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To assess the reliability of existing or proposed 
lines, transmission line design engineers have always 
been challenged t o establish appropriate 
climatological loadings on overhead line conductors. 
To evaluate the reliability of two existing parallel 
230 kV steel transmission lines, a study ~ first 
conducted to assess the probabilistic climatic 
loadings on these lines from wind.. i ce . and. combined 
wind and. ice. using the meteorological data from 

IN"mJOUCTION 

During the construction of the Bay D'Espoir power 
developnent. Newfoundland. and Labrndor Hydro 
constructed several hundred miles o f high vol tage 
transmission lines which ~iated out in single 
circuits north and. west of Bay D'Espoir ard east""urd 
to St. John's . Since their commissioning in 1968, 
the eastern part of Newfoundland has experienced 
8~eral Lee .tOn'l\.8, t.he moat r@cent bel".: the .tord'! 
of April, 1984 on the Avalon reninsula (Fiture 1). 
The major cause of these storms is from freezing 
precipitation (rain and drizzle) which often produces 
heavy accumulation of glaze ice on the transmission 
lines. 

In 1986, Newfoundland and LAbrador Hydro decided to 
assess the reliabilities of two existing 230 kV steel 
transmission lines by conciucting a stuiy of" the 
probabilistic c limatic loadings on these lines from 
wind, ice, and combined wirrl and ice, based on the 
climatoloil'ical records from nearby weather stations. 
This paper presents the resul ts from this stu:iy 
including the predictions of the probabilistic 
occurrences of wind, and ice loadings for both the 
weather stations and. at selected elevations along the 
line route. An icing model is used to theoretically 
simulate the amount of i ce that will accrete on the 
conductor, be.sed on the knO\-on weather conditions. 
The model also generates projected values of combined. 
wind and ice loads for a large number o f events based 
on the meteorological data obta ined from the weather 
s tations. Annual extremes are extracted frtllll these 
events and an extreme value analysis is then carried 
out to determine the probable c limatic loading 
p!lrameters with selected. return peric:ds. Finally, 
extrapola.tion of these loading pi.rsroeters to the 
line route is carried out taking into account the 
di fferences in elevation and exposure between t he 
weather stations and. the line route. 

seven weather stations operated by Atmospheric 
Environment Service (AES) in Newfoundland. A time 
dependent m.nerical ice accretion model was used. to 
calculate the ice thickness for each storm. Resul ts 
from the extreme value analyses are presented to 
predict the probabilistic occurrences of wind and 
ice loadings for both the weather stations and at 
selected. elevations alon&' the trnnsnlission line 
routes . 

DESCRIr'rION OF mE LINES 

The 230 kV transmission lines TL 202 and TL 206 
(approximate length of 140.0 km) nm p!LI'8..11el 
between Bay O'Espoir and Sunnyside, Newfoundland. 
Figure 1 depicts the line route and. the AES weather 
stations from \.onlch the data were extracted for this 
study. These two lines consist primarily of ~ed 
v-t.angent and. small angle to","ers and self-supported 
heavy ~l. and dead.-end. tow.nt . 
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In designing transmission lines. climatological 
loads which are of pr-ime interest to the 1 toe 
desi~er are wind, ice. and combined wind and ice. 
In the northeastern and southeastern regions of the 
ieland of Newfoundland. rreezing precipitation is by 
far the greatest problem related to ice secretion. 
This was evidenced by the damage caused by the 
previous stonns in various regions of Newfoundland 
lYoung and Schell. 1971) and aaain recently on the 
Avalon Peninsula (Hydro, 1984). The ability to 
account for realistic ice and combined ice and wind 
loada when evaluati~ the desi~ of present and 
future transmission lines is currently hampered by 
the leek of site specific data and associated 
rueteoroloa:ical parameters . <Ale alternative approach 
is to ~view the meteoroloa:ical data. from nearby 
weather stations and use a specific oxxiel to predict 
the wind and ice loads on tile lines. 

Advancement in the field of modelling ice accretion 
on circular cylinders has made it possible to 
simulate the conditions necessary to form ice on a 
transmission line conductor from the known weather 
data. In order to quantify accumulation of ice on a 
conductor, an up:!ated. version of the Makkonen (1984) 
icina model was first used to predict the maximlm ice 
accretion resulting fr-om the worst stOnD of each year 
for six (6) AES weather stations. Historical storm 
data fI"Olll the six weather stations were then analyzed 
and extra.polated to the lines. Empirical methods 
were used to deri ve the input required by the icing 
mocIel fronl the meteorolodeal data . Model input 
parameters included wird speed. air temperature. 
liquid water content, median volume droplet diameter, 
and conductor diameter. The obvious advantage of 
usi~ the Makkonen model is that this model 
accOlllliOdates the time dependencies, changes from wet 
to dry growth conditions (or vice versa) during the 
ice 6CCretion process, and variations in the ice 
density and the relative angle between the wind 
direction and the conductor. Validation of the io
cloud ice model ~~ oriainally done in icing wind 
tunnel experiments , where test results were close to 
the predicted values (Makkonen and Stallabrass, 
10841. 

The following section will briefly st.mnarize the key 
features of the Makkonen model used in this study. 
This model was significantly updated. prior to and 
during this study to acCOl'TlTlOdate freezing 
precipi tatioo and wet snow condi tions, to improve 
upon some empirical expressions and to input and 
process the data for large nunbers of events wi th 
variable durations. Details of these developments 
have been presented elsewhere in a two-volume report 
(CO'IruSULT, 1988) and by (Hatdar, 1988). 

Makkonen Model 

Incremental deposition of ice on a circular cylinder 
over time can be computed in terms of the icing 
intensity, I, or growth nite of ice mass, dH;, per 
unit area and given as 

(1) 

where A is the surface area of the windward face. 

The water mass flux, or the rate at which water 
droplets in the air are deposited on a collection 
surface. dMw/dT 1 ,depends on droplet speed, Vd, 

liquid water content, w, collection efficiency of 
the surface, E. (Le .• the ratio of the mass flow of 
the impinging water droplets to the mass flow that 
would be experienced by the collecting surface if 
the droplets WerE! not deflected. in the air strewn), 
the diameter, Dc, and the length, L, of the 
cylindrical surface. 

The fr~ziflll fraction. n, controls the dry and. Wlet 
a:rowth processes and is defined as the ratio of the 
icina: intensi ty to the mass now of the impingina 
droplets. Wet growth is considered when n(l. i.e .• 
there is some water runoff from the ice deposit 88 a 
whole. Dry growth is said to occur when the 
freezing: rate is greater than Ute impi!"l.8:ement rate 
and there is no t'\.alOff. In this case, the value of 
n is equal to 1. Introducing the parameter, n, in 
Eqn. IZ). 

dM i /dT I = EnvdwOcL .... . (3) 

The surface area of one half of a circular cylinder 
is aiven by 

A: (I/Z) w D,L ..... (4) 

Canbininc Equations (II, (3) and (4), the followin&' 
expression for icing intensity per unit lencth of 
conductor (it/cm'Ih) is obtained as 

I = (2/.) Env4w ..... (5) 

During the ice accretion process, the diameter of 
the conductor chan&es as the ice deposit increases . 
Therefore, the collection efficiency (for dry 
growth) and the freezina fraction (for wet growth), 
""nic h are dependent upon cond.uctor diameter,also 
change over time. Variat.ions in meteoroloa:ical 
conditions during an icinc storm also affect these 
and other parameters associated with the ice 
accretion process. 

Assunina: the atmospheric cond.i tions remain 
UJ"ICbanged, the ice lood H, per unit length of the 
conductor at time T I is obtained from Eqn. (5) as 

. T 
Ml = Vd"/ 1 E{T j ) n{T 1) 0c(Tl) dT (S) 

Model calculations are performed in a step-wise 
manner to reflect the chan.l:es in geometry and. 
environmental conditions. The model uses the hourly 
meteorological records of wind speed, air 
temperature, relative humidity, precipitation rate, 
and visibility for each hour of an icing event to 
calculate the collection efficiency, freezina: 
fraction, effective wind speed, and liquid water 
content using empirical and/or theoretical 
relationships between the above parameters. Fig'J.I'e 
2 illustrates the flow diagram of the I'mkkonen 
model. 

'''''''l ... , . ...... 



Muskrat Falls Project - Exhibit 87 
Page 3 of 5

RESULTS 

Probabilistic Wind Loading 

In this study, the annual maximum hourly wind speeds 
Cor each of the seven AES weather stations were used 
to develop the probabilistic wind. speed values. 
These data were then extrap:>lated to the line route 
takina into account the effects of line location , 
eXJX>sure. and elevation. Analysis included the 
ranking of all year ly extreme wind speeds fo r the 
stations. in ascending order. along wi th the 
associated plott ina positions and probabilities 
calculated in tenns of return periods . Table 1 
provides a surrmary of the annual maximun wind. speeds 
(in order of year) for each station. Gust 'IoJind. 
speeds are also computed. for selected retlUTl period 
values following either Boyd (1965) for hourly wind 
speed under 120 km/h or Sissenwine et al (1973) for 
wind speed above 120 km/h. 'The 10. 25 and 50-year 
return peri<Xl values were then generated along with 
the confidence limits for these stations. 

y- , i-"..t -''''~ ,mn'l, ~ I~:'; ,~~~~ riii1l.~9i6l , ... ., iO ;, 
"" '" " .. ,.,. m .. n 
"" " " .. 
"" .. " " "" '" " " TIID ...... O" 
'\lOl " .. " .. " .. .. .. .. " "" .. 90 " " ".J 90 " " '" " .. m .. n '" "" 

., 
" "" " '''' " '" ", .. 90 

"" "" '" 90 '" 'os , ... .. " .. " 'os Taon-DIU 

" .. .. n "" n '" .. ,m ., .. '" " ,n " ,OJ, ., 
" .. .. 00' " Too"'" 0.. 

'm 10 .. .. '" OJ " " '''' .. " n " .. " 10 ,,,. 
" " " ". '" .. " '''' ,OJ .. n '" " " .. ,,,. " .. Too~o- '" '" " n ",., ,,, 

" "" '" '" " 
., 

"" " " " " " .. .. 
'm .. "" "" "" II " 10 

"'" ~ " " '" II " " , .. , " " " " " " 10 

'''' .. '" " ". " " Too,,", D .. 

'''' " " " '" TooFfw Dwo TooFt'WO. " " .. " " " .. TooFnr[)IQ " "" " " "" " Too,,",Ou n ,- " " " TOD ,,", rm:. TooF .... Oou 

Table 1 Annual Extreme Wind Speeds (km/h) for each 
Weathf"!r' Station 

Table 2 summarizes the wind speeds for selected 
return period values for all seven stations. Figure 
3 depicts the plot for the extreme value 8l18.lysis 
carried out on the annual maximum hourly wind speed 
for St. John's data (1953-1986) . For all other 
stations, the data appear to be w-ell-fitted by a 
Gumbel distribution. 

Karilll' g,.91 C01Itidellce In. Cut for 
Retut/l Periods Bour!y 'Ii~d Lilil Oft 50-H. SO'Jr . Return 

statio .. 10-n tS·Jr SOon Ik,/I I V,lu" (k.'_1 Period n.I.) 

!t. Jo.o'. lin IZl Iln Il6 :31 160 
Cander !! Ins 116 117 :16 IS! 
Ar,nt ia 104 III I!! III tll IS! 
Honni.h 115 IZI III 1/6 t31 16/ 
~t. L .... rence 116 14\ m III :61 III 
St. Albia'. iO 90 !6 Ii ~U Il5 
ArQ(lid'. Con 9i 99 101 9l ~l9 It! 

Table 2 Maximum Wind Speed (kmlh) for Selected RetUITI 
Period Values 

A gradient wind model which essentially uses uniform 
wind speed over large areas, typically within a 
radius of 160 to 240 kilometers, f~ a weather 
station \oI8.S used. to extrapolate the annual maximun 
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Fig. 3 Plot for Extreme Value Analysis of Wind 
Speed Data for St. John's 

v, : V, (Ze/Zc)o. ..... (71 

",nere V, : wind speed at the conductor 
attachment point. 

V, : gradient wind speed, obtained from 
the weather station. 

Z, : conductor attachment point, 

Z. : gradient height, 

and a : the appropriate terrain roughness 
factor (cx::t1PUSULT. 1988) 

The sradient wind model was also applied to the 
Gander and St. John's data as a check on the 
gradient wind speed values, since annual maximum 
upper air wind .~eda w.~e available onl7 fo~ the 
pericx:i of 1961 to 1986 and appeared to increase 
noticeably after the upper air station was relocated 
from Argentia to St. John's in 1971 (that is, the 
data for the annual maxinun gradient wind speed do 
not show good stationarity). Table 3 sho~~ the wind 
speed derived from gradient wind model for the TL 
202/TL 206 routes for selected return period values. 

Return Period (Years) 

---------------------
10 25 50 

Annual Max. Gradient Wind 
(1961-1986) 168 184 197 

Wind at 28 m Derived frem 
Gradient Wind 107 117 125 

Wind at 28 III Derived frem 
St. John's \lata 109 120 128 

Wind at 28 III Derived from 
Can:ier Data 98 108 114 

Table 3 SJnllaI"Y of Wind Speed (kmlh I at Conductor 
Heiaht Derived from Gradient Wind Model 
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Probabilistic Ice Loeding 

TTobabilistic ice loading on 11.. 202 and TL 206 was 
determined using the Makkonen ice accretion model. 
Annual maximum radial ice thicknesses were computed 
at six ~ther stations based on the reported 
meteorological conditions conducive to icing. 
Extreme value analysis was then applied to annual 
maxima to yield return period values of ice 
thicknesses at each of the six \-leather stations. By 
applying extrnpolalion techniques to the relevant 
input pu"Sl'neters for the most severe a.n.nual icing 
stonns. probable annual rraxirmJO ice thicknesses for 
each type of accretion were simulated for the entire 
transmission line route for various elevations . 
These data were then used to produce 10, 25, and 50 
year return period values for glaze and rime icing 
for vertical load and combined wind and ice for 
transverse load. Because of the space limitation, 
results for the glaze ice at the stations and along 
the line routes will only be presented here . 

Glaze Ice Thickness at the Weather Stations 

For each of the six weather stations, the hourly 
freezi~ precipitation data were input to the model. 
Icin&: events ,,--ere defined as any group of freezing 
precipi tation observations of at least 3 hours in 
duration with no more than 12 hours separating 
subsequent observations of freezing precipitati on. 
The latter figure was arbi trary, but succeeded in 
correctly isolating all icing events as might be 
done manually. For extreme events, each case "'as 
checked to ensure that the choice of time separation 
was appropriate, based on nunbers of observations 
and changes, most importantly increases , in air 
temperature during the event. The hourly changes in 
wind speed. wind direction, air temperature. 
relative humidity, and precipitation were also used 
to identify the specific icing process. 

Table 4 presents the annual maximum glaze ice 
thiclmess for each stat ion. in order of year. Table 
5 summarizes the results obtained from the extreme 
value analysis performed on the annual maximum gla ze 

Figure 4 and Fi~ 5 depict the typical plot for 
St. John's data over 34 years and the graphical 
representation on an extreme value paper. With the 
exception of st. John's, the 50-year return pericx:l. 
value for radial glaze ice thickness is less than or 
equal to 25 !mi. 

A ten-year return period value of just over 25 !mI 

thickness is projected for St. John's,with a 50-year 
thickness of 41 nm. The large variance in data for 
all stations results in wide confidence limits, 
especially at the 50-year level . 
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Table 5 Glaze Ice Thicknesses (in rom) For Selected 
Return Period Values 
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Glaze Ice Thickness at the Line Route 

The worst glaze storms identified for St . JOM ' s, 
Gander, and Bonavista were selected to extrapolate 
icing conditions to the transmission line route. In 
each case the input parameters suc:h as wind speed 
8IlCf. air temperature were adjusted to reflect the 
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terrain. The icina model "'''&9 applied to all of 
these storms uaina four different elevations; that 
is. 30 metres, 91 metres, 183 metres, and 274 
metres. These are representative of the minimuo. 
mid-ranee. mean and maximun elevations alona the 
transmission line route. The maximua pred.icted 
radial ice thicknesses at the line route for 
selected return period values and elevations were 
then extracted from the model results. 

Table 6 presents the glaze ice thicknesses computed 
for la, 25 and 50-year return period values for four 
elevations. At 30 lhetres, the return period. values 
of .laze ice thickness are similar to those for most 
of tile ""esther stations . At 183 metres and 274 
metres elevations, these values approach those for 
St. John's. For an elevation of 274 metres along the 
route, the 50-year return period value is about 46 
III'R. FiJtUre 6 depicts the plot of 50-year glaze ice 
thickness alon&: the line route . 

Elevation (metres) 

Return £'eriocl {YesI"9) 30 91 183 274 

T = \0 20.6 25.4 31.0 32.0 

T = 25 25.7 32.0 39.1 40 . 1 

T = 50 29.2 36.6 45.0 46.2 

Table 6 Glaze Ice Thickness ( ... ) for Selected Return 
Period Values Along the Line Route 
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Fig . 6 Plot of 50-year Glaze Ice Thickness Along the 
Route 

The grester ice accretion thicknesses at the maximum 
route elevation must be considered in terms of the 
meteorological condi tions. Since freezing 
precipitation often occurs when a layer of cold air 
resides below a ~~rm layer, there may be a maximum 
vertical extent to which this situation might occur. 
However, as the lapse rate varies widely, the air 
temperatures may ei ther decrease or increase wi th 
elevation. depending upon the specific event. 

Of the weather stations reviewed, the maxinun 
elevation t./8.9 151 metres for Gander. Oxurrence of 
glaze icing at the Oxen Pond tenninal station 
(elevation 183 metres) near St. John's has also been 
docunented (Newfoundland and Labrador Hydro, 1984). 
No other data are available for the eastern part of 
Newfoundland to indicate that severe glaze icing 
occurs at higher elevations (e.g., 274 metres to 305 
metres). Therefore, 50-year return period values 
derived for a conductor at 275 metres elevation along 
the TL 202 and TL 206 routes should be approached 
with some bias, especially given the degree of 
',..,. ... 'D .. ; ....... ;n .. hA riD". Ann thp M>lA.t. iv~lv wide 

=IONS 

The long term climatoloaical records from seven (7) 
weather stations were used to project prot:&bilistic 
climatic loadincs from wind speed, ice accretion. 
and. combined wind and. ice , both at the weather 
stations and at the line routes for n. 202 and TI.. 
206. Wind speeds for selected return perioo values 
at the weather stations were higher than 120 km/ h. 
with associated cust speeds r-aoging between 135 km/h 
and 184 km/h. At the line route, 8 50-year return 
peried wind. speed of 128 km/h is obtained for a 
conductor height of 28 metres. 

Maximunl; glaze ice thicknesses were predicted. for St. 
John's, Gander. and Booavista. with 50-year return 
period values of 41 DIl radial ice thickness for St. 
John' s, and 25 11m for the other two stations . AlOng 
tile TI.. 202 and TI.. 206 routes, at higher elevations, 
a design load value of 46 am was determined: 
however, this should be considered with some bias, 
given lack of sufficient information on temperature 
variation wi th elevation during freezing 
precipi tat ion as. well as the vertical extent of the 
freezing precipitation condition in the Eastern part 
of Newfoundland. 
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