented by an equivalent active
resistance and capacity).
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The RF path circuit starts with a pulse generator and ends with a “connection device”,
simulated by a 75 Ohm load. Consider the process of setting the parameters of the elements of the
RF path.

1. The pulse generator is a standard component from the PSCAD component library and
allows one to get a pulse of a given duration and amplitude. The following basic parameters are set
for the generator: the start time of the pulse generation, duration, pulse amplitude and output
resistance. The probe pulse duration of location probing can be set in the range from 1 to 200 ps,
the pulse repetition period is from 0.1 to 100 ms. The pulse generator is connected directly to the
HF cable. An oscilloscope is connected to the same point, which enables recording probe and
reflected signals with a given time step, and this is a way to measure the reflectogram.

2. The connection device consists of a high-frequency cable (HFC), a connection filter and
a coupling capacitor. The RC-75 high-frequency coaxial cable is a standard component from the
cable library. The main parameters specified for this component are: cable length, radius of the
current-carrying core, radius of the insulating layer, radius of the protective coat, specific
resistance of the core, specific resistance of the ground, frequency range. The high-frequency cable
is connected to the connection filter (Fig. 2).

| 1
A {1 .
0.54 [mH] 6 4-9 [F] KB_phA
o B 1 Cable 2
5 igy.} 0.0115 [mH] 39.82e-9[F] ||
E{ f o 0 [ohm]

Fig. 2. Wiring diagram of the RF cable to the connection filter

The connection filter performs the following functions: compensates the reactance of the
coupling capacitor at operating frequencies; grounds the lower lining of the coupling capacitor at a
frequency of 50 Hz; serves as a matching element between the RF cable and the linear path. FPM-
6400 connection filter is installed at the 110 kV overhead line “Kutlu-Bukash — Rybnaya
Sloboda”. The coupling capacitor SMP-110 is represented by a capacity of 6400 pF.

3. The processing device consists of VZ-630 high-frequency stopper. The stopper is cut
into the line working wire between the connection point of the coupling capacitor and the
substation buses. In this range, it is possible to form the following tuner configurations: single-
frequency, double-frequency, single-frequency blunt, double-frequency blunt, broadband. The
diagram of VVZ-630 stopper is shown in Fig. 3.

0.21 [mH]

. m] 7
: TE
| { {

Fig. 3. Electrical circuit of the high-frequency stopper.
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4. The linear RF path is formed by the OHPL phase wires and ground wearers, if the
overhead line is double-circuit, then the phase wires of the second circuit are also taken into
account. Power line wires are presented in the form of a coaxial cable with a zero thickness of the
insulating layer and a protective coat, although the PSCAD software environment has standard
libraries for Tline overhead lines. This choice of model is due to the fact that in this model it is
possible to set the core cross section of the steel-aluminum wire. The 110 kV overhead line
“Kutlu-Bukash — Rybnaya Sloboda” in the model is represented by the Line09 element (Figs. 4,
5). The terminal ends of the three phase wires and ground wearers at the substations “Kutlu-
Bukash” and “Rybnaya Sloboda” are designated as C1, C2, C3 and C4. The ends of the ground
wearers C4 are low-resistance grounded.

The main parameters specified for this component are: the overhead line length, the
location of the wires in vertical and horizontal directions relative to the ground, the steel core
radius, the aluminum coil radius, the insulating layer radius, the wire resistivity, the ground
resistivity, the frequency range.

e “"hneas 2 5 Lineagkl s
KE_BhA ine3d ¢ & Line AS_phA

Te8[F] ., . 2=8[F

— =4 8 & e

1e-6 [F]

=3 ¢ & et

] 3
(4] [ ]
- e o
g— Line® g— 55 R.Slcbods

55 Bukash

Fig. 4. Elements of the model of the 110 kV overhead power line.

5. The input resistance of the substation at the ends of the HF path, at the places of HF
bypass and at the taps is set by the equivalent capacitance, the value of which is determined in
accordance with the recommendations set out in the Methodological guidelines for calculating the
parameters and choosing high-frequency path circuits for 35-750 kV AC power lines (Standard of
PJSC FGC UES STO 56947007-33.060.40.052-2010. - Access mode:
http://www.fskees.ru/upload/docs/sto_56947007-33.060.40.05.05-2010_red.pdf.  (Access date
12/20/2018).).

Simulation procedure

In the developed model of the 110 kV “Kutlu-Bukash — Rybnaya Sloboda” overhead line,
the optimal parameters of the probe pulse were determined by simulation. The expected shape of
the received reflected pulses was obtained upon reflection from the end of HF path to supply the
highest amount of probe pulse energy to the HF path and optimization the measurement results
processing. In addition, this model allows one to simulate the detection of damage on the overhead
power lines wires using the location method [11].

The results of calculating the pulse shapes and the corresponding frequency spectra during
the passage of a rectangular pulse of 2 ps duration through the HF elements of the “Kutlu-Bukash-
Rybnaya Sloboda” overhead line are shown in Fig. 6.
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Fig. 5 The layout of the 110 kV overhead power line wires relative to the earth

The rectangular pulse (Fig. 6, a) after passing through the high-frequency cable remains
practically unchanged: there is a slight increase in the duration of the fronts (Fig. 6, b). After
passing through the connection filter, the pulse turns into a response (Fig. 6, c), which is
approximately similar to one and a half period of a sinusoidal signal of approximately 15 ps. In
this case, the constant component disappears, since the signal passes through the coupling
capacitor, and the amplitudes of the low-frequency components (harmonics) sharply decrease, the
maximum of the spectrum is in the region of 120 kHz.

After the pulse signal passes through the connection filter, damped oscillations appear (Fig.
6, ), as was indicated above. The HF stopper partially shunts these oscillations (Fig. 6d) and their
amplitude decreases. Under the influence of HF trap, a maximum of the spectrum appears in the
region of 60 kHz, due to the occurrence of “ringing effect” of the HF stopper. After the signal
passes through the line wires, the maximum of the spectrum appears in the region of 140 kHz, and
a pulse delay of 135 us appears, which is determined by the covered distance of 40 km. When the
pulse passes back and forth twice (Fig. 6, f), a delay of 270 us appears, and the signal amplitude
decreases by about 10 times. The amplitude of the reflected signal (marked by a solid oval in Fig.
6, f) becomes comparable with the amplitude of the “ringing" (marked by a dashed oval in Fig. 6,
f) of the stopper.
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Fig. 6. Changes in the shape of the location signal (a) of a 2 ps duration (left column) and its spectrum
(right column) after passing through the elements of the HF path: b - HFC; ¢ - HFC and CF; g - HFC, CF and
HFS; d - after passing the HF path (HFC, CF, HFS and line wires) in one direction; e - after two-fold passing

the HF path back and forth; the solid oval marks the reflected signal, and the dashed line indicates the
“ringing” of the HFS

Distortion of various-duration pulses

The pulse energy is determined by its amplitude and duration. In the simulation model,
studies were conducted of the passage of rectangular pulses with a duration of 2—-12 us through the
40 km long HF path of the “Kutlu-Bukash — Rybnaya Sloboda” overhead line (Fig. 7).
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280 300 320 340 .
1, s / f.kHz
Fig. 7. Changes in the shape of location signals (left column) with durations of 2 (a), 4 (b), 6 (c), 8 (d), 10 (d),
12 ps (f) in the HF path of the 110 kV “Kutlu-Bukash — Rybnaya Sloboda” OHPL and their spectra (right
column); the solid oval marks the reflected signal, and the dashed line indicates the “ringing” of the HFS

500 1000

When changing the duration of the probe pulse, the shape of the reflected pulses changes.
At the minimum studied pulse duration t = 2 ps, the amplitude of the reflected pulse does not have
time to reach its possible maximum (Fig. 7, a), in contrast to pulses with long durations (Fig. 7, b-
C).

According to fig. 7, the probe pulse, when passing through the HF tract, “differentiates”, as
shown in Fig. 6. In this case, the pulses turn into responses in the form of several periods of
sinusoidal oscillation. In addition, damped oscillations (“ringing") are superimposed on the
reflected signals, marked by dashed ovals in Fig. 7(a—€), which are caused by a high-frequency
stopper, as was shown in Fig. 6.

With an increase in the pulse duration of more than 6 ps, the amplitude of the reflected
signals decreases (marked by solid ovals in Fig. 7), which is caused by the fact that the responses
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from the falling and rising edges of the probe pulse begin to diverge in time, turning into separate
responses.

Thus, pulses with T = 2—-6 ps, having the largest amplitude of the negative burst, are optimal
for high-voltage lines with a length of 40 km, which makes it easier to separate them from the
noise constantly present in the high-frequency path of power lines. An increase in the pulse
duration from 2 ps to 8 us causes an increase in the amplitude of the “ringing” of the airspace, with
a further increase in the pulse duration, the amplitude of the “ringing" practically does not change.

Moreover, the correlation coefficients of the reflected signals obtained experimentally and
during simulation for the durations of the probe pulses of 2-12 ps are at least 0.9, which confirms
the adequacy of the developed simulation model.

To study the responses from the falling and rising edges of the pulse, model studies of passage
of pulses with a duration of more than 200 us were performed (Fig. 8). For such duration of the probe
pulse, the response from the falling edge comes after the oscillatory processes caused by the leading
edge of the pulse have completely decayed.

U, pu. S, p.u.
0.z 0.04 y

0.02 §

[
280 200 220 340 b 0 500 1000
t, s /. kHz
Fig. 8. Responses to the rising (a) and falling (b) edges of the probe pulse with a duration of 200 ps in the HF
path of the 110 kV “Kutlu-Bukash — Rybnaya Sloboda” OHPL (left column) and their spectra (right column);
the solid oval marks the reflected signal, and the dashed line indicates the “ringing” of the HFS

As it is seen from fig. 8, the reflections of the rising and falling edges of the probe pulse
differ only in polarity, while their spectra also completely coincide. In this regard, by varying the
pulse duration, it becomes possible to suppress the HFS "ringing™ or to increase the amplitude of
the reflected signal to a maximum.

Figure 9 shows the reflected signals for pulse durations of 4.8 ps and 17.6 ps. In the first
case, due to the superposition of the reflection from the rising and falling edges, an almost twofold
increase in the reflected signal amplitude is achieved (see Fig. 8). In the second case due to the
mixing of reflections from the fronts for the period of “ringing” oscillations (17.6 us) the “ringing”
from the rising edge is compensated by “ringing” from the falling edge, while the reflected signal
separates the reflections from the rising and falling edges of the probe pulse.

Investigations were carried out on the existing 110 kV “Kutlu-Bukash — Rybnaya Sloboda”
OHPL of 40 km length. A comparison of the results of model calculations with experimental data
shows that the main patterns of transformation of the reflected pulses’ shape with a change in its
duration coincide. The response from the rising edge of the signal pulse stably maintains its
position on the time axis of the reflectorgam. Moreover, it is practically independent of the
duration of the probe pulse. The reflected pulse with its short duration is the sum of two responses
from the rising and falling edges. With increased pulse duration, these responses diverge in time
and are not summed. Therefore, a subsequent increase in the pulse duration does not lead to an
increase in the amplitude of the reflected signal, but can be used to suppress the “ringing” of the
HF line path.
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Fig. 9. Reflected signals (left column) at optimal probe pulse durations of 4.8 us (a) and 17.6 ps (b) in the HF
path of the 110 kV “Kutlu-Bukash — Rybnaya Sloboda” OHPL and their spectra (right column); the solid oval
marks the reflected signal, and the dashed line indicates the “ringing” of the HFS

Distortion of reflected signals when ice deposits appear

When ice deposits appear on the wires, the conditions of signal propagation along the HF
paths of the overhead lines change: the propagation speed of electromagnetic waves decreases,
causing a delay At of the location signals, and additional attenuation Aa appears due to dielectric
losses in ice.

Figure 10 shows the change dynamics of delay At and attenuation Aa of the reflected
location signals in the HF path of the 110 kV “Kutlu-Bukash — Rybnaya Sloboda” OHPL for
December 23-24, 2016. During this period, intense icing occurred on the wires of overhead power
transmission lines. The growth of icy deposits continued around 30 hours; by 1 p.m. on December
24, the maximum thickness of ice deposits was about 8 mm. Deposits remained on the wires until
9 a.m. on December 25, after which their sizes began to decrease naturally, and in a week, the wire
line was completely cleared of ice.

Sections of seven reflectograms for the period of December 23-24, 2016 were analyzed to
study changes in the shape of location pulses during icing. The reflectogram measuring times are
marked with bold dots | — VII in Fig. 10.

Fig. 11 shows sections of reflectograms of HF path of the 110 kV “Kutlu-Bukash —
Rybnaya Sloboda” OHPL. To illustrate the changes in the reflected pulses, the intervals At;
indicate the positions of the reflected signals peaks relative to 260 ps (the beginning of the time
window for searching of the reflected signal in the reflectogram of this overhead line). In this case,
the signal delay Ar; is connected with the interval Ati via relation At; = At; — At;.
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Fig. 10. Dynamics of changes in delay At (a) and attenuation Aa. (b) of the reflected location signals in the HF
path of the 110 kV “Kutlu-Bukash — Rybnaya Sloboda” OHPL for December 23-24, 2016

Fig. 11 shows a decrease in the amplitude of the reflected signal both on reflectograms and on
their spectra. Initially, the spectrum of the reflected signal is concentrated in the frequency range 50—
150 kHz with a maximum at a frequency of 90 kHz. With the formation of ice deposits, the duration
of the reflected signals increases and the maximum of the spectrum of the reflected signal shifts to
lower frequencies by 70-80 kHz, this is due to the fact that the components of the signal at higher
frequencies decay faster than the signal components at low frequencies [12].

Also, a tendency toward an increase in the reflected signals delay as ice builds up on the wires
is observed in Fig. 11. In the absence of ice deposits on the wires, the time of location pulse
propagation (Fig. 11, a) is approximately 270 ps, and it gradually increases as ice builds up, and
reaches 287 us (Fig. 11, g).

The maximum changes in delay and attenuation for Fig. 11, g were 17 ps and 19 dB. In this case, the

amplitude of the reflected signals decreased from approximately 2 V to 0.15 V. Table 1 shows the
attenuation and delay of signals for these seven reflectograms.

Table 1

Changes in attenuation and delay of location signals with ice growing

MeasurementNo. | I | 1 | m | wv | v [ vi]| vn
Date, 23.12.2016 24.12.2016

time 00:30 | 15:30 | 20:45 | 01:50 | 06:00 | 9:50 | 13:00

Delay A, us 0 3 6 9 12 15 17

Attenuation Aa, dB 0 4 8 11 14 17 19

The maximum dimensions (wall thickness) of the ice clutch, according to calculations,
amounted to about 8 mm, such deposits are not able to cause wire breakage. Therefore, the
removal of ice deposits in this case was not performed, and they disappeared naturally in the next
6-7 days.
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Fig. 11. Changes in reflected location signals in the HF path of the 110 kV “Kutlu-Bukash — Rybnaya Sloboda” OHPL
(left column) and their spectra (right column) for the period from December 23-24, 2016 when ice is formed on the
wires (moments of reflectogram measurement a-g are marked with points | — V11 in Fig. 10)

Conclusions

The changes of location signal shapes during the passage of the elements of the high-
frequency path were studied using a simulation model. The developed simulation model for the
propagation of broadband probe pulses through narrow-band HF paths of OHPL makes it possible
to determine the distortion of location pulses depending on their shape and duration. Elements of
high-frequency path make a filtering impact on the broadband location signal. As a result, in this
example the spectrum width of the reflected location signal is narrowed significantly from 1000

kHz to 200 kHz.
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Analysis of the passage of pulses of different durations showed that the optimal pulse
duration can be selected based on two criteria: minimizing the oscillatory processes caused by the
high-frequency stopper, or maximizing the amplitude of the reflected location signal. The probe
pulses durations will be determined either by the period of the oscillatory process caused by high-
frequency stopper or by the half-period of the center frequency of the reflected location signal.

Analysis of changes in the parameters of reflected location pulses during ice formation
showed that ice deposits cause a decrease in the propagation speed of location signals, which leads
to a delay in reflected signals, in addition, ice causes significant attenuation of location signals,
while the high-frequency components decay faster, which leads to a gradual shift of central

frequency of the reflected location signals spectrum to the low-frequency region.
The research results are used to optimize the parameters of the probe pulse signals of the

location software and hardware complex.

The author is grateful to R.G. Minullin, Yu.V. Piskovatsky, M.R. Yarullin, as well as to the
staff of the Volga electric networks (JSC “Grid Company ”, Tatarstan) for their help in conducting

experiments and analyzing the results.
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Abstract: Structural elements of overhead power transmission lines are experiencing both
horizontal and vertical loads. Wires and cables are elements of the overhead power line, on which
changes in mechanical loads are observed to a greater degree. This occurs due to the change in
the tension force of the wire/cable depending on the temperature and the formation of icy-rime
deposits on it, as well as fluctuations in wind gusts. The article describes the most common
systems and methods for determining the mechanical loads on an overhead power transmission
line. A method is proposed for calculating the mechanical loads on an overhead transmission line
based on mathematical models of a flexible wire, rope and a model for determining ice deposits on
wires, taking into account the rotation of the wire/cable around its axis. A comparison of the
improved inclinometry method with the method developed earlier for the case of formation of ice
deposits on the S-50 cable has been carried out. A comparison was made on the error in
determining the tension of the S-50 ground-wire protection cable using the method developed to
control the mechanical parameters of overhead power lines, which takes into account the
wire/cable rotation around its axis and the method for determining icy-rime deposits developed
earlier. The developed method allows determining the elongation of the wire/cable in the span
with one anchor support, as well as the strength of its tension with greater accuracy. However,
additional clarification is required due to the influence of the wind, the formation of icy-rime
deposits of various shapes, as well as the structural limitations of the wire/cable rotation when
attaching it to the support.

Keywords: overhead power line, overhead line monitoring, mechanical loads, cable rotation,
rotation of ground wire, icy-rime deposits, icing.
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METOJUKA KOHTPOJISA MEXAHUYECKHUX ITAPAMETPOB BO3YIIIHBIX
JIMHUM SJIEKTPOIEPEJJAYM HA OCHOBE YJYUIIEHHOI'O
NHKJINHOMETPUYECKOI'O METOJJA

MLIL I'opsiueB, M.®.Caabikos, [.A. SIpociaBckuii

Kaszancknii rocyiapcrBeHHbll SHepreTudeckuii yuusepcuret, Kazann, Poccus
goryachev9l@mail.ru

Pestome: Koncmpykmusnvie 21emMeHmbl 6030VUIHbIX JUHUL dNeKmponepedaiu UCnbImuléaiom Kax
20pU3OHMANbHbIE, MAK U 6epMUKATbHble Hazpy3Ku. [Iposoda u mpocel A6IAIOMCS dneMeHmamu
B030VWIHOU JUHUU, HA KOMOPBIX 6 O0Iblell CIMenenu HAOM00AIOMCs USMEHEHUSL MEXAHUYECKUX
HAZPY30K 68UQY USMEHEHUsL CUTIbI HAMSACEHUsL NPOBOOA/MPOCA 8 3A6UCUMOCIU O MEMNEPAMYPbl
U 06pa308aHUsL HA HEM 20]I0EOHO-UMOPO3EBbIX OMIONCEHUN, A MAKIHCE KONeOAHUL OM NOPbIEOE
séempa.B cmamve onucanvl Haubonee pacnpoOCMpaHeHHble CUCTNEMbL U MEMOOUKU ONpederenus
MEXAHUYECKUX HASPY30K HA BO30VWHOU Iunuu snekmponepedayu. Illpednazaemcs memoouxa
pacuéma  MexanuwecKux —HAepy30K HA  GO30VWHOU JUHUU  INEKMPONEPeoauuHd OCHO8e
Mamemamuyeckux Mooenel 2ubKou Humu, Kanama u MOoOelu OnpeoeieHust 20101E0HbIX
OMIIOICEHUTl HA NPOBOOAX/MPOCAX, YHUMBIBAIOWAs BpaAueHUe NpoBoOa/mpoca 60Kpy2 C8oell
ocu.llpogedeno  cpasHenue YIYUUWEHHO20 —UHKIUHOMEMPUYECKO20 Memoodd ¢ MemoOOM,
paspabomanubiM paree Ol CIy4as 00paz08aHus 20]0E0HbIx omaodceHuil Ha mpoce C-50.
Oyenenvl nocpewHocmu npu  OnpedeieHul CUulbl MsdiceHust 2pozosaugumuozo mpoca C-
50npednazaemoii  memoOuxkou KOHMPONL MEXAHUYECKUX NApamMempos G030VUHbIX —JIUHUL
anexmponepedayu, y4umsleaoujel epaujeHue nposooa/mpoca 60Kpye ce0etl 0Cu, U Memoouxou
onpeoenenus 20101E0HO-UMOPO3€e8bIX OMI0JICeHUU, paspabomannol pawnee. Pazpabomannas
MemoouKa no3eosiem onpedeiums YOIUHeHue Nposooa/mpoca 8 npoiéme ¢ O0OHOU AHKepHOU
Onopoll, a makdxice CULYy e20 MAJCEHUs C Oonvuwell MOYHOCMbIO, O00HAKO mpebyem
OONOIHUMENbHO20 VIMOYHEHUS], CEA3AHHO20 C GAUsIHUEeM Gempd, 00pazoeanuem 20101E0HO0-
UBMOPO3EBbIX ONMIIONCEHUTI PA3IUYHOU (OPMbL, A MAKICE KOHCTMPYKMUSHBIMU O02PAHUYEHUSMU
8pauerusi npo6ooda/mpoca npu KpenjieHuu e2o Kk onope.

Kniouesvie cnosa: 6030ywmas — IuHUA  IAEKMPoOnepeoauu,  MOHUMOPUHZ — BO30YULHbIX
JUHUTL, MEXAHUYECKUe HASPY3KU, epawyenue npoeodd, 6paujenue 2po303awumHozo mpocd,
20J1071e0HO-UBMOPO3€Bble OMILONCEHUS, 201071€0.

Introduction

Electrical energy is transferred from power plants or substations to the consumer via power
lines (mainly overhead), which are part of the electrical system. An overhead power line is a
device for transmitting electrical energy through wires located in the open air and secured with
insulators and linear fittings to the supports. In addition, lightning protection cables are also used
on overhead lines.

The length of overhead power lines in the Russian Federation is over 2.8 million km. The
power grid is rapidly becoming obsolete. The level of equipment wear reaches 70% [1]. At the
same time, due to the increase in electricity consumption and the commissioning of new sections
of overhead power lines, the need for a full-fledged survey to prevent emergency situations
increases.

All elements of overhead power lines experience mechanical stress and can be damaged if
their mechanical strength limit is exceeded.

Structural elements of overhead power lines experience both horizontal (for example,
mechanical stresses in a stretched wire/cable) and vertical loads (for example, from its own weight
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or the weight of the wire/cable). Wires and cables are elements of the overhead line on which
changes in mechanical loads are observed to a greater degree due to changes in the tension of the
wire/cable depending on temperature and the formation of icy-rime deposits on it [2], as well as
fluctuations from wind gusts. The main mechanical stresses in the wire/cable of the overhead line
are associated with its extension. With an increase in the tensile strength of the wire or rods (cores)
of which it is made, its tension also increases.

Exceeding the tensile strength of an overhead power line element can lead to its damage:
wire/cable breakage, failure or breakdown of the insulator, interphase short circuit due to wire
“dancing” and others.

Mechanical overload of a power line structural element can occur due to the appearance of
icy-rime deposits (IRD), the development of fatigue of the air power transmission line structural
element, errors in the construction of the line, as well as repair and restoration work. Among the
listed reasons, the appearance of IRD is accompanied by the most serious consequences.
Therefore, in the future, this problem will catch special attention.

According to the map of ice loads, the Republic of Tatarstan belongs mainly to the second
risk group (the normative ice wall thickness on a wire/cable is at least 15 mm). However, the
Bugulminsky district, for example, belongs to the fourth, most dangerous group (the normative ice
wall thickness on the wire/cable is at least 25 mm). Problems with ice formation were also
detected in Leninogorsk, Nurlat and Almetyevsk regions. The number of temperature transitions
through 0 °C increased, which led to an increase in the probability of ice formation, since icy-rime
deposits on the wires/cables of power lines are formed when supercooled drops of rain, drizzle or
fog freeze at temperatures from 0 °C and below [3]. During a relatively mild winter, with a sharp
difference in ambient temperature from positive to negative, drops of water settle on the
wires/cables and an avalanche-like process of formation of a thick ice crust begins, reaching a
thickness of several tens of millimeters, which significantly increase weights of wires/cables.

Deposits of ice, rime and wet snow pose a great danger to the normal operation of overhead
transmission lines (OTL). They can cause: a) misalignment of wires and cables and their
reprochement with each other; b) reprochement of wires and cables during a jump due to non-
simultaneous discharge of ice; ¢) intense dancing, causing short circuits between wires and
between wires and cables, burns of wires and cables, and in some cases damage to linear fittings
and fixtures; d) a significant overload of wires and cables and their breaks; e) destruction of
supports as a result of breakage of wires and cables during overloading from ice, when unbalanced
loads on supports from remaining whole wires and cables significantly exceed the calculated ones,
as well as when ice is combined with strong wind; f) overlap of the linear insulation of overhead
lines during ice melting, due to a significant decrease in the ice discharge characteristics of
insulators as compared to moisture discharge characteristics, which usually select the required
level of linear insulation [2].

Thus, it is necessary to accurately localize a site or defect that is problematic with ice, since
it is often difficult to travel along overhead lines (deep snowdrifts; natural barriers, i.e. marshy
terrain; relief, etc.), and the speed of preventing/eliminating an emergency directly related to the
losses incurred.

1. Overview of existing methods and means of determining mechanical loads on an
overhead power line

Wires and cables suspended to the supports of an overhead power line are constantly
exposed to a vertical load from its own weight, evenly distributed along the length of the line. In
addition, other loads can affect them: vertical from ice and horizontal from wind. Therefore, the
task of determining mechanical loads on an overhead power line from a practical point of view is
inextricably linked with the determination of ice-wind loads. Therefore, it is necessary to consider
the methods for identifying and monitoring these types of loads.

The following systems based on stationary devices are used to monitor the state of
overhead lines: CAT-1 (USA) [4], DiLin (RF) [5], Astrose (Germany) [6], LINDSEY (USA) [7],
etc.
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The CAT-1 system monitors weather conditions and mechanical loads at the points of wire
suspension to the support. The system is quite simple, but due to the patented analysis algorithms
it is possible to determine such OTL parameters as: sag arrow, presence of IRD. The main
disadvantage of this system is the use of strain gauges mounted on the traverse of the supports,
which complicates the installation of the CAT-1 system [8].

The operation of the DiLin system (RF) [9] is based on the frequency method [10,11] for
controlling ice formation on overhead lines. Monitoring the presence of icy-rime deposits on
overhead line wires is determined by the change in the speed of the electromagnetic field wave
along the power line wire. The appearance of ice on the wires is equivalent to the appearance of a
large number of short-circuited circuits covering the linear wire in the icing zone. With an increase
in the icing zone of wires and the thickness of the ice layer, the influence of these "active -
inductive" circuits also increases. This, in turn, leads to an increase in the wave impedance of the
overhead line. The active component of the resistance of icy contours leads to an increase in the
attenuation of the amplitude of high-frequency signals moving along the line. The reactive
resistance of the ice contours slows down the speed of the electromagnetic field wave along the
line wires. However, this method has several disadvantages: a high error in the localization of
defect sites (up to kilometers); increased influence of connections to the overhead line and
environmental factors (the internal resistance of the line changes, which affects the reflected
signals) [10].

The LINDSEY (USA) [7] and Astrose (Germany) [6] systems have proven themselves best
of the systems for monitoring the state of overhead lines by indirect methods. They include a tilt
angle sensor, a temperature sensor and a current sensor, which allows determining the mechanical
loads and parameters of the overhead line [11]. LINDSEY and Astrose are very informative and
form a self-organizing wireless data network. However, these systems have a number of
drawbacks: the mathematical model does not allow tracking the icing process, does not take into
account the hauling of the wire between adjacent spans, as well as the change in the overhead line
geometry depending on the wire temperature [8].

Thus, two methods are mainly used to calculate the mechanical loads of overhead power
lines: direct determination (using tensometric sensors) or indirect (inclinometry methods, which
are based on the angle of the wire).

2. Improved inclinometry method for determining mechanical loads on an overhead
power line

The most promising method for determining mechanical loads on a wire/cable is the
inclinometry method based on measuring the angle of inclination of various objects relative to the
gravitational field of the earth. As a verification method, a technique is being developed to
determine the mechanical loads on a wire/cable depending on the angle of its rotation around its
axis. In this case, the monitoring device should be installed in close proximity to the point of
suspension of the wire/cable to the string of insulators on the anchor support (for example, 1 meter
from the point of suspension of the wire/cable). This is possible due to the fact that when the
wire/cable is stretched, its rotation around its axis is observed, which allows obtaining additional
information, and therefore to improve the existing inclinometry method for determining the
tension of the wire/cable from its angle of inclination.

The spiral shape that is attached to the wire when twisting a high-voltage wire/cable is
subsequently maintained due to residual strains obtained by twisting. Stresses that occur in the
wire during twisting are mainly driven by bending and torsion. If the stresses are within the elastic
range, then the wire after the termination of the impact from external forces will restore its original
direct shape. In fact, when twisting a wire/cable, its rods always get residual deformations [12].

Due to the presence of mechanical deformations during tension of the wire/cable, its
rotation around its axis is observed, which allows obtaining additional information about the
behavior of the wire/cable on the overhead power line and consider it not within a single span, but
as a whole interconnected section with the redistribution of mechanical loads between spans.
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The methodology for calculating mechanical loads on an overhead power line using the
improved inclinometry method includes two stages: 1) the calibration stage; 2) the IRD calculation
stage.

2.1. The calibration stage

In the absence of IRD, when calculating the length of an unstretched wire/cable, we use the
theory of ideal cable (thread) to determine the unknown parameters [14].

The system of equations for fiber balance:

11 *
U=2(=—a’ggl
2(a dolo)

(€
L
sh(u) ==2
(u) 2a
where |is the span length, m; q is the gravity force referred to a unit of length of an unstretched
wire/cable, N/m; a:i is the ratio between the horizontal gravity force to the gravity force
do

referred to a unit of length of an unstretched wire/cable; a*is the specific relative elongation of
cable/wire, N:: L is the length of the unstretched wire/cable, m.

To simplify further calculations, a variable u is introduced [14]:
u=Intg(Z+2) @)
4 2

where o is the wire/cable tilt angle at the suspension point.

Based on the system of equations of balance of the fiber balance, by means of exclusion of a and
expression, L, we obtain the following expression for determining the length of an unstretched

wire/cable at the current temperature:

_-u+ \/Z(x*l x g xsh(u) +u?
a Qg
Based on the fact that the length of the unstretched wire/cable is calculated according to its

physicochemical characteristics at a temperature of 20 °C, it is necessary to take into account the
change in the length of the unstretched wire/cable depending on the ambient temperature. In the

formula listed above, the temperature dependence is observed for the parameter (g since when the

length of the wire/cable changes, its linear mass also changes. Therefore, the gravity referred to the
unit length of the unstretched wire/cable will be equal to:

—__ Yot 4

907 T8t 1) ®

where qq. is the gravity force referred to the unit of length of the unstretched wire/cable (obtained
by multiplying the gravity acceleration by the linear mass of the wire/cable taken from the
handbook) [15]; tgis the temperature of wire/cable fabrication, °C;t, is the current temperature of

Lo ®)

wire/cable, °C; B is the temperature coefficient of linear elongation, °C™.

A wire/cable has the lowest intrinsic stress in the absence of external forces acting on it at
the temperature of its fabrication. Therefore, it is necessary to divide the current length of the
unstretched wire/cable to the length of the unstretched wire/cable at the temperature of its
fabrication:
= Lo

1+P(ty-tg)
where L is the length of the unstretched wire/cable at current temperature, m; L, is the length of

the unstretched wire/cable at the temperature of its fabrication, m.
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To reduce the possible error, the parameter L should be averaged over the entire

calibration period (overhead line operation time without IRD).

To describe the rotation of the wire/cable, a rope model should be considered [16].

At the ends of the rod span, the wires/cable are rigidly connected to each other and
therefore receive the same end displacements, which means that in any section of the wire/cable
along the length, all wires receive the same displacements. This means that due to the
compatibility of the elastic displacements of the wire layers, despite the contact pressure between
them, the internal friction forces can be neglected.

Thus, we obtain a generalized equation of static wire/cable;

T = Axg+Cx0 ©)
M =Cxe+Bx0

where T is the gravity of wire/cable; M is the cross-section torque of wire/cable; A,B,C , are the

generalized wire/cable stiffness factors;

ds-dsg
dSO

dsgchanges; €is the longitudinal deformation in the rod of wire/cable; 0is the angular

wheres ds is the longitudinal displacement of rods when the length of the wire/cable

deformation in the rod of wire/cable, 6 = :—(P where de is the angular displacement in rods w
So

when the length of the wire/cable s, changes.

The generalized equation of wire/cable statics gives a complete description of its aggregate

mechanical properties during tension and torsion. For a mechanical system, the number of degrees

of freedom is equal to the number of joint equations describing its displacements under the

influence of an external load. For a wire/cable, we have a system of two equations. Therefore, it

acts as a system with two degrees of freedom, that is, all its mechanical properties are similar to

that for an elastic system with two degrees of freedom.

To do this, we consider the main special cases of load on the wire/cable: pure tension and free

tension.

Pure tension is observed when the wire/cable is stretched by force T when its ends are fixed
from rotation (0 =0).This mode of mechanical loads is characteristic for the operation of the
wire/cable in the spans with bushings. In this case, the following relations are obtained:

T = Axg
{M =Cxg ¢

From the first equation it follows that the coefficient Ais the elastic modulus of the
wire/cable.

If in case of pure tension, one removes the securing of the second end of the wire/cable
from rotation, then the wire/cable under the action of internal torque will unwind. This mode of
mechanical loads is characteristic for the operation of the wire/cable in the spans with one passage
and one anchor support. The external moment is zero (M =0) This type of load is called free
stretching.

Moreover, we obtain the following equalities:

CZ AxB
= -—e— )\ Xe=(—m - X 8

The factor before ¢ characterizes the longitudinal displacement of the rods, and the factor
before 0 characterizes the angular displacement of the wires in the wire/cable. Based on this, we
obtain the following equation for the dependence of the extension of the wire/cable on the angle of
rotation around its axis, which is then simplified by dividing both parts by ds;,and independently

integrating both parts of the expression:
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2 X
j(A-%)xds:j(%-C)xdcp:AL=%A(p ©)

where AL is the change in length of wire/cable; Agis the change in the rotation angle of the

wire/cable around its axis.
To calculate the elongation of the wire/cable, we use the formula from the hyperbolic
model of wire calculation [17]

AL=%?axq0D+LO@hﬂo—a*xaxqoﬂ. (10)
Thus, the identity in formula (9) takes the following form:
oc*axqo[l + Lo (ch(u)-o” xaxqo)}

2
where ¢ is the angle of rotation of the wire/cable around its axis at current mechanical loads on

(1)

B _
E((Pl Pp) =

the wire/cable and the ambient temperature before IRD appearance; ¢ is the initial angle of

rotation of the wire/cable around its axis until the appearance of the IRD.

In expression (11), the coefficient of the ratio of horizontal gravity to gravity, referred to

the unit length of the unstretched wire/cable, is determined as follows:
_ Lo
2sh(u)

From formula (11) we take ¢ and calculate it at the current temperature. At the same time,
one should not forget to correct the gravity referred to the unit length of the unstretched wire/cable
to its current temperature in accordance with formula (4).

To reduce the possible error in determining the initial angle of rotation of the wire/cable
around its axis, the parameter ¢, should be averaged over the entire calibration period (the period
of overhead line operation without IRD).

Thus, the calibration step ends when determining the initial angle of rotation of the
wire/cable around its axis, as well as the length of the unstretched wire/cable at its temperature of
fabrication.

The stage of determining mechanical loads on an overhead power line by the
improved inclinometry method

When the preconditions for the IRD formation (humidity above 80%, the temperature of the
wire/cable is in the range from 0 to -5 °C) appear, the system for determining mechanical loads
switches to control mode.

The simplification variable u is calculated by the formula (2) at the inclination angles of the
wire/cable for cases of rapid increase in mechanical loads on the wire/cable (for example, the
formation of IRD).

Next, the length of the unstretched wire/cable is calculated at the current temperature in
relation to the length of the unstretched wire/cable at the temperature of its fabrication in
accordance with formula (5):

(12)

Log = Lot (1+B(t1-tp)) (13)
In formula (11), we replace axqgwith H and express the horizontal tension force of the
wire/cable:
* * * B
o”(I+Log xch(u))-\/(a )2(1+ Log xch(u)?-8(c.") *Log (01-90) <
H = SENCE)

20" Lgg

As a result, we find the gravity of the wire/cable:
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T = H xch(u) (15)

For an overhead power line, it is the wire/cable tension parameter that is critical in terms of
mechanical stress. Therefore, the process of determining mechanical loads on an overhead power
line can be completed at this stage.

Results and discussion

The data obtained from monitoring systems include the error of the measuring sensors.
Thus, the developed system for monitoring mechanical loads on a wire/cable has instrumental and
methodological errors.

Instrumental errors include deviations of sensor readings. For this model, the following data
is required: the angle of rotation of the wire/cable around its axis, the angle of inclination of the
wire/cable and the temperature of the wire/cable. The maximum deviations in the readings of the
sensors in the range of formation of ice deposits (from -20 to 0 °C, from 70 to 100% of relative
humidity) are: = 0.2 ° C for temperature; 0.0039 rad along the axes X and Y.

To test the method for determining the mechanical loads on the wires/cables of overhead
lines, we calculated the steel lightning protection cable S-50 for an anchor span of 50 meters in
length, where conditions for free rotation of the lightning cable under consideration appear. The
length of the unstretched cable Ly, was taken equal to 50.1 m. The stiffness factors A=9.196-10°
N, B=6.521 N-m? and C=5.994-10° N-m for the S-50 cable were taken from the table of the book
“Steel hoisting ropes "[16] for the type of strand 1+6+12. In addition, the following S-50 cable
parameters were used: B = 12-10°°C™, gy =4.094 N/m; ¢ o =0°.

As parameters for calculation mechanical loads on overhead power lines, the conditions for
operating the overhead line at a temperature of -5 °C without IRD on the cable, as well as in the
presence of an IRD with a diameter of up to 40 mm, were selected” [18].

The load from ice formations on the cable was calculated by the following formula
Ty =0gg *9.8xmxCx(deqy +C)* Log (16)

where dog is the IRD density (900 kg/m®); cis the thickness of the icy socket, m (c

=0.01545 m); d .,y is the wire diameter, m (for S-50 d .o, = 0.0091 m).

Thus, the load from an IRD with a diameter of 40 mm on the S-50 cable at a
temperature of -5 °C is 526.6 N.

In the absence of IRD on the cable, the angle of rotation of the cable around its axis is
3.452 rad, and the angle of inclination of the cable is 0.103 rad. When an icy socket with a
diameter of 40 mm appears on the cable, the rotation angle of the cable around its axis is
101.984 rad, and the angle of inclination of the cable is 0.153 rad.

Based on formulas (14) and (15), we find the value of the tension force of the
wire/cable:

) (I+ Log xch(w)) '\/(| +Log xch(u)) ?-8Log (¢ '(Po)g

T *
200 Lgg xcos(a)

(17)

The resulting dependence of the obtained tension force of the cable on the angle of its
rotation shown in the figure.

The tension strength of the wire/cable depends on 3 parameters: the angle of rotation of the
wire/cable around its axis, the angle of inclination of the wire/cable and the temperature of the
wire/cable. Therefore, when calculating the error, it is necessary to take into account the influence

! PUE. 7-nd. Pt. 2.5. Vozdushnye linii elektroperedachi napryazheniem vyshe 1 kV. M.: OAO «VNIIE»,

2003. Available at: https://www.ruscable.ru/info/pue/2-5.html.
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of these parameters on the result of calculating the tensile strength of the wire/cable:
AT = d—TA(p+d—TAa+d—TAt (18)

df do dt
where At Is the deviations in the readings of the temperature sensor in the range of ice formation.
The error of the developed method [18] was analyzed by comparing it with the previously
developed method for monitoring ice on the wires of an overhead power line. The algorithm for
calculating the error of the previously developed methodology is described in detail in the
dissertation “System for the automated monitoring of ice deposits of overhead power lines based
on the inclinometry-meteorological method” [19].
8100
7100
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Cable tension force, N
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1100
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Fig. Relationship between the tension force of the cable and the rotation angle

For the conditions described earlier in this article when calculating the mechanical loads on
the S-50 cable, the error of the developed method (taking into account the angle of rotation of the
wire/cable around its axis) and the method developed earlier (excluding the rotation of the
wire/cable around its axis), amounted to 0.46% (1.27 N) against 42.6% (118 N) with a minimum
load and 0.04% (3.55 N) against 2.2% (183.94 N) when an icy socket with a 40 mm diameter
appeared on the cable, respectively.

A comparison of the classical inclinometry and the developed methodology, taking into
account the rotation of the wire/cable, is used as an example for calculating the S-50 by such
characteristics as sensitivity and errors, in the range of operation from the minimum load to the
load when an ice- socket with a diameter of 40 mm is formed on the cable is presented in the
table.

Table
Comparison of the classic and developed methods that take into account the rotation of the cable
Characteristics Classic Developed
Temperature sensitivity, N/°C 45 0.05
Inclination angle sensitivity, N/deg 2230 + 3375 4-+17
Rotation angle sensitivity, N/deg No 1.4
Error of the method, % 2.2+42.6 0.04+0.46

Thus, the developed method for control the mechanical parameters of overhead power
lines, taking into account the rotation of the wire/cable around its axis, is more accurate than the
IRD determination method developed previously [21]. However, in practice, it is possible to use
this technique based on the improved inclinometry method for the rotation angles of the wire/cable
up to 180 °, which is due to structural limitations of the rotation of the wire/cable when attaching it
to the support. In this case, the initial angle of rotation of the wire/cable is taken equal to 0°
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degrees when the tension force of the wire/cable is close to the mounting one and at the
temperature of this wire/cable fabrication. Thus, the diameter of the ice-clutch for calculating the
S-50 ground wire in this article should not exceed 12.5 mm and is made only for flights with one
anchor support.

Conclusions

A method has been developed for determining mechanical loads on wires/cables of
overhead lines based on mathematical models of ideal cable, rope and a model for determining ice
deposits on wires [15-17,20], taking into account the rotation of the wire/cable around its axis.
This method allows more accurate determining the elongation of the wire/cable in the span with
one anchor support, as well as the its tension force, however, it requires additional refinement
related to the influence of the wind, the formation of IRD of various shapes, as well as structural
limitations of the rotation of the wire/cable when attaching it to the support. The implementation
of this technique will allow monitoring the mechanical parameters of wires/cables, as well as
identifying areas with the formation of IRD in the early stages in order to prevent related
emergencies.

The methodology for monitoring the mechanical parameters of overhead power lines based
on the improved inclinometry method is the result of studies described in [17, 20]. For the
practical implementation of the method, a technical solution was developed in the form of a

measuring device for monitoring the mechanical parameters of an overhead power line [21].
The developed methodology for determining the mechanical loads on the wires/cables of
overhead lines and the mathematical model are tested on the SMG-16 system, which was put into

trial operation at PJSC Tatneft.
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