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Magnetic field of electrical heating cable systems of the floors for residential premises

Problem. In order to effectively protect public health from the magnetic field of electric heating cable systems of the floors, it is
necessary to reduce it to a safe level. However, this requires careful study of the magnetic field. The purpose of the work is to
develop a mathematical model and a verified methodology for calculating the magnetic field of electric heating cable systems of the
floors in residential premises, and assessment of compliance of the magnetic field with the normative level. Method. A methodology
for calculating the magnetic field of electric heating cable systems of the floors in residential premises has been developed.
Scientific novelty. Based on Bio-Savar’s law and the principle of superposition, an analytical model of the magnetic field of
electric heating cable systems of the floors and its calculation method was created. The magnetic field of the coaxial heating cable
is determined, taking into account the value of its maximum eccentricity. The experimentally substantiated correctness of the
obtained theoretical statements, which is confirmed by their coincidence with the results of the experiment with a spread of less
than 7 %. Practical significance. A verified methodology for calculating the magnetic field of electric heating cable systems of the
floors was proposed and an assessment of compliance of their magnetic flux density with the normative level of 0.5 uT was
performed. It is recommended to lay modern two-wire heating cables at a depth of at least 75—100 mm from the floor. With a
smaller laying depth, it is recommended to use coaxial heating cables, which have an order of magnitude smaller magnetic field.
References 51, tables 1, figures 11.

Key words: electric heating cable systems of the floors, magnetic field, modeling and measurement, assessment of compliance
with the normative level.

Ilpoonema. /[na epexmusnoco 3axucmy 300p0o8’s HACeNeHHs 610 MACHIMHO20 NOJs KADEeIbHUX CucmeM eleKmpoodiepigy nionoe,
He0OXIOHO 11020 3MeHuenHs 00 be3neunoeo pisHs. OOHAK ye nompebye pemenbHo20 UGHEeHHA MacHimHo20 nois. Memor pooomu €
PO3pobKa mamemamuyHoi Mooeni I epupiko8anoi MemooOuKu po3paxyHKy MAcHIMHO20 ROJsL KAOeNbHUX CUCeM eleKmpoobiepiey
niON02 AHCUMIOBUX NPUMIUYEHb, MA OYIHKA SIONOBIOHOCH MAZHIMHO20 MO HOpMamueHomy piehio. Memoouka. Po3pobneno
MEMOOUKY PO3PAXYHKY MASHIMHO20 NOJSL KAOENbHUX cucmem enekmpoobizpigy nionoe 8 ocumnosux npumiwennax. Haykoea
Hnosusna. Ha ocnoei 3axony bio-Casapa ma npunyuny cynepnosuyii CmeopeHo aHanimuiHy MoO0eib MASHImHO20 NOJiA KaOenbHUux
cucmem enekmpoodiepigy nionoz ma mMemoouxy 1020 po3paxyHky. Busnaueno mazHimue noie KOAKCiaibHO20 HAZPIBANbHO20 KAbOeio
3 YPAXYBAHHAM BETUYUHU 11020 MAKCUMATLHO20 eKcyenmpucumemy. Excnepumenmanvuo oOIpyHmMOBAHA KOPEKMHICIb OMPUMAHUX
MeoPemuyYHUX NONONCEHb, KA NIOMBEPONCEHA IX CRIBNAJIHHAM 13 pe3yIbmamamu eKCnepuMeHmy 3 po3kuoom menue 7 %.
Ilpakmuyuna 3nHauumicms. 3anponoHOBAHO GePUPIKOBAHY MEMOOUKY PO3DAXYHKY MACHIMHO20 NOAsL KAOEeIbHUX cucmem
enekmpoobicpigy nionoe i BUKOHAHO OYIHKY GION0GIOHOCMI IHOVKYIL ix MaeHimHo2o nois Hopmamuenomy pienio 0,5 mxTh.
Pexomenoosano npoxniadamu cy4acHi 080XCUNbHI Hazpieanvhi kabeni na 2aubuni ne menue 0,075—0,1 m 6i0 nionoeu. Ilpu menwi
2MUOUHU NPOKNAOAHHSA PEKOMEHOO8AHO GUKOPUCINOBYBAMU KOAKCIANbHI HA2PI6anbHi Kabeni, wo Maioms HA NOPAOOK MeHule
maznimue none. bioa. 51, tabmn. 1, puc. 11.

Knrouogi cnosa: kabejbHI cHCTEMH eJ1eKTPOOOIrpiBy migjaor, MarHiTHe moJie, MOJeJIIOBAHHSI Ta BHMIpIOBaHHs, OLiHKA
BiMOBiTHOCTI HOpMAaTHBHOMY pPiBHIO.

Introduction. Safe and comfortable living of the
population in residential buildings is impossible without
limiting the level of man-made physical fields [1-3],
including the electromagnetic field. One of the most
powerful internal sources of electromagnetic field are
electric heating cable systems (EHCSs) of floors [4, 5],
which are now intensively distributed in the world. Also,
like external power grids [6-8], EHCSs create quasi-
stationary electromagnetic field of low frequency in
residential premises, which is characterized by electric
(EF) and magnetic (MF) components that negatively
affect a person [6, 8—11]. According to the conclusions of
the World Health Organization (WHO), the long-term
effect of low frequency MF is more dangerous for public
health than EF [12]. The basis for such a conclusion was
the discovery at the end of the 20th century of the
carcinogenic properties of MF of electrical networks with
its weak but long-term effect on the population, and
especially on children [13-16]. This led to the
development by WHO experts of recommendations to
limit the MF flux density of low frequency for the
population with 100 puT [17] to the level of 0.2—0.3 uT to
reduce the likelihood of cancer [18]. The level of MF flux
density of low frequency that is comfortable for
residential buildings is also recommended by the

international Standard [3] and is in the range of 0.02—0.5
uT. The implementation of these recommendations led to
the introduction of stricter national sanitary standards for
the MF flux density with frequency of 50-60 Hz [19],
stimulated the implementation of a complex of works on
the development and implementation of new methods for
determining and normalizing MF [3, 20-29].

In Ukraine, the solution of scientific problems of
sanitary and hygienic regulation of MF for the population
is carried out by the O.M. Marzeev Institute of Public
Health of the National Academy of Medical Sciences of
Ukraine (formerly the O.M. Marzeev Institute of Hygiene
and Medical Ecology of the National Academy of
Medical Sciences of Ukraine). In it, under scientific
guidance of the famous in the world Ukrainian scientists
and hygienists Academician A.M. Serdyuk and Professor
[Yu.D. Dumanskyi|, back in 1975, the need to introduce
the maximum permissible level of MF flux density for the
population was determined [30]. Finally, this normative
for low frequency MF at the level of 0.5 pT was
theoretically and  experimentally (on  animals)
substantiated by them in [31]. It meets the current WHO
recommendations and formed the scientific basis of the
normative document adopted in 2017 [32], according to
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which (Table 1) the effective value of MF flux density
from cable lines at each point of the volume of the
residential premises, including the floor (with the
exception of the space closer to 0.5 m from the walls),
should not exceed the safe level of 0.5 uT.
Table 1
Temporary maximum permissible (normative) levels of the
magnetic field above the path of the cable line according to
Table 2.3.2 of the regulatory document of Ukraine
«Electrical installation regulations» [32]
The territory on which the level of MF of| MF flux density, uT
the low frequency is regulated
Inside residential premises 0,5
At a distance of 50 cm from the walls of 3,0* (*used for
residential premises and household cables and wiring
electrical appliances laid in walls)
On the territory of the residential

10,0
development zone
Inhabited area outside the zone of
. . 20,0
residential development
Uninhabited area and agricultural land 50,0

The main elements of EHCS (Fig. 1) are resistive
heating cables (HCs), which are mounted under the floor
surface at a depth /4, from it, and a thermostat with a built-
in temperature sensor [5]. HCs are powered by the
apartment electrical network and are designed for a
nominal current that can reach 15 A [4].

Analysis of the construct execution of HCs [5, 33—
42] shows that they are divided into single-wire and two-
wire (Fig. 2). Such HCs have different circuits of
connection to the power grid (Fig. 3), and create different
level of MF. According to [1, 43], the MF flux density of
single-wire HCs significantly (more than an order of
magnitude) exceeds the MF of two-wire HCs. This limits
the use of single-wire HCs in non-residential premises.
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For uniform heating of the floor, HCs are laid in the
form of a «snake» with a step of 80—-120 mm [5]. This
makes the distribution of EHCS MF different from the
MF of single HCs, which determines its separate analysis.
When analyzing the «snake» we present it in the form of a
meander (Fig. 3).

Residential premises
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Fig. 1. Typical construction of an electrical heating cable
systems (EHCS) (1 — floor covering, 2 — concrete (adhesive)
screed, 3 — heating cable (HC), 4 — thermal insulation)
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Fig. 2. Constructive implementation of HC of various types:
single-wire (a), two-wire planar (), two- wire coaxial (c);
(1, 5 — heating (current-conducting) wires, 2 — electrical
insulation, 3 — conductive grounding screen; 4 — external
electrical insulation)
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Fig. 3. Geometry of laying single- wire (a) and two- wire (b) EHCS HC in the horizontal plane XY under the floor and connection
diagrams to the apartment electrical network

It is known that the MF flux density of two-wire
HCs, like any electrical network, depends on the distance
d between the axes of the wires and the current / in them
[6, 8, 43]. Therefore, two-wire flat (planar) HCs
(Fig. 2,b) are produced with the technologically minimum
possible distance between its wires d (1.4 —2.5 mm).
However, as will be shown below, the use of such HCs
at the standard depth of cabel laying %, = 0.03—0.05 m
(Fig. 1) and a supply current of 10 A leads to a
significant excess of MF flux density above the
normative level of 0.5 uT.

Normalization of the MF is possible when using
coaxial [40] HCs (Fig. 2,c), but their MF has not been
sufficiently investigated to date. Also, in well-known
publications, for example [4, 42—45], the MF of EHCSs with
various HCs is not sufficiently considered, there are no
verified methods of calculating the MF of EHCSs, a correct
assessment of the compliance of the MF flux density of their
MF with the current regulations of Ukraine and authoritative
international recommendations has not been performed.

The goal of the work is to develop a mathematical
model and a verified methodology for calculating the
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magnetic field of electric heating cable systems of the
floors for residential premises, and assessment of
compliance with the normative level.

Mathematical models of MF of rectilinear HCs.
When building the model, we will accept the following
assumptions, which allow us to simplify the simulation,
but do not significantly affect its result:

e the length L of the HC is significantly (by an order
of magnitude) greater than the distance r to the
observation point P, and also from the distance d between
the wire axes of two-wire cables, which allows us to
consider the HCs as infinitely;

e HCs are modelled by parallel rectilinear conducting
wires in the form of current filaments located in
horizontal planes;

e HC MF is potential and plane-parallel;

o the influence of external ferromagnetic (electrically
conductive) elements and sources of MF of the residential
premises, as well as the electrically conductive shield 3
(Fig. 2) of the HC is neglected;

o the voltage of the HC network power supply is
sinusoidal.

Single-wire HC. According to the law of full current
in integral form [46], the line integral of the strength H of
the MF along a closed circuit is equal to the electric
current / through the surface bounded by this circuit:

§(H.dr)=1. (1)
L
Applying (1) to a circle lying on a plane with a
radius » and centered at the point through which the
infinity conductor passes, we obtain:
2mH=1. 2)
With the help of (2), we find the dependence of the
strength of the MF of a single infinity conductor on its
current, the coordinates of the conductor axis (x., y.) and
the coordinates of the observation point P(x, y):

L S Y I

nr

H(r)=

From (3) under the conditions x = r, y = 0, we obtain
the known [9, 46] relation that determines the flux density
of the MF at a distance  from a single single-wire HC:

I
BOK — Ho L LUy = 47z'~1077 H/m. (4)
2 r

Two-wire planar HC. 1t is obvious that the
maximum value of MF flux density of a two-wire planar
cable located in the horizontal plane XY with the distance
between parallel wires d and the currents in them +/ is
distributed along the vertical axis Z. In general, the
problem of determining the MF of such a HC can be
solved exclusively by numerical methods. However, if we
consider the MF only along the Z axis, at a height » from
the HC, then the task is significantly simplified due to
symmetry. Applying Biot-Savar’s law and elementary
geometric constructions, similarly to [8], we obtain the
following formula for calculating to the MF flux density
module of a two-wire planar HC:

Ho I-d

B S N SR
DPK max T {,,2 +(O Sd)z}

(&)

Two-wire coaxial HC. 1t is known that the MF of an
infinity cylindrical conductor is equivalent to the MF of a
filamen with the same current passing through the axis of
symmetry of such a conductor [10, 47]. Accordingly, in an
ideal coaxial HC, the axes of both of its conductors
(Fig. 2,c) coincide, and their currents are in different
directions. Therefore, the MF of these currents is mutually
compensated, and for an ideal coaxial HC, its resulting MF
outside the conductors will be absent. But during the
industrial production of HCs, technological deviations from
the symmetrical shape arise. Here, the geometric axis inside
the wire of the HC can shift by the value of eccentricity e
[48, 49], which characterizes the value of its deviation from
the axis of symmetry of the HC. The value of the
technological dispersion of the eccentricity of coaxial cables
during serial production can be 5-15 % (0.1-0.3 mm) of the
ideal distance d between the axis of its central wire and
the surface of the cylindrical conductive wire. Therefore,
the external MF of a real coaxial HC will coincide with
the MF of a conventional two-wire planar HC (5), in
which the distance between its wires is equal to the
eccentricity value (d = e). Taking into account the above,
the MF flux density of a real coaxial HC on the basis
of (5) can be determined by the relationships:

Ho le

2% {r2 + (O,Se)z}

Study of MF of different types of HC. We will use
the obtained relationships (4)—(6) for the engineering
calculation of the MF flux density of the HC as a function
of the distance 7 to the observation point. Here, the value
r corresponds to the depth /; of the HC laying (Fig. 1),
which determines the distance from the floor surface to
the axis of the HC wires. The calculation results are
presented in Fig. 4. The MF flux density of a single-wire
HC at the manufacturer’s recommended laying depth of
0.03-0.05 m [37-41] is 40—65 uT. This is 80—130 times
higher than the normative level of 0.5 pT, which excludes
the use of single-wire HCs in residential premises.

(6)

Bpkk max =

e e

S S
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Fig. 4. Calculated values of flux density of MF of different types
of rectilinear HCs when at a distance r along the Z axis (two-wire
HCs withd: 2-2.5mm; 3 -2.2mm; 4 -2 mm; 5 - 1.7 mm;
6 — 1.4 mm; coaxial HC with e =0.2 mm); /=10 A

The MF flux density of two-wire HCs at a laying
depth of 0.03—0.05 m, depending on the distance between
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their wires d (Fig. 4) is from 2 to 5.5 uT, which exceeds
the normative level of 0.5 uT by 4-11 times.

The MF flux density of the coaxial HC at e = 0.2 mm
and the standard laying depth of 0.03—0.05 m is (Fig. 4)
from 0.16 to 0.45 uT, which corresponds to the normative
level of 0.5 pT. Therefore, coaxial HCs, with their
eccentricity limited to 0.1d (approximately 0.2 mm), can
be safely used in residential premises with a standard
laying depth.

The results of calculating the MF flux density of real
HCs are shown in Fig. 5. They are represented by a planar
two-wire HC of the «Arnold Rak 6101-20 EC» type and a
coaxial HC of the «Volterm» type at ¢ = 0.2 mm and 0.05
mm (curves 2, 3), which was specially provided by the
«VOLTERM» Company [40] for testing on the
magnetometer stand of the Institute. Analysis of the
calculation results (Fig. 5) shows that they correspond to
the data in Fig. 4 and the above conclusions.
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Fig. 5. Calculated and experimental eeee values of MF
flux density of rectilinear two-wire planar HC type «Arnold Rak
6101-20 EC», d = 2.2 mm (1), as well as coaxial HC type
«Volterm» (2, 3) with an eccentricity e = 0.2-0.05 mm, when
moving away from them by a distance » along the Z axis, /=10 A

Now we will perform a study of the MF flux density
distribution of the EHCS with different HCs by the
scheme of their laying in accordance with Fig. 3. Such
laying changes the spatial distribution of the EHCS MF in
comparison with the MF of a single rectilinear HC due to
the mutual influence of nearby conductors with a current
behind the MF.

Mathematical model of EHCS MF. When building
the MF model, we accept the following assumptions:
EHCS HCs are modeled by a broken line (meander,
Fig. 3) of rectilinear parallel current filaments located in
the horizontal plane; quasi-stationary EHCS MF is three-
dimensional; the influence of external ferromagnetic
(electrically conductive) elements and sources of MF are
neglected; the power supply voltage is sinusoidal.

We will perform the simulation using an analytical
method based on Biot-Savard’s law and the principle of
superposition [9, 10, 46, 47] by determining the result in
the form of a vector sum of the MF flux density at the
observation point P(x, y, z) from individual current-
carrying conductors.

At a point with a radius vector R, a contour element
dr with a current / generate a MF with MF flux density:

dB(t)=

Hol 40 R, 7
47R?

where the vector R is directed from the location point of
the contour element dr to the observation point P(x, y, z).
The total MF of the contour C has the MF flux density:

B ,uol J- [der] )
C

Consider the MF (Fig. 6,a) created by the current /,
which passes through a straight section between the points
A, (Xo, Y1, 0) and 4i(X, V>, 0), i.e., the segment with the
current located in the plane z = 0 parallel to the y axis at a
distance X from the y axis (Fig. 6,a). In this case, the
contour element is equal to:

dr=dne,, Y <n<Y,, ©
and its coordinates:
(X0,m,0), 1 <p<Y,. (10)
Va Z) P(xy.z)
AXo 12,0)  Pw2) P
Y, R
(X0, Yo,0077 .
¥y |8 0 7 e, 100)
vodr 1
Y, ' '
)(I() 'x Xl XZ X
a b

Fig. 6. To determination of the MF flux density of segments
with a current located parallel to the y (a) and x (b) axes

Then the vector directed from the point where the
current element dr is located to the observation point
P(x,y, z) is equal to:

R= (x—Xo,y—n,z).

The third degree of the distance between the contour

element and the observation point:

B = e xo Pz (o
Vector product:
e, e, e
[AxR]=| 0 dy 0|=zdne, —(x—X)dze, . (12)

x—Xog y-n z

an

The MF flux density components of a rectilinear
segment with current will be written as:

! fd ! fd
B =t [T =0, B =—£0(x-xo)[<L. (13)
4r I R3 4r R
q 1
n [50] there is a formula for the indefinite integral:

J' e _ 4at +2b )
T(t)3/2 (4ac—b2)T(t)l/2 ’
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()% = [c+bt+at2] (14)
Using it, we calculate the integral in (13):
Y Y;
(427 dy _
3 S13/2
PR ez (-
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Y. Y,

f dn =f dn

3/2 3/2
Vle+(r-n) hle+(r-y)
Y_

Y- 27y
R R ~
- [ 32 | . 1/2 -

Y-y _c+t2 €le+t Y-y

1 Y, -

(= X022 [ g Pz 4 (5 2]
_ h-
6= xo Pz + (- 2]
We denote:
F(XO’Y):

77 | (15)

Y-y

((x_X0)2+221(x—X0)2+22 +(Y_y)2]1/2 ’

Then the components of the MF will be written in
the form:

I
BYx(XOsYbYZ):%Z[F(XOaY2)_F(XOaYI)];

I
BYZ(XCMY]’YZ):_%(X_XO)[F(XWYZ)_F(XO’Y])];

BY,(X.1.1,)=0. (16)

The functions  BY(Xy,Y1,Y2), BY,(X),Y),12),
BY.(Xy,Y1,Y>) give the components of the MF flux density
of a conductor segment parallel to the y axis with a
current / at a distance X; from the axis.

Consider the MF in the direction of the x axis from
the current / passing along the segment between the
points C,(X1,Y,,0) and Ci(X2,Y0,0) (Fig. 6,b). The segment
with the current is located in the z = 0 plane, passes
parallel to the x axis at a distance Y, from the x axis.
Performing calculations similar to (9)—(14), we obtain:

I
BXy(YO»Xl»Xz):_ZLZ[G(XbYO)_G(Xl’YO)];

1
BXz(Yo»X1»X2)=/%(y—Yo)[G(Xz»Yo)—G(Xleo)];
BX (Y, X1, X;,)=0, (17)
where
X —x

(10 P2y vo e (=

The  functions  BX(Y0,X1,X2),  BX,(¥,X1,X),
BX.(Y,,X1,X;) give the spatial components of the MF flux
density of a conductor segment parallel to the x axis with
a current / at a distance Y, from the axis.

We will use (16), (17) to determine the calculation
relationships of MF of real EHCS of floors, the cable
laying schemes for which are presented in Fig. 3.

Calculation relationships for EHCS MF with single-
wire HC. The MF flux density at point P from the system
of single-wire conductors (Fig. 3,a) in the plane
z = const, which are parallel to the x and y coordinate axes,
is determined by the vector sum of the MF flux density
from their straight line segments. Then, according to (16),
(17), the components of EHCS MF can be represented as:

G(X.Y)=

]3/2 :

m=K/2

B, = Z[BYx(X2mflele2)+BYx(XZm’Y2sYI)]+
m=1
+BY, (X k.Y, —b);
c=K/2-1
Z[BXy(YZaXh—laXZc)"'BXy(YiaXZwX2c+l)]+
c=1
+BX (Y2, X1, Xg )+ BX (¥ -5, X g, X1 );
m=K/2
Z[BYZ(szflﬂﬁ»Yz)+BYZ(X2m,Y2’Y1)]+
m=1
+BY,(Xg.1.Y, —b)+
c=K/2-1
+ Z[BXZ(Y27XZC—1’X2(Z)+BXZ(YI’XZC7XZC+1)]+
c=1

+BX (Y, X g1, X )+ BX. (Y, —b, X, X1), (18)
where X,,,Y1,, K are the coordinates of the ends and the
number of segments parallel to the y axis; X,,Y;, are the
coordinates of the ends of segments parallel to the x axis.

The effective value of the MF flux density of EHCS
at the point P(x,y,z) is defined as:

B(P)=1BZ+B;+B?, (19)

where the spatial components B,, B,, B. are obtained
according to (18).

Calculation relationships for EHCS MF with two-
wire HC. The MF flux density at the point P(x,y,z) from
the system of two-wire conductors (Fig. 3,b) with a
distance between the axes of the wires d = 2s, laid out in
the plane z = const parallel to the x and y coordinate axes,
is determined by the sum of the MF from their rectilinear
segments. Then, according to (16), (17), the components
of MF flux density of EHCS with two-wire HC can be
represented in the form:

m=K/2

By= Y [BY(Xpp—sY +5,Y+5)+
m=1
+BYx(X2m +5,Y, +5,1 +s)+
+BY, (Xyy_g + 5.V, —5,Y; —5)+
+ BY Xy — 5.1 — 5,15 —5)]+
+BY, (Xg +5, Y +5.Y,—5);
c=K/2—

B, = ZZ[BX (Vy + 5, Xpp ) — 8, X0 +5)+

+ BXy(Y + 8, X0 + 5, X001 —8)+

+BX (Y,
+BX (¥ — 5, X041 + 5, Xp0 = 5)|+

+BX (1,
(12

S,ch _S’XZC—I +S)+

y
+ BX
+BX (Y =5, X g +5,Xg —5);

m=K/2
> [BY,(Xpp g =8, Yi +5, Yy +5)+
m=l1

+BYZ(X2m +5,Y, +5.1 +s)+
+BY, (X +5,Y5 -5, Y —5)+

+S,XK_1 —S,XK +S)+
)

S,XK—S,XK71+S +
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+BY,(Xyp — 5.1 — 5,15 —5)]+
+BY,(Xg +5.Y +5,Y,—5)+
c=K/2-1
+ D [BX (Y45, X50 =5, Xpp +5)+
c=1
+BX (Y +5, Xp0 + 8, Xopyy —8)+
+BX,(Yy =5, Xp0 =5, Xppy +5)+
+BXZ(Y1 _S’X2c+1 +S’X2c _S)]+
+BX (Y +5, X =5, Xg +5)+
+BX (V) =5, X =5, X +5)+
+BX (Y -5, Xg +5,Xg —5). (20)

The effective value of MF flux density is determined
from (19).

The obtained relationships (18)~(20) make it
possible to calculate the MF flux density distribution of
EHCS in the case of performing their HC from straight
segments — in the form of a rectangular meander (Fig. 3).
However, the actual form of HC decomposition can be
performed both from practically rectilinear segments [33]
and in the form of a «snake» [35] with a radius of
curvature of the HC at the level of 0.5 (Fig. 10) or less.
Outside of the scope of this article, the authors have
studied the influence of the shape of decomposition of the
top of the HC on the level of EHCS MF, and it is shown
that the decomposition in the form of a rectangular
meander (Fig. 3) gives the maximum values of MF. This
is confirmed by verified curves 1, 3 in Fig. 8, 9. This
makes it possible to use the proposed relationships
(18)—(20) as universal ones, without taking into account
the shape of the peaks of the expansion, to determine the
MF flux density of EHCS in the worst case.

Study of EHCS MF with HC of different types.
We will use relationships (18)—(20) to determine the MF
flux density of EHCS with single-wire and two-wire HCs.
Here, we mean that the maximum MF flux density values
of the potential EHCS MF in the entire volume of the
premisw are concentrated on its floor.

Figure 7 presents a map of the distribution of MF
over the EHCS with a single-wire HC, made with
dimensions of 1.2x0.8 m and a step of 0.1 m (Fig. 3,a).
The maximum level of MF flux density (42 uT) occurs at
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the top of the meander (Fig. 3,a) — on the CC line, and
above the return wire (TT line). These values practically
coincide with the MF of a single rectilinear HC (Fig. 4),
which allows us to estimate the maximum values of the
MF of this EHCS according to relationship (4). In
connection with the significant excess of the normative
level of MF, the EHCS with a single-wire HC will not be
considered below.

Y, m
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Fig. 7. Calculated values of the MF flux density distribution

from EHCS with a single-wire HC type Fenix ASL1P 18
on the floor surface at 4, =0.05m, /=10 A

The calculated distribution map of EHCS MF with
an industrial sample of a two-wire planar HC (Fig. 3,b) at
hi; = 0.05 m with d = 2.2 mm is presented in Fig. 8,a.
Figure 8,b shows characteristic graphical dependencies.
As can be seen from Fig. 8, the maximum values of the
MF flux density of EHCS are 2.16 uT. They take place at
the top of the decomposition — along the TT and CC lines
(Fig. 3,b). These values are greater than the MF of a
single HC (Fig. 4) by approximately 15 %.

The calculated distribution map of EHCS MF with
an industrial sample of coaxial HC with e = 0.2 mm at
hy = 0.05 m, made according to Fig. 3.,b, is presented in
Fig. 9,a. Figure 9,b shows the calculated graphic
dependencies. As can be seen from Fig. 9, the maximum
values of the MF flux density of EHCS are
0.196 pT, which is significantly less than the normative
level of 0.5 pT.
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Fig. 8. Distribution of MF from EHCS with a two-wire planar HC type Arnold Rak 6101-20 EC (/=10 A, d =2.2 mm) on the floor
surface at i, = 0.05 m (EHCS with a rectangular decomposition of HC (Fig. 3,b): 1 — along the CC line; 2 — along the AA line);
3 — EHCS with the «snake» decomposition of HC (Fig. 10) along the CC line (Fig. 3,b), (=== calculation esee experiment)
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Fig. 9. Distribution of MF from EHCS with coaxial HC type «Volterm HR18» (/=10 A, e = 0.2 mm) on the surface of the floor
at ;= 0.05 m (EHCS with a rectangular decomposition of HC (Fig. 3,b): 1 — along the CC line; 2 — along the AA line);

3 — EHCS with the «snake» decomposition of HC (Fig. 10) along the CC line (Fig. 3,b), (

Experimental studies of MFs of various types of
HC and EHCS based on them. The research was carried
out on industrial samples of HC and laboratory models of
EHCS based on them at the unique magnetic measuring
stand of [PMach of the National Academy of Sciences of
Ukraine [26, 27]. Industrial samples of a two-wire planar
HC type «Arnold Rak 6101-20 EC» and a coaxial HC
type «Volterm HR18» were studied, as well as laboratory
models of EHCS based on them, made in accordance with
Fig. 3 with dimensions of 1.2x0.8 m and decomposition
of the HC with a step of 0.1 m with a snake (Fig. 10).
MF flux density measurements were carried out with a
certified vector magnetometer type Magnetoscop 1.069 of
the Foerster Company (MF flux density measurement
range 1 nT-600 mT, error 2.5 %).

Measurement of MF of individual HCs. The results
of MF flux density measurements are presented in Fig. 5.
For a planar HC, the spread of calculation and experiment
results does not exceed 5 %, which confirms the
correctness of the developed mathematical models and
calculation relationships (18)—(20).

In the process of experimental studies of the «Volterm
HR18» type coaxial HC, the inhomogeneity of the
distribution of MF flux density along its length was
revealed, which at » = 0.03 m varies from 0.16 pT to
0.44 uT. Here, the maximum values of MF flux density
according to (6) correspond to the value of eccentricity e
at the level of 0.2 mm, and the minimum values of e at the
level of 0.05 mm. The spread of the experimental values
of the MF flux density by the length of this HC is
presented in Fig. 5 in the form of a shaded area between
curves 2 and 3. It is significant and indicates the
instability of the eccentricity of this HC, which indicates
the need to improve the production technology of the
coaxial HC by the «Volterm» Company.

Measurement of EHCS MF. Measurements of the
MF flux density of EHCS were performed on their
laboratory mock-ups (Fig. 10) with the indicated types of
HCs. The measurement results are presented in Fig. 8, 9.
The spread of calculation and experiment results does not
exceed 7 %.

The largest spread occurs at the tops of the EHCS
(lines CC, Fig. 3,b), which is associated with the
difference in the shape of the top of the mock-up
(semicircle, Fig. 10) and the calculation model (rectangle,

calculation eees experiment)

Fig. 3). However, the sspread of the experimental results
in comparison with the additionally performed calculation
of the MF flux density EHCS by the authors for the case
of decomposition of the EHCS vertices according to
Fig. 10 in the form of a semicircle with a radius of 50 mm
(curve 3 in Fig. 8, 9), also does not exceed 7 %.
Therefore, the results of the experiment fully confirm the
correctness of the developed mathematical models of
EHCS MF (7)—(17) and relations (18)—(20) obtained on
their basis.

Fig. 10. Study of the distribution of MF flux density of the
EHCS laboratory model with a coaxial HC of the «VOLTERM»
type on the magnetometer stand of [PMach
of the National Academy of Sciences of Ukraine

Assessment of compliance of EHCS MF with the
normative level. On the basis of the verified calculation
relationships(18)—(20), the calculation of the maximum
values of MF flux density, created by EHCS with modern
two-wire planar HCs with d from 1.4 to 2.5 mm and
coaxial HCs with eccentricity e = 0.2 mm and e = 0.1 mm
eas carried out. The calculation was performed on the
surface of the floor of the living premise at different depth
hy. of laying the HC and a current of 10 A. The results of
the calculation in the form of graphs are presented in
Fig. 11.
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Analysis of Fig. 11 allows us to state the following.
When performing EHCS on the basis of modern two-wire
HCs with a minimum distance between wires of 1.4 mm,
the maximum value of MF flux density on the floor of
residential premises is 3.75—1.3 uT with a laying depth of
0.03-0.05 m and a current of 10 A This is 7.5-2.6 times
higher than the maximum permissible level of MF flux
density of 0.5 uT. Therefore, the safe use of EHCS based
on modern two-wire HCs is achieved only when their
laying depth is more than 0.085-0.1 m, or in the case of
limiting their current and, accordingly, thermal power.

The reduction of EHCS MF is also possible by
installing between the EHCS and the floor of the room a
continuous electromagnetic shield, for example, made of
welded conductive aluminum sheets 1.5-2 mm thick.
But with the expected MF shielding factor at the level of
1.5-2.5 units [51], the cost of such a shield will exceed
the cost of EHCS.

Performing EHCS on the basis of coaxial HCs with
an eccentricity e < 0.2 mm at a laying depth of 0.03—0.05 m
allows to reduce their MF flux density to the normative
level of 0.5 uT. Therefore, the widespread introduction of
coaxial HCs is an effective method of solving the problem
of reducing possible risks to the health of the population
and ensuring their comfortable living in residential
premises.

It is also advisable to further improve the design and
production technology of coaxial HCs to limit their
maximum eccentricity to 0.1 mm and ensure its stability
in operating conditions.

Conclusions.

1. On the basis of the Bio-Savar’s law and the principle
of superposition, an analytical model of the magnetic field
of electric heating cable systems of the floors for residential
premises and a methodology for calculating the magnetic
flux density based on it have been developed.

2. Verification of the developed mathematical model
and technique of calculating the magnetic field was
carried out through experimental studies of laboratory

layouts of electric heating cable systems with industrial
samples of wvarious types of heating cables. The
measurements confirmed the coincidence of the results of
the calculation and the experiment with a spread of no
more than 7 %.

3. The magnetic field of the coaxial heating cable was
studied and the method of its calculation was proposed,
taking into account the maximum value of the eccentricity
of its central wire.

4. An assessment of the compliance of the magnetic
field in the residential premises with the normative level
of 0.5 uT when using electric heating cable systems with
different heating cables was carried out, and based on
which:

a) an excess of the maximum permissible level of
magnetic flux density on the floor of residential premises
by 2.6-7.5 times was found when using modern two-wire
planar heating cables with a minimum distance between the
wire of 1.4 mm at the depth of their laying of 0.05-0.03 m
and a current of 10 A;

b) it is shown that the safe use in residential
premises of modern planar two-wire heating cables with a
current of 10 A requires an increase in the depth of their
laying to 0.085-0.1 m.

¢) to reduce possible risks to the health of the
population and ensure their comfortable living, it is
recommended to use coaxial heating cables in residential
premises, which create an order of magnitude smaller
magnetic field than modern two-wire planar heating
cables.
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