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METHODS VERIFICATION FOR ELECTROTHERMAL CALCULATIONS
OF ELECTRIC REACTORS WITHOUT STEEL

Based on the example of the reactor without steel, type ROM-510/26 with electromagnetic shields, verification of
analytical and numeral finite-element methods is carried out by the calculation results comparison. For the purpose of
corrected analytical calculation, horizontal and vertical shields of the reactor are represented by the system of short-
circuited elements to consider their final dimensions. Calculation is performed as to their inductances, distribution of
currents and losses in the shields, magnetic-field and losses in winding, calculation of winding heating by means of the
«overheating» empirical method. It is illustrated that analytical calculations correspond to the researches using numeral
methods of the electromagnetic and thermal CFD-analysis with sufficient accuracy. For the purpose of practical application
in industrial designing of the equipment, the methods with approved and checked measurement results are recommended.
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INTRODUCTION

Power electrical reactors for AC and DC HV transmission
lines are distinguished by a great variety of design selected
with consideration of their functional purpose, required
capacity and voltage class [1]. In particular, three-phase
and single-phase smoothing shunt and current-limiting
ironless reactors equipped with electromagnetic shields are
widely used. In case of three-phase reactor, shielding is
performed for each of the windings, so the main features of
electromagnetic and thermal processes could be analyzed
using the single-phase reactor as an example, particularly
the reactor type ROM-510/26.

The reactor winding is subdivided by vertical cooling
channel into inner cooling channel (IC) and outer (OC)
concenters designated in Fig. la as (1-1) and (1-2). The
reactor comprises the top (TS) and the bottom (BS) horizontal
(2) and vertical (3) shields. Steel clamping plates (4) and
cylindrical tank (5) are manufactured from structural
ferromagnetic steel. Oil flowing is directed by winding
cardboard cylinder (6). The winding end faces are equipped
with cardboard supporting (7-1) and pressing (7-2) rings.
Transformer oil is employed for cooling purpose together
with external natural cooling system.

The simplified analytical calculation methods of a series
ofironless (air-core) reactor parameters are widely known -
inductance, magnetic field, currents distribution and losses
in the shields, representing them not as the limited-size
bodies, but in terms of boundaries of the design model [1].
Thermal calculations of structural elements are not
considered.

The evaluation relevance of complex refined analytical-
empirical and numerical finite-element method (FEM) of
electromagnetic and thermal calculations of the reactors is
determined by necessity of development of competitive
equipment having ultimate electromagnetic and thermal
loads not compromising their operational reliability.

The aim of the work is to verify the operational analytical
methods more laborious numerical approaches in order to
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establish the practical guidelines for their application within
industrial designing of the equipment. This also set the
verification challenge for both recognized analytical methods
and practical procedures of numerical model analysis, in
particular, during calculation of the losses and temperature
rises of the reactor structural elements.

BASIC EQUATIONS AND APPROACHES
TO ELECTRO-THERMAL CALCULATIONS
OF THE REACTOR

Calculation of electromagnetic processes in the ironless
reactors, as well as in other types of power transformer
equipment based on the solution of Maxwell’s equations
with respect to the magnetic f7, electric g fields, magnetic
flux density B and total current equals to the sum of the
extraneous (given) currents J,, and eddy currents J in
the conductive bodies (bias currents at power frequency

voltage supply are neglected)

VxH=Jes+Js, VxE=-0B/ot, V-B=0.(1)
Equations (1) are supplemented by material equations
B=uH, J; =cE, in which the field parameters linked
through the values of magnetic inductive capacitance 1
and electric conductivity o, are considered for anisotropic
media such as tensors. Electrical conductivity is nonlinearly

dependent upon the temperature 0(9). The relationship
between induction and magnetic field strength for
ferromagnetic media is nonlinear, and it is actually hysteresis
ofnonlinearity.

Solutions of these equations are limited by analytical
methods to rather simple cases of design models geometry
and finite values of constructive parameters [1-3].

In particular, for analytical electromagnetic calculation
ofthe reactor [3], the cylindrical model (Fig. 1b) is used, in
which horizontal boundaries (the reactor tank bottom and
cover) are perfect ferromagnetics | = % . The outer cylinder
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(tank wall) is characterized by finite values 1 and zero
conductivity 6. From (1), for electromagnetic field model
the respective boundary value is generated Poisson’s
equation with respect to the component value of magnetic
vector potential 4 (7, 2), to be introduced into (1) according
to definition B = rot A . Its solution is obtained in terms of
Fourier-Bessel series [3]. Using the known definitions of
the vector magnetic potential terms, the flux linkages ¥, ;
(n=1,.,N, j=1,..,N), the self-inductions L, and
mutual inductances Ly jofthe element, radial B, and axial
B, components of the field density are calculated

21 Y,
V= '[A(P’j(r,z)rdrdz’ L, :%
ns, J

>

04 10

Br=m By o). ®

At the moment the practical FEM-procedures of
numerical simulation of equations (1) for the calculation of
the magnetic field, inductance, losses in the conductive
structural elements of nonmagnetic and ferromagnetic steels
of the transformers and the reactors are developed and
tested [4]. Since the inductance of the reactor is determined

via the energy JJ/ of the magnetic field and the current |
in winding

2
2w 2 B
L= -2 2 gy
| , ®)

174 H’V (B v )
where I/ is three-dimensional volume of the reactor design
model, including in the structural parts with nonlinear

relationship u(B) .

In elementary volumes vV of the shields FEM-models

are calculated as eddy-current losses Py, ; averaged within

T period, and in the ferromagnetic clamping plates and in

the tank, hysteresis losses Py, ; are added to them

T T
pv,_,-=é%(j)jv2(t)dt’ Pv,h:%_([ph(Bm,V)dt, )

where pj, (Bm,v) - specific volumetric losses determined by

the area of hysteresis loop, which depends upon crest value
of field density.

The results of loss calculation in the reactor windings
and structural elements are the foundations for calculation
of their heating (temperature rise).

For the purpose of analysis of thermal processes in
transformers and reactors with oil cooling as referred to the
most complete formulation, Navier-Stokes equations of
motion and continuity of the cooling liquid should be
employed [5]

V- (p¥)=-VP+V-(7)+pg,

_ - - 2 _»
) EE R R IS
to be added by energy conservation equation
V(-1V6)=0,-pC(7-V8), ©)

where 9, p and y - volumetric distribution of temperatures,
powers and velocity vectors in cooling liquid (in transformer
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Figure 1 - Air-core reactor: a) design sketch; b) analytical model with system of short-circuited shield elements; ¢) numerical
electromagnetic model and magnetic field lines
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oil), O, - volumetric densities of heat sources; p, 1, C

and ), - density, dynamic viscosity, thermal capacitance
and oil thermal conductivity; g - vector of gravitational

acceleration vector, matrix j determines direction of unit
vectors of selected coordinate system.

To study the problems of heat and mass transfer in oil-
cooled transformer equipment the well-known methods of
Computational Fluid Dynamics (CFD) of numerical simulation
of equation system (5), (6) are employed. Currently, the
practical experience as to CFD-modeling of transformers and
reactors have been obtained [5]. The assumptions are
adopted that actual designs of magnetic systems, windings,
tank and external cooling system could be calculated reduced
by means of axially symmetrical design models. Nonlinear
relationship between the parameters of oil and the
temperature given in [6] are considered. Nonlinear
relationship between the losses and the temperature is taken
into account approximately. The calculation results contain
the fields of the temperatures and velocities of oil in the
analyzed model.

In the practice of industrial designing purposed for
determination of winding temperature rises, the problems
(5), (6) solution is replaced by empirical study. The so-called
“overheating” calculation and empirical method are widely
used [7], which based on application of empirical factors of
heat transfer in averaged-surface coils of windings with
simplified consideration of oil temperature at the location of
coils. Resulting temperature rise of the coil above oil is the
sum of temperature rises above coil surface oil, temperature
gradient as to conductor strand insulation thickness and
total insulation of the conductor. As a result, average
winding temperatures and hot spot temperatures (HST) of
the coils are determined.

Specified basic equations and methods are employed at
calculation of the reactor under consideration.

ANALYSIS OF ELECTROMAGNETIC
PARAMETERS BASED ON REACTOR TYPE
ROM-510/26

For the purpose of more precise analytical calculation
of the reactor electromagnetic calculation, the cylindrical
model [2] (Fig. 1b) is used, which has the shields with finite
sizes represented by a system of short-circuited elements
connected in parallel with common grounded units. The
winding is subdivided into the elements with a uniform
density of turns. Total number of equivalent circuit is N .
Taking into account the material conductivity of the winding

conductors and the shields, the resistances of R, elements
are assessed. Equivalent electric circuit of winding and
shields parts is plotted. Voltage source U, with specified

circular power supply frequency o = 2nf" is applied to the
winding. Using Kirchhoff law, the matrix system of equations

for voltage drop currents in the elements is formed

ioLl +RI =TU+TU,;, T i=0;, i=v-1. ()

where L= {Ln j}‘ —matrix of self and mutual inductances

of the elements; / ={/ qi til,;} - complexes vector of

active (a ) and reactive () current components of the
elements; U ={U am TiU rm} - complexes vector voltages
in m=1,..,M units equivalent circuit as referred to

grounded units; T:{Tnm} - matrix of elements

*

connection; I ={T,,,} - matrix transposed to T ;

Ty ={To,} - vector of elements connection with power

source; R= {Rn j} - matrix of elements resistances (at
n#j Rn j= O)'
As a result of the equation (7) solution, the vectors of

active I, = {I,,} and reactive I, = {I,,} currentsin the

elements compose 1, = (I,,T;). I, = (I,,T,) and module

ofinput current J =,/7 3 47 r2 , input impedance 7= Uo/f

of the reactor.

Using appropriate software and methodical complex
(SMC) with reference designation RLI [8], the following is
calculated and determined: induction parameters, automatic
generation of Kirchhoff equations system and its solution,
distribution of the currents and losses in the shields;
determination of the reactor input impedance and calculation
of magnetic field induction components in the winding for
reactive component of the current.

By means of SMC RST [8] ohmic resistance is also
evaluated, and using known magnetic field the stray losses
in the winding conductors due to eddy currents are
determined with calculation of the winding electrodynamic
strength.

Results of electrodynamic calculations of the reactor type
ROM-510/26 are given in Fig. 2 and Table 1.

Electromagnetic numerical calculations of the reactor is
carried out using the methods of [4] in the harmonic setup
taking into account the currents inverse effect in the
conductive shields. FEM-model of the reactor and distribution
of the magnetic field lines is shown in Fig. 1c. Comparison of
calculation results of the magnetic field induction components
atthe winding elements by means of analytical and numerical
methods was shown their complete match.

For the reactor under consideration the additional eddy
current losses at the winding edges are approximately equal
to ohmic losses, thus distribution of volumetric losses ¢ in
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the coils throughout of the height /7 of winding concenters
has strongly uneven nature — Fig. 2a.

Along the width of horizontal shields, distribution of
current density is essentially uniform. In the vertical shield

with height 4 the density of current j from the inner to the

outer shield surface is almost twice reduced — Fig. 2b. Such
unevenness is represented especially strongly in the middle
part, and virtually invisible on the edges of the shield.

To improve the accuracy of the analytical calculation
the vertical shield is represented by four layers, and this
allows to consider the field attenuation along shield
thickness and approaches the values of currents and losses
to FEM-calculation — Fig. 2b. By vertical shield height for
RLImodel, the densities of the layers I, IT, ITI, IV and average
values RLI-avr are shown. Solid line is the result of FEM-
calculation of averaged densities across the shield thickness.

Curves of current density j distribution across the width

b of the top shield are shown in Fig. 2c. At internal edge of

the shield the surge of the current density is observed, which
could not be determined by the simplified calculations [1].

Calculation results of the input resistance (impedance)
and the losses in the reactor as well as measured values are
shown in Table. 1. In Calculation column the losses in vertical
shield for two of RLI models are shown: made of four layers
and one layer.

The Table columns Measurements and FEM, the winding
losses are assigned on the basis of RLI, RST. As usual, by
subtraction of winding losses from the total measured losses
of the reactor, the measured losses in structural elements
are determined. As can be seen from the Table 1, the
calculated losses are close to the measured values. In
ferromagnetic clamping plates and in the tank the losses are
almost negligible.

STUDY OF THERMAL MODELS

During analytical calculations based on known losses
in the winding coils and oil temperature in the tank using
empirical method of “overheating” [7], the winding average
temperature rise and HST of the most heated coil above
ambient cooling temperature (ACMT) is performed. To
calculate winding temperature rise, SMC TKL is employed,
and SMC RCO is used to determine the parameters of cooling
system and oil temperature in the tank [8]. Calculation results
for the reactor under consideration are shown in Table 2.

Axially symmetrical numerical model for calculation of
the reactor thermal calculation according to method [5]
corresponds to Fig. la. Heating elements are winding,
shields, clamping ferromagnetic plates, and tank. Cardboard
cylinder adjacent to the winding, supporting and pressing
rings are taken into account. The geometry of the model is
limited to the surface of the tank.

Winding concenters are represented by the coils with
anisotropic factors of thermal conductivity both in axial and
radial directions defined by conductor type. Within each
coil the losses are assigned as uniform, along the concenters
height - according to Fig. 2a.

Losses in the shields are assigned as averaged values
as to their thickness according to distribution in FEM-
calculations (Fig. 2b, 2¢). Losses in the clamping plates and
the tank are uniformly applied in their volume due to their small
size. The factors of heat transfer to air and ambient air
temperature are assigned at the tank surface. External cooling
system is represented by boundary conditions at oil inlet to
the tank bottom part according to bottom oil temperature and
oil flow velocity at its inlet obtained by testing (or by RCO
calculations), which ensures measured temperature of top oil.
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Figure 2 - Distributions: a) of volumetric losses in the coils by height of winding concenters; b) of current densities in vertical shield;
¢) in top horizontal shield

29



EJNNIEKTPOTEXHIKA

Distribution of heating in absolute temperatures and oil
flow velocity field (m/s) in the reactor volume obtained by
means of CFD-simulation (modeling) is shown in Fig. 3.

More details of temperatures distribution and the fields

to higher velocities oil flow in the inner vertical axial cooling
channel. Area of oil flow adjacent to outer surface of the coil
takes about 30 mm according to the picture of velocity
distribution (Fig. 4b).

of oil flow velocity at the concenters’ upper part are shown
in Fig. 4. Uneven heating of the coils as to radial size is due

30

Table 1 — Calculated and measured values of input resistance and losses

Measureme |RLI, RST FEM
nts
1 Input resistance, Ohm 1311 1319,9
— reactive component - 131,9 1318,5
— active components - 14,53 -
2 Load losses, kW
. . 3,737 3,737 3,737
2.1 Winding — baswl B 0.797 797
— stray losses 4,534 4534 4534
— total losses
2.2 Horizontal shields - 0.658 0.727
2.3 Vertical shield  — 1% layer — 0,520 —
— 2™ Jayer 0,258 _
— 3" Jayer 0,182 -
— 4™ layer 0,171 -
— sum of four layers 1,131 1,154
— RLI model of one-layer 0.826 -
shield
2.4 Clamping plates — — 0,016
2.5 Tank — — 0,010
Total losses in structure 1,881 1,789 1,907
Total losses in reactor 6,415 6,324 6,442
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Figure 3 - a) temperature field; b) oil flow velocity field
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To calculate the temperature rises A¢ (K) of the coils above
ACMT 20 .C. Oil temperature at the level of each coil is
determined by averaging of oil temperatures along the perimeter,
which is separated from the coil surface by half of the horizontal
channel height. Calculation results are shown in Fig. 5.

Uneven distribution of average temperature rises of coils
and their HST along the height of winding above ACMT is
determined by uneven values of applied losses according
to Fig. 2a, as well as by almost linear increase of oil
temperature throughout the tank height, Fig. 3a. Heating of
external concenter is less if compared with internal concenter
due to better oil cooling of external concenter uncovered by
the vertical cylinder.

Distribution of the loss volumetric densities and
temperature rises of the shields are presented in Fig. 6.
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In temperature rises of the vertical shield, the calculated
temperature jumps are observed in lower and upper parts
being «cut» in the design model, at the area of oil inlet and
outlet in the tank. Such matter is conditioned by
representation in the model of actual holes in the shields by
means of calculated circular slits, which ensure oil inlet and
outlet in the tank. At the same time, the model ensures

assessment of maximum temperature rises At =29 K at

the shield medium part with required accuracy, at g, = 12

kW/m?.
Due to finite size of upper horizontal shield, the maximum

losses gmax = 87 kW/m®are localized at its internal edge in
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Figure 4 - a) temperatures field at upper group of winding coils and in ambient oil; b) oil flow velocity field in vertical and horizontal
channels of upper part of winding
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Figure 5 - Distribution of temperature rises above ambient air of average temperatures (a) and hot spot temperatures (b) in winding

coils
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the region of maximum magnetic field of the winding. Atthe
same time, owing to perfect thermal conductivity of
aluminum, the temperature rises have almost uniform nature,

Aty =32K.

In the above formulation, the reactor numerical model
reactor has academic novelty in terms of joint
electromagnetic and thermal CFD-analysis. The well-known
works represent simplified calculation of structural elements
heating using empirical averaged heat transfer factors
(constants) from the surfaces of the elements to the cooling
oil. In the model under study, heat transfer from the surface
of finite sizes of horizontal and vertical shields is determined

by the numerical solution of heat and mass transfer equations
(5), (6), taking into account the uneven distribution of
volumetric heat sources Q, .

The test results and the calculation of temperature rises
above ACMT are given in Table 2. Rather sufficient
agreement between the test results and CFD-calculation
results as referred to temperature rises of medium and bottom
oil in the tank, and average winding temperature were
obtained.

The obtained temperature rises of the windings and the
shields confirm the validity of selection of electromagnetic
loads, cooling system parameters and reliability of the reactor
operation, including those at possible long-term fault currents.

Table 2 — Temperature rises (K) above ACMT in the reactor design

Structural part

Oil  —top

— medium

— bottom

Internal/external concenter

Winding

HST: internal/external concenter

Shield — upper

— lower

— vertical
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Figure 6 - Distribution of the loss volumetric densities and temperature rises above ambient temperatures: a) in vertical shield; b) in
upper and lower horizontal shields
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CONCLUSIONS

1 The compliance degree of calculation and
measurements of the losses and temperature rises obtained
using the example of the reactor ROM-510/26 is sufficiently
verify the analytical-empirical and the numerical methods of
calculation of electromagnetic and thermal parameters of
ironless reactor with the shields, and provision of the
recommendations as to their practical application.

2 It should be considered that simplified representation
using analytical method for the vertical shield without
separation as to thickness could lead to assessment of
reduced losses in the shield by 10—15%, that is essential for
total losses used to determine the necessity of external
cooling system utilization, and evaluation of its parameters.
Numerical studies also demonstrate that in spite of
considerable concentration of the losses at the edges of
horizontal shields, their heating is even enough owing to
high thermal conductivity of the shield metal.

3 The numerical model of the reactor under consideration
possesses academic novelty as referred to electromagnetic
and thermal analysis of structural elements temperature rises
has heat transfer. CFD-model under study from the surface
of horizontal and vertical shields finite sizes, clamping plates
is determined by means of numerical solution of heat and
mass transfer equations with consideration of uneven
distribution of volumetric sources of heating, unlike the
conventional simplified estimates using the empirical factors
of heat transfer.

4 In the cases of direct measurement of hot spot
temperatures in windings, or structural parts, using for
example, up-to-date system of fiber-optic sensors, it is
recommended to carry out numerical simulation (modeling)
for the purpose of calculation justification of the locations
and the values of maximum temperatures. Obtained values
could also be used for the purpose of adjustment of the
equipment monitoring systems within operation.
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BEPU®PIKALISA METOAIB EJTEKTPOTEIIJIOBUX PO3PAXYHKIB EJTEKTPUYHUX PEAKTOPIB BE3

CTAJII

Ha npuxnaoi peakxmopa 6e3 cmani muny POM-510/26 3 erexmpomacHimHumu expanamu nopieHAHHAM pe3).ib-
mamie po3paxyHKie nposedena gepugikayis AHATIMUYHUX | YUCETbHUX CKIHYEHO-eleMeHmHUx Memoois. [lia ymoune-
HO20 AHANIMUYHO20 PO3PAXYHKY 20PUSOHMANbHI | 6ePMUKATbHULL eKPAHU peakmopa O 8pAxy8aAHHA iX KiHYesux
PO3MIpI8 Npedcmasieni CucCmemMor KOPOMKO3AMKHEHUX eleMmenmis. Bukonyemuvcsa pospaxynok ix indykmuenocmell,
PO3NOOITY cmpyMi6 | 6mpam 6 eKpaHax, MazHIMHO20 NOJsL [ Bmpam 6 06Momuyi, pO3pPAXyHOK HAZPI8Yy 0OMOMKU eMRiput-
HUM Memooom «nepezpisiey. Ilokaszano, wo ananimuuui po3paxyHku 3 00CMAmHbOI MOYHICMIO 8I0N08I0ANb 00C-
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I0JCEHHAM YUCETbHUMU Memodamu enekmpomacnimuozo i mennogoco CFD-ananizy. Anpoboeani i nepegipeni pesynb-
mamamu UMIpi6 Memoou pekoMeHO08aHi O NPAKMUYHOLO 3ACMOCY8AHH NPU NPOMUCIOB0MY NPOEKMYBAHHI YC-
MamKy8aHHs.

Knrwowuosi cnosa: peaxmopu, enekmpomazHimui eKpany, enekmpomeniosi po3paxyHku

HBankos B. @.!, Bacosa A. B.2, Illynera H. B.?

"Kanz. TexH. HayK, HayanbHUK Haboparopuu [1AO «3anopoxtpanchopmaropy, YkpanHa

*Benyumii unxenep-kouctpykrop [1AO «3anopoxrpanchopmaropy, YkpanHa

*Benyumii unxenep-kouctpykrop [1AO «3anopoxrpanchopmaropy, YkpanHa

BEPUPUKANUA METOJOB JIEKTPOTEIIIOBBIX PACYETOB 3JIEKTPUYECKHUX PEAKTOPOB
BE3 CTAJIN

Ha npumepe peakmopa 6e3 cmanu muna POM-510/26 ¢ snexmpomacHumubimu SKpanamu cpasHeHuem pe3ynbma-
MO8 pacyemos npogedena BepuPuKayUsi AHATUMUYECKUX U YUCTEHHBIX KOHEUHO-2NeMEHMHbIX Memo0os. s ymounen-
HO20 AHATUMUYECKO20 pacyema 20pu30HMAaIbHble U BePMUKAIbHLIL  IKPAHLL PeaKkmopa Ois yiema ux KOHeYHbIX
Pasmepos npeocmagienbl CUuchemoll KOpOMKO3AMKHYMbIX 1eMeHmos. Beinonnsemes pacuem ux unoykmugnocmeil,
pacnpeodenenus MoKo8 U NOmepb 8 IKPAHAX, MACHUMHO20 NOJIA U NOMePb 8 0OMOmKe, paciem Hazpesa 0OMOMKU
IMAUPULECKUM MEMOOOM «nepecpeosy. [lokazano, umo ananumuyeckue paciemsl ¢ 00CMAMOYHOU MOYHOCHbIO
COOMBEeMCmMEYIom UCCIe008AHUAM YUCTEHHBIMU MeMOOamu dneKmpomacuumnozo u meniosozo CFD-ananuza. Anpo-
buposannvie u nposepennvie Pe3yIbmamamu UsMepeHull Memoosbl peKOMeHO08AaHbl Ol NPAKMUYECKO20 NPUMEHeHUs!

npu NPOMbIUAEHHOM NPOEKMUPOBAHUU 0OOPYOOBAHUS.

Knrouesvie cnosa: peaxkmopbl, 3IEKMPOMACHUNIHbLIE IKPAHRbL, SJ1EKNMPOMENIOBble PACHenibl
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