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ABSTRACT

The theory of icing rate on cylindrical structures was
verified against experimental data. The experiments were made in
an icing wind tunnel using both smooth, slowly rotating cylinders
and wires with a torsional stiffness corresponding to that of
transmission line cables. These experiments, made in dry growth
conditions (rime), showed excellent agreement with the results of a
time-dependent numerical icing model. A forward scattering spec-
trometer probe (FSSP) was used, 1in addition to the oil slide
method, in measuring the droplet size in the spray. A comparison
between the two methods showed that the customarily used oil slide
method seriously overestimates the median volume diameter d, at
large droplet sizes. The ice densities measured on the rotating
cylinders were higher than those predicted by the model, This
results from the fact that d; measured with the oil slide has
been used as the basis of the Macklin ice density parameter. A new
equation for the density of accreted ice is proposed. Comparisons
between the model results and previous icing wind tunnel tests and
experimental results from the natural environment show that the
theoretical model predicts well the icing rate in wet growth condi-
tions (glaze) also.
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ICE ACCRETION ON CYLINDERS AND WIRES

1.0 INTRODUCTION

Ice accretion on wires and other c¢ylindrical structures
is a serious problem in c¢old regions and causes huge economic
losses and operational difficulties, particularly in the power
industry [Ref. }]. Therefore, considerable efforts towards better
understanding of the physics of icing have been made in the hope of
developing methods of estimating the rate of formation of ice loads
on wires [Refs. 2, 3, 4, 5, 6, 7; and others].

There are several problems that have seriously hampered
the development of the modeling of the icing process:

- The complexity of the physics of icing. The icing of an
object involves several feed-back mechanisms and non-
linear relationships between the icing rate and the vari-
ous factors affecting it.

- The difficulties in assessing the 1input parameters.
Modeling of icing requires such input parameters as the
liquid water content and droplet size of the fog or

cloud, There are considerable technical preblems in
measuring these quantities accurately, even under labora-
tory conditions. The icing rate is very sensitive to

variations in the cloud physical parameters.

- The lack of experimental data. Precise quantitative ver-
itfication of the theoretical models of icing has been
virtually impossible, because of the above mentioned dif-

ficulties in measuring the input parameters. Moreover,
these input parameters are highly interrelated in the
natural environment. There are practical problems in-

volved in measuring the icing rate, also.

Recently Makkonen [Ref. 8] presented a time-dependent
numerical model of icing on wires which essentially handles the
icing wire as a growing, slowly rotating circular cylinder. This
idea is based on the observations that ice deposits on transmission
line cables usually have nearly cylindrical shapes [Fig. 1 - repro-
duced with permission from Ref. 34] and on the results which indi-
cate that the icing rate is not very sensitive to small deviatons
from the cylindrical shape [Refs. 9 and 10]. The purpose of the
report is to verify the theory of icing on cylindrical objects and
provide additional experimental data on the characteristics of ice
accretion. The theoretical model verified 1is that by Makkonen
[Ref. 8] which is modified so that the recent development in the
calculation of the heat transfer coefficient of a rough cylinder
[Ref. 11] is included.



Laboratory experiments in the National Research Council's
icing wind tunnel were conducted for this report using smooth,
evenly rotating circular c¢ylinders to test the validity of the
basic theoretical assumptions that have been used as a basis of
measuring the microphysical properties of clouds fe.g. Refs. 12,
13]. Experiments were alsc made using transmission line cables
with realistic torsional stiffness to test the accuracy of the
theory in the practical application of power line icing. Consider-
able attention in the experiments was paid to secure the accurate
determination of the droplet size. To achieve this the forward
scattering spectrometer probe (FSSP) was 1installed in the wind
tunnel and used for droplet size calibrations.

2.0 THE MODEL
2.1 General Description

The icing intensity I is the rate of increase in the mass
of ice divided by the portion of surface area of the ice deposit
that faces the wind. On a circular cylinder the icing intensity is

I = 2 Envw, (1)
™

where E is the collection efficiency, 1.e., the ratio of the mass
flow of the impinging water droplets to the mass flow that would be
experienced by the surface if the droplets were not deflected in
the air stream, n is the freezing fraction, i.e., the ratio of the
icing intensity to the mass flow of the impinging water droplets, v
is the wind speed and w is the liquid water content in the air,
The quantities I, E and n in Eq. (1) are the overall values for the
part of the object surface that faces the wind. In the model the
ice deposit is supposed to maintain a circular form during the

icing process due to rotation. The rotation 1is assumed slow
enough so that there 1s no icing on the lee side of the object,
even in wet growth. This is the case when considering the labora-

tory experiments presented in this report and when considering the
icing of transmission line cables which rotate slowly due to the
weight of the accreting ice [Ref. 7] resulting in fairly cylindri-
cal ice shapes [Refs. 14 and 15].

Ice growth is considered wet when n < 1, which means that
there is sowe run-off from the ice deposit as a whole. This run-
off water is assumed shed into the wind at the edges of the cylin-
der., 1In dry growth n = 1 and there is no run—off from the deposit,
although the local freezing fraction may be less than unity near
the stagnation line.

During the ice accretion process on a structure the dia-
meter of the icing object changes, and therefore E and n depend on
Tize T, When the atmospheric conditions are kept unchanged, it



follows from Eq. (1) that the ice load M; per unit length of the
wire at time 71 is

T: T.
M, = [F 10 F (0 dr=vw [P E() a0 DD d 1 (2)
0 .0

The calculations of the model are made in a step-wise
manner as shown 1n a schematic description of the model in Fig. 2.
For each time-step 1 the collection efficiency E{ 1is calculated
as explained in chapter 2.2 and the freezing fraction nj is de-
termined from the heat balance of the icing surface as explained in
chapter 2.3. Then the icing intensity I; 1is obtained from Eq.
(1), and the ice load Mj, where the sub-index i refers to the
time-step, 1is

: . m '
i Mo i 7 P AT 3

The 1ice deposit diameter D corresponding to the ice
mass M; is calculated from

4, - M, )
D, = + D,
[ TP Dl-l

2 )1/2 (4)

Introducing Eq. {(4) means that the cross-sectional area
of the ice deposit in the mean is assumed to be that of a cylind-
rical deposit having the same ice mass.

Eq. (4) includes the density of ice, pj, accreted dur-
ing the time-step i. This density is calculated in a sub-routine
which is explained in chapter 2.4 The time-step At of one minute
is used in the calculations.

2.2 Collection Efficiency

First, the collection efficiency E; based on the median
volume diamter of the droplet distribution is determined. The cal-
culation is based on the numerical solution of Langmuir and
Blodgett [Ref. 16] for the dimensionless equation of motion of a
droplet in an airflow.

The following fits to the numerical data of Langmuir and
Blodgett are used in the model

E
m

0.5 [1og10 (8 KO)]1'6 for KO £ 0.8 (%)

R T U
Em = KO (KO

i.1 1

+ 1.426) © for K, > 0.8, (6)




where
(0.76 re, P27 ) .
K, = K [ 0.087 Re + 1] (6)
0 d
Here, K is the inertia parameter defined as
o v d/9D (7
w

and Req 1s the droplet Reynolds number based on the free stream
velocity v.

pad v

Re, = " (8)

Here, d is the droplet diameter, D the cylinder diameter, g, the
water density, p the absolute viscosity of air, and p, the air
density.

The calculation of Ej is made using the median volume
diameter dy of the droplets. In natural conditions, however, the
icing cloud is not monodisperse, but has a certain droplet distri-
bution. This means that the "real" collection efficiency E should
be calculated separately for each size category, and the value of E
is then the sum of these collection efficiencies multiplied by the
fraction of the total liquid water content represented by that
size. In order to take this into account the collection efficiency
is corrected using an empirical equation [Ref. 8], so that

E=0.69 E 0.67 , 0.31 E 1.67 (9)
m m

2.3 Freezing Fraction

The freezing fraction n is calculated from the heat bal-
ance of the icing surface, which in this case 1is the front half of
the c¢ylindrical ice deposit. Accordingly, the equation for the
freezing fraction becomes

kL 2 t
- wh _ e _ _ v _ a nod
“Twver Tateg 0% TRl o S mse (O

The derivation of Eq. (10) is given in [Ref. 8].

In Eq. {10), h is the convective heat transfer coeffi-
cient, w is the liquid water content in air, Lg the latent heat
of fusion at 0°C, t, the air temperature (in °C), k = 0.62, L,
the latent heat of evaporation at 0°C, cp the specific heat of
air at constant pressure, and p, the air pressure, eg and ey,
are the saturation water vapour pressures over water at 0 C and at
ty respectively, r is the overall recovery factor, c¢y the spec-

if%c geat of water, g the Stefan-Boltzmann constant, and a = 8.1 x
10" K-,



The overall heat transfer coefficient h in Eq. (10) is
calculated using a separate numerical boundary-layer model of heat
transfer from a rough cylinder. The modeling of h is explained in
detail in Reference 1l1. This requires an estimate of the roughness
element height at the ice surface, in addition to the cylinder
diameter, wind speed and air temperature, as input.

2.4 Ice Density

In the time dependent modeling of icing, the growth at
the object diameter needs to be related to the mass of ice using
the density p of the accreting ice (Eq. (4)). This requires a
parametrization of p by the input parameter of the model.

In the model Macklin's [Ref. 17] density parameter

R = (—vo d /2 t ), (11
m S

is used. Here dy is the median volume diameter of the droplets
(um), V, is the impact speed of the droplets (m s™1) at the
stagnation region calculated according to Langmuir and Blodgett
[Ref. 16} wusing the median volume droplet diameter d;, and tg4
is the mean surface temperature of the ice deposit (°C). The ice
density p (g cm™2) is determined from Eq. (12) which is based on
Macklin's laboratory experiments and on the measurements in natural
icing conditions by Bain and Gayet [Ref. 18].

p = 0.1 for R £ 0.9
p= 0.11 R0'76 for 0.9 < R K 10
o= R(R + 5.6} for 10 < R < 60
p = 0.92 for R > 60 (12)
For the droplet impact speed vy in Eq. (11) the formulas
= 2
Vg TV [-0.174 + 1.464 KO 0.816 KO ] for KO £ 0.55

- _ 2
vy =V {0.561+ 0.592 1og10K0 0.26(10g10K0) ] for Kq > 0.55  (13)

based on the solutions of Langmuir and Blodgett [Ref. 16] are used.

The mean surface temperature tg is solved numerically from the
heat balance equation of the dry growth process [Ref. 8].

kL
8

2 _
= Evw (Lf+ ct. - cits) = h [(tS ta) + cppa (eS ea) 73; ]

+ g a (ts - ta), (14)



where c¢j 1is the specific heat of ice, Lg is the latent heat of
sublimation at tg and eg 1s the saturation water vapour pres-
sure with respect to ice at the temperature tg.

The total ice deposit density p; for the time step 1 is
finally obtained from Eq. (15)

p; =4 M, (D7 - wDy" ) T, (15)

where D 1s the initial wire diameter.

3.0 EXPERIMENTAL PROCEDURES
3.1 Icing Wind Tuannel

The cylinder and wire icing experiments were made in the
icing wind tunnel of the Low Tewmperature Laboratory, National
Research Council of Canada [Fig. 3]. A good description of this
facility is given in Reference 19. The present configuration how-~
ever differs from that described in two respects.

First, because of the very low water flow rates required
to generate the low liquid water contents at the low velocities of
the tests, a single atomizing spray nozzle placed on the tunnel
centreline was employed instead of the array of four nozzles nor-
mally used. This resulted in a rather less uniform distribution of
spray concentration across the tunnel test section, with a maximum
at or close to the tunnel centreline. However, all test results
were based on average measurements made in the centre 10 cm of the
30.5 x 30.5 cm test section where liquid water content measurements
showed that the concentration was most uniform.

Secondly, since tunnel blockage effects in some of the
tests {up to 25% blockage) were expected to be present, plenum
chambers with perforated walls were installed in place of the test
section floor and ceiling, to give a test section porosity of 10%
[Ref. 26 ]. Two tests with 25% blockage, without and with the
porous plenum chambers, but otherwise identical conditions, showed
no significant difference in the icing characteristics on a 7.61 cm
diameter cylinder at 36 m/s airspeed, suggesting that blockage
effects do not have a significant effect on droplet trajectories in
the conditions of the tests. However, the perforated walls were
used for all tests.

3.2 Measurement of Parameters

Because of the low air velocities used in these tests
(between 20 and 36 m/s) the usual airspeed indicator and aneroid
dial manometer used for velocity measurement were tooc insensltive.
Accordingly, a water micro-manometer, readable to 0.025 mm H,0, was
used to measure the dynamic pressure in the tunnel test sectiomn.



At all test velocities, the turbulence intensity 1in the tunnel
working section was 3.5 t 0.2%.

The tunnel air total temperature was contreolled and meas-—
ured by the automatic temperature controller on the wind tunnel,
which controlled the temperature to better tham #0.3°C of the set
point. The static temperature in the test section (as listed in
Tables 1 and 2} is lower than the total temperature, owing to the
adiabaric expansion of the air accelerating within the contraction,
the depression being about 0.2°C at 20 m/s and 0.65°C at 36 w/s.

Liquid water content was measured using the single rotat-
ing cylinder method [Ref. 20]. Tests were run at a series of spray
nozzle settings of water flow rate and atomizing air pressure,
estimated from grior calibrations to give liquid water contents of
about 0.15 gm™" and 0.3 gm'3 at various droplet sizes. At the
chosen spray nozzle settings, confirmatory rotating cylinder meas-
urements were made 4at tunnel air temperatures lower than -10°C to
ensure that the Ludlam limit was not exceeded. The liquid water
content values employed are the mean of several measurements (4 to
10) at each spray nozzle setting, and had a standard deviation of
+0.02 gm™3.

The conventional means of measuring the size of the spray
droplets in the icing wind tunnel has been by means of the oiled
slide method. This method is described in detail in Reference 21.
However, in recent years, several workers [Refs. 22, 23 & 24] have
criticized the method on the grounds that it overestimates the
droplet size by a factor of 1.5 or more. This criticism was rein-—
forced by the results of these tests on wires and cylinders when it
was found that icing caleculations using the droplet size determined
by oiled slide measurements consistently overestimated the accreted
ice mass,

In order to resolve this problem, comparative droplet
size measurements were made in the wind tunnel! with the oiled slide
and with a Forward Scattering Spectrometer Probe (FSSP), manufac-
tured by Particle Measurement Systems, Boulder, Colorado, USA, and
kindly loamed by the Atmospheric Environment Service of Canada.
This FSSP has undergone considerable calibrations and was one of
the subject probes (serial #2) in the studies reported in Reference
25, thus eungendering reasonable confidence in the accuracy of its
measurements. It is accordingly assumed that the FSSP results are
a measure of the true droplet size in the spray, although doubts
concerning the absolute accuracy of the FSSP measurements may still
be expressed.

The complete results of this comparison will be the sub-
ject of a separate report, but the significant result of relevance
to this report is illustrated in Figure 4. Clearly, the criticisms
levelled at the oiled slide method appear justified. The ratio
between the oiled slide and the FSSP size results 1s not a con-
stant, but increases from 1.0 at a median volume diameter (MVD} of
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12 ym to about 2 for an FSSP MVD value of 20 jm, according to the
best least squares fit to the data points:

dpfoil slide) = 3.68 dy(FSSP) - 32.3 (16)

The correlation coefficient of the data set 1s 0.96,
The inverse of equation (16), i.e.

d,(FSSP) = 8.8 + 0.27 dj(oil slide) (17)

may be used to derive the equivalent FSSP droplet median volume
diameter from the results of oiled slide measurements.

3.3 Botating Cylinders

Icing tests were made on rotating cylinders of four dif-
ferent diameters, 1.024 cm, 3.183 cm, 4.440 cm and 7.609 cm. The
speed of rotation was 2 revolutions per minute,

To facilitate measurements, particularly that of weighing
a known length of the ice accretion, the cylinders were made in
three parts, such that the central part, of length 10 cm, could be
separated from the two outer parts [Fig. 5]. Figure 6 shows how
¢leanly the ice accretion on the central part separated.

The three larger cylinders were made of aluminum tubing,
all having a wall thickness of 0.159 c¢m., The smallest cylinder,
dia. 1.024 cm, was of stainless steel pipe and had a wall thickness
of 0.173 cm., In all cases the surface finish was that of the "as
supplied" tube or pipe, and could be comsidered aerodynamically
smooth in the present experimental conditions.

The duration of the test runs were chosen to give a rela-
tively small, yet measurable ice thickness, Thus, times of 30, 40
and 50 minutes were chosen for the 1.024, 3,183 and 4.440 cm dia-
meter cylinders respectively, giving ice thicknesses of between
about ! mm and 3 mm. A 50-minute duration was chosen for the 7,609
cm diameter also, resulting in slightly smaller ice thicknesses,
i.e. between about 0.6 mm and 2.5 mm.

The overall diameter of the ice deposits on the three
smaller cylinders was measured with a cooled vernier caliper, while
a micrometer was used for the largest cylinder. The ice mass was
determined by weighing the central part of the cylinder together
with its accumulated ice and subtracting the weight of the cylin-
der. The three smaller cylinders were measured on a precision
balance accurate to 1 mg. The largest cylinder was too heavy for
this balance and was weighed on a balance scaled in 1l g increments,
but visually interpolated to 0.1 g. Thus, because of the lower
accurcy of wmass determination, and because of the smaller ice
thickness, the ice density determinations on the 7.609 cm diameter
cylinder are considered to be of lower precision than those for the
other cylinders.



3.4 Wires

The experiments on wires were made on two simulated wire
models [Fig. 7] of nominal wire diameters 1 cm and 4 cm respect—
ively. To simulate the rotation of the wires under the influence
of the ice accretionm, the model wires were set in bearings in the
tunnel walls and attached to a helical spring having a spring
constant such that the wire model would simulate the mid-point of a
representative transmission span.

The 1 cm wire was constructed by wrapping 9 strands of
0.236 cm diameter copper wire on a core consisting of a steel rod
of 0.476 cm diameter, resulting in a wire of overall diameter of
0.948 cm. The model wire was assumed to represent a section of a
wire having a torsional stiffness of 4.13 ¥mZ/rad (10 fr1b/rad)
and located at the centre of a 150 m span. Its torsional
resistance was supplied by a spring having a spring constant of 7.6
x 1073 Nm/rad.

The 4 cm wire was constructed by wrapping 27 strands of
0.405 cm diameter aluminum wire on a core of stainless steel pipe
of 3.215 cm diameter, resulting in a wire of overall diameter 4.02
cm. A torsional stiffness of 413 Nm2/rad (1000 ftzlb/rad) and a
cable span of 460 m were assumed, resulting in a required spring
constant of 9.6 x 10~° MNm/rad to provide a representative tors-
ional resistance at mid-span.

With the exception of the first test on the 1 cm wire,
the duration of which was 10 hours, all test runs were made for a
duration of 4 hours. The rotation of the wire under the influence
of gravitational and aerodynamic forces had to be assisted by some
tapping of the wire end projecting through the tunnel wall, in
order to overcome the friction of the bearings. The angle of rota-
tion was periodically noted.

At the completion of each hour, the test was interrupted
to measure the mean diameter of the accretion and its weight. At
the completion of the test, the ice was removed from the wire by
heating the wire slightly to melt the interface sufficiently to
slide the ice off, and the weight of the central 10 cm was deter-
mined.

4.0 RESULTS AND DISCUSSION
4.1 The Rotatiog Cylinders
4.1.1 Collection efficiency
The test conditions, the results and the corresponding
model simulation outputs for the rotating cylinder experiments are
given in Table 1. The number of the rotating cylinder tests with

separate experimental conditions is 33. For some experimental
conditions two (3 cases) or three (2 cases) tests were run to check




the repeatability of the experiments. In these cases the mean
values of the test results are given in Table 1 and are used in the
analysis of the results, The deviation in the resulting ice amount
in the tests that were repeated was within 15%. The ice density
was reproducible to an accuracy better than 10%. These deviations
originate from measurement errors and the fact that, although the
test conditions were continuously monitored, there may have been
small wvariations in the air and water pressures, for example,

The duration of the rotating cylinder tests was chosen so
that a sufficient amount of ice for measuring the ice amount and
the cylinder diameter was collected. The relative increase in the
cylinder diameter was low so that the time-dependence in the exper-
iments was rather small. The model simulations were run using the
time~step of one minute. The collection efficiency is calculated
using the mean diameter of the cylinder during the experiment.

All the experiments on the rotating cylinders were made
in the dry growth conditions where the resulting ice was rime and
no run-off from the cylinder took place. However, at the beginning
of the icing a nucleation delay of 0.5 - 2 minutes was observed.

Photographs of the ice accretions on cylinders of various
diameters are shown in Fig. 8. Fig. 8 shows that the ice surface
was generally quite smooth, At lower ailr temperatures, however,
clearly visible roughness elements started to form on the surface
[compare Figs. & and 9],

The mean collection efficiency based on the measured ice
amounts at the air temperature of -5°C is plotted against the col-
lection efficienecy predicted by the theory in Fig. 10. These
collection efficiencies were calculated using the mean diameter of
the experimental 1ice deposit, Fig. 10 shows excellent agreement
between the experimental results and the theory. In the mean, the
relationship between the experimental E and the theoretical E is
almost a direct proportionality, and the linear correlation coeffi~
cient between the two collection efficiencies is 0.98. Thus, the
present model formulation of the dry growth process and the basic
theory of the collection efficiency of cloud droplets presented in
References 27 and 16 are quantitatively verified. Experimental
relationships between the test conditions and the collection effi-
ciency (or ice mass) are practically the same as those predicted by
the theory and presented as figures by Makkonen [Refs. 28 and 8].
Here, only examples of the dependence of the collection efficiency
on the cylinder diameter are shown in Fig. 11 to demonstrate the
importance of time dependence in typical wire icing conditions,
under which the cylinder size increases with time.

4.1.2 Ice density

The ice densities based on the measured ice amount and
ice thickness as well as the ice densities predicted by the model
are given in Table 1. The dependence of the ice density p on the



cylinder diameter D is shown in Fig. 12, and om air temperature
ty in Fig, 13. Figs. 12 and 13 demonstrate that the model
assumption of the second order time-dependent effect, that o
decreases as D increases in constant atmospheric conditions, 1is
qualitatively correct. Qualitatively, the effects of the atmos-
pheric parameters on p are also in accordance with the theory.

Fig. 12 points out that p is insensitive to the changes
in the atmospheric parametfers when D is very small. This justifies
the use of constant density in the single rotating cylinder method
of liquid water content [Ref. 20] and explains why Rogers et al.
[Ref. 29] found no correlation between p and t; on their LWC
instrument based on measuring the rime rate.

A quantitative comparison between the observed and
modeled ice densities [Table 1] shows that the model predictions of
p are generally lower than the observed p. The reason for this is
obvious in the light of the comparison between the droplet size
measurement methods in Fig. &4, because Eq. (12) 1is based on
Macklin's [Ref. 17] experiments in which the o0il slide method was
used in determining the median volume droplet diameter d,. In
the experiments by Macklin [Ref. 17] the range of the measured dg
was from 22 ym to 65 ym, but Fig. 4 suggests that the actual values
of d; have been considerably lower. That the discrepancy between
the obseved and modeled densities may be explained by the error in
the median volume diameter when determining Eq. (12) was verified
by "correcting" the d; values by Eq. (16) and running the model
results with these "oil slide median volume diameters', This
resulted in a much better agreement between the observed o and the
modeled p, particularly at lower densities.

It is desirable in the icing modeling to have a paramet-
rization of the ice density which is based on the true droplet size
and to avoid the above-mentioned "correction" of the input dy.
Therefore, the ice density from our experiments was plotted against
Macklin's ice density parameter R 1in Fig. 14, Fig. 14 includes
also the previous model parametrization (dashed curve). The best
fit equation describing the relationship between p(g cm™3 and R
is

p = 0.378 + 0.425 (log R) - 0.0823 (log R)2 (18)

Eq. (18) is proposed for future modeling at the values of R from
0.2 to 170 instead of Eq. (12).

4.2 The Wires

The test conditions of the wire icing experiments as well
as the experimental results and the model predicticns are presented
in Table 2, The ice density given in Table 2 is based on the modi-
fied density parametrization (Eq. 18). The angle of the rotation
of the wire at the end of the experiment is also given in Table 2,




The mean rotation rate varied between 65 and 223°/h and was slower
for the 4 ¢m wire than for the 1 cm wire. In the mean, the angle
of rotation increased approximately linearly with time, but there
were considerable deviations in a short time-scale: In some cases
the rotation ceased for as long a time as 20 minutes, and, on the
other hand, there were sometimes rapid rotations of more than 90°.
These movements resulted in the ice deposit shape that often dif-
fered from the c¢ircular shape and was sometimes closer to the rec-
tangular shape, In the long-run these changes in the shape were
partly smoothed out, but the final ice deposit shapes were still
somewhat non-circular [Figs. 15 and 16b]. The wind drag seemed to
have an important effect on the rotation of the wire: On some
occasions the wire unwound more than 90° when the wind speed was
reduced at the end of the experiment.

The qualitative model prediction, that the density of
rime decreases with time (with increasing cylinder diameter), was
clearly observed in the wire experiments, too, This can be seen
from the visual appearance of the ice deposits in Fig. 17. The
measured ice densities on the wires are smaller than the model pre-
diction by a factor of =0.8. This 1s obvicusly due to the fact
that the ice surface on the wires was rougher, consisting of rime
feathers (see Figs. 16 and 17), and this resulted in a smaller
overall density. The formation of roughness elements which may
cover voids was obviously favoured by an initially rough wire sur-
face and the long duration of the wire icing experiments.

A quantitative comparison between the observed ice mass
on the wire and the model prediction is given in Fig. 18. The
agreement 1s excellent in the mean, and the model predicts the ice
mass with an accuracy of better than 30% in all the test condi-
tions. This result is surprisingly good considering the deviations
from the circular shape and the inaccuracy in the ice density.

The result in Fig. 18 is very encouraging as far as the
practical application of transmission line icing is concerned. The
linear correlation coefficient between the modeled ice mass and the
experimental ice mass is 0.99. However, it must be pointed out
that the results are sensitive to the liquid water content and
droplet size which are difficult to estimate in natural icing con-
ditions. The rotation of the wire may also be quite different from
that reported here, since in the natural conditions the turbulent
wind causes variation in the wind drag resulting in angular oscil-
lations of the wire. There are many other problems related to the
practical applications of the theory that should be examined, such
as the effect of the angle between the transmission line orienta-
tion and the wind vector on the ice accretion. Nevertheless, the
good agreement between the wire icing experiments in the wind tun-
nel and the present model show that when the time-dependence of the
lcing process is taken into account, a simple assumption, that the
1ce deposit 1s a circular cylinder in the mean, can be used as a

2z23is 0f the modeling of the icing process in dry growth. This




a rotating wire [e.g. Ref. 7] is not required in practical estima-
tion of ice loading on transmission lines. The ice shape predic-
tions 1is, however, useful in calculating the wind loading on iced
wires [Ref. 30].

5.0 WET GROWTH CORRELATIONS

The experiments described in this report were made in the
dry growth conditions. Icing under the wet growth conditions is of
great importance also, as far as precipitation icing on transmis-
sion lines and icing of ships, as examples, are concerned. There-
fore, some verifications of the theoretical model based on existing
experimental data, are presented in this connection.

During recent years, the Mt. Washington Observatory and
U.S. Army Cold Regions Research & Engineering Laboratory have
measured wind and ice loads on a wire so as to simulate a section
of a transmission line. These measurements were made on the top of
Mt. Washington, NH, U.S.A. The wind and ice loads were recorded
using a tri-axis load cell, and the meteorological observations are
also available.

A set of data from these measurements was published in
Reference 31 and can be compared with the theoretical model. Un-
fortunately, there is no simultaneous data on the liquid water con-
tent and droplet size for these measurements. However, it should
be pointed out that in wet growth (clear ice) the atmospheric icing
rate is quite insensitive to the liquid water content and droplet
size [Ref. 28], so that for this growth regime a quantitative com-
parison is possible. 1In dry growth these data give only qualita-
tive information. Fig. 19 shows the time-evolution of the vertical
load in the data of Reference 31, and Fig. 20 the wind speed and
air temperature for this icing event. The model simulation in
Fig. 19 is shown as a solid line for wet growth and as broken lines
after the point at which the model shows dry growth, respectively.
The broken lines are examples of the dry growth simulationms at
various assumed droplet median volume diameters. A median volume
diameter of 50 ym was assumed in the wet growth (freezing drizzle
was reported at that time). The liquid water content of 0.5 gm'3
assumed in the model simulation is the estimated mean value of LWC
at Mt. Washington in icing conditions [Ref. 32]. The observed clear
ice deposits were reported to be relatively smooth [Ref. 31], and
the equivalent sand grain roughness of 1 mm was assumed in the
model calculations.

Fig. 19 shows that qualitatively the observed time-evalu-
ation of the ice load is similar to the model prediction in that
the growth rate of the ice load increases in wet growth and de-
creases in dry growth. The model also predicts the transition from
wet to dry growth. Changing the assumed liquid water content,
median volume droplet diameter or roughness within reasonable
limits would not change the modeled growth rate of glaze ice load




by more than =30%. Hence Fig. 19 indicates that the model gives
useful estimates of the ice loads formed under wet growth condi-
tions in the natural environment,

Another verification of the wet growth theory can be made
by comparing its results with the cylinder icing wind tunnel meas-
urements by Stallabrass and Hearty [Ref. 33]. 1In these experiments
sea spray was simulated, so that the liquid water content was 3.2
gm“3 and median volume droplet diameter 200 m resulting in wet
growth at all test temperatures (-15°C to -4.5°C). Wind speed was
constant at 22.4 ms~l, and four cylinders of diameters varying
from 3.8 cm to 45.7 cm were tested in both horizontal and vertical
position. Test duration was one hour.

In the experiments in Ref. 33, the cylinders were fixed.
This requires a modification of the model, which assumes a slowly
rotating cylinder, so that comparable model predictions can be
made . The original model wversion distributes the accreted ice
evenly around the cylinder (Eq. 4). For the purpose of the compar-
ison with the data of Ref. 33, the ice is distributed in the model
on the windward side of the cylinder only, as shown in Fig. 21.
Based on the photographs and drawings of the ice accretions, it was
estimated that the height of the roughness elements was =3 mm in
the mean. This value was then used in the model.

The result of the comparison 1is given in Fig. 22 and
shows a strong linear correlation between the experimental results
and the model prediction (r = 0.97)., The modeled ice loads are =2
kg m~! smaller than the experimental ice loads in the mean. This
is probably caused by the fact that the actual ice deposit had
usually a larger surface area for the heat transfer ro take place
than the model ice deposit (c.f. Fig. 21). Generally speaking,
however, the shape of the ice deposit seems to have a remarkably
small effect on the rate of icing, as shown by the fact that the
model simulates the icing rate on horizontal and vertical cylinders
almost egually well. This 1s encouraging considering practical
applications in which the shape of the ice accretion is not known.

6.0 CONCLUSIONS

The main conclusions from the laboratory experiments
presented in this report and the comparisons between the previous
empirical results and the time-dependent icing model are as fol-
lows:

- The traditionally used oil slide method of droplet size
measurement overestimates the median volume droplet dia-
meter d, im the typical range of d; of atmospheric
icing conditions. This has, in previous studies, resulted
in empirical relationships between the atmospheric condi-
tions and the density of accreting ice, as an example,
that give erroneous results if the true droplet size is
used.




- Applying the theory of the collection efficiency of cloud
droplets on a smooth circular cylinder in time-dependent
icing model results in an excellent agreement with the
icing experiments on evenly rotating cylinders.

- The time—dependent numerical model of the rate of rime
formation based on the assumption of a circular object
shape is applicable to the simulated transmission line
rime icing in spite of the variations in the ice deposit
shape and roughness of the surface.

- The rime demsity on circular evenly rotating cylinders
can be modeled using the Macklin density parameter with a
good accuracy. On transmission line cables the ice den-
sity seems to be typically 20%Z lower than the model pre-
diction because of the formation of voids of a much
larger scale than the size of the impacting droplets.

- The overall icing rate in the wet growth regime is rela-
tively insensitive to the shape of the ice deposit, and
useful predictions of the rate of glaze formation on
cylinders and wires can be made with the icing model.
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(a) Test W2 after 30 minutes. Wire rotation 210°.

(b) Test W1 after 10 hours. 5 revolutions of wire.

Fig. 16 Examples of icing on 1 cm diameter wire.



Test W8 after 4 Wire rotation 2600.

(b) Test W6 after 4 hours. Wire rotation 455°,

Fig. 17

Examples of icing on 4 cm diameter wire.




MODEL (CE LOAD (kgm™!)

- 37 =
4.0
35} X itcm DIAMETER WIRE
e 4cm DIAMETER WIRE X

304
25¢F
2.0t

l‘s i L} a

X
1.0 F
X

0.5+ "

0 ] i i i i L L

0 05 1.0 i.5 20 25 30 35 40
EXPERIMENTAL ICE LOAD (kg m~H)
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of transmission line cables.
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Fig. 19 Evolution of the ice load on a 0.6 cm diameter wire on Mt. Washington

23-25 February 1981, Points represent the observations and the solid
line the model simulation for wet growth. The vertical line shows the
modeled transition from wet to dry growth, and the broken lines are
examples of model simulations in dry growth at various median volume
droplet diameters. Experimental data from Reference 31. Air tempera-
ture and wind speed are givea in Fig. 19.
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#
Fig. 21 Tvypical ice accretion shapes in the experiments

of Reference 33 (solid lines), and the ice shape

assumed on a fixed cylinder in the icing model
(broken lines).
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TABLE 1 Test Results and Model Predictions
for the Rotating Cylinder Experiments
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