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Abstract

Electrical reactors used in the power industry are equipment that typically includes multiple coils, and a high electric
current passes through to about a few kilo amperes. In accordance with the technical specifications, dimensions, structure
and physical shape othe equipment, magnetic fields are formed around them. The magnetic field of this equipment can
affect the steel structure of the foundation and its retainingeinforcement concrete structures and cause the induction of
the voltage of the rotary andstray electrical currents in the rebar meshand the heat losses and metal components of the
reactor foundation. Mechanicaktresses causdny generated heat in stegkebars can cause failure, cracks and reduction of
reinforced concrete durability. In this reseach, the reinforced concrete foundation of Tyristor Controlled Reactorsby
exposed to a lowfrequency magnetic field and a relatively large flux density is simulated and analyzed using the ANSYS
Workbench software. The amount and distribution of temperature and mechanisitessin the foundation were obtained
and the resultsof software output were compared with the scientific criteria ofraction and failure. Then, four methods
were evaluated for constructing a reactor foundation include the usefifer reinforced polymer rebars, the use of steel
rebars by insulation of thér contact points with electrical insulating materials, such gmlyvinyl chloride, the use of non
magneticrebartype 304 and the use dfiber Concrete with cost criteria, time and quality. Based on the results, the method
of using steelrebar along with insulating their contact points andconsideringthe electrical and thermalclearanceof the
reactor is economically feasible arid applicableat a shorter timeand is technically acceptable.
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1. Introduction

The magnetic field of electric reactors can affect the foundation steel components stndctures
and cause the induction of voltage and the generation of ngtaand eddy electrical current flows in
the rebars of mesh and the thermal losses in the metal components of the reactor foundation
(Charpin et al., 2021)Mechanicalstressesaused by heat generated in staebars can cause failure,
cracking, and reduction oRC (Reinforcement Concretg durability (Chakraborty et al., 2017)In this
research, theRCfoundation of the Tyristor Controlled Reactor(TCR)is simulated and analyzed using
ANSYS Workbench softwareThe amount and distribution of temperature and mechanicstressein
the foundation have bep obtained and the output results of the software have been compared with
the scientific criteria of failure andfracture. Due to the expected electrical behavior, dimensions,
structure and physical shape of the equipment, there is a relatively large maigrfeeld around them
(Xiu et al., 2020) The variable magnetic flux with the time of the operation of the equipment passes
through its surrounding components and induces the voltage in the metal objects (here means the
steel objects), whereas if the metal components are in the form of a clogegl this voltage causdhe
electric current to flow into the closed metal loop and when the magnetic flux density flowing
through the loop is high, because of the low metal loop resistance, a relatively large rotationakot
developedin the loop andas a result, electrical losses are proportional to the second power of the
current in the loop. The thermal effects due to the application of a lefrequency magnetic field and
a relatively high magnetic flux density of electric reactors can lead to faiyrcracking, and reduction
in RC foundation durability (Mitarai et al., 2019) The magnetic field of electrical reactors, especially
the TCR, can haveundesirableeffects on the specifications and electrical behavior of the equipment.
In general, the important and influential phenomena arising from the interaction of magnetic field
and reinforced concrete structures are(a) induction of voltage in closed metdioops and generation
of rotary currents and the occurrence obhm losses in steel anthermal stresseglue to heat in a
concrete structure of the reactqr(b) the interaction between the reactor and thenetal components
changes its electrical characteristics and the electrical behavior of the reactor. In addition, the
electrical losses generated in thhebarmesh causenergywastage(Sun et al., 2022)

The harmful effects of magnetic fields caused by the operation ofctiie reactors should be
limited or ineffective by applying appropriate technical and economic methods and procedures. In
this research, the thermal and mechanical effects of magnetic fields of TCR on its foundation were
simulated, analyzed and studied ugj ANSYS Investigating the magnetic behavior of the reactor, as
well as the thermal and mechanical behavior of theC foundation through software modeling and
analysis, can help to identifithe ambiguous aspects dfs designing and implementing. Nowadays,
due to the ease of access to powerful software for simulation magnetieymal and mechanical
analysis it is necesary to use thefacilities in solving technical problems of the projectThe main
guestion of ths research is whether the electromagnetic field caused by the reactors can cause
damage to theRC with the steel rebar. In this research, four common methodsfoconstructing
concrete reactors foundation with cost, time and quality criteria were evaluated and compared and
suitable method among them was selected and introduced case study was carried out on alype
TCR of compensating systemBecauseét has the highest magnetic field flux density. Electric reactors
consist essentially of one or more coils of copper or aluminum, and in general, the electric current in
their coil causes a magnetic field around the flow path. The magnetic field of the reactor is
proportional to the electric current and the geometry andéh contradiction with the hypothetical
interval point in space with the carrier current conductor and a quanétive vector. Electric reactors
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generally include oil reactors and dryagrial) reactors. Reactors have agerial core called dry or
aerialtype. Electric reactors have different types depending on the application and expected electrical
behavior is givenin Table 1.

Table 1. different types and applicable of the electrical reactor

Type of .
reactor Applicable
TCR Use as compensator of reactive power as a controlled reacti studied
power supply
Series Stabilizing of current and reduce of melting electrodg i
consumption.
Shunt Useabldan power grid for stabilizing of voltage. -
Filter Useablein electrical filters for eliminate harmonics of voltage ang i
current.

The reactor is used to compensate reactive power as a reactive power sdiZéeis investigated in
this research Thetotal schematic of theTCRis shown in Figurel.

Figure 1: TCRelectrical portion and foundation

2. Materials and Methods
2.1Electricalissues

The reactor is a special device, the manufacturer's instructions should be careftdiysiderby the
designer, installer and operator in order to limit the environmental and human impacts of the fields
as much as possihlén the manufacturer's technical catag, the valuedor the height andintervals of
reactors installation and accessoriesind their adjacent equipment are recommendedit these
intervals, in addition to the magnetic considerations, other parameters such as the zone of electric
field, the minimum intervals for ventilation and cooling are also included. The technical ingctions
refer to two types ofMagnetic Clearanc€MC) The first zoneis a boundary in which no metal object,
either with closedmetalloop or without a metal loop should exist.
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2.2 Safely coefficients andircumstances criteria ofmaterial failure and fracture in ANSYS software
ANSYS, in addition to having the ability to simulate the magnetic field and calculating the losses
in metal components of the reactor foundation, can analyze the thermal behavior of the concrete and
the steelrebar of the reactor foundation. The software W use tools and safety cefficiencies to
predict the failure andfracture of materials in accordance with the following. These definitions and
criteria are derivel from the ANSYS software guideSince the vector ofstressat any point, in
addition to the position of the point, depends on the direction of the desired level of the same point,
it is asked whichstressvector on which of the levels passed from the point P, finits own maximum
or minimum. The vector ofstresson the surface or surfaces willeach the maximum or minimum so
that the shearstresson those surfaces is eliminated. These levels are the main levels andtiiesson
those surfaces is called the mastressesThe main surfaces or verticadtresslevels, maximum and
minimum, two by two are orthogonal. Equivalentstressis connected to the mainstressewith the
Equation (1) (Cheng, 2013

0. =[ (07 —0,)*+ (05 — 03)* + (03 — 0)*]'/? 1)

where g, Equalstress gy maximum mainstress @  middle main stress g3 main stressis minimum.

The ANSYS uses the following criteria to break down objects. These criteria have been introduced as
Safetytools.

2.3 Maximum safetytools

Safetytolls of the maximumtensile stressis based on thenaximum failure theory of tensile stress
and is used for materials such as glass, concrete pordelain. The failure theory of the maximum
tensile stressis typically used to predict failure in brittle materials with static load. According to
Equation (2), this theory states that a failure occurs when the maximusiressis equal to or greater
than the stressdetermined by the analyst.

0y

=<1 )

Sllmlt

where a3 is the maximum main stressand Simit is the strength of the object determined by the analyst
and can behe ultimate stresdlivand theyelled in stressy:.

2.4 Theoreticalconceptof the Magnetic Field

The main relations and equations governing electromagnetic fields are Maxwell equations.
According to Table 2, theawo main vectorsfield in electromagnetic are: magnetic flux density B and
magnetic field intensityH. In order to obtain the magnetic flux @nsity due to the flow through the
winding of a reactor, theBiot savart law of the intensity of the magnetic field is determinedh each
point in the spacgWilliam , 2010 Golmoradi et al., 2023
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Table 2 Electrical andelectromagnetic quantities

Quantities Symbol Unit
Current I Ampere
Electric
Voltage U Volt
. Magnetic flux intensity B Tesla
Magnetic .
g Magnetic flux A Weber's

Induced voltage in a conductive loop isbtainedaccording equatiorB (Figure 2).

Figure2: Induce voltage in metal closed loop
de(t)

dt

V() = ©)

where V is the induced voltage in volts andX is the variable magnetic flux withtime based on
Weber's. If the path for rotation of the electric current is established according to Ohm's law,
proportional to the voltage and path resistanctie electric current will pass through thdoop.

2.5 Heat transfer

Heat transfer isgenerally carried out in three waysinclude conduction displacement and
radiation. In most applications, heat transfer is a combination of two or three methods shown in Fig.
3 (Pousti 2006 Hassan, 2018 If the temperature of the region of theobject exceeds the other, the
heat flows from the warmer region towards the colder regiohis phenomenon is conduction. In
this method, the heattransfer medium is inert (solids), so the intensity of the conduction heat
transfer (the amount of heat trarferred per unit time) is proportional to the slope of the temperature
in the body and the size of the heat transfer surface. Thermal conductivity in a medium depends on
the geometry, thicknesstype, and temperature difference across the environmettftth e body level is
near a fluid with a different temperature,the temperatureis exchanged between the body and the
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fluid, which defines the heat exchange as heat transfeflhe heat transfer coefficient of a
displacement is a numerical quantity and doest depend on the direction and is not a component of
the fluid, but depends on the geometry of the solid surface, the type of fluid motion, ahe tolume
velocity of the fluid (Figure 3)

7 I 7 'T‘,>T, Sun T,
| i, o
—_— J\\ wen T
e{’ :: § (i \\V x
o T, =

Figure 3: heat tranger in tree way, convectiondisplacement and radiatiorj4]

2.6 Research method

According to the objectives and assumptions of the researtg structure of the sample reactor
were modeled for electrical, thermal and mechanical design, and the reactor magnetic behavior as
well as the thermal and mechanical behavior of iRC foundation were simulated using thANSYS
Generally, all devices with aype of dry reactor including reactive power compensators, filters and
power stationsare part of the statistical populationof this researchbecause the mechanism is the
same in all.The order and selection of this type was carried out in such a way thta reactor of the
reactive power compensation system, which has the highest current flow and, consequently, the
maximum flux density of the peripheral magnetic field, is studiedhe main variables in this study
are the ohm lossesrequired data are obtained from available resources includes books, articles,
guidelines and official sites of accredited manufacturers amadquired standards The physical
characteristics of the reactors, directly and with measurements referring to achieved executive
drawings(Table 3).Becauséaving a physical and dimensionaharacteristicis necessary to construct
the geometry of the model, therefore, in order to have the information and physical characteristics,
the dimensions are measured in realeasure. The size of the rod and the concrete specification and
the final concrete thickness of the concrete are also extracted from the executive plans and used in
the analysis ANSYShas a very complete database of physicalefficients, mechanicabnd thermal
constants and metallurgical properties of materials, but all coefficients, however, can be defined and
changed according to the conditions of the subject mattén. this study, consider the value# the
real state and in some cases, with the assumptiotvad conditions in the analysis and pessimistically.
ANSYShas a very comprehensive database of magnetic and electrical properties of materials. Material
characteristics in this modeling and analigs (Tables 3 and 4 are generally based on thANSYS
databaseANSYS Workbench Software Guideline

193



Journal of Research in Science, Engineering and Technology -Volume 10, Issue 4, December 2022, pp. 188 -205
Table 3 TCR and Specimen reactor electrical properties
. . Reactor
Iltem | Properties Unit TCR Specimen Remark
1 Nominal Voltageof system kv 33 -
2 Nominal current A 1313 2000
3 Number of layers with same N 7 5
current
4 Number of turn in any layer n 75 4
5 Number of set quantity | 2 1
6 Shape of cail - Cylindrical | Cylindrical
7 Section of conductor mm?2 620 500
8 Material - Aluminum | Aluminum
9 Outer Radius mm 1850 580
10 inner Radius mm 1550 525
11 Weight kg 5850 500
12 Total height mm 5300 -
13 Distances from top of foundation | mm 2000 -
14 Manufacturedbds cd- TRENCH ABB
15 MagneticClearance mm =2*2244 - Outer Radius
16 MagneticClearance mm =2*2380 - Heignt from
outer edge
Table 4 Properties of material use in simulation
. : Material
Item Properties unit Normal concrete Structural steel | Air
1 Density kg/m? 2300 7850 -
2 Coefficient of Thermal 1/°C 0.000014 0.000012 -
3 Initial Temperature °C 52 52 52
4 Young's Modulus Pa 2B -
5 Poisson's Ratio - 0.2 0.3 -
6 Bulk Modulus Pa - 1.667En -
7 Shear Modulus Pa - 7.692E10 -
8 Heat Transfer Coefficient w/mz°C - - 10
9 Thermal Conductivity w/m °C 0.72 60.5 -
10 | Tensile Strength yield MPa 3 250 -
11 | Tensile Strength ultimate MPa 4 460 -
12 | Relative Permeability . 1 5000 1
13 | Bulk Conductivity s/m 0.01 1500000 -
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2.7 Steps to simulate and analyze
ANSYS is the very powerful softwarg¢hat managesall the simulation processes from start to
finish. In addition, in this software, complex physical analysis is simplified

2.8 Modeling, Electromagnetic Analysis and Calculation of Heat losesRiebas

The purpose of this simulation and magnetic analysis is to obtain the powesésin the steel
rebar meshfor use in thermal and mechanical analyzes. The heat power in tlebar is due to the
amount of electric Ieseslost in it, or the ohm losses. By obtaining ohm losses over the entiebar
mesh the temperature distribution in the foundation is determined. According to Table @y having
physical and quantitative characteristics of the TCRnagnetic modeling was doneTo begin the
modeling, the geometry of the main reactor components, includinge windings and its concrete
foundation, must first be created. Foundation geometry consists of a concrete culd®@®*40004000
mm. The rebarincludes two symmetricalmesheswith a diameter of 16 mm anda spaceof 200 mm.
The concretecover aroundrebars is 100 mm. The reason for inserting al00 mooveragein the
analysis is to consider the worst transfer conditions from the inside of the foundation to the outside.
In other words, with a high concrete coverage, heat transfer from theside to the outside of the
foundation is less and the temperature inside thliebar can be increasednore. Figire 4 shows the
magneticmodel of the reactor, and Figre 5 illustrates its magnetic simulation.

Figure4: Magneticmodel of TCRand RC rebars
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Figure5: Magnetic field contour line around TCRand top of foundation

2.9 Electricity losses

The Ohm losses are due to the electric current passing through the conductor (here the steel
rebars), which is proportional to the second power of the current and the electrical resistance of the
flow path. In this simulation, ANSY Scalculates the sum ofnte ohm losses andeddy losses. Table 5
shows the losses in steetbars with the assumption of the electrical connection between thebars
and the insulating state of the intersection of theebars. Compared to table 5, the losses in the
insulation stateof the rebars are approximately zero

Table 5 Electrical losses in TCR foundation rebabmsed ondistance between bottom of reactor and
top of rebarsg(H)

.. | Electrical insulation parts in coss pointsof rebarsin H=2000mm
ltem Unit - - : — :
Without i nsulation With insulation
Total losses watt &0055 0.5

2.10 Modeling of Steady state thermal

Tohidi (2013 stateswhen heat transfer is considered constant when the heat flow does not change
with time, and if the temperature does not change with time, the temperature of the system and the
thermal loads on the system do not change with time. From the first law of thermodynics, the
stable thermal equilibrium can be expressed simply. According to Equatiof) for energy
conservation, it is necessary that the pure energy changes of a system are always equal to the transfer
of pure energy from the system's boundaries to hemtoperation.

Energy Output + Energy Input O 4

Thermal stability tool has been used to calculate the heat exchange from telkar and concrete
mesh with its analysis environment and its amount. The purpose of the thermal analysis is to
determine how much heat generated in the steekbar loop is transmitted ait through the
conduction of the concrete body and the displacement of the contact surface of the concrete into the
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air and the temperature of theebar with the assumption of the initial valuesand considering the
properties of materials used in reinfaed concrete, how much can it increase?

2.11 Applying of initial and boundary conditions

At this stage, the initial conditions and boundary conditions are applied. In order to enter the
magnetic field into the thermal model, it must first connect the magnetic and thermal analysis
module in the main software environment. One of the most imponta steps in this case is the
definition and determination of the heat transfer from the external surfaces of the concrete. It is
assumed here that all the exterior surfaces of the concrete are exposed to air and the ambient
temperature is assumefi2 °C. Various sources of air displacement coefficient range from 10 to 100
watts per square meter for one degree of centigrade. In this analysis, the air displacement coefficient
of 10 watts per square meter was considered to be one centigrade, which isrtbst common mode.
Other required coefficients are applied by the software

2.12 Thermal Analysis Results

In the solution, the required answers for the software are specified. Here the temperature and
lines with the same temperature in théRC are required According to Figure 6, the most important
output parameter is the thermal analysis of temperature at different points and lines with the same
temperature throughout the objectin the steady state, the heat source has an energy exchange
environment eventually reach the temperature equilibrium.

4

!"1
1000.00 2080.00 (men)

Figure 6: Contour of temperaturein rebar mesh

The distribution of temperature in the upper and lowemeshand the wholemeshis not uniform
and the temperature gradient at the side of theebars is more than the center and its corners.
According to the results of the analysis, assuming a temperaturé&?f°C and a steady heat transfer,
the maximum temperature on the surface of thebar may reach about 300 °C. This temperature and
its distribution are used in mechanical analysis
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2.13 Mechanical analysis

Finally, the mechanical and structural behavior of concrete foundation has been analyzed with the
help of Static Structural tool inANSYS The purpose of this part of the simulation is to answer the
guestion as to whether the mechanical effects caused by the heat generated indbars can cause
the RCto fail or not. To this end, based on the simulation results and comparison with thetaria
derived from the secondpart, the threshold of failure and concretdracture wasdetermined and
based on permitted tolerances and acceptable criteria were defined and judged. The deformation
levels of the concrete section of the TCRundation and tre shape of theebar meshare shown in
Figures 7 and 8, respectively. Figure 9 shows the safety coefficients obtained from the mechanical
analysis.

1.4913 Min

0 2e+003 (mm) {—. v
[ ——
1e+003

Figure 7: TCR concretedeformation curve
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Figure 8: Rebardeformationof TCR foundation
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Figure9: Safety coefficients less than unit

In order to investigate the failure of the TCR foundation, safety tools and software failure criteria
have been used. If the coefficient of confidence is less than one unit, the failure conditions are
provided. Simulation and analysis for ldistancewith the valuesof 1000, 2000, 3000, 4000, 4500 and
5000 mm were repeated. The reason for this was to find a distance and say that the effects of the
magnetic field on the foundation is low and causes the failure of concrete. Table 6 shows the results
of six stages of model analysis for different distances.

Table 6 Variation of power losses, maximum temperature, maximum deformatiofistructureand
safety coefficientbased orH distance

H (mm) in 52°C ambient temperature
. Stage | Stage| Stage| Stage| Stage
[tem Factor unit | Stage 1 5 3 4 5 6

1000 | 2000 | 3000 | 4000 | 4500 | 5000

1 Los®s w | 100000| 20055| 5070 | 1410 766 424

2 Maximum temperature in o 1270 300 113 69 61 57

rebar
3 Maximum deformation of |\ 55 3g6| 37 | 0.838 | 0.219 | 0.116 | 0.063
structure
4 Safety coefficient - 0.0079| 0.038 | 0.159 | 0.57 1.06 1.9

Based orthe results and outputs of the software and the mechanical analysis, if there is no attempt
to remove the effects of the magnetic field, thioundation may befailed. Table 6also shows that if
the foundation is designed with the magnetic field and impleznted with normal rebars, the distance

H should be at leas#.5meters.
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3. Resultsand Discussion

Based on the results of the practical test of the sample reactor and the simulation results (Table 6)
if the reinforcement is carried out in the usual manner, the electrical connection of the
reinforcement, at a distance of 2000 mm, the power dissipatedhe extent that the safety factor is
less than the unit valuedue to the failure criteria of the software, the conditions for concrete failure
are provided.Based on table 6, the minimum distance H should be more than 4500,namd in the
Technical documetation of the permissible magnetic permeability device for the TCR is equal to
4960 millimeters(Katiyar et al., 2022)The electrical and thermal ventilation of the reactor must be
observed. The valuesf the Ohm losses of theebars, the maximum temperature, the maximum
variation and the coefficient ofsafety are given in terms of differentH. Figures 1012 show,
respectively, the power losses, the maximum temperature in tledar meshand the safetycoefficient
in H, respectively.

varation of power losses in mesh based on distance H
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Figure 10 Changing of losses in accordance H distance
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Figure 11 Changing of maximum temperature in accordance H distance
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Figure 12 Changing of safety coefficient in accordance H distance

According to the abovementioned articles, toreduce or eliminate the adverse effects of high
magnetic devices, such as a dtype reactor, it is necessary to apply some solutions to minimize these
effects. According to the studies conducted, the most important of these measures include the
following.

aThe use of noAmagnetic steel reinforcements of type 304he use of noAmagnetic metallic
materials, such as 304 stemdbar, and insulating the joints ofrebars to prevent the formation of a
metal loop,is technically recommencded by manufacturers There are limitations in the application of
this method, including the fact that steetebars have a smooth surface and are not allowed to be used
asmain rebars [8]. In addition, they are much more expensive than conventionedbars. In this case,
the reactor magnetic field must be prevented from forming a metal loop. In either case, all parts of
the retaining structure should be made of nemetallic materials or noamagnetic metals in order to
minimize their losses and, as far as possiblecrease the spacing of the electric reactor to the
foundation by increasing the length of theetaining post legmade of suitable materials.

b- Using Fber Reinforcement Polymers Using FRPrebars instead of conventionakrebars is
another solution that, if any, can be used as a suitable replacement for a conventicetzr in the
market. In addition to the problem of preparing it asite and at high prices, their bending should be
done in the manufacturing factory, which is notlesirable and may create problems for the project. In
this case, the problem of magnetic effects will be eliminated completely and corrosion problems will
also be eliminated. In terms of corrosion, it is a good option to use FRP, but in practice, the
expeaience of Iranian designers and operators in this area is low, which increases the risk of the
project and, despite the relative advantages, is not a suitable method for implementing the concrete
foundation of the reactor.

c- Using conventionalrebars. Using a conventionalrebar, as well as insulating the joints and
extending the lengths of the equipment bases as far as possible, can be a good way to implement the
foundation of the TCR. In this case, for building the foundatioof the reactor, ordinaryrebars are
used, and only the contact points of theebars are insulated with polyvinyl chloride materialslf the
electrical and ventilation issues of the TCRentilation are used, this method is much more
convenient and economial in terms of material preparation andperformance The use of a
conventional rebar to construct the foundation of an air type electrical reactor by insulating the
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