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Convection and radiation cooling of overhead power lines -
laboratory verification using thermography

Abstract

The thermal behavior of overhead power lines depends upon physical
parameters, such as surface emissivity and line dimensions, as well as
weather conditions. In this paper, the results of the convection and
radiation cooling of a conductor that simulate a power line are presented.
Laboratory experiments were conducted and the results were compared
with the data obtained using empirical formulae from the literature. Both
the laminar and the turbulent airflow were investigated.
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1. Introduction

Extensive research has been conducted in the area of the thermal
loading of overhead power lines [1-7]. The loading of the line
results in the increasing of the line’s temperature. This
temperature is a function mainly of loading and cooling of the line
but also is a function of the conductor material properties, the
line’s diameter, surface state and ambient meteorological
conditions [7].

The ampacity of a given overhead power line depends mainly on
convection cooling contrary to underground cables where heat is
dissipated mainly by conduction [8-9]. Weather conditions and
line dimensions are the most important factors of line’s cooling
[10]. Overhead power lines may be subjected to wind, resulting in
forced convective cooling. For a given wind speed, the parallel
blowing wind results in a lower convective heat loss than wind
blowing perpendicularly to the overhead power line. Cooling is
not only dependent on wind speed and direction, but also on the
turbulence of a flow.

As air velocity increases, the effect of the natural convective
heat transfer on the total heat transfer diminishes while the forced
convective heat transfer increases [11]. With low wind speed,
natural and forced convection may occur at the same time.
Morgan [12] has shown that for conductors with an outside
surface temperature rise above ambient not exceeding 20 K, as is
often the case in outdoor power lines installations, the natural
convective cooling can be ignored when the wind velocity exceeds
1 m/s.

Many researchers performed studies on natural [12-13] and
forced [14-18] heat convection from the horizontal cylinders.
Except for analytical and experimental techniques, numerical
methods [19] were extensively used. Although the subject has
been studied broadly for many years, discrepancies in all of the
data still exist due to various conditions the results were obtained.

2. Theoretical considerations

In this section, theoretical and empirical approaches are
developed concerning the determination of the heat transfer
coefficients of overhead power lines.

Heat transfer phenomena are complex for overhead power lines.
Regardless of the particular nature of the convection heat transfer
process and using Newton’s law of cooling, the appropriate heat
rate equation is of the form [7]:
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q " denotes heat losses per meter and is proportional to conductor’s
surface temperature rise above ambient A7. D, is conductor
external diameter. From eq. 1, total heat transfer coefficient 7y,
can be determined from the experimental data by:
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Evaluation of the total heat transfer coefficient can become quite
complex. Previous versions of IEC 60287 [1] standard considered
only natural convection;, however, a more recent version [20]
provides estimation method for both natural and forced
convection. According to IEC 60287, the total heat transfer
coefficient could be calculated by [1]:

1
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where 4 is the heat transfer coefficient embodying convection,
radiation, conduction, and mutual heating. It is given by the
following analytical expression [1]:
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Constants Z, F, and g are given in Table 1. Although the IEC
60287 standard method is concerned for its validity,
improvements have been presented by Sedaghat et al. [21] for
conductors under general operating conditions.

Tab. 1. Values for constants Z, E and g in free air

Parameter V4 E g
Single cable 0.21 3.94 0.60

Heat losses generated in a conductor are dissipated to the
environment due to convection and radiation. Over the years,
several simple formulae have been developed to account for the
convection and radiation heat transfer outside the conductor surface.
Neglecting conductive heat transfer, which is very small in free air,
total heat transfer coefficient is given theoretically by [7]:

w
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where h. and A, is convection and radiation heat transfer
coefficients, respectively.
Radiation heat transfer coefficient 4, can be calculated by [7]:

hy = e0p(Ty + T)(T? + TZ) ~4e0p T3, , — ©)
where ¢ is emissivity coefficient of the surface and op is Stefan-
Boltzmann constant, equal to 5.67-10° W/m?K*. 7, and T, are
conductor surface and ambient temperature (in K), respectively.
T,, is the average value of 7, and 7, (in K).
In case of laminar airflow, many empirical formulae have been
proposed. An approximate value of the forced convection
coefficient can be obtained from Neher and McGrath [10]:

w
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where v is air velocity (m/s).
Forced convection coefficient /. can be expressed in terms of
Nusselt number as:

k'Nu W
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where £ is the air heat conductivity (W/m-K).
Hilpert [14] proposed an empirical expression for Nusselt
number in case of forced convection:

Nu = CRelPr'/3 ©)

where parameters C and m are given in Table 2. Rep is the
Reynolds number while Pr is the Prandtl number. Rep is
calculated by:

vD,

Rep =2 (10)

V is the kinematic viscosity of air (m?%/s).

Tab. 2. Constants of Hilpert expression

Rep C m
0.4-4 0.989 0.330
4-40 0911 0.385
40-4000 0.683 0.466
4000-40000 0.193 0.618
40000-400000 0.027 0.805

The formula suggested from Zukauskas [15] takes the form:
1/4
Nu = CRefPr™ (o) (11)

All properties are evaluated at T, except Pr,, which is evaluated
at T, (temperature of the conductor’s surface). Values of C and m
are listed in Tab. 3. If Pr <10, n=0.37 while if Pr> 10, n=0.36.

Tab. 3. Constants of Zukauskas expression

Rep C m
1-40 0.75 0.4
40-10° 0.51 0.5
10°-2x10° 0.26 0.6
2x10°-10° 0.076 0.7

Churchill et al. [17] proposed an equation for both laminar and
turbulent convection:
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All properties of eqns. (8) and (12) are evaluated at the mean
boundary layer temperature 7}, termed the film temperature:

Ts+Ty
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3. Experimental measurements

In order to examine the cooling of overhead power lines, two
experiments were conducted in a laboratory low-speed wind
tunnel. Fig. 1 presents the experimental apparatus. In the first
experiment, the laminar flow was used, while during the second
measurement, the turbulences were introduced for forced cooling
of conductor. For the purpose of this work, a low speed wind

tunnel was used. Proper wind tunnel design ensured that the air is
brought into the test section with uniform velocity and very little
turbulence at least for velocities up to 5.0 m/s. Inversion of the
airflow direction in the wind tunnel results in a turbulent airflow.

A steel conductor (length [ =0.40 m and diameter D,=1.2 mm)
was located inside the wind tunnel, perpendicularly to the airflow;
due to the sufficiently large aspect ratio l/D,, axial conduction
losses are negligible [18]. Then, the conductor was fed with
a constant DC electrical current (/=6 A) until a thermal steady
state. The air velocity in the wind tunnel was increased by a step
of 0.5 m/s in the range from 0 to 5 m/s. The air and ambient
temperature was close to 300 K. The fan speed was controlled by
varying frequency supplied to the motor. Since the conductor is
located indoors, the effect of solar radiation is neglected.

During the experiments, conductor’s temperature, voltage drop
and electrical current were automatically recorded every 1 second.
Surface temperature of the conductor was measured directly by
the infrared camera Cedip Titanium 560M with relative accuracy
1% of the chosen temperature range. To avoid flow disturbances,
the infrared camera was located outside the experimental cell.
Thus, surface temperatures had to be measured through a window
fixed up in one of the cell walls of the wind tunnel.

In thermal equilibrium, having measured the voltage drop across
the conductor and the dissipated electric current, the dissipated
power step ¢g’, which is the conductor’s Joule losses, can be
calculated by:

(14)

V' is the voltage drop (V), I is the electric current (A), and [ is the
conductor’s length (m).

In Fig. 2 the laminar (a) and turbulent (b) flows are visualized
while air is moving from right-to-left and left-to-right directions.
In both experiments the inlet temperature of air was the same — the
room temperature in the laboratory.

Fig. 1. Laboratory arrangement

(b)

Fig. 2 a) Laminar, and b) turbulent flow in the tunnel while the air moves
in different directions

In Fig. 3 the dissipated Joule losses versus air velocity are
presented for both experiments. The fact that ¢ turns out to be
smaller for turbulent flow seems to be unrealistic at first sight. It
must be noted here that a constant current was fed through the
conductor. In turbulent flow, the heat transfer coefficient is higher
(Fig. 5), hence the conductor temperature is reduced, too. Due to
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the positive temperature coefficient of the conductor electric
resistance, less power will be dissipated in case of turbulent flow.

—=®— Laminar
----@--- Turbulent

Fig. 3. Dissipated Joule losses versus air velocity during laminar and turbulent
airflow

4. Results

When a constant heat flux is generated and a steady-state
condition is reached, the experimental heat transfer coefficient 4,
can be directly determined wusing eqn. (1). Using the
experimentally estimated dissipated power and the corresponding
temperature rise, the experimental total heat transfer coefficients
were calculated by using eqn. (2). According to IEC 60287
standard, for natural convection only, the total heat transfer
coefficient was calculated from eqn. (3) using the heat transfer
coefficient obtained from eqn. 4. The relative difference between
the experimental results and the IEC 60287 standard is
approximately 20% (Table 4).

Subsequently, for air velocities (0.5 — 5.0) m/s, the total
empirical heat transfer coefficients were calculated by eqn. (5).
Convection heat transfer coefficients were calculated both by
Neher and McGrath formulae, and using eqn. (8). The Nusselt
numbers are calculated three times by using formulae (9), (11) and
(12). Then, each convection coefficient summed up with the
corresponding radiation one — eqn. (6). The resulted coefficients
are the total heat transfer coefficients.

In Fig. 4, the experimental and the empirical (from the
literature) total heat transfer coefficients for laminar airflow versus
air velocity are presented. As it can be seen, the experimental heat
transfer coefficients differ no more than 5% from the calculated
empirical ones. This demonstrates the validity of the existent
literature. The RMS errors (%) between the considered empirical
methods and the experimental results are summarized in Table 5.

Fig. 5 presents a comparison between the experimental total heat
transfer coefficients due to laminar and turbulent airflow. As
expected, the turbulent airflow gives rise to higher coefficient than
the laminar one. In laminar flow, the air is flowing in the thin and
relatively uniform boundary layer. During the turbulent flow there
are laminar, transient and turbulent boundary layers with not well
defined borders between them. In some cases they overlap and
mixed. Since the energy transfer rate depends on the temperature
difference, the layer of air gets warmer by the end of the rod and is
removing heat at a lower rate than in the front part of the rod. The
turbulent flow has wider boundary layer. This means that more
fresh cold air will contact the surface resulting in the higher heat
transfer rate due to a larger area of heat exchange and higher local
air velocity because the extra vortexes in the flow. Table 6 lists the
relative difference between the laminar and turbulent total heat
transfer coefficients with respect to the laminar ones.

Tab. 4. Experimental and IEC 60287 heat transfer coefficients for natural convection

Method Experiment IEC 60287
hy, Wim’K 45.76 36.73
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Fig. 4. Comparison between experimental and according to empirical formulae
calculated total transfer coefficients for laminar airflow

Tab. 5. RMS errors of considered methods

Method Neher Hilpert Zukauskas Churchill
RMS error (%) 1.06 6.28 7.33 6.51
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Fig. 5. Comparison between laminar and turbulent airflow experimental total heat
transfer coefficients

Tab. 6. Relative differences of experimental total heat transfer coefficients

Air velocity
(m/s) 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
Difference
%) 30.0 | 48.5 | 51.6 | 45.9 | 45.4 | 45.6 | 44.7 | 56.4 | 46.6 | 47.5

5. Conclusions

In this contribution, the cooling of overhead power lines were
examined. In the laboratory, two experiments were conducted. For
different air velocities, the conductor was heated until the thermal
steady state condition was reached. The generated Joule losses
were dissipated due to convection and radiation. During the
experiments, the voltage drop, electrical current and the conductor
temperatures were measured.

Knowing the dissipated heat and the conductor surface
temperature rise above ambient, the corresponding heat transfer
coefficients were calculated. Then, the experimentally estimated
heat transfer coefficients were compared with the empirically ones
published in the literature. It has been shown that the empirical
calculation methods from the literature provide the valid results
under certain conditions. One has to be very careful anytime the
data from literature is used in practice, especially for natural
convection.

Finally, it has been verified experimentally that turbulent airflow
results in higher heat transfer coefficient (about 50%) than laminar
one. When the airflow turbulence intensity increases, the heat
transfer coefficient values %, increase significantly.

P. Chatzipanagiotou wants to express his gratitude to the EU for his Erasmus+
fellowship.
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