N
N

N

HAL

open science

Ice accretion on wires and anti-icing induced by Joule
effect
Pascal Personne, J.-F. Gayet

» To cite this version:

Pascal Personne, J.-F. Gayet. Ice accretion on wires and anti-icing induced by Joule effect. Journal

of Applied Meteorology, 1988. hal-01984558

HAL Id: hal-01984558
https://uca.hal.science/hal-01984558
Submitted on 3 Dec 2021

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

Copyright


https://uca.hal.science/hal-01984558
https://hal.archives-ouvertes.fr

VOLUME 27

JOURNAL OF APPLIED METEOROLOGY

FEBRUARY 1988

Ice Accretion on Wires and Anti-Icing Induced by Joule Effect

P. PERSONNE AND J.-F. GAYET
L.A.M.P., Université de Clermont II, Laboratoire Associé au CNRS n° 267, France

(Manuscript received 1 February 1986, in final form 15 August 1987)

ABSTRACT

This study concerns both the formation of ice accreted around wires due to rotation from gravitational and
aerodynamic forces, and the anti-icing induced by the Joule effect. The experiments have been carried out in
an instrumented wind tunnel operating in natural conditions. The results show that the growth rate increases
with the ice deposit thickness. Because of low airspeed and small cloud droplets, the total collection efficiency
is less than 0.2. The discrepancies between the observed collection efficiencies and those predicted by Langmuir
and Blodgett’s theory increase with time and consequently with the ice thickness. This may be due to the
complex shape of the deposit which is noncircular and presents a rough surface. These results point out the
difficulties in modeling the detail of such ice profiles in this range of conditions. The air temperature plays a
significant role in the rotation angle of the wire and in the ice growth rates. The surface temperature of wires
is measured in order to validate the heat balance of the heated wires; this gives a proposed estimation of the

current to prevent the wire from icing.

1. Introduction

Power lines are sometimes damaged by atmospheric
ice accretion caused by cloud and fog riming if the
combined ice and wind effects exceed the design loads
of the structure of the lines. Considerable work, mostly
devoted to describing theoretically the intensity of icing
on structures (Imai, 1953; Ackley and Templeton,
1979; McComber and Touzot, 1981; Lozowski et al.,
1983; Makkonen, 1984) has already been done on the
subject. Until now, these theoretical studies have gen-
erally been compared with observations obtained from
laboratory wind tunnel experiments (Makkonen and
Stallabrass, 1984). Nevertheless, the lack of experi-
mental data (collected in natural icing conditions)
concerning the relevant atmospheric parameters seri-
ously hampers the development of the modeling of the
icing process.

In mountainous regions of France, and above 700
m MSL elevation, the power lines are specially designed
to support overloading by ice accretion and wind ef-
fects. Since this reinforcement of the structure signif-
icantly increases the construction cost of the power
lines, the low altitude network is not protected against
these atmospheric conditions. The atmospheric icing
of power line networks located in nonmountainous
areas is generally observed during winter anticyclonic
situations with supercooled fog or low stratus clouds,
and at low wind speeds (<10 m s™!) (Gland, personal
communication, 1986). The damages attributed to
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these conditions during the 1973-83 period has been
listed by Gland (1985). This author also shows that the
icing situations are characterized by a temperature
ranging mostly from 0° to —5°C and that the icing
episodes can last several days.

The first purpose of this paper is to describe exper-
imental studies of the formation of ice on wires in an
instrumented wind tunnel operating in natural con-
ditions. The second purpose is to present preliminary
results on the prevention of the icing of wires by Joule
heating.

2. Description of the experimental procedure
a. The wind tunnel

The instrumented horizontal wind tunnel is set up
at the Observatory of Puy de D6me which is located
at the summit of Puy de Dome Mountain (1465-m
MSL). Figure 1 displays a sketch of the wind tunnel.
Inside a first sampling section of 46.8 X 64.8 cm, two
model wires are installed while in a second sampling
section (situated downstream) of 23.4 X 32.4 cm, the
microphysical and dynamical probes are set up. The
airspeed can vary from 5 to 15 m s™! in the first sam-
pling section and from 20 to 60 m s™' in the second
one by adjusting the power supply of the motor. The
convergent entry bell located outside the observatory
(Fig. 1) has an area of 153 X 159 ¢cm, and ensures a
contraction ratio of 8 between the plenum and the first
sampling section. Furthermore, the convergent bell
mouth contains a grid extended by adjustable flaps in
order to improve the homogeneity of the sampled
clouds when the outside wind is not directed along the
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FIG. 1. Sketch of the wind tunnel set up on the summit of Puy de Ddme Mountain.

wind tunnel axis. For the largest ice profiles obtained
during the experiment (appendix A), the maximum
tunnel blockage ratio was only 9% (except for test 8
where it was 20%). According to the experimental pro-
cedure and results reported by Makkonen and Stalla-
brass (1984), the tunnel blockage effects may not have
a significant effect on droplet trajectories.

b. Instrumentation
1) METEOROLOGICAL MEASUREMENTS

The probes and mounting locations are the follow-
ing:

e A PMS' ASSP for the measurement of cloud
droplet spectra with diameter ranging from 3 to 45
um. :
e A PMS ID-C for the measurement of particles
ranging from 20 to 300 um. This probe was modified
to have only the arms inside the sampling section.

¢ A Pitot tube for the measurement of the tunnel
airspeed.

These probes are set up in the second sampling sec-
tion as shown on Fig. 2.

The aforementioned instrumentation is comple-
mented by a reverse-flow temperature probe and a
Cambridge dewpoint sensor installed in the first sam-

! Particle Measuring Systems, Boulder, Colorado.

pling section, and two platinum resistance thermom-
eters giving the outside air temperature.

2) WIRES .

One or two model wires (Aster 148 and Aster 570),
50 cm long, are set up in the first sampling section. In
order to simulate the rotation of the wires under the
influence of the ice accretion, the model wires are set
up in conical bearings on the tunnel walls and are at-
tached to a helical spring (Fig. 3) giving a constant
torsion couple such that the model wire simulates the
midpoint of a typical transmission span (100 and 260
m for the Aster 148 and the Aster 570, respectively).
Furthermore, these two model wires have a core con-
sisting of a steel cylinder inside which heating resistors
(resistance respectively 300.6 and 238.1 Q in Aster 148
and Aster 570) are introduced to simulate the heating
of the wire by Joule effect. A small surface temperature
probe (platinum resistor of 2.0 X 2.3 mm) is put on
the surface of the two model wires.

The characteristics of the two model wires are the
following:

o Aster 148: Constructed by wrapping 12 strands of
3.5 mm diameter aluminum wire, giving an overall
diameter of 1.57 cm. Its torsional resistance is supplied
by a spring having a spring constant of 4.52 X 1073
nm/rad. The electrical resistance (u) per unit length is
0.2089 Q km™! at 0°C.

e Aster 570: Constructed by wrapping 24 strands of
3.5 mm diameter aluminum wire, leading to an overall
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FIG. 2. Mounting locations of the two model wires, and microphysical,
dynamical, and temperature probes.

diameter of 3.10 cm. The spring constant is 9.58
X 1073 nm/rad. The electrical resistance per unit length
is 0.05438 Q@ km™! at 0°C.

3) COMPLEMENTARY DEVICES

The microphysical, dynamical, and temperature
measurements are displayed in real time and recorded
at 0.1 Hz on magnetic tapes. In the observatory a micro-
computer is used to calculate and to graphically display
the parameters after each test. During the test, the ice
growth and the model wire rotation are monitored with
8 mm and video cameras. This instrumentation is sup-

dew point temperature probe

8 mm camera __

plemented by an accurate balance used to weigh the
ice deposits. o

4) ACCURACIES OF THE MEASUREMENTS

The homogeneity of the instrumented sampling sec-
tions has been controlled by two methods. For the first,
local airspeed measurements were performed across
the section with a small Pitot tube. The results show
that, for a fixed airflow, the variations of the airspeed
1s less than 5% and that the boundary layer near the
walls is less than 1 cm thick at 40 m s™!. The second
method was to visually check the homogeneity of the

/ helical spring

-

conical bearing

FIG. 3. Instrumentation of the two model wires.
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ice deposits on the model wires in the first sampling
section, and on a P.V.C. rod of 2.2 cm diameter oc-
casionally installed in the second sampling section. The
results show that the ice deposits are very homogeneous
on both wires and rods in any meteorological situa-
tions except within about 1 cm of the walls of the wind
tunnel.

In order to control the possible shadow effects on
the probes by the model wires situated upstream, ad-
ditional tests were carried out. These tests consisted of
measuring the characteristics of cloud droplets during
quasi-stable meteorological conditions with and with-
out obstacles which simulated the iced wires. The re-
sults showed a negligible effect on probe measurements.

The accuracy and limitations of microphysical
probes were discussed in detail by Gayet (1986). From
calibrated wind tunnel experiments the author shows
that the ASSP liquid water content can be estimated
with about 30% accuracy. According to the results of
Dye and Baumgardner (1984), the sizing accuracy is
limited by inhomogeneities in the laser beam, ambi-
guities in the Mie scattering curves and by the airspeed.
For the low airspeed used during the experiment (~40
m s7!), the standard deviation of the cloud droplet di-
ameter measurements (therefore on the median volume
diameter) could be evaluated at 3 um. Furthermore,
the ASSP calibrations performed during the icing ex-
periment showed a very repeatable probe response.
Good agreement is found between the four temperature
measurements (the deviations between the different
probes were less than 0.5°C).

¢. Experimental procedures

The open wind tunnel was operated when the ob-
servatory was surrounded by icing clouds. During the
whole 1985 experiment, which included 18 tests, var-
ious meteorological conditions were observed. The
outside mean temperature was most commonly —4°C
but ranged from —17° to 0°C; the mean values of the
cloud liquid water content and median volume di-
ameter ranged from 0.1 to 0.6 g m™3, and from 7 to
16 um, respectively.

Two series of experiments were carried out during
the winter 1984/85 campaign. For the first one, the
icing growth was studied on the two rotating and non-
heated model wires. During these tests, the angles of
rotation of the two model wires were measured ap-
proximately every 15 min, and the ice deposits were
weighed and photographed approximately every 2 h
(depending on the icing intensity) during a short in-
terruption of the airflow in the wind tunnel. The tests
" were stopped when the icing situation vanished or when
the air temperature changed noticeably due to a sudden
change of airmass associated with a warm (or cold)
front moving over the site. The duration of the tests
varied from 2 to 22 hours, but was usually 10 hours.
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The characteristics and results of the tests performed
in 1985 are summarized in appendix A.

In the second series of experiments the current re-
quired to prevent the wire icing by heating was eval-
uated.

3. Experimental results concerning the icing of free-
rotating and non-heated model wires

a. Detailed description of a typical test

Figure 4 displays an example of the time evolution
of the angle of rotation 6, of the ice load M measured
on the Aster 148 model wire (¢ = 1.57 cm), airspeed
V, liquid water content W, median volume diameter
MVD and air temperature 7. During this test, the mean
air temperature was —16°C. The test lasted 7 h 30 min
during which the liquid water content and the median
volume diameter had slow time fluctuations which
ranged from 0.2 to 0.6 g m~> and from 10 to 18 um,
respectively. Nineteen measurements of angle of ro-
tation and four of ice deposit weight were performed
during this test. These weight measurements define four
periods labeled I to IV on Fig. 4. The mear liquid
water content is reported on the figure for these four
periods. At the end of the test, the ice load reached 147
g for an ice deposit of 44 cm long on the model wire,
and the final angle of rotation was 291°. The progres-
sive icing of the wind tunnel walls induced a slow de-
crease of the airspeed in the working sections (Fig. 4).
In order to ensure a quasi-constant value of the airflow,
two de-icing operations were carried out at 0220 LST
and 0445 LST. This causes an airspeed rise of about 2
m s~! and consequently a sharp increase of the angle
of rotation of about 25°, due to the wind pressure effect
on the non symmetric quasi-flat surface of the ice de-
posit. An example of such an ice deposit cross section
sampled at 0603 LST is shown in Fig. 5, and is similar
to those obtained by Makkonen and Stallabrass (1984)
in a laboratory wind tunnel.

Figure 6 displays the ice cross sections obtained at
the end of the four periods (drawn from photographs)
and the corresponding angles of rotation of the model
wire. This figure shows that, as time increases, ice shape
deviates more and more from a cylinder and the ap-
pearance of the ice deposit becomes rougher. At the
end of the test, the front surface is rather flat by com-
parison with the near circular shape of the rear of the
profile. The center of gravity of the ice profile is situated
about 6 mm below the cable axis, the final profile is
not symmetric (axis ratio ~ 0.8) and the approximate
height of roughness is 3 mm. This type of ice shape
was observed during all the tests performed during the
experiment, even for the longest one of 2220 LST. This
type of ice deposit was recently observed on power lines
during an episode of natural atmospheric icing which
lasted 3 days in the Grenoble area (Admirat, personal
communication, 1985).
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FIG. 4. Time evolution of the angle of rotation 8 and ice load M measured on the
Aster 148 model wire; airspeed ¥, liquid water content W, median volume diameter
MYVD and air temperature 7. This test is split into four periods labeled I to IV (test

15).

b. Mass growth rate versus liquid water content

Figures 7a and 7b show, for the Aster 148 and Aster
570 mode! wires respectively, the mass growth rates
obtained from the weight measurements versus the
mean liquid water contents. The calculation of the
regression lines (also indicated on Figs. 7a, b) shows
that the slopes are quite similar for the two model wires

1cm

Fi1G. 5. Cross section of the ice deposit photographed at the end
of Part III (see Fig. 4). The ice front width is labeled L.

(129.3 and 127.6 m? h™") despite different initial di-
ameters. This result corroborates the observations pre-
viously discussed by Personne and Gayet (1984) con-
cerning the icing of fixed wires. )

On the other hand, the correlation coeflicients are
only 0.76 and 0.81 due to the scattered values of the
measurement points. There may be several reasons for
this dispersion: the measurement uncertainties, (esti-
mated at less than 30% from the probe accuracies) and
the effects on the mass growth rate of the uncontrolled
variations of the pertinent parameters such as the me-
dian volume diameter, the temperature and the time
increase of the ice deposit thickness. These effects are
discussed in subsections 3¢ and 3d.

¢. Effect of the width of the ice front surface on the
mass growth rate and on the total collection effi-
ciencies

The increase of the ice deposit thickness as a function
of time leads to a significant increase of the mass growth
rate. For example, the measurement points labeled A
and B on Fig. 7a have been obtained 2 h and 18 h,
respectively, after the beginning of test 27 (see also ap-
pendix A), and are characterized by a similar liquid
water content (0.4 g m~>) and median volume diameter

Unauthenticated | Downloaded 12/03/21 07:59 AM UTC



106

to
8-0
’ ty=t5+2h 05
. t2=t1»2h00
. t3:t2*]h 58
’ t,=t3+1h 21

FI1G. 6. Sequential ice cross sections obtained during the test de-
scribed in Fig. 4 (Aster 148 model wire, ¢ = 1.57 cm). The corre-
sponding sampling times and angles of rotation of the wire are in-
dicated. The wind vector is also reported. ’

(12.5 um). The mass growth rate and ice front width?
of the A and B points are, respectively, 33.4gm™' h™!
and 1.65 cm compared to 96.5 g m™! h™! (about three
times larger) and 5.5 cm.

To exemplify more precisely this result, we now
consider the ratio of the mass growth rate to the air-

2 Due to the roughness of the surface and the nonsymmetrical
profile of the ice deposit observed during all the tests, we cannot
speak of ice deposit diameter. Consequently, we define the ice front
width as the total width of the ice profile situated perpendicularly to
the wind vector (Fig. 5).
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speed and the liquid water content. From the formu-
lation of the mass growth rate, this ratio can be written
as

R/(VW) = E,L, (1)

where R is the mass growth rate (g m™' h™'), V the
airspeed (m s~!), W the liquid water content (g m™),
E, the total net collection efficiency (all the cases are
above the Ludlam limit, i.e., in dry growth) and L (m)
the ice profile front width (average over the interval in
which R is measured).

Figure 8 displays the values of the above ratio (ob-
tained from the measured parameters) against the ice
front width for the two model wires (triangles and cir-
cles). This figure shows that the R/(V'W) values for the
Aster 570 wire are quite similar to those of the Aster
148 wire in the corresponding range of the ice front
width. Furthermore, these experimental results show
that the R/(VW) ratio and L are distributed closely
about a straight line. Consequently, for an ice front
width ranging from 1.7 to 5.7 cm, the total collection
efficiencies defined in (1) are nearly constant (from 0.15
to0 0.10), as shown on Fig. 9, in regard to the evolution
of the theoretical cylinder collection efficiencies (solid
curve on Fig. 9) decreasing from 0.15 to 0.03 in the
same range of diameter. These theoretical coefficients
are based on the numerical solution of Langmuir and
Blodgett (1946) and corrected as suggested by Mak-
konen (1984). They are obtained using the mean values
of the measured median volume diameter (12 ym) and
airspeed (10 m s™!). It should be noted that only the
measurement points labeled B and C may be affected
by the history term (Crowe et al., 1963), which is not
taken into account in the Langmuir and Blodgett’s
theory.

Nevertheless, the comparisons with theory must be
considered as qualitative due to the complex shapes of
the observed ice deposits, and to the errors inherent to
the experiment procedure with uncontrollable icing
conditions.

Despite these restrictions it should be noticed that
a variation of the median volume diameter induces a
lower experimental deviation of the collection effi-
ciency than predicted by the theory relative to a smooth
cylinder. For example, the points labeled B and C on
Figs. 8 and 9 were obtained during relative stable icing
conditions characterized by a median volume diameter
of 12.4 and 7.9 um respectively (with standard devia-
tions of only 1 um during the time interval of the mea-
surement), the same temperature (—3°C) and a similar
front width® (~5.5 cm). The corresponding experi-
mental total collection efficiencies are quite similar
(0.11 and 0.10, see Fig. 9), whereas the theoretical

3 For such a large value of the front width the error margin on this
parameter is weak (~5%).
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FIG. 7. Mass growth rate R as a function of the liquid water content W. (a) Aster 148 model wire (¢ = 1.57 cm) (b) Aster 570 model wire

(¢ = 3.10 cm).

smooth cylinder collection efficiencies are, respectively,
0.053 and 0.007.

The representation of the theoretical product (ED)
(with D the cylinder diameter) on Fig. 8 (solid curve)
exemplify an opposite tendency of the variations of the
experimental and theoretical values as a function of L

(or D) for an ice front width larger than 2 cm. This
suggests that during natural conditions and for small
values of the total collection efficiencies, the mass
growth rate increases with the ice front width (therefore
with time), unlike the prediction by the theory, for ice
width larger than 2 cm. This result confirms the ob-
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F1G. 8. Mass growth rate per unit of airspeed and liquid water content, R/(VW), as
a function of the ice front width L. Solid circle symbols refer to the Aster 148 model
wire, and solid triangle to the Aster 570 model wire. The solid curve is the theoretical
relationship between the diameter of a cylinder D and the product of this diameter by
the calculated total cylinder collection efficiency coefficients ED (scale on the right).
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FIG. 9. Measured total collection efficiencies as a function of the ice front width L.
Solid circles refer to the Aster 148 model wire, and solid triangle refer to the Aster 570
model wire. The solid curve is the theoretical relationship between the total collection
efficiency of a smooth cylinder and the diameter L.
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servations of McComber and Govoni (1985) obtained
from natural wire icing experiment.

The discrepancies between the experimental and
theoretical results may be explained by the low speed
of the droplets and the test duration which induce an
ice shape which progressively deviates from a cylinder
and a surface which becomes progressively rougher. As
a matter of fact, for low speeds of the droplets, the
initial places of deposition become favored regions of
growth due to a local increase in the efficiency of cap-
ture (Macklin, 1962; Brownscombe and Hallet, 1967).
As for the vapor deposition on the lee side of the de-
posit, visual observations showed that the ice surface
never presented needle or dentrite crystal shapes which
are typical of such phenomenon.

These observations point out the difficulties in mod-
eling the details of the small collection efficiencies rel-
ative to the rough and complex shapes of the ice de-
posits as suggested by Makkonen (1984), and further
investigations are needed to specify more precisely the
values of the collection efficiencies for a larger range
of conditions.

d. Influence of the air temperature on the angle of ro-
tation of the wire and mass growth rate

Figure 10 displays the time evolution of the angle
of rotation of the wire obtained during three icing tests
on the Aster 148 model wire (¢ = 1.57 cm). These tests
were conducted with similar airspeed (V' ~ 10.5 ms™)
and liquid water content (W ~ 0.35 g m™3) but with
different air temperatures: —1.5°, —5.4°, and —16.1°C.
The corresponding ice densities (p) which were mea-
sured are also reported in Fig. 10. The three curves
show sharp increases due to the above-mentioned op-
eration of de-icing of the wind tunnel performed 2 h
30 min after the beginning of the tests. This figure
clearly shows that the angle of rotation becomes the
greater as the temperature is reduced. Consequently,
at —1.5°C the rotation rate is about 29 deg h™' and
twice this (60 deg h™') at —16.1°C. This dependence
could be explained by the following observations:

i) Firstly, as shown on Fig. 10, the lower the tem-
perature the smaller the ice density. This corroborates
the results of Macklin (1962).

ii) Secondly, for the same water mass flux impinging
on the wire, the lower the ice density, the larger the ice
thickness (or ice front width) and, consequentiy, the
greater the mass growth rate (see Fig. 8). Indeed, the
corresponding measured mass growth rates are 25 and
47 g m~' h™! for temperatures of —1.5 (Fig. 10, dotted
curve) and —16.1°C (dashed curve), respectively.

Consequently, the angle of rotation and mass growth
rate are significantly enhanced when the air tempera-
ture is decreased. In effect, both the moment arm and
the ice weight increase due to the augmentation of the
ice thickness itself which is controlled by the ice density.

P. PERSONNE AND J.-F. GAYET
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4. Experimental results concerning the anti-icing of the
wires by heating

a. Description of the procedure and results

This experiment aimed to evaluate the current re-
quired to prevent the icing of the wire by heating. At
the beginning of these tests, the wire surface temper-
ature was set to 0°C by adjusting the electric power of
the inside heating resistors. This electric power was
maintained at a constant value during the test in spite
of the possible variations of the icing situation.

Figure 11 gives an example of such a test by heating
the Aster 148 wire. The liquid water content, the air
temperature, the wire surface temperature measured
at the stagnation line and the airspeed are plotted as a
function of time. During this test, the air temperature
and the airspeed remain constant (—2.5°C and 12 m
s~!) and the wire surface temperature is positive (due
to an equivalent current intensity of 425 A) but fluc-
tuates between 0.5 and 2°C. Figure 11 shows that these
fluctuations are anti-correlated with the liquid water
content. For example, an increase of 0.15 g m~> induces
a decrease of the surface temperature of about 1°C.
This shows that the wire cooling due to the evaporation
of the impinging water droplets and also the heat loss
in warming the impinging water to the surface tem-
perature play a significant role in the heat balance of
the wire. Consequently, the estimation of the current
required to prevent the icing of the wire in any con-
ditions, needs a particular formulation of the heat bal-
ance. This proposed formulation (discussed in subsec-
tion 4b and appendix B) will be confirmed by com-
parison between the calculated and measured wire
surface temperatures.

b. Calculation of the wire surface temperature

The wire surface temperature can be calculated from
the heat balance of the heated (noniced) wire. Due to
the high conductivity of the wire, the temperature ob-
tained on the stagnation line represents the surface
temperature over the forward half of the wire. This was
confirmed by specific surface temperature measure-
ments at different angles around the model wire (non-
iced). The results show no significant temperature
variations with regard to the probe accuracy (0.5°C).
Accordingly, the equation of the surface temperature
is

wl?
11D

hrv?: 2
——— — ZEVWEL
2C,  EVWelv

Ts=T+ 2)

2
h+on +ﬁEVWCW

The derivation of (2) is given in appendix B, and a
more detailed discussion of the terms of heat balance
can be found in Makkonen (1984).
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FI1G. 10. Angle of rotation of Aster 148 model wire as a function of time for three
tests performed at different temperatures (tests 18, 7 and 15). The liquid water content
and the airspeed are similar. The corresponding measured ice densities are also shown.

In (2), T is the air temperature, u the resistance per
unit of length of the wire, I the current intensity, D the
wire diameter, /1 the convective heat transfer coefficient,
r the wire recovery factor, ¥ the airspeed, C, the specific
heat of air at constant pressure, E the total collection
efficiency, W the evaporated liquid water content, W
the cloud liquid water content, L, the specific latent
heat of vaporization, ¢ the Stefan-Boltzmann constant,
n = 8.1 X 107 K3, and Cy the specific heat of water.

The convective heat transfer coefficient /4 in (2) can
be expressed as a function of the overall Nusselt num-
ber Nu:

' h =k, Nu/D, 3)

where k, is the thermal conductivity of air. The fol-
lowing parameterization of Nu at the stagnation point
was chosen according to the results of McComber et
al. (1978), Shlichting (1979), and Makkonen (1985):

Nu = VRe, 4

with Re, the Reynolds number, ~ 104

As mentioned by Bain and Gayet (1982), we assume
that the value of the heat transfer coefficient on the
stagnation line is representative of the whole cylinder.

The wire surface temperature can be calculated from
(2), then compared to the measured value displayed in
Fig. 11 by introducing the measured values of the air
temperature, the airspeed, the liquid water content and
the equivalent current intensity. The total collection
efficiency is obtained by using the theory for a cylinder
(the wire is not iced and is assumed to have a circular
cross section) and the measured median volume di-
ameter of the cloud droplet spectra.

The calculated (dotted curve) and measured (solid
curve) wire surface temperatures, as well as the liquid
water content are shown as a function of time in Fig.
12. A good agreement, within 0.5°C, is observed be-
tween the two temperatures which correspond to the
accuracy of the surface temperature probe. This good
agreement provides a basis for estimation of the current
required to prevent the icing of wires.

¢. Diagram of current required to prevent the icing of
wires

Assuming that a wire surface temperature of 0°C is
sufficient to prevent the icing, the current may be ob-
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FI1G. 11. Example of test which relates to the heating of the Aster
148 model wire. The equivalent current is 425 A. This figure shows
the time evolution of the liquid water content W; the surface tem-
perature, T's, measured at the stagnation line; the air temperature T,
and the airspeed V. Note the anti-correlation between W and T.

tained from (2). We consider a constant value of the
median volume diameter of {2 um (mean value ob-
served during the experiment) for the calculation of
the total collection efficiency.

Figures 13a and b represent the current intensities
required to prevent the icing of the Aster 148 and Aster
570 wires, respectively, as a function of the airspeed,
for two air temperatures (—5° and —10°C) and three
liquid water contents (0.1, 0.3 and 0.5 g m~3). For ex-
ample, a liquid water content of 0.3 g m ™3, an airspeed
of 10 m s™! and an air temperature of —5°C require
current intensities of 560 and 1210 A for the Aster 148
and Aster 570 wires respectively. Furthermore, the ex-
amination of the figures leads to the following remarks:

i) For low airspeed (V' < 4 m s™!), and for a given
air temperature, the current intensities are identical
whatever the liquid water content. Indeed, under these
conditions, the cylinder collection efficiency has a very
low value (Personne and Gayet, 1984) and the heat
losses due to evaporation Qf and to the warming term
QOw may be neglected. In this case, the heat balance is
mainly governed by the Joule effect heating Q; and by
the loss of sensible heat by convection and conduction
Q.; the other terms Qp and Qg are of one order of
magnitude smaller than the @, and Q¢ terms (see ap-
pendix B).

ii) For medium airspeeds [3-15 m s™!, T = —5°C,
and the Aster 148 wire for example (Fig. 13a)], the
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current intensity depends on the liquid water content.
In this case, all the impinging liquid water is evaporated.

iii) For an high airspeed [(V'> 16 ms™!, T=—5°C,
and the Aster 148 wire (Fig. 13a)], the current intensity
does not depend upon the liquid water content. In this
case, only a fraction of the impinging water is evapo-
rated and the remaining water runs off by gravitational
draining.

5. Conclusions

With an instrumented wind tunnel for the study of
icing on wires, which operates in natural icing condi-
tions, it is possible to perform continuous and accurate
measurements of airspeed, temperature and cloud pa-
rameters. Sequential measurements of ice deposit
characteristics can also be obtained and complemented
by photographic records.

This instrumented wind tunnel produces ice accre-
tions with characteristics very similar to those observed
on power lines in France. The results are the following:

e The accreted ice was formed all around the wires
by wire torsion due to gravitational and aerodynamic
forces, and the shape of the ice deposits was not cylin-
drical even for the longest tests. The ice profiles were
usually nonsymmetric with a rough surface and a
complex shape mostly characterized by a quasi-flat
front surface. These observations confirm those ob-
tained by Makkonen and Stallabrass (1984) in a lab-
oratory wind tunnel.

e The icing rate is strongly dependent upon the in-
creasing of the ice deposit thickness as a function of
time. The growth rate increases with the ice front width.

W (gm-3)

Time (h)

FIG. 12. Time evolution of the liquid water content /¥, the mea-
sured surface temperature (solid curve), and the calculated surface
temperature (dotted curve) for the test shown in Fig. 11.
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FIG. 13. Current Ip required to prevent the icing of Aster 148 (Fig. 13a) and Aster 570 (Fig. 13b) wires as a function of the airspeed, for
two air temperatures (—5° and —10°C) and three liquid water contents: 0.1 g m™ (dashed curve), 0.3 g m™> (solid curve), and 0.5 g m™3

(dotted curve).

¢ The total collection efficiency defined for the ob-
served ice shapes is small (0.1). The discrepancies be-
tween the measured collection efficiencies and those
predicted by Langmuir and Blodgett’s theory increase
with time and consequently with the ice thickness.
Furthermore, the variations of the median volume di-
ameter induce variations of the mass growth rate which
are smaller than those predicted by the above men-
tioned theory relative to smooth cylinders. These results
point out the difficulties in modeling the detail of ice
accretion on wires when the ice deposits present a rough
surface and a noncircular profile. Nevertheless, these
conclusions only refer to our range of conditions, which
were an airspeed about 10 m s™!, liquid water content
< 0.6 g m™3, median volume diameter varying from 8
to 16 um, air temperature < —16°C, time exposure
< 22 h and ice deposits with diameter less than 6 cm.

e A decrease in the air temperature induces an in-
crease in the angle of rotation and ice growth rates due
to a decrease of the ice density.

e The accurate measurements of the wire surface
temperature lead to confirmation of the heat balance
equation for heated wires.

e An estimation of the current required to prevent
the icing of the wires in any icing conditions is pro-
posed.

Acknowledgments. The authors would like to express
their appreciation to Professor R. G. Soulage, Dr. H.
Isaka and Dr. Y. Pointin for their guidance during this
study and Professor Coulman for his comments on the
manuscript. They are indebted to Dr. D. Ramond, Di-
rector of the Observatoire de Physique du Globe de
Clermont-Ferrand, for allowing them to use the Ob-
servatory at the summit of Puy de D6me. Thanks are
due to L. Cortés, J.-F. Fournol and M. Soulage for
their technical assistance during the experiment, and
O. Gauillot, S. Bondoux and J. Squarise for preparing
the manuscript.

This research was supported by Electricité de France,
Direction Etudes et Recherches, Service “Applications
de I’Electricité et Environnement”, Division “Météo-
rologie Appliquée et Pollution Atmosphérique”, service
“Matériel Electrique”, Division “Lignes Aériennes”
under Contract EDF/ADERA n° E 30 L29/2E 8026.

Unauthenticated | Downloaded 12/03/21 07:59 AM UTC



FEBRUARY 1988 P. PERSONNE AND J.-F. GAYET 113

APPENDIX A
Summary of the Characteristics and Results of the Tests Performed in 1985

TABLE Al. Test summary. Reported in this table are the test number (the numbers in brackets refer to the sequential measurements
performed during a given test); At, time exposure; 7, air temperature; V, airspeed; W, liquid water content; MVD, median volume diameter;
R, mass growth rate; Ly,,, ice front width measured at the end of the test; R/(VW), ratio of the mass growth rate of the airspeed and the
liquid water content; and L, ice front width averaged over the interval in which R is calculated.

ASTER 148 model wire ASTER 570 model wire
R R
T 14 w MVD R Loax 144 L R Linax Vw L

Test At (°C) (ms™") (@m?) (um) (gm™'h™) (cm) (m) (cm) (gm'h™) (cm) (m)  (cm)

5 12h 10’ —4.4 8.8 0.44 16.2 393 33 38.5 4.6

6 7h 18’ -5.4 9.2 0.59 14.7 51.6 2.9 58.4 4.2

7 6 h 49’ -5.4 10.3 0.39 11.8 37.0 2.7 43.0 4.1

8 18 h 40’ -7.5 10.6 0.26 10.3 45.1 6.8 44.4 6.6

9 2h14  -87 114 0.14 9.1 15.3 20 000266 1.8 18.3 3.3 000318 32
13 15h30" -10.7 117 0.25 13.0 38.8 46 40.0 5.0

14 4h45 -129 112 0.17 10.4 19.3 22 23.6 3.8

14(1) 2h02 -124 115 0.15 9.9 15.7 0.00254 1.7 23.0 0.00371 3.2
14 (2) 1h58 ~-133 109 0.23 11.4 25.4 0.00283 1.9 27.2 0.00303 3.5
14(3) 0h45 -132 112 0.15 9.4 18.2 0.00299 2.1 21.7 0.00357 3.7
15 7h24'" -16.1 10.7 0.32 13.5 45.1 35 41.2 44

15 (1) 2h05" -15.6 11.0 0.38 13.6 44.6 0.00298 1.8 -~ 507 0.00338 33
15(2)  2h00" —157 105 0.41 14.4 61.4 0.00398 2.3 66.9 0.00434 3.7
15 (3) 1h58 -163 107 0.21 12.4 33.5 0.00415 3.0 33.1 0.00410 4.1
15 (4) 1h21" —16.8 10.4 0.30 13.8 46.3 0.00411 34 48.4 0.00423 43
16 5h22 -09 114 0.13 8.9 13.9 3.1

17 2h 55 -3.8 115 0.13 7.3 20.3 3.1 0.00377 3.1
18 3h 04’ -1.5 10.8 0.32 13.6 23.6 1.6 0.00190 1.6 39.1 3.1 0.00314 3.1
19 17h28" 23 106 0.39 15.3 45.7 4.0
20 2h 53 -1.8 11.6 0.24 13.3 38.9
22 7h45  —43 112 0.36 15.7 55.8
27 22h22° -33 110 0.41 12.4 5.8
27(1) 1h59 =37 112 040 126 334 0.00207 1.6
27 (2) 1hs8 -37 116 0.48 13.8 49.1 0.00244 1.9
27 (3) 1h59 -3.6 10.4 0.72 15.7 90.6 0.00336 24
27(4 2h02° -38 102 0.64 14.9 85.1 0.00361 2.8
27(5) 2hO01I" =39 110 0.44 131 59.3 0.00341 3.1
27 (6) 1h59 =35 108 0.37 12,0 53.9 0.00374 3.5
27 (7) 2 h 00’ -3.2 11.0 0.42 129 67.4 0.00407 4.0
27 (8) 2h 01 -3.2 10.6 0.44 12.9 80.7 0.00482 4.7
27(9) 2h39 -3.0 11.1 0.38 124 96.5 0.00636 5.3
27 (10) 3h44’ -2.6 11.9 0.1 79 26.3 0.00557 5.7

APPENDIX B Oc loss of sensible heat between the wire and the
Derivation of the Heat Balance Equations (2) airstream by conduction and convection

Qs heat loss due to evaporation
The steady state heat balance equation that is as- Qp heat loss in warming the impinging water to

sumed to describe the thermodynamics at the surface the surface temperature
of a heated wire which is subject to icing may be written (Q;  heat loss in warming the impinging ice crystals
formally as to the surface temperature
Qs heat loss due to radiation

Qr+ Qs+ Qv+ Ok Q. heat loss due to internal conduction on the

=Qc+ Qs+ 0w+ Or+ Qs+ Q4 (Bl ends of the model wire.
where If the surface temperature is greater than 0°C, the
Qr latent heat flux released during freezing droplets do not freeze on the wire, and the term Qin
Q; heat flux due to heating of wire by Joule effect (B1) has consequently a zero value. Besides, the terms
Qv heat flux due to aerodynamic heating Qk, Qr and Q, are very small in regards to the mag-
Ok heat flux due to the kinetic energy of the drop-  nitude of the other ones due to the conditions observed

lets and ice crystals during our experiment and may be neglected.
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The other terms in (B1) can be parameterized as
shown in (B2) to (B7) for unit area of wire:

Q; = ul*/(xD), (B2)

where I is the current intensity, p the resistance per
unit of length and D the diameter of wire;

Qv = hrV?/(2C,) (B3)

where £ is the heat transfer coefficient, r the recovery
factor which is assumed equal to 0.9, V the air velocity
and C, the specific heat of air at constant pressure;

Qc=MTs—T) (B4)

where T and T are, respectively, the surface temper-
ature and the air temperature;

Qw = 2/mM)EVWCy(Ts —T) (BS)

where E is the total collection efficiency calculated from
the median volume diameter using the parameteriza-
tion of Lozowski et al. (1983), W the liquid water con-
tent and Cy the specific heat of water;

Qs = on(Ts — T) (B6)

where o is the Stefan-Boltzmann constant and n = 8.1
X 107 K3 near 0°C;

Qr = 2/m)EVWELy (B7)

where Ly is the latent heat of evaporation and Wy is
the liquid water which is evaporated at the surface of
the wire. When the cloud liquid water content W is
low, all the impinging water is evaporated (Wz = W).
When the liquid water content is high, the surface of
the wire becomes wet. In this case, only a fraction of
the impinging water is evaporated (W < W) and the
remaining water leaves the wire by gravitational drain-
ing. The point of surface saturation is reached when
the rate of water impingement on the wire just equals
the maximum possible rate of evaporation from the
wire. The relationship between these two rates can be
derived as follows (Neel, 1973):

(2/m)EVW = 0.622h[e(Ts) — e(T))/(PC,) (B8)

where P is the pressure and e(7') the saturation vapor
pressure of moist air at temperature 7. Consequently,
beyond this point, the liquid water content which is
evaporated can be expressed as follows:

Wg = 70.622h{e(Ts) — e(T)/QEVPC,). (B9)

Finally, Eq. (B1) may be written for a heated and
non-icing wire:

(Ts— THih + on + 2/T)EVWCyw]
= uI*/(xD) + hrV?/(2C,) — (2/x)EVWEgL,.
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