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Comparison of heating curves of a rectangular busbar in different
conditions of heat abstraction during the short-circuit heating
M. ZARĘBA*
Faculty of Electrical Engineering, Bialystok University of Technology, 45D Wiejska St., 15-351 Bialystok, Poland

Abstract. The paper compares heating curves for a rectangular busbar in the conditions of convective and adiabatic heat transfer during
short-circuit heating. Different coefficients of heat transfer from the external surface of the busbar and different busbar cross-sections have been
assumed. This has allowed determining the error value occurring when the adiabatic rather than convective boundary condition is presumed at
short circuit. The analysis takes into account a change of resistivity in the temperature function. The respective boundary-initial problems have
been solved with analytical methods using Green’s function. The calculated results show that no considerable errors occur for long-lasting short
circuits with an adiabatic rather than convective boundary condition.
Key words: analytical methods of the field theory, transient heat flow, short-circuit in leads, Green’s function.

1. Introduction

Green’s function in different, simple models, which presumed
that heat sources were independent of temperature change or
electric current. In this paper, the consideration of variable resistivity resulted in the current-flow-related heat sources being
dependent on temperature. This made an analytical result more
difficult to obtain.
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Thermal field calculations for cables and leads related to
short-circuit current flow disregard heat transferred to the environment and treat a heating process as adiabatic [1–3]. It has
been recognised that an adiabatic heating process could be presumed for times under one tenth of the time constant of a system
[1]. An interesting task is to determine in theory the value of
y
error occurring when this simplification is applied. This error
depends on a number of factors (including short-circuit time,
b
busbar’s cross-section, cooling conditions) and has an impact
on the calculated short-circuit currents.
The aim of this article is to determine the value of error ocTp T0
curring when one presumes the adiabatic rather than convective
heat exchange at short circuit. Therefore, heating curves were
x
compared in the aforementioned cases and different variants
a
0
a
of the system’s operation. The research was carried out for
a rectangular busbar with different heat transfer coefficients
I
and different cross-sections. Before short-circuit occurred, it
was assumed that the system had had a certain initial temperature distribution resulting from the flow of load current. The
b
analysis was conducted, taking into account a change of resistivity in the temperature function. The respective boundary-initial problems were solved with the use of analytical methods.
Fig. 1. The cross-section of the rectangular busbar
1 The
cross-section
of the rectangular busbar.
Green’s function was applied especiallyFig.
in cases
[4–7].
The
main advantage of this approach is that calculation results have
the form of formulas, which greatly facilitates the discussion
The object of the research is a rectangular busbar (Fig. 1)
on the impact of the particular parameters as well as the phys- heated with direct current DC (I ). In Fig. 1 T0 means ambient
ical interpretation of the results obtained. In the above-men- temperature and Tp is the initial condition. The system can also
tioned works [4–6], the thermal field was determined by using be heated with AC current after considering a respective skin
factor [1]. In the model under analysis adopted certain simplifying assumptions, not least because of the limitations of the an W alytical method presented in this paper. It was assumed that the
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solar radiation. It was also assumed that it is much longer than

1  7
 2  12

79

M. Zaręba

its cross-section. The following relation has been established to
describe the busbar’s variable electric resistivity [8]

ρ (T ) = ρ (T0)(1 + ε (T ¡ T0)) ,(1)
where: ρ (T0) – material’s resistivity in temperature T0, T – temperature, ε – temperature resistivity coefficient. Other busbar’s
material parameters were assumed as constants (λ – thermal
conductivity, c – specific heat, δ – density). With reference to
resistivity (1) the aforementioned parameters vary along with
temperature to a much lesser extent. The temperature influence
coefficients (e.g. for λ and c) are approximately ten and seven
times lower, respectively, than in the case of resistivity [9].
When considering the aforementioned parameters’ dependence
on temperature, the further defined boundary-initial problem
becomes nonlinear and obtaining the solution analytically is
not possible. In what follows, the heating curves are compared
at slightly different temperature values, which will compensate
to some extent for nonlinearity of the discussed parameters.

2. Boundary-initial problems of the system
Both of the boundary-initial problems of adiabatic and convective heating differ only in boundary conditions. It is convenient
to present these problems with regard to temperature increase
v(x, y, t) related to ambient temperature T0

v(x, y, t) = T(x, y, t) ¡ T0 ,(2)
where: T(x, y, t) – spatial-temporal distribution of temperature
field in the busbar, t – time.
The temperature increase (2) in the busbar, with (1) of the
previously discussed assumptions applicable, is described by
the following heat conduction equation [4]
∂ 2 v(x, y, t)
∂x

2

+

∂ 2 v(x, y, t)
2

∂y
g0

+ mv(x, y, t) = –
where:

m=

1 ∂v(x, y, t)

χ

∂t

2

16a2b2λ

, χ=

λ
cδ

, g0 =

(3)

ρ (T0)I

2

16a2b4

,

χ – diffusivity, λ – thermal conductivity, c – specific heat,
δ – density, g0 – efficiency of the spatial heat sources, 2a – busbar’s width, 2b – busbar’s height, I – DC current intensity.
In the conditions of convective heat exchange it was assumed that the busbar’s surface releases heat by convection and
radiation [10, 11]. Hence, the following boundary conditions:
∂v(x, y, t)
∂x
∂v(x, y, t)
∂y

80




x = ±a

y = ±b

=
=

α
λ
α
λ

∂v(x, y, t)
∂x



x = ±a

∂v(x, y, t)

=

∂y



x = ±b

= 0.(6)

Before short-circuit current appeared it was assumed that
the busbar had a certain initial homogeneous temperature distribution Tp > T0 (Fig. 1). After taking increase (2) into consideration, the initial condition will take the following form

v(x, y, t = 0) = Tp ¡ T0 .(7)
Relations (2‒5, 7) form the boundary-initial problem with the
convective heat exchange, while (2, 3, 6, 7) with the adiabatic
heat exchange.
In order to facilitate the solution of the both mentioned-above
problems, it is convenient to introduce new function w(x, y, t) [4]

v(x, y, t) = w(x, y, t) ¢ e mχ t .(8)
After substituting (8) to (3) the following was obtained
∂ 2 w(x, y, t)
∂x

2

+

∂ 2 w(x, y, t)
∂y

2

1 ∂w(x, y, t)

¡

χ

∂t

=–

g0

λ

e –mχ t

(9)

for jxj ∙ a, jyj ∙ b, t > 0.
On the other hand, after considering (8), the form of boundary
and initial conditions will not change in either case. Therefore, in order to obtain them, it is sufficient to make change
v(x, y, t) → w(x, y, t) in relations (4‒7).

+

for jxj ∙ a, jyj ∙ b, t > 0,

λ

ρ (T0)ε I

¡

where α is the total heat transfer coefficient including both
convection and radiation.
In the case of adiabatic heating, the boundary conditions
are as follows

v(x = ±a, y, t),(4)
v(x, y = ±b, t),(5)

3. Green’s functions
Boundary-initial problem of convective heating with regard to
w(x, y, t) was solved with the use of Green’s function [4–7]. Its
basic advantage is the integral form of the solution.
For Green’s function G = G(x, y, t, x՚, y՚, η), the boundary
initial problem with regard to w(x, y, t) was defined as follows:
∂ 2G
∂x

2

+

∂ 2G
∂y

2

¡

1 ∂G

1

= – δ (x ¡ x՚)(y ¡ y՚)(t ¡ η)
(10)
χ ∂t
χ

for jxj ∙ a, jyj ∙ b, t ∙ η .
∂G
∂x
∂G
∂y



=



=

x = ±a

x = ±b

α
λ
α
λ

[G]

x = ±a ,(11)

[G]

y = ±b ,(12)
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G = 0 for t ∙ η ,(13)

Ψ(x, y, 0) = F(x, y) for jxj ∙ a, jyj ∙ b,(19)

G(x, y, t, x՚, y՚, η) = G(x՚, y՚, –η, x, y, t),(14)

where F(x, y) is the arbitrary distribution of the initial condition.
According to the separation of variables method [10, 12],
after separating time and location variables in (16), using
boundary conditions (17, 18), and considering the field distribution symmetry in relation to OXY axis, the following was
obtained:

where the right side of (10) is a product of shifted Dirac delta
functions (in space after x՚, y՚, in time after η). Equation (13) is
the causality relation and (14) is the reciprocity of Green’s function. According to the physical interpretation, Green’s function
is a thermal field originating from the above-defined thermal
pulse [4, 12].
With the convective heat exchange it could be shown that
with the use of (10‒14), boundary-initial problem for w(x, y, t)
(formulas (9), (4, 5), (7) after change v(x, y, t) → w(x, y, t)), in
the second form of Green’s theorem [4, 12] one will obtain the
following relation [4]
a b

w(x, y, t) = (Tp ¡ T0) ∫
w(x, y, t) +

χ
λ

t a b

–a –b

∫ g0 e

∫∫

∫ G(x, y, t, x՚, y՚, 0)dx՚dy՚ +
(15)

–mχη

In order to use (15) one should find Green’s function. One of the
methods of its determination is to solve the auxiliary problem
[12] (without heat sources) by two methods, for instance, separation of variables method [9, 12] and Green’s function method
defined by means of (10‒14). Subsequently, with the respective
comparisons of both obtained solutions [4, 12] one may determine Green’s function.
Therefore, the following auxiliary problem was discussed
with regard to Ψ(x, y, t) This was solved with the separation of
variables method and Green’s function method
∂ 2 Ψ(x, y, t)

+

∂y 2

¡

1 ∂ 2 Ψ(x, y, t)

χ

∂t

=0

(16)

where Akn are unknown coefficients and β k and γn are determined by means of the equation of eigenvalues

λβ k

1

x = ±b
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(23)

β

γ

Equation (23) was multiplied by cos  ai x and cos  bl y and the
relations obtained in that way were integrated with respect to
coordinate x in the range h–a, ai and with respect to y in the
range h–b, bi. After using the orthogonality of trigonometric
functions in the discussed ranges, the following was obtained
a b

Akn =

β

γ

k
n
∫ ∫ F(x, y)cos  a x cos  b y dxdy

–a –b

ab 1 +



αa
βk2λ

cos2(β k) 1 +



αb
cos2(γn)
γn2λ


.(24)

After making the change under the integrals x → x՚, y → y՚ in
(24) and substituting (24) to (20) and proper ordering, the following was obtained

=

β

1

∫ ∫ ∑∑

–a –b k=1 n=1

[ Ψ(x, y = ±b, t)],(18)

γ

for jxj ∙ a, jyj ∙ b.



α

[ Ψ(x = ±a, y, t)],(17)





k=1 n=1

=

∂Ψ(x, y, t)

λ

β 

1

=

x = ±a

.(22)

∑ ∑ Akn cos  ak x cos  bn y = F(x, y)



∂x

λγn

,(21)

Subsequently, in order to determine unknown coefficients Akn,
equation (20) was substituted to (19)

a b 1

α

αb

tg(γn) =

Ψ(x, y, t) =

∂y

αa

tg(β k) =

for jxj ∙ a, jyj ∙ b, t > 0,
∂Ψ(x, y, t)

γn2 

for jxj ∙ a, jyj ∙ b, t > 0.

0 –a –b

4. Solution of the boundary-initial problem
of convective heating

∂x 2

1

G(x, y, t, x՚, y՚, η)dx՚dy՚dη

where G(x, y, t, x՚, y՚, 0) Green’s function for η = 0.
The first term of relation (15) comes from the initial condition, the second one from the heat sources. Details concerning
integral relations with Green’s functions for different boundary-initial problems were given, among others in [4, 5, 12].
The aforementioned relation (15) will be the same with adiabatic heating; only Green’s function G(…) occurring under
integrals signs in (15) will be different.

∂ 2 Ψ(x, y, t)

 βk2

β 
γ  –  2 + 2  χ t
ψ (x, y, t) = ∑ ∑ Akn cos  k x cos  n y e  a a 
(20)
a 
b 
k=1 n=1
1

=e

β 2 γ 2 
–  k2 + n2  χ t
a 
a

β

γ

γ

cos  k x՚ cos  k x cos  n y՚ cos  n y
a 
a 
b 
b 
ab 1 +



αa
βk2λ

cos2(β k) 1 +



αb
cos2(γn) (25)
γn2λ


F(x՚, y՚)dx՚dy՚ .
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b

On the other hand, the solution of the auxiliary problem (16‒19)
expressed with Green’s function comes only from non-zero initial distribution F(x, y) and it is in the form of

Ψ(x, y, t) =

a b

∫ ∫ G(x, y, t, x՚, y՚, η = 0)F(x՚, y՚)dx՚dy՚ ,(26)

–a –b

where G(x, y, t, x՚, y՚, 0) - Green’s function for η = 0.
After a proper comparison of (26) and (25), change t → t ¡ η
[4, 12], Green’s function was obtained

G[a,b,t,0,0,1000] [1/m2]

1 The cross-section of the rectangular busbar.
M.Fig.
Zaręba

 W 
 2 
 (m K ) 

1  7
 2  12

 3  20

G(x, y, t, x՚, y՚, η) =
=

1

1

∑∑
ab
1

k=1 n=1

=e

time [s]

β
β
γ
γ
cos  k x՚ cos  k x cos  n y՚ cos  n y
a 
a 
b 
b 

1 +


αa
βk2λ

β 2 γ 2 
– χ (t ¡ η) k2 + n2 
a 
a

cos2(β k) 1 +





(27)

αb
cos2(γn)
γn2λ


Figure 2 shows an example of the time-profiles of Green’s
function (27) in point (x, y) = (a, b) for the case of thermal
pulse generation in point (x, y) = (0, 0) at η = 1000 s for various heat transfer coefficients α. The data essential to draw up
Fig. 2 were taken from set (35).
Finally, after substituting Green’s function (27) to (15) and
calculating the relevant integrals, taking account of (8) and (2),
the following heating curves were obtained:
1

TK (x, y, t) = T0 + 4(Tp ¡ T0 ) ¢ ∑ ∑ Akn(x, y) ¢
¢e

 β 2 γ 2  
– χ t  k2 + n2  –m
a  
 a





¢ 1¡ e


k=1 n=1

+

4g0 a 2 b 2

λ

1

1

¢∑∑

k=1 n=1

ξ kn

¢ (28)



∫ T (x, y, t = 0) ¡ T (x, y) dt,(31)

0 k

β
γ
cos  k x cos  n y sin(β k) sin(γn)
a 
b 
αa
αb
cos2(β k) γn +
cos2(γn)
βk λ
γ
nλ



s

where Ts(x, y) is the stationary distribution determined from
(28) with t → 1.
After substituting (28) to (31) as well as integrating and
reducing, the average time constant of the busbar was obtained

τ (x, y) =
1

=

1

4(Tp ¡ T0) ∑ ∑

Akn(x, y)a2b2

χξkn

k=1 n=1
1

1

¡

4(Tp ¡ T0) ∑ ∑ Akn(x, y) ¡

4g0 a 2 b 2

λ

1

k=1 n=1

4g0 a 2 b 2

λ

1

∑∑
1

1

∑∑

k=1 n=1

Akn(x, y)a2b2
2
χξkn

Akn(x, y)

(32)

ξkn

for jxj ∙ a, jyj ∙ b,

5. Solution of the boundary-initial problem
of adiabating heating

where:

,(29)

ξ kn = β k2b2 + γn2a2 ¡ ma2b2 ,(30)
and eigenvalues β k and γn are determined from equations (21, 22).
One should also determine the thermal time constant of the
system which is useful when determining the time of comparing
heating curves. In order to calculate that constant, the criterion
of an average (local) time constant was used [13, 14]
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Tk(x, y, t) ¡ Ts(x, y)

1

where Akn(x, y) and ξkn are described by equation (29) and (30).

,

β k +


τ (x, y) =

k=1 n=1

Akn(x, y)

 β 2 γ 2   
– χ t  k2 + n2  –m
a  
 a

Akn(x, y) =

cross-section S2 = 400 mm2

for jxj ∙ a, jyj ∙ b, t > η .

1



Fig. 2. Green's function (27) diagrams G  G x  a, y  b, t , x ,  0, y ,  0,  1000 for various hea
Fig. 2. Green’s function (27) diagrams G(x = a, y = b, t, x՚ = 0,2 y՚ = 0,
400 mm
the busbar
for cross-section
. for
2  the
η =transfer
1000) coefficients
for variousin heat
transfer
coefficientsSin
busbar

Adiabatic heating temperature distribution can also be obtained
by using Green’s function in the same way as in the case of
convective heating. However, a more convenient method of
obtaining the solution is to use limiting case (α → 0) which
changes convective boundary conditions (4, 5) into adiabatic
ones (6). The aforementioned limiting case is applied to final
relations (21, 22) and (28), which describe temperature distribution with convective heating. Therefore, equations of eigenvalues were obtained from (21, 22) with α → 0:

sin(β k) = sin(γn) = 0 (33)
where first eigenvalues are zero (that is β 0 = γ 0 = 0). Subsequently, after substituting (33) to (28‒30), all the terms of the
Bull. Pol. Ac.: Tech. 66(1) 2018
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TA(t) = T0 + (Tp ¡ T0) e mχ t +

g0
mλ

(e mχ t ¡ 1) ,(34)

where TA(t) – heating curves in adiabatic conditions.

Adiabatic heating
1  7 W/(m2 K )

Temperature
Temperature
[oC] [oC]

series are zeroed except for the first components related to
zero eigenvalues which will be indeterminate forms. As a result, after using L’Hôpital’s rule for β 0 = γ0 = 0 from (28), one
obtains temperature changes with adiabatic heating

2
Adiabatic
K)
heating
2  12 W/(m

2
 13  720 W/(m
W/(m2KK))

 2  12 W/(m2 K )

 3  20 W/(m2 K )

6. Computational examples
time [s]

T0 = 20°C, Tp = 40°C, λ = 229 W/(mk),
c = 910 J/(kgK), δ = 2720 kg/m3,

ρ = (T0 = 20°C) = 2.8264 ¢ 10–8 Ωm,

(35)

ε = 40.3 ¢ 10–4 1/k.

RelativeRelative
differences
differences
[%] [%]

Mathematica software [15, 16] was used to calculate heating
Fig. 3. Heating curves in the busbar in adiabatic and convective conditions with crosscurves with convective (28) and adiabatic (34) boundary condiFig. 3. Heating curves
in the busbar
and convective
time current
[s] in adiabatic
2I  3 kA .
section S  400 mm 2 for short-circuit
tions as well as time constants (32). The computational example conditions 2with cross-section S2 = 400 mm 2for short-circuit current
Fig. 3. Heating curves in the busbarI2 in
and convective conditions with cross= adiabatic
3 kA
was a rectangular aluminium busbar. The following data were
section S 2  400 mm 2 for short-circuit current I 2  3 kA .
 W 
assumed:
 2 
 (m K ) 
 W 
 2 
 (m K ) 

 3  20
 3  20

 2  12
 2  12

1  7
What is more, the calculations were made for three different
2
cross-sections of the busbar S 1 = 100 mm with current
1  7
I1 = 0.8 kA, S2 = 400 mm2 with I2 = 3 kA and S3 = 900 mm2
with I3 = 7 kA. In all the above-mentioned cases, a constant
ratio for busbar dimensions was adopted as b/a = 4. Moretime [s]
over, three different heat transfer coefficients were assumed:
2
2
2
α 1 = 7 W/(m K), α 2 = 12 W/(m K) and α 3 = 20 W/(m K).
Fig. 4. Relative differences of heating curves (36) in adiabatic and convective boundary
time coefficients
[s]
With regard to a fast convergence of series in (28), only 25
conditions with different heat transfer
for S 2  400 mm 2 and short-circuit
 3 kA .
terms of each sum were considered in (28).
current I 2differences
Fig. 4. Relative
of heating curves (36) in adiabatic and convective boundary
Fig. 4. Relative differences of heating curves (36) in adiabatic
and
In order to determine the error value of replacing the con- convective
S 2  400 mm 2 and short-circuit
conditionsboundary
with different
heat transfer
coefficients
conditions
with different
heatfortransfer
coefficients
vective condition with the adiabatic one, the relative differences
currentforI 2S2 3=kA400
. mm2 and short-circuit current I2 = 3 kA
of heating curves were analysed according to the following
relation

TK (x, y, t)

.(36)

 2  12 W/(m2 K )

S1  100 mm 2

Relative differences [%]

100%

TA(t) ¡ TK (x, y, t)

Due to aluminium’s considerable thermal conductivity, the results of calculations were presented for one point of coordinates
S 2  400 mm2
x, y) = (a, b). Figure 3 shows heating curves with the convective (28) and adiabatic boundary condition (34) in the busbar
S3  900 mm 2
for S 2 = 400 mm2 and I2 = 3 kA with different heat transfer
coefficients. On the other hand, Fig. 4 shows relative differences of heating curves (36) in the busbar for S 2 = 400 mm2
and I2 = 3 kA also for different heat transfer coefficients.
Figure 5 shows relative differences (36) with constant
time [s]
α 2 = 12 W/(m2K) but with different cross-sections of the
Fig. 5. Relative differences of heating curves (36) in adiabatic and convective boundary
busbar for different currents I (for data mentioned under data Fig. 5. Relative differences of heating curves (36) in adiabatic2 and
conditions with different heat transfer coefficients for: S1  100 mm and I1  0.8 kA ,
set (35)). Also Table 1 lists calculations of relative difference convective boundary
with
cross-sections for:
2
I 2 conditions
3 kA , S3  900
S  400 mm 2
mm different
and I 3  7 kA .
values (36) for one tenth of the time constant. In order to cal- S 1 =2 100 mm 2 and
and I 1 = 0.8 kA, S 2 = 400 mm 2 and I 2 = 3 kA,
culate the time constant, (32) was used.
S3 = 900 mm2 and I3 = 7 kA
Bull. Pol. Ac.: Tech. 66(1) 2018
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 2  12 W/(m2 K )

TKN (a, b, t )  TK a, b, t 
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Table 1
Values of relative differences (36) for one tenth of the time constant
with different heat transfer coefficient and different cross-sections
of the busbar

[ mm2 ]

heat transfer
coefficent
α
[W/(m2K)]

value of 1/10
time constant
0.1 τ[a, b]
[s]

relative
differences for
0.1 τ[a, b]
[%]

100
400
900

12
12
12

157.2
113.1
174.2

7.41
7.55
8.41

400
400
400

17
12
20

195.7
113.1
166.9

7.95
7.55
7.21

cross-section
S

Relative differences [%]

In order to verify analytical relations (28) and (34), the
boundary-initial problems of convective and adiabatic heating
were solved again by the finite element method [17, 18].
A two-dimensional model (Fig. 1) was approximated by a mesh
S1  100
mm 2
consisting of 40 000
square
(100£400). The
tempera 2  12
W/(m2 Kelements
)
ture distribution in each of the elements was approximated by
the linear combination of second-order polynomials. The calculations were made in Mathematica software [15] with 10–6 accuracy for a busbar with S2 = 400 mm2 cross-section, short-circuit
current I2 = 3 kA with α 2 = 12 W/(m2K). As a result, Fig.2 6
S 2  400 mm
shows temperature differences between heating curves obtained
2
by means of the finite element method and the method
preS3  900 mm
sented in the paper for adiabatic and convective heating, that is

TAN (t) ¡ TA(t),(37)

where: T
 AN (t), TKN (a, b, t) – heating curves in the adiabatic and
the convective conditions calculated by means of the
method presented in the paper.
The impact of mesh density used in the finite element
method on the above-defined differences (37, 38) was also investigated. Therefore, Table 2 shows the differences (37, 38)
for several selected time moments at three different mesh sizes.
From the table presented, it can be seen that the mesh size
has a negligible effect on errors (37, 38). This is due to the
high thermal conductivity of the busbar (λ = 229 W/(mK)),
and this makes the spatial temperature drop small. It is worth
adding that the effect of the mesh density is significant at high
temperature drop.
Table 2
Temperature difference values (37, 38) obtained from comparison
of analytical and numerical methods for selected time moments and
different mesh sizes
temperature differences TKN (a, b, t) ¡ TK (a, b, t)

mesh size

t = 10 s

t = 50 s

t = 200 s

5£20

0.000021219

0.000021964

0.000026092

10£40

0.000021224

0.000021968

0.000026095

0.000021225

0.000021997

0.0000261

20£80

mesh size
5£20
10£40
20£80

TKN (a, b, t) ¡time
TK (a,
[s] b, t),(38)
Fig. 5. Relative differences of heating curves (36) in adiabatic and convective boundary
where:
T
 AN (t),
(a, b,heat
t) –transfer
heating
curves infor:theS1adiabatic
0.8 kA
 100 mm 2 and
Results
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A) Short heating with short-circuit current makes the heating curves for shorter times almost linear and practically
overlapping both in the adiabatic and convective conditions
(Fig. 3). However, for longer times, there is a clear separa 2  12 W/(m2 K )
tion of the mentioned curves, especially with the increasing
heat transfer coefficient (Fig. 3). This is related to the process
of cooling in the conditions of convective heat exchange,
causing the busbar to be heated to lower temperature (depenTKN (a, b, t )  TK a, b, t 
dent on the heat transfer coefficient) than in adiabatic conditions. Also Fig. 4 shows that higher values of heat transfer
TAN (t )  TA t 
coefficient lead to higher values of relative differences (36)
between heating curves. With the constant heat transfer coefficient and the decreasing cross-section of the busbar, the
increase in the values of relative differences is also observed
(36) (Fig. 5). With the value of one tenth of the time constant
(Table 1), the values of relative difference (36) for different
time [s]
variants of change α and cross-section S are in the range of
7.2‒8%. The fact that the value of the time constant (TaTKN (a, b, t )  TK a, b, t  and TAN (t )  TA t  determined
Fig. 6.
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heat transfer coefficient give lower values of time constants.
This is also visible in Fig. 2, where faster drops of Green՚s
function are observed at higher values of heat transfer coefficient. A significant parameter of cables and leads is the
one-second density of the short-circuit current [2], which is
usually determined up to 5 s. In these conditions, values of
(36) do not exceed 0.6% in the worst case.
B) In both the adiabatic and the convective boundary conditions, temperature distribution differences (calculated with
the finite element method and analytical method) are very
small (Fig. 6).

8. Conclusion
The above results, in particular Table 1, suggest that adopting
an adiabatic rather than a convective condition does not produce
a greater error even for a short-circuit current of considerable
duration (up to one tenth of the time constant). Furthermore, with
regard to the aforementioned inconsiderable errors, relatively
simple relation (34) with adiabatic heating may also be used in
the conditions of irregular or interceptive regime [2] of busbars.
With regard to very small errors of the presented method in
relation to the finite element method (Fig. 6), solution of (28)
and (34) can be considered as a verified one.
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