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R The icicle is one of the most common crystals found in_nature.’ The
* " objectrve of thrs research is to de\velop a model for the formatlon and
growth of |C|cles The processes responsrbte for icicle formation are - .

E dlscussed and thelr roles in the growth process determmed Qualltatuve
observatlons and photographs of naturally occurrmg rcrobs are used in
developlng the theory. Quantitative observatrohs ‘are made through
experimental simulation in the laboratory, and these are used to callbrate

- and verify the theory. - | |
The growth of an icicle is the result of two different growth processes. The

" "tip of the icicle grows through the freezing Of"ad:‘r?ipping water supply.
vHere, the heat transfer takes place from a "pendaht drop", reéultihg' in |
growth in length. The icicle grows in diameter through the freezing of
water-on its surface Each of these freezmg processes is treated |
separately, and their results are pombrned in order to. predlct the overall
growth v C T
. ‘ ' ‘ q‘ .

- The experimehts are performed under a range ot temperatures from ;1 8to
.59C and windspeeds from 1.0 to 4.0 ms'. These are typical of conditions

in which icicles form naturally.
" The icicle growth is found to be very dependent on the 'surroondir__ug‘

(v)



o wiﬁnds'peed and temperature, TI';e' relative humidity Has only a smal) v‘effte'ct'
on.the modelled growth while'grthh is fdund to be. véry sensitiile to xﬁé
flowrate or dnprate from the t|p of the icicle. Thns fact implies that
supercoolmg of water at the tld' which is neglected in the model, is

significant. For this reason, the model pred:cts an upper limit to the actual

~—

.growth of |C|cles T
- One set of experiments is used to determine an icicle 'ﬂfreézing fraction”,
the ice to I'iquid ratio of the icicle tip as it groWs: This freezing fraction is
| the»n used to compare the theory to 9nother set of ekperiments.‘ In this

mgnnér, it is found that the icicle model does predict the maximum possible

' -length growth rate of icicles. o ,. | ; | )
_ ’\\~ _
\
<
\\
<>
(v)
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1 introduction

The icicle is something with which vnrtually everyone, out5|de of the

troplcs and subtropics, is famlllar During winte¥, icicles can often be seen
hanging from buildings and other structures and can range in size from a

few centimetres to'a few metresllong Icicles often attract human

attentlon due to their beauty and varying shape However, the exact physncal
processes responsrble for icicle formatlon are rarely contemplated

Laudlse and Barns (1979)' have conducted extensive studies into the
crystallrne propertles of |C|cles and, from these have suggested a possrble
growth mechamsm Knlght (1980) has exammed several aspects of’ |cncles
chudrng growrng condltlons, crystal structure and composition, shapes and |
air bubbles Lenggenhager (1978) and Geer (1981) have studiedicicles '

. occurring in nature, notlcmg several features common to all |C|cles as well-

as several properties which occur in only a few cases One such feature the
horizontal bumps or ridges on lCICleS has been further observed by

- Hatakeyama'and-»Nemoto (1958) in both natliral and laboratory surroundings

o Unusual, horlzontal |crcles have been; scussed by Burt (1982) The problem

of icicles formlng in railway tunnels and how to elrmlnate them has been )
examined by Shinojima (1973). The most detalled study of icicles has been

| provided by Maeno and Takahashi (1984a, 1984b). Laboratory experiments }' 4

have been performed ina coldroom to study the growth of icicles and a



possible mechanism for this growth has been suggested (1984a). As well
- several unusual feature were studled in nature and |n the Iaboratory

(1984b). These features mclude horizontal ndges, spfked and bent |c1cles.

Icicles have been shown to be a significant contributor to both marine and
power line ice accretlon Before an attempt can be made to determine this
contribution, the underlynng process must be.first examlned A
'mathematrcal model for the formation and ghh of. |C|cles can then be
developed. |

‘ ¢
Icicles form when a source of liquid water with supply rate, W, orips in

surrbundings Wthh have an ambrent temperature T below the freezrng

point. Figure 1.1is a schematic of an icicle shownng these parameters as

well as the length, L, the diameter, D, and the driprate from th'e tip, W,

Figure 1.2 shoWS se\7eral examples of icigles oocurring in nature. AII

exhibit some degree of similarity. All of the icicles are nearly vertlcal and

appear to centain some air b\ubbles although the bubbles canriot be resolved -

in some cases. Also, the general shape of all the icicles is similar, all ar_e

somewhat conical'.in shape. These .factors suggest that there is some

}common physical process responsuble for their formation. However, it is

" apparent that all icicles do not acqunre exactly the same shape. Notice the

- |rregular bumps and wfe sections in Figure 1 2b It even appears in a few |

- £ases, that several |C|cles have ‘ammalgamated into one thicker column of



ice.
O | 3 ~ -
There are seemingly two\modes\of icicle growth. JThe simpler of the two

occurs when all of the mcrdent water freezes. 'In thlS case, (W = 0)

. referred to as "dry growth" the |crcre grows only in diameter and the mass
growth rate equals the supply rate of the Irqurd water.. From the point of
view of power line and marrne ice accretron the mass growth rate is an . '
important factor to be determined and its value is trivially determmed for

; ' dry growth. However, from an observers pornt of view, dry grQwth can be
very interesting as transitions between dry and wet growth can produce
unusually shaped icicles. Theinteres_ting case, in terms of ice accretion, is’
that where a surplus water supply is present. In thrs,,situation,f watet ie

‘ continuously dripping from the tip of the iciele. This ca_xée (Wy > 0)is
referred to as "wet gr wth" and the grdwth rates in both length and

diameter must be found in order to determine the icing rate.
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‘ w!{ S e wager supply rate (W), driprate (W), in an airstream

- .",.
3

. \mth wmdspeed u, and temperature T..

.-



. ‘A“», o [N










2. A Theory of Icicle Growth

2.1 An Overview of tha Icicle Growth Process

In order to understand and model the growth of an icicle, all of the physical
processes which can occur must be examined. The sitbation is that shown in
Figure 1.1. A water or ice surface ‘is present in an environment which has a
temperature below the freezing point. In such a cgs;e several processe; can -
occlr simultaneously. Most of these, including evaporation, sublimation,
convection and radiation, occur as interactions betwéén the icicle surface ,
and the sufroundings. Internal conduction will occur in the body of the

icicle if there are any temperature gr.\adients ahd freezing takes placé’as

heat is removed from the icicle. ' The combined effects of all these

. processes must be incorporated into a model, iq order that a theory. for

icicl_e growth can be formulated. The process is, to say the.least, a complex
one. Several simplifying assumbtiqhs are r’nac?e in order that thev model ¢an
be formulated. These assumptions will-be_ mentioned briefly in the
desgription of the-model and will t‘Je discu‘séed in detail following the
‘mathematical-formulation. | |

-

2.2 Heat Balance

Asis the case with most icing problems, an overall heat balance is the

basis of the model. This heat balance must be applied to the pendant drop at



the tip as well asto the body of the icicle. The release of latent heat of

freezing, q, is the-dominant supply of heat to the icicle. 'Siénificant heat

; ] ;
losses are those due to convection, q,,, evaporation and sublimation, q,,, and
radiation, q,. Internal conduction in the icicle is assumed to be negligible in

thiéﬁbalancq. The overall heat balance is si‘mply

Q.+ Qg+ G, + q=0 (2.1)

The determination of d.» G, and q, enables the deduction of g, and thus the

" mass rate of freezing of the incidens water.

The task is then to.ap‘ply such a heat balance. How can a steady-state heaf
balance be applied tb a process which is dertainly time dependent? In order,
to accomplish' this, the héat balance must be applied in é stepwise féshion
in-time. %nder steady conditions'the amount of water erich ¢an be frozen in
a given timestep is calculated, this amount is then added to the value at the

. previous time, and the prdéess is repeated. If the icicle is segmented into
o cylindricgﬁes,‘ eabh slice can be treated in this manner and growth in
diameter can be determined. However, an explanation for growth in Iéngth

must still be found. :



2.3. Tip Processes

Icicle growth is expected tovbe very dependent on the processes occuring at
the tip. All elongation must be a direct result of these processes. In some
way a dnppmg water supply results in the formation of an |c1c|e and, as

long as wet growth persists, the dnppmg from the tip will contmue The
successful modelling of the tip process should lead to an effective model df
icicle growth. ‘Once the elongation of the icicle has bden modelled the radial

growth can be incorporated.

There are many parameters which can or will affect the icicle growth
process. Such a list includes pressure, temperature, windspeed, relative
humidity and the rate at which water is supplied to the icicle. The

influence of these factors on the growth of the icicle must be determined.
i B ¥

Regardlees of the size of the fcicle, if all parameters remain unchanged the
~tip process will remain the same. For this reasori the length growth rate
should be independent of time. As will be seen later, one such parameter is
the flowrate:or driprate from the tip of the icicle. It is not realistic to

~expect this value to remain constant as the icicle grows. Even if the supply
rate is constant, gs the icicle grows, more heat transfer occurs and more of
the" supply water freezes, thus reducmg the driprate from the tip.
Nonetheless for some length of time th:s driprate will be approxnmately

constgnt and the growth rate in length is expected to vary quite slowly in
| R
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-

time. The problem is thus to determine this growth rate.

Consider the origin of -an ieiele. Initiaﬂy, a dripping water sy‘pply is present
and the heat transfer takes place from a single water droplet as in Fiéure
2.1a. Even though the water is constantly dripping, eventually, the
equivalent of one watar drop freezes. (Figure 2.1b) If there is no
supercooled water or ice shed in the falling drops, this time will be that -
calculated for & single drop'to"freeze. In other words, after some time,
regardless of the exact process involved, a mass equal to that of one water
drop freezes. This time is the factor which determines the length growth

rate of the icicle.

-
1

The-heat transfer from the tip drops can be calculated by treatin;q them as
spheres. Even though the shape of the pendant drop is continually changing, °
some multiple of the surface area of the pendant sphere can be usedtn
‘represent an average area in the heat transfer calculations of drop diameter
can be used in the heat transfer caleulations. A more detailed look at the
tip of the icicle as it grows is undertaken to determine this parameter.
‘Figures 2.2a and 2.2b show several photo'graphs of the tip ofa growing
icicle. ltis seen thata pendanf drop is generalJy present at the tip. The
drop originates as somewhat hemispherical in shape (Figure 2.2a) and
grows to an elongated sphere before falling. (Figure 2.2b). Almost
immediately after'qne drop fa!lef:éjothej,he;nisphere fo;ms, except in cases

»

where the supply rate is extremely low. Based on this evidence, heat,

A
“ . .
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Mfigure 2.1: Schematic of icicle growth model after 0 (a); 1 (b); 2 (c)
N - and 3 (d) timesteps.
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transfer from a spherical penglanl,drop is chosen to represent the aver’age Py ,%3

. value. Initially, it mrght be expected that such an assumption wil

N o
overestimate the heat transfer from the pendant drop However durlngga

sungle trmestep, ice forms} and thrs ice must remain part of the pendant

<

~ drop: vcalculatlon untrl the next tlm?step, when that ice grows radlally oy
Tg\us the area of the pendant sphere is expected to prowde an apprOpnate
average area value ¢ - : : / B

The spongy nature of the ice must also be taken mto consideration. As the
icicle grows, a certarn fraction of the |lQUld water remains trapped in the -
ice for some time. ThlS can be seen by observing icicles as they grow.
Bubbles can be seen rising in the liquid water in the interior of the bottom 4 .

to &centlmetres of the icicle. These bubbles can be seen in Figure 2. 2b A

e ';freezrng fractlon must therefore be lntroduced into the freezmg rate

/

\ :
calculatrons. The numerical value of the freezmg fraction, F, is not known

for icicle growth, and is thus treated.

n unknown parameter. Conclusions

e made follewing the experiments.

regarding this freezing fraction will ]
,‘:‘I.q“.. N i ‘ _' . o . R L

L 4
w0

o "-f‘-Thr'oughout this discussion refere‘nce is made to the "tip er{S freezing" As .

mentroned only a fraction of the drop actually freezes initially as water is
trapped in the |C|cle However for convenlence the process will be 1
referred to as freezmg Now usmg various values of F, the time r ,equrred

for one drop to freeze can be calculated



. 14
Once the equivalent drop has frozen what happens to its shape? Obviously,
|C|cles do not maintain the sphencal shape as they grow radially. Instead,
from natural examples Iarger icicles appear to be conical in shape while
‘some smaller icicles even appear as thin cylmders (see Flgures 1 2) Thus

~ the frozen drop i is- assumed to acquire the shape ofa cylinder, wnth equal

-Iength and dlameter and the same mass as the sphencal drop The icicle
model proceeds in a stepwise fashion as shown in Figure 2.1. This length

divided by the time required fora single drop to freeze yields the Iength\"'“\

~ growth ra't‘e. ‘ |

~2.4. Mathematical Formulation

2.4.1 Tip Drop Freezing - Growth in Length

The time requlred for one drop to freeze is calculated usnng the followmg

- heat and mass transfer correlations for small spheres

L Qespn =~ Asprllp: (T, - T> | (2

Gos,eph = As“ghh asoh EVIR,T, (6, - re,)] (2.3)

Gy gpn = “Agon ST - T,9) I 2
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“where |
Asph = surface area of the per\d_ant drop
|, = latent h'éat of vapourizatibn_ =ré.5( x1 08 Jkg™!
£=0622
r = relative humidity
e, = surface saturation vép‘our pressure

N ‘ . o
e, = environmental saturation vapour pressure

R, = gas constant for dry air = 287»Jkg“K"x
T = water drop temperature | N >
T, = surrounéing 'afrtehw'perature

o = Stefan-Boitzmann constant = 5.67x10°® \I;\lm‘?K'4

E = emmissivity of the.v’vater’ surface ,

hs;h = heat transfer coefficie:_nt ‘

Pyepn = ‘rri‘as'é transfer coefficient . - o

. , , ‘ 7 .
" The air density, p, is calculated using the ideal gas. law:

5
2
. P

Py =PR,T, (2.5)

wherjp = environmental pressure. - .
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The vafpour pregsures are calculated usmg an integrated form of the. ’

CIausuus Clapeyron equatlon (Rogers, 1979):

e(T;)-eoexp[I\/Rv(VTo-1/Ta)] 28

.\\ . ) L
where
e, =611 Pa
T,=273K

R, = gas constant for water vapour = 461 Jkg'K'" .

. The heat and mass transfer coefficients are given in terms of the Nusselt

and Sherwood numbers for the sphencal tip droplet, respectively;

o

[

Nug, = hsphDsph/k -06PPRe 242 (27)

. ' N 1B ‘ .
Shon = hy sphDsph/Dwa = 0.65¢'® Re, 172 4 2 (2.8

Wherel
* k= thermal conduttivity

Pr = Pfandtl "r.\umber',



g
. Dwa = difquivity of water vapour in air

Sc = Schmidt number

Resp|:| = Reynolds numbér for the sp'r:\erical pendant drop.

The Rey_nolds number is given by; .

; Resph = -UDsph/ v
where A
u = windspeed
v = kinematic viscosity . ) A

Thé\Prandtl and Schmidt numbers are;

Pr -,Cpu/k :
.Sc =v/D,,
where |
c, = specific heat of air = 1004\Jkg"’K"
-1 = dynamie viscosity.

- .
-
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(2.9)

(2.10a)

(2.10b)
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The values of v, D, and k vary with temperature and are calculated using a

linear interpolation between minus twenty and zero degrees Celsius as

follows. (Smithsonian Institutic\h‘,f‘d 963) All values are calculated for a

reference pressure of 93 kPa, a reasonable mean value for the location at

which the experiments ‘were performed.

v =1,45X105 + 9.0x108 x T, (m%s™) (2.11a)
. . o .7
- Dyp=213x105 4+ 1.4x107 x T, (m%™) = = (2.11b)
. .
> k= 2.43x102+7.5x10% x T, (Wm'K"") 2.11c)

I L3

~

Equatibns 2.11ato 2.1 1c are accurate to within 0.5 percent and valid for T

in degrees Celsius in the range -20°C < T_ < 0°C.

Note that equations 2.11a and 2,11b are only valid near a pressure of 93 kPa.

For other pressures the values cah be calculated using (Smithsonian
Institution, 1963); S ‘

[

v=wp, | e

DM== Dyao (T/T)'" % /P | (2.12b)

wa,o



R . . ‘ ' o
where  is the dynamic viscosity and D, , is a reference value at

. temperature T_ and pressure p,.. Cbmputed values of v ére shown along

with values of the diffusivity of water vapour.in air, for various
- temperatures and pressures, in Tables 2.1a, b and c.
Note that Equations 2.11 were used in all theoretical Calculatidns in order
that the theory could be compared with expe‘rimenytal reéults; however, a set_
of equations similar to (2.11) could be derived for any pressure value by
calculating vélues similar to tho,sé |n Tables 2.1. Values of the Prandtl
number for the different temperatures, from Equation 2.10a, are alsq shown
in Table 2.1¢. Note that the Prandtl nuﬁ_iber does not vary significantly in
tl"we given temperature range. _Thus_, a value of Pr = 0.71 will be used in all -
calcu'lations. Such a-’r'esult is accurate to within 0.5 percent from -20 to 0
degrees Celsius. Similarly, and with equal accuracy, the Schmidt number is

equal to 0.60 for the indicated temperature range.



pN\J| -20 - -1t0 0
=92 | 27 137 1.47
96 1.23 .31 1.40
00| 117 126 . 135
104 1.13 1.22 1.29

Table 2.1a: Values of the kmematlc viscosity (m3s™") for several sets
of temperature and pressure. (v x 10°)

by

it

) NIl -20 -10 0
92. 2.14 229 246

O 96 |, 2.05 220 235
oo |\ 1797 2.11 226
104 1.89 - 203 2.17

Table 2.1by Vahes of the ditfusivity of water (m?s™') vapour in
air for several sets of te(pperature and pressure. (D, x 10°)

T | "Pr

-20 | 0713
-10 | 0.710
\/ 0.711

Table 2.1c: Values of the Prandtl number for different temperatures.
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The latent heat of freezing term is given by;

Gsph ™ Fm /At o (2.13)

. where

F = freezing fraction

m, = mass of spherical pendant drop

|, = latent heat of freezing

Under condi'gions favourable for icicle formation, it is quickly seen that the
radiative term is smali compared with the other two heat loss terms.
Hence, the radiative term will be neglected. Representative values of the.
heat loss terms are shown later in Table 2.3. Balancing the remainiﬁg three .
terms, using (2.1) to (2.13), yields the time At, during which the equivalent
of one drop freezes. The mass of this drop is then assumed tp acquire the
'shape of acylinder. The embryo__iqicle is assumed to have the density of
pure ice; however, if the freezing fraction is small, the density of water .
would be more appropriate. Nevertheless, the density of ice is chosen as,
e‘ven"tually, after sevéral timesteps, all the water will be frozen. As |
| previously méntioﬁed, the Iengthvc.af the equivaient cylinder divided by this
time yields t_he length growth rate. Figures 2.3 to 2.5 display this growth
rate aé a function of temperature, winqspeed and humidity for sevéral

freezing fractions. All other parameters are chosen to be typical of



/"‘v’ 22

L]

conditions févourable for icicle growth. The values of all parameters are

’ .
shown on the figures. Itis now necessary to im&ement radial growth of the

icicle as it grows in length.

-
%

LFEGEND

dudt (cm min1)

Windspeed (ms™1)

Figure 2.3:. Length growth rate versus windspeed for various values.-qf the
freezing fraction, F. (T=-12°C, r=1.0) 2
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2.4.2 Radial Growth -

A timestep must now be chosen in order to model the icicle growth. The
time required for. one drop to freeze appears to be a;natural choice. Thus,
during‘the(ﬂ’st timestep the equivalent cylinder, representing the mass of
one drop, freezes. ‘During the second timestep the initial cylinder grows
radially while another drop freezes, creating a new cylindrical segment at
the bottom. In each succesive timestep all existing cy‘mders grow radially
while a new drop freezes into a cylinder at the tip. Figures 2.1a t6 2. 1d
show this process. The heat transfer equaffons are the same as those for
the sphere with the transfer coefficients and areas replaced by those for a
cylinder. This amounts to replacing the "sph" subscripts with "cyl” in
equations 2.2 to 2.13. The convective heat transfer term for the cylinder is:&

Aoyl = Moy Ay (Ta- Ty) (2.14)

where the heat transfer coefficient, h

oyl is given by (Ihcropera and DeWitt,

1984);
Nug, = h, D, /k =0.6Pr'® Re _(215)

This correlation is expected to be accurate within + thirty percent in the

. ~ ’ v
following range: —



 0.67 < Pr<300 | ‘

10 < Re,, < 10°

For the Reyndtds number ‘gsdefined:previously and using typical values of
v = 1.35x105 (m?s™) énd Dcy| = 0.005 (m) the range of Reynolds numbers

«converts to a range of windspeeds of

-

0025ms'<su<250ms™.”

-—

Only in carefully controlled laboratory situations would windpeeds of less
than the lower limiting value be incurred. The given range of windspeeds
certainly encompasses the range in which icicles occur in W

;
The heat transfer due to evaporation is:

N

U

Qos,cyl = Acyl hd,cyl Iij[RaTa (rea ) es)]

where A, = area of cylindrical slice. B -

The mass transfer coefficient for c¥linders, hyc y,,‘is given by the fbllowinb
correlation for the Sherwood number:

¢

13
- Sh=hy_, D, /D,, = 0.65c' Re,, "2 (2.17)
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~ The heat Balance, equation 2.1, is applied to obtain: .
, | i R | |
| i} (qc,cyl +‘.qes,c¥|) =Gy = An}l/ A\t EAERE (218)
'where' R S | o,

Am= mass fmzen on cyllnder in time At

@
-

-

| | ,ThIS increase m,mass Am, is added to the prevuous mass. of the cyhnder

| ;'the new dlameter is calculated and the process is repeated The |ce
.freeznng on the outside of the icicle is assumed to be- pure, ‘that is, the
freezing fraction is unity. ‘Each cylindrical slice of the icicle isfgrown in
this manner for the desired Iength of time. After each time step another -
- ‘,"cyllnder is added to the tlp of the iticle. E'quatlons 2 15 to 2. 18 are used to |
o écalculate the increase in mass (and hence dlameter) of each cyllndncal -

' segment for each tlmestep

'42-.4,3‘ Model tmpler’nentati’oni .
SN ‘
 Itis readily nofed that a type of self-similarity in time exists using this \.. |
| procedure Any segment of the icicle i is |dent|cal to that |mmed|ately above

: ‘;:‘;flilt at the prevuous tlmestep That is:

- 5 D(t) ‘(t-At) v IR (2.19)
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~ After n timesteps the icicle will appear as in FiQUr‘e 2.6.

— T LY
" D)y -\
Bt - D(t-at) -
D(t-2at) - .
* ¢ D(t-nat) - |

Figure 2.6: Schematic of icicle éegmenf- time symmetry for any time t.

For this ’re'aso'r]'only fhe initial '(root) seémént needs to be grown inuiderto ™
| pfoduce a corI}plue'te ';;rOfileEof the icicle. - A sirriple co.rnput’er routine which
. accomplishes this’is shown_in Appendix A. Knowing the shape of the icicle
‘asit évolve‘s,;severél prppertieé of interéét can be discé_meq.‘ These include
the mass growth in time, the ,chang"e. in surface area with ti'mé and thg‘

diameter as a»fuhcti_on- of the distance from the tip.



2.4.4 Choice of Timestep -

- . -

The basis of the model isthatina cértain time, the equivalent df one drop |
freezes. If, instead, a specific tip diameter is chb(sen, thén, for any o
tirheStep,, the corresponding length inc';rease cante calculated. A value of -
' 0.45 cm is chosen béséd on the previous theory and observations. Using thig
“modification, the model can be applied for any choice of timestgp.’ Table 2.2
displays the differences in the médelled icicle growth for several values of
the iimestép under 'coﬁditions typical for icicle formation.

A
’ .
T

- Table 2.2: Diameter at 40 cm from icicle tip for several different
choices of timestep. ' C

P
Ay

- Conditions: ' T;;-12°C, "‘u;_2.0 ms!, F=(j,2, r'=‘1.0

Lan

Time At: 30 sec (time for ’o._n'e drop to freeze)

[imestep (sec) ic I ip (cm
- 240 - - 2.06 ‘
-~ 120 - e 215 o
c 60 \_. Y 20 B
_ o 30 : 2.21 . N
o 15 | ’ . . 2.28
‘ .75 - oy - 223
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it is readily seen that the model is not significantly d'ependént upon the
: choice of the timestep. Any value .is' possible provided that it is not
significantly larger than the time required for one drop to freeze. Thisis
not a surprise since the crux of the model is the aséumption that the
equivalent drop vfreeZes, in a time At, into a cylinder of equal length ahd
giarﬁeter. Thus, no matter what thé choice of timestep, the growth rate in
. length will remain the same. The time, At, is therefdre u'éed as the. |
timestep for the growth model. Any significantly larger timestep will
" result in the modelled icicles being thinner than those with a more precise
timestep, due to the fag:t that the tip is initially allowed tq_ grow in I?ngth

- for ane timestép.before radial growth is initiated.

2.5. Assumptions ' o .

5 ' . ,. I
‘Mahy simplifying 'assumptions have been mad®in order to solve the icicle
heat balahce. Several of these have been mentiohegi previously but have not
been discussed or supported. The following section details the major

assumptions and their Iikély effect on the growth of the icicle.
' 2.5.1 Neglection of Radiation
One of the first assumptions is to neglect the radiative heat tr”éhsfer term.

Equatién 24 computes the ra'diat'ive heat transfer for the spherical tip

droplet. This amount is assumed to be negligible compared to the -
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convective and evaporative terms, 2.2 and 2.3 respectively. The radiative

term, 2.4, is: ° N

A

- | @
Q= -AEo(Tw“'_ - Ta“) _ _ S - (24
- Dividing through by qle areain 2.2102.4 produces a heat transfer value per
unit area, in this case Watts per square metre (Wm'z). Values for the three

heat loss terms for some representative conditions for icicle growth are

shown in Table 2.3. T '

TeC) [ u(ms™) [q (Wm™) | (Wwm-2) | g (Wm2)
-5 05 -210 =130 -22 |
-5 2.0 -390 - 230 =22
-5 - - 40 =530 ~-310 - =22
-10 05 | -440 -230 - 43
-10 | 20 -780 | =-420 ' -43
-10 40 | -1060 | -570 ° -43
-1 05 -650 | 310 - 64
-li 20 - -1170. -550 ~64 )
=1 40 |.-1600 -750 | -64
-20 05 | -870 -360 -83
-20 20 - 1550 - 640 -83
-20 | 40 -2120 - -870 | -83

/

Table 2.3: Values of the convective (q), evaporative (q,,) and radiative (q)

_ heat loss terms for the spheriCal' pendant drop for different
- values of temperature (T,) and windspeed (u).
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For all of the above instances the emissivity, E, is set equal to one; that is,

*the maximum radiative heat loss is calculated.” Also, the humidity, r, is set

equal to unity producing the minimum value of the evaporative term. Only at

' very’ low windspeeds does" the radiative term become g'reater than five

| peroentof the sum of g, and q . Thus, in almost all cases, radiation

accounts for less than five percent of the total heat loss, a small amount

. considering the expected uncertainty of the heat transfer correlations.

»

2.5.2 Supercooling at the Tip

The constraint that no supercooled water or ice is shed from the tip of the

icicle may not be fully satisfied. If this occurs, another term must be

included in the heat balance. If the supply rate is sufficiently strong, it is

expected that the rapid flowrate"wil| prevent any ice formation.' Open

~ channels.in lakes and ice-free, rapldly flowmg rrvers are analogous to this

srtuatlon Undoubtedly, there will be some supercoolmg of the water,
although the error induced may be small due to the large ratio of latent to
specmc heat for water. However, for a strong supply rate, all of the heat
loss' may be accounted for by a small degree of supercooling. If the
supercooling is 'si‘gn"ificant or if any. ice. is shed m the dripping water, the
observed growth is expected to be slower than the modelled growth. For |

this reason, the model yields an upper limit to'the growth rate The

- observed growth rates are expected to approach but not exceed this

maximum value.. -
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2.5.3 Water Supply Centinuity

3
Fc; radial growth it is a_seurﬁ'ed that the water supply rate is continuous in
time anq‘ evenly distributed about the circular circumferenoe of the icicle.
" However, from observations of gkowing icicles, both in nature and in the
laboratory, the water supply has surges and lulls in its rate. Nonetheless
'provnded that a liquid water fllm is maintained hﬁput the |C|cle wet growth
| W||| persist and the variation in the water supply rate can be neglected for
radial gjrthh. Obseryatidns show that such a film of water is present,
- except hen icicles become large. In some of these cases, the liqu"id water
will not be evenly distributed about the icicle. Instead, preferred pat_r_ts

develop. An uneven temperature distribution will result as shown in

Figure 2.7

If preferred péths do exiet, the icicle may no longer have its entire syrface

~ atzero degrees. In order to fully accommodate this situation, the model
must account for the surface temperature distribution as well as conduction

" in the interior of the ice, creating a very complex situation, to say the least.
However, |f the temperature difference across the icicle is small enough,

the temperature distribution can be heglected, and the total heat transfer is .

unc'hanged. It has been suggested that internal conduction in "spongy"lice is

very slow (Szilder, 1987). But, if liquid'is present in the interior, it is
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-

unlikely that the outside surféce could’cool significantly below freezing.
Once the liquid has entirel:y frozen, the higher conductivity of the ice will
maintéiﬁ the opposite surféce at or pear the freezing point. Itis therefore
assumed that when this situation does occur, the effect of the temperature

distribution is negligible.

icicle circymference

surrounding

girstream - liquid water

° icicle

Figu‘re 2.7: Cross-section of an iciclé where the entire surface isno

- ajiiperiencing wet growth.

2.5.4  Nor-circular Cross-seétion

A result of these préferred paths is that the icicle may not posess a
' circular cross section. As the icicle becomes larger, the entire surface of

the icicle may nbt remain wet. If this is the case, the side with the water
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supplryz in Figure 2.7 will g}ow while the opposite side will not. Also, the
fact that the heat transfer from a cylin@er ip cross flow varies abopt the |
circufnference (Lozowski etal., ‘1 983\3 contributes to a non-circular
cross-section. In order to deal with non-circular cross-sections an
elliptical-cross-section could be assumed. Incorporating the circumference
of an ellipse into the area used in the heat transfer calculatigns would be a

_difficult task dhe‘to the difficulty in computirig such a circumference. Also,
the lack of heat transfef correlations for such shapes encourages the use of

- the simpler circular cross-section which is used in the.modei.

2.5.5 Radial Conducﬁon

As mentioned earli.er,_ liquid water remains trapped in the icicle near the
tip, as it grows. This water ultimately freezes by conduction of héat away
from the liquid water. Conduction radially outward is very smail due to the
fact that there is only a very small temperature difference across the |

| ic?—water interface.' Thus, the rate of heat transfer through fhe walls is
‘small ‘corppafed with that from the surface to the_airstréam andis-
neglected. Any further heat transfer from the liquid interivori must occur

along the axis of the icicle. (Makkonen, 1987)

- 2.5.6. Shape Assurﬁ“ption'at the Tip



35

Possibly the most crucial assumption revolves around the‘tip process itself.
As has been explained'previously, the heat transfer from the tip is
calculed as that froma sphere the size of the falttng water drops. The
onlgsupport for this ass_u'rﬁption is through observation, as is the case for
the assumptlon that the "equivalent drop freezes into a cyllnder with equal
length and drameter These assumptlons are at best, crude approximations ..

but, as will be mentioned in the results, seem to be a reasonable choice.

These are the major assum;,)tions made in deriving the model. Little
evidence has been provided to support them at this’point. The principal
methad for supperting them is t : eugh expe'riment, The approximations and
-their possible ramifications for the model will be discussed after observir\g |

LY

icicle growth through experimental simulation.

' 26. Summary

-’

Figures 2.8 t0 2.13 disgy the model relationships for varying values of the
freezing fraction, F, and relative humidfty r, under atypical set of
temperature and windspeed values. The mass of the icicle as a function of
time is shown in Frguresz 8 and 2.9; the icicle surface area as a function of X
time in Figures 2.10 and 2.11; and, the diameter versus the distance from
the tie in Figures 2.12and 2.13. = | |

Notice that as the icicle‘groy\__rs, the rate of increase in diameter d_ecreases.
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But, the rate of increase in area increases with time as does the rate of
mass increase. This is not surprisi j as the heat transfer, on which the
mcrease in mass depend-s is dlrectly proportional to the surface
area of the icicle. Hence, these rel(ations are dlrect!y related.

y
It is also noted that, for constant freezing fraction, the diameter to
distance from tip relationship does not vary appreciably with temperature,
‘pressure' or humidity. Figures 2.13 to 2.15 display thé effect of relative
hgmidity, temperature and windspeed on this relation. Notice that the
difference in shape with changing temperature or humidity cannot e\)en be
seen in Figures 2.13 and 2.14. FigUre 215 shows the prediction that icicles

will be slightly thickér for larger windspeeds. The length to diameter ratio

of the icicle is related to the ratio of the total heat transfer at the tip, Qyip»

- jo that from the sides, qcyl

A
g: .
. ‘L/d o q“p/qcy| : - | (2.19)
Using the heat transfer equatlon for the convective and evaporatlve terms

it can be found that the expressions for %ip and q,,, Posess terms of the

same form except that Yip has two extra terms due to the extra factor of
. IS

two in the spherical heat and mass transfer correlations. Through some

algebra these terms can be shown to be inversely prdportional to the

windspeed, u. Neyertheless, considering errors associated with measuring
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these values, the diameter relationship for.icicles does not vary
significantly with any of these parameters. In other words, with other

conditions constant, for any set of témperature, windspeed and humidity. all

" resulting icicles should be similar in shape.

»

Mass (g)
’ IOAO.O 160.0

$0.0
L

0.0

Time (min)

Figure 2.8: Icicle Mass versus time for various values of the freezing
fraction. (u=20ms?, T=-12°C, r=1.0)

L]



38

LEGEND

160.0
s

30.0

180.0

Surface Area .(cm?)
100.0

0.0

R

Time (min)
Figure 2.10: Icicle surface area versus time for various values of the
freezing fraction. (u=2.0ms”, T=-12°C, r=1.0)
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LEGEND

100.0
1

$0.0 -

Surface Area (om?)

0.0

Figure 2.11:

5.0

Diameter (cm)
\
A
1
Y
A
1}
\
A

N 0.0 10.0 20.0 30.0
: Distance from Tip (cm)

Flgure 2 12 Dlameter versus distance from tip for various values of the
7% . freezing fraction. (u=20ms”, T=-12°C, r=1.0)

N



. _Diameter {cm)

0.0

0.0 . T10.0 . 20.0 o 300 .
: : . Dis_tance from.Tip (cm)

Flgure 2. 13 Dlameter versus dlstance from tnp for various values of the
relatlve hﬁmnduty (u=20ms™t T= -12°C F=0. 2)
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Diameter (ém)

0.0

00 " { 10,0 b0y 200
Dist_ance'f_rom Tip (cm) : §

Flgure 2.15: ?ggle dlameter versus dlstance from tip for several
' : lfferent dspeeds '(T=-12°C F 0.2, r=1.0") .

4 I |

\
| The |cacle model can now predlct g;owth under any, set of enwronmental
< condltlons The only manner in which the model can be tested fs. through

_ expenments Companson with expenmental results wcll provnde ?nore

) lnsrght intp_the acf}'al processes ‘which occur durlng the formation of an

scuc}e n.uantltatlve fas well Aas qualltatlve observatlons wnll be made in

order to determlne the validity of the model. -
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3 Icicle Growth Experiments

lcieles, seen to occur frequently in nature, are found to be very difficult to

reproduce in the Iaboratory In order to produce an icicle in the laboratory,

- a supply of watér atthe freezung pomt is requrred Also, the abnlr%to

regulate and control three main parameters temperature, wmdspeed and
flowrate is desired. Such stlpulatlons must all be met in order that any

&uantrtatlve results be obtalned

3d. Laboratory Simulation: Method One
& | ' . o | . =

One method of producmg icicles is by simulating the process occurrlng in

nature The most commonly observed situation mvolves solar radiation"

incideént on a snow or ice surface with the ambrent air temperature below

freezmg The radlatlon melts the snow or ice and the meltwater ﬂows and

' drrps from some collectlon point. The icicle generally foﬂ‘ns ina Iocatron ‘

shaded from the sunhght ‘where the meltwater drips. An experlmental
. simulation of thns process |s shown in Figure 3.1. A floodlamp was used as
3 crushed ice. . heﬁelted

x. A
of the vesset begeath Wthh

a radiant heat source mcudent upon a vessel

water flowed out through a hole in the Boe ' W

the \CICle tormed ona plastlc red The plastlc rod (5/8 inch? dlameter) was

‘ machmed toa hemrsphere at one end in order to. force the dripping water to

< coltecﬂat ong point. If performed in appropriate surroundmgs suchasa

. coldrorem or windtunnel, this process allows for the control of temperature

B
B
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and windspeed Hov-sever, the water flowrate or driprate proved to be very
difficult to control The crushed ice tended t6 fuse together and the - |

" _meltwater was produced i in surges. In some cas§s 3hesa su;gas were |,

sufficiently strong to fully retard the elongation of'the{

R )" ,v'. b

attention must be pald to this factor when extracting quantitative results
with this procedure. This type of apparatus was only used for qualitative
observations in this study. Such a process simulates nature with some
degree of accuracy; bdt lt is not a good simulatér_‘ of,.all atmbspheriq iding
conditions. l.cicle‘s, sgﬁhas those which form on power lines and ships, are -

formed in a diff

»

=g ypporting ' : Ve
stand
" radiant heat
‘ source

_metal bow|

crushed ice

]
‘ supply of water -

_ plastic'rod

’ Y
B . ‘ :
ﬁicic1e._*é ‘
|
' . cold surroundings

©

Figure 3.1: Schematic of one method of icicle growth.
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3.2 Laboratory Simulation: Method Two

.j\:&t\ o .

A surplus of liquid water, sometimes supercooled |s belleved to be—

responsrble for the formatnon of icicles on power Imes and ships. Thrs -

water drips.from structures on whlch it is mcrdent Such a situation can be

simulated, but, as befors, a drlpprhg water supply at zero degrees Celsius is

N/

requured The supercooling i lS |gnored for now as a controliable, supercooled
water supply is very difficult to produce and, when water and ice coexist,

the temperatyre is very near to the freezing point. )

The apparattis used to create a regulated supply of water htéero degrees i is

shown in Figure 3.2." A control valve must be located in an ice bath. (or zero

.degree surroundings) In the case shown the water flows out of the vessel

directly into the cold surroundings where the icicle is again .formed on the
plastic rod. Given the proper surroundings this process allows for =
controlling of the water supply rate from within the cold region. In order

for icicles to be produced tor quantltatlve study, such a water supply must

~ drip into a region where temperature ‘and windspeed can be c)ntrolled and .

. monitored. o

w

/\ coldsgom with a fan-forced alrstream was first used to create

~measurable conditions. However these conditions were found not to be very

. consistent in space or time. Therefore, in order to achieve more accurate

windspeeds and temperatures, an icing wind tunnel was used.

DA
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" plastic rod : :
. | .
' ' . L cold

. valve stem : . surroundings

45

1

ice water supply

valve

piping

-

Fi_gurg 3.2 Schematic of water suppfy apparatus.

P

The tunnel used was the FROST (Fundamental Research-on Solidification and

_ Thawing) tunnel located in the Mechanical Engineering Departmént at the

University of Alberta itisa closed loop wind tunnel designed to produce
windspeeds of 10 to 40 ms’! in the test section. Nar‘ten (1 985) describes.

the FROST tunnel in more detail. Experiments were performed in the

‘ settling chamber, the section just before the contraction, where windspeeds

of between zero and three ms™ are attainable. Figure 3.3 shows a

photograph-of the W|de section of the FROST tunnel while F|gure 3.4 shows

the experlmental apparatus in use on the msude All numerical results were

’

obtained using the FROST Tunnel.
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- Figure 3.3: Photograph of the wide sectlon of the FROST Tunnel in which
experiments are performed.

The wmdspeed was measured using a Cassela handheld anemometer
cahbrated with a low velocity flow analyzer (DISA model 54N50) Repeated
_wmdspeed measurements demonstrated an uncertainty of plus or minus 0.1
metres per second for the entire range of windspeeds. The ternperature was
menitored using aQCopper-Constantan thermocouple with an ice bath as the
reference junction. The thermocouple voltage was measured using a Ruke
mbdel 8062A multimeter. The thermocouple temperatures are expected to

be aceurate to within 0.5 degrees Celsius. The thermocouple was checked

4
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wtth an ordinary mercury bulb thermometer which was accurate to within
/ i +0.2 °C. An ice bulb temperature was also measured to /d/érmine an

approxumate value of the relative hum|d|ty in the tunnel mospheric |
pressure va_Iues were extracted from the hourly synoptic observations at the
Edmonton t:llunicipal Av'ir‘p_‘ort, approximately three kilometres from t'h‘e *
experimental site. IR |

anure 3. 4 Phetograph of the icicle apparatus in eperation inside the
FROST Tunnel -

The most dlfflcult problem to overcome related to the creation of the water

supply at zero degrees Celsius. If the region around the piping was too cold '
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the aperture froze, while if too warm, the supply water acquired a -

temperature above freezing and icicles did not form. Freezing was
pfever;ted by aliowing a small amount of room air to entgr the hole through
which the piping passes. In this wéy, by trial and error, the water was kept
reasonably close to the freezing point. The dripping wa‘ter‘temperature was
checked byinserting a thermoéohple into the piping through ;/vhich the water

flowed.

‘Icicles may have formed even if the water at the end of the plastic rod was
slightly above freezing. It is expected that this was the case and for this
reason, the first few centimetres of the icicle were never measured

'quantitatively.} Once a short |eﬁgth of icicle has formed, then the water was
surély at the freezing point as solid and liquid coexisted near the surface of

the icicle.
3.3 Procedures

The expériments were performed in two ways. Procedure 1 w.a's used for

most of the trials, during which an icicle was grown while periodically

adjusting the water supply rate. In this way, a slow driprate persists from
’t/hé‘__'tip of the icicle Thus optimizing the growth rate. In order to achieve
this, the water éupply rate must be adjusted periodically as the icicl’e' -
becomes larger. In this éase the length was recorded as a function of time

while the times when the supply rate was increased were noted as well. If

@
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‘ the supply rate were not increased periodically, dry growth would have
begun shortiy after the icicle began to grow, ‘provided that the supply rate
was not too fast. If the supply rate was very fast, nt was found that no
icicle formed at all .

Procedure 2 was used for some of the trials, in which the supply rate was
not adjusted during the growth process. l’i‘/wstead a fast supply was used
mutnally, and, as the icicle grew, the freezihg rate mcreased until,; )
eventua'lly the freezing rate equalled the supply rate and the onset of dry
growth was imminent. In this case, the Iength and drlprate from the tip
were recorded as functions of time. This method provides a manner in

- which the dependence of growth rate on dripraté can be deterrﬁined. The
validity of the assumption of no supercooled water or ice shed frorfi the tip
cah also be determined. In order that wet growth persists for a sufficient. 4
dlength of time, the' supply rate must be adjusted at ths start to be- |
considerably faster than that of Procedure 1. The driprate at the beginning -
of this process was adjusted to between one and two drops per seco‘nd.
(60 - 100 min"') A slower rate resulted in an icicle which grew foronly a

short peridd of time while a faster rate’ produced icicles far too slowly.
3.4 Observations

Observations of icicles were obtained in two ways. The shapes of the

icicles were measured using a set of vernier calipers. For these

1
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measurements, the diameter of the icicle was recorded as a function of the
distance from the tio. Because icicles are too fragile to be measured with
calipers during their growth, these results were all obtained after the

icicle had finished growing. The length of the icicle as a function of time

was measured using an ordinary ruler. These results are accurate to within
+0.1 cm. The driprate from the tip was evaluated by sirnply counting drops

in a'given time interval. The theoretical size of the tip drops was verified

by collectmg a quantity of drops and measuring the total mass “This rﬁs
drdlded by the number of drop yielded the size of the pendant drops.

The second method of observation used was photography. Several different
lens and camera combinations were used. A Canon F-1 camera was used to
take photographs through a microscope. The microscope is a Wild M3 with
magnification of 6.4, 16 and 40. Most pictores were taken using a Pentax SP
500 camera with a Pentax 50mm, f4 macro lens A close-up ring was also
used for several plctures Kodak 400 ASA film was used for all but a few
photos which were taken with ASA 1000 film. The best results were
achieved using object.illumination with a dark background. The object was
iluminated from the side using a microscope lamp. The shutter speed and
stop were optimized by trial and error. The specific values were recorded

for each photograph for future reference.

Growing icicles under controlled conditions in the laboratory is a tedious

process, consuming much time beforg any useful results are achieved. Any
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adjustment in the wind tunnel or coldroom conditions requures modmcatlon
of the apparatus. Nonetheless, once some expenence is has been gained, the

procedure becomes easier to implement and the conditions easier to control.



4 Results and Discussion
4.1 Discussion of Experiments 4 ' &

The first experimental results consist of photographs taken of growing
icicles. Many of these provide insight into the processes resulting in icicle

formation. The most crucial assumption regarding icicﬂigrowth was that

e -

the spherical tip droplet freezes into the shape of a cylinder. Notice the
sphericel pendant drop in Figure 4.1. This was teken of the tip section of an
icicle as it grew. Althodgh the pendant sphere disappears for a short period »
of time after dripping, as shown earlier in Figure 2.1b, the theory of a mean
spherical drop seems reasonable. Notice, in Figure 4.1, that the frozen
portion, above the pendant drop, does appear cylindrical and has a slightly

_ smaller diameter than the pendant drop. The pendant drpp diameter of 5.0
millimetres was checked experimentally as documented in Appendix B.
These resuits produce an approximate diameter of 4.98 millimeters, -
sufficiently close to 5.0%or the expected precision of these experiments.
Once the equii/alent of the single droplet freezes, it is expected to take the
shape of a cylinder with equal length and diameter. This asstJmption is
supported by_the photograph in Figure 4.1 and those shown earlier in Figures
2.1. Asimple E:alculation shows that a water drop of the above size

freezing into the shape ‘of a cylinder will acquire an equidistant length 'and
diameter of approximately 4.5 millimeters, slightly smalier than the

diameter of the spherical pendant drop.

" 52
% e
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@q{ugure 4.1: Photomlcrograph (magnification of 6.4) of the tlp ok’g

¥ ’“s& agrowmg icicle. (T, = -11°C in coldroom) )

thefact that no- measurable |ce-bulb depression was found. The presence of
frost on‘objects in the coldroom also confirmed that a value of 1;0 was
appFopriet'e. The 100 percent value was also used for the wind tuhﬁ‘el, as

| - vjthe operating temperature was always below the dewpoint temperature of
the surrounding room from whzuthe air originated. Also, identical values

 ‘\of dry and ice-bulb temperatures were measured using the psychrometer.
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For temperatures above 18°C thfs corresponds toa relatlve humldlty of

greater than 80% based on the uneertalntles of the thermometers Due to

the relatrvely weak dependence of growth ratg on relatnve humldlty (see

Flgure 2. 5) the value of 1.0.is reasonable

, ' l\s mentioned, in"Sectio'h' .3 the windspeed and temperature' were foundto be -
o essentlally constant ln space and time in the FBOST Tunnel These values -
were measured per.odlcally and were found to’ vary Iess than the expected B
| uncertamtles of 0.1 ms !and 0 5°C respectlvely Hence th.ese values

. represent the expected errors in the measurements The Iength values,
: measured witha. ruler are accurate to within £0.1 cm. The only mstance
| where these errors becorrke Iarge ina, relatlve sense, is when the Iength ,

- .growth is found through the small difference beLt\wken two of the length

- values. RN o .

Ay

ol 'The flrst Sectlon of resuilts,is from trlals where the drlprate from the trp

' was mamtamed at Iess than one drop per second In these cases the supply
P
rate was mcreased perlodlt:ally as the icicle grew and as able to freeze\

o »"more of the mcndent wa‘Ter After the driprate had slowed to less than five

’drops per mlnute it was mcreased to’ thrrty oryfopty\pe'r\r‘n\lnute The times
.; at which the supply rate was ‘increased are lndlcated in the results by an
asterisk. ( ) The dashed vertlcal Imes on-the ngo represent_ these -

- tlmes Tnals 1 through 17 are this type of experiment.

: ’
@/\’ ﬂ . . -
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The supply rate whs not adjusted'during the second set of ekperirnents. -
These results are those in the second section - trials 18 throug‘h 25. In ‘H"F.'
these cases the driprate from the tip decreased g‘radually‘ until all the | |
- supply water was frozen and wet growth ceased. The graphs in the results
’display length againsttime and length growth rate against flowrate or
drlprate from’ the tip. It must be kept in mind that, although the supply
) valve was not adjusted the supply rate was not always constant it was
r&tlced that,’veve_n with no icicle growing, the driprate sometlmes decreased \
with time. This was likely ue to the fact that, as the ice water supply was
dimished, the supply raye/rjecreased somewhat due to the reduced downward

*

' pressure of the water and the build up of ice in the aperture through which

the water flows to the icicle. However, this fact-does not affect thé -
results Wthh are presented 7 S
: ’ : '
'-3 4.2 Analysis of th‘e-Dataﬂi" o

i t

For trlals 1 through'\‘l?<> the drlprate from the tlp was not closely momtored

It is readily observed from the results that the growth rate is not constant -
¢ 7

"?Z” Jn time, (see for example trial 10) and, hence, the assumptlon that no
supercooled water or ice is shed must not be satisfied. Obvnously, the |
| k Iength grewth rate is dependent upon the drrprate from the tlp For most of

 these trials, the same pattern appears partlcularly in th\e\g/raphlcal data : | 3

‘J

: The growth rate increases wnth time untll the supply mcreases at which
«s
time thes?rowth rate suddenly decreases. This pattetn repeats ltself S

) o
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throughout the growth process. All of the tria'ls which ran for a sufficient

e
length of time show some resemblance to thie pattern shown in Figure 4.2.
. A
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FIQUI’G 4.2: Expected dependence of length on time wrth periodic i mcreasem
- of the driprate from the tip. (dashed vertlcal lines represent

times at whuch the dnprate was mcreased)
’\" > A

_Asithe driprate decreases the growth rate increases toward some
asyn'{ptotlc limit. This limit is expected to be that predicted by the theory
wnth the appropnate freezing fractlon For th|s redson, the result of
lnterest in‘trials 1 through 17 is this maxlmum value or upper limit. The

maquum growth rate in centimetres per minute is included in the data.

Trials%18 through 25 show the dependence of elongation rate on driprate 4

4



57

frorn the tip. It should be noted that initially; as the driprate decreaseS', the
: growth rate increases. However as time goes on and the driprate nears

zero, the growth rate decreases slightly. " This feature does not appear in

Figure a. 2, as in these trials, the dnprate was not allowed to become small
~enough. The expenmental length versus time relatlons. all exhlbnt a snmrlar

pattern to thajtaoftrial 24, Flgure 4.3 shows the typical pattern observed.

Fa. -

Length

T

Timo . . LR

Flgure 4.3: Typlcal length versus tlme graph for trlals 18 throt:gﬁ 2@

B The graphs of length growth rate, dL/dt, versus tlme also show this pattern
i
(see Trials 18 - 25 in Appendix B) The pattern is not as evrdent dueto th

&
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fact that the‘dL/dt value;‘m‘ Were obtained by taking the difference between

| two values with reasonablx large associated errors. Figure 4 4 shows an

" idealized representation of&hns pattern Tnal 19 is'the best example of

£}

~ this pattern.

dL/dt

anrata | ‘
anure 4, 4: Typlcal length growth rate versus drnprate from tlp

»
- '

i -
“\.".‘

. A~méximum vélu,e of the growth rate is observed at a driprate approaching
zaro. The explanation for such a _rhax_imum is aASAfoII‘ovys.-. At very large .
dribrate‘s, dlv/dt is quite sméll,’:as seen ih‘ all of the examples. As the |

 driprate decreases, the value of dL/dt increases for the reason explained in

¢
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. . the theory section. Thatis, a faster flowrate from the tip of the icicle
" inhibits the fréezing process. For a sufficiently fast supply, the drops at
, ‘lhe tip will only exist for a short period of time before falling. Each drop _
will cool very slightly, not‘enough-to initiate any freezihg. Thus, a small

' ar_nofmt of supercooling accounts for the heat transfer instead of freezing.

Because the water flow is mdeed a dnppmg process -as the driprate
becomes very small, |t takes a Ionger fime for the pendant drop to reform
after falling, Thus, -the heat transfer is reduced and the amount frozen, or
the glowth rate is decreased. The model, 'however, is based uponthe
assumption of a continuous waler supply with no supercooled water shed
. from the tip. ‘This represehts an upper limit of the _growth. Since it can nbe .
‘ infer_red'from.\the- experiments that there certairlly is supercooled water
_shed, the model result would be equivalent to the-sittration where the supply
rale equals the freezing rate. In other words, the model assumes no: |
s%percooling at the tip yet it assumes wet growth. This implies that there
is no dripping _from the tip but alé&,lbthere is no water deficiency at $low
driprates as described abbve.‘ It is not realistic to expect such a case to
occUr_ naturally, but this case provjde's valuable infbrm-ation regarding the -
maximum growth of icicles. The upper limit which the model predicts, can
"be compare_d to the upper limit determined from these results. u

A

The value of the length growth rate at a driprate of zero cannotbe dgﬂned

B

@he limit as the dnprate approaches zero can be extrapolated ﬁn vgﬁe 4

N
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graphs as shown in )F igure 4.5.

hd
-
‘

max I

dL/dt

Dripfgte -

Figure 4.5. Method of éxtrapting modelled maximum growth rate

Taking this value and putting it into the model will yield an estimate of the
freezing fraction. If the model-does indeed predict the upper lirhit of length

growth rate, the modelled growth rates vshJUIAd, never be exceeded by the
. . . L ' .
maximum growth rates in trials 1 through 17. L }p )

T H
3[‘,

-
S
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4.3 Experimental Results
Usrng the aforementloned extrapolatlon technique, the fdllowmg maximum,
growth rates and correspondmg freezing fraction, F, can be"found for each of

trials 18 through 27. These results are shown in Table 4.1.

t

Table 4.1: Maximum growth rates-and correspondung freezmg
fractions from experlmental data. -

Trial Iemperature Wmdsueed  dLidt (max) - B

18 =130 ¢  29ms' 1.8cmmin 0.10

19 - -13.0°C 2.9ms’ 1.8 cm min™’ 0.10

20 -13.0°C .29ms? . 1.7cmmint - 0.10

= 21 . -13.0°C 2.9 ms 1.9cmmin'  0.09
e 22 - -155°C “19ms'  1.6cmmin’ 011

+ 23 . -16.0°C 1.9 ms™ 18cmmin? - 0.10

24 . -160°C 1.9ms? 18cmmin' . 0.10

25 . -95°C 29ms!'  “ticemmin'  0.12

26 . -105°C 29ms’  14cmmint  0.10

27 -105°C 2.9ms™ 1.3cmmin?' - 0.11

o .

- “The previoUs table shows that there does indeed seem to be a constant '
) freeng fractron for drfferent condrtlons A value of 0.10 appears to be the

N best chorce from the gwen results Itis expected that the freezmg fractron

i

& e h '.'f‘L‘f:': H
Lo i
.. / .

,;?f‘}represents the mummum amount of i ice necessary in order that the icicle

DL,

';mauntalh rts shape and mechanrcal rntegnty
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T

Observations suggest that the icicle injtially freezes on the outside, with
liquid water trapped within it. This freezing fraction can be used to
compute the thickness of such an ice shield about the tip of an ic‘ic'le, if it
is assumed that the icicle does indeed freeze in such a fashion. If this is

the case, then 10 percent of the cross-sectional area of the tip of 'ghé icicle

is ice while the remainder is water. The calculation is as follows: ¢
A L, = Do =0.45cm
| L} if F=0.10 then
| 0.90 x nD,2 = Dy, 2 -,
or, Dy, =(0.90D2)"2

Dy = [0.90 x (0.45)2)'2

/ % : =0.43 cm

igoid ~ Thus, At=(D,-Dy)/2=0.010cm
| =100 pm
P -l

Hence, if the ice freezes as a thin shield,‘ it will have a thickness of

" approximately 100 microns if the freezing fraction is equal to 0.10.

This value of 0.10 can then be used in the theory to calculate the upper limit

of the growth rate for trials 1 through 17. These resuIts,; are given in Table
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4.2. The theory for a fréezing fraction. of 0. 10 is compared to the dbserved
maximum growth rates from Trials 1 to 17. |t is readily noted that the
expenmental maxnmum exceeds the theoretlcal upper limit in only two
cases, tnals 11 and 17. In both cases, systematlc errors are more than able
to account for the magnitude of the exceedaﬁce In several other cases, for
example, trials 8 and 15, the observed maxnm“t!m growth rate is near to but

slightly less than the theoretical growth rate. Also, several cases show an

I
]
L3

‘observed growth rate far less than the theoretical fesUIt as in trials i
2 and 4. o |
. v ' \
Another explanation for the growtﬁ rates exceeding the theory is as follows.
As walter freezes it does so as dendrites or thin columns (Knight, 1979). In
some cases, if these columns orient.themselves along the axis of the icicle,
there can be a sudden quick inc‘:reasetin length. In this case the icicle does
not freeze as a cylinder‘ as in the theory, but instead posesses a thinner
- cross section. This thinner cross section is evident riear the tip of several
icicles. The dia'mete‘r data for trials 10, 20 and 27 display this feature.
~ Note that near the tip, for these trials, the diameter was significantly less
than the theoretical value of 0.45 cm. If the icicle does not maintain the
circular cross section, -tHevlength' growth could vary fr’om the théoretical
value. Most of the freezing could conceivably take place from a dendritic
column of the icicle, not from a cylinder, as modelled.. This was only

- observgd in a few cases, although it could have been camouﬂaged by the

driprate from the tip in others. The model does indeed seem to provide an



upper limit to the length growth rates of the icicles.

Table 4.2: Summary of maximum growth rates for trials 1 through 17,
and the theoretical upper limit of the growth rate.

Trial - J.(°C) u(ms")  (max,cm min') (cm min’")
1 -13.5 23 = 0.8 1.6
2 -13.0 25 0.7 16
-3 -17.5 1.3 1.5 16
4 -14.0 2.8 — 0.9 1.8
5 130 27 1.4 1.7
6 -11.0 27 ' 0.8 . 14
7 -14.0 3.2 1.3 1.9
8 -8.0 3.4 S R 1.2
9 -8.0 25 d 0.6 1.0
10 -12.0 35 1.4 1.8
1 -5.0 32 | 08 0.7
12 -6.0 3.1 0.6 0.9
13 -15.0 2.7 1.3 19
14 . -120 2.8 1.3 16
15 -85 b 27 . 09 1
16 -16.0 2.1 1.3 1.8
17 -105 - 2.1 : 1.3 1.2

A further method of verification of the model does not take into account the
growth rate, butinstead, the diameter of the icicle as a function of the
distance from the tip: Figure 2.8 displays the theo_reticdl relationship

between these parameters. It has been shown that the shedding of
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‘supercooled water retards the growth rate significantly. However, the

radial growth is not affected by this phenomenon. With ice and liquid water
in equilibrium, the surface will always remain at the freezing point. Hence,
the amodnt of water frozen in a given time is the same regardless of the
flowrate. Now, if the. elongatlon is retarded while the radial growth is not,

the icicle will be thlcker than that predicted by the model As the driprate
from the fip nears zero, the growth rate in length becomes less and less

retarded, and the Iength' to diameter ratio approaches that predicted by the

theory. In th"e second set of experiments, the flowrate from the tip, W, was

initially large and decreasee to zero as the icicles grew. Thus, the top
section of the icicle, being formed earlier with the higher driprate, should
be thicker than the predictior? of the model. The section near the tip, on the
Jpther hand, was formed with a low driprate and should approach the
~ predicted shape. The trials in which such a comparison can be made are
~ trials 19,20,21,24,26,27. Figures 4.6 to 4.11 show the experifnental and
theoretical diameter to length relations. The icicles, ag mentioned earlier.
do not usually possess a circular cross section, but instead, are |
approximately elliptical in cross section. The diameter used in the '
following graphs is an average of the major and minor axes. All the graphs
show that the tip sectlon of the lcxcle falls nea r even slightly below
the ;r?eretlcal curve. With the exception of Figure 4.6, the experimental
diameter values begin to more and more exceed th.e theoreticalicurve, P
_ further from the tip, as eXpected due to the retarding of the elongation rate. K

Figures 4.7 and 4.9 are the most distinct examples of this fact.

«
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For all of the previous discussion it must be kept in mind that there are
many unprqdiétable fgatures that any individual icicle may posess. Bumps.
and ridges appear almost always (see Figure'4.12) and bends or corners
even occur occasionally. (sge Figure 4.13) For" this reason all

. . , 4
measurements are approximate and no two icicles, even if grown under
identical-cenditions, are identical. i

1.0 2.0

Diameter {cm)

0.0

0.0 10.0 20.0 30.0
' Length (cm)

F:gure 4.6: Diameter vs dnstance from tip theory (sohd line) and
expenment (symbols) for Trial 19.

ke
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Figure 4.7: Diameter vs dlstance from tlp theory (solid line) and
expenment“(symbols) for Trial 20 =
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Figure 4. 8 Dlameter VS dlstance from tip theory (solid line) and
expenment (symbols) for Trial 21.
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Figure 4.13:

Photograph of a "bént" icicle. .
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5 Conclusions
5.1 Overall Conclusions

~.5.1.1 Model Restrictions , S
" The icicle mode_i-has be%é;h designed to prediCt "wet‘grovwﬂthk" where the

water supply rate to the icicle exceeds the freezing ra;

d no supercooled
‘water or ioe is'shed from the tip. HOvrever in Sectio N2

| dichssed‘that this was not the case.

%

"mentioned, such a case will ng occu?matura_lly, . tfhls case doé’s yneld"an .
~ upper limit to the growth of &in icicle;‘ The situation of "dry growth" has not' |
been discussed as, in this case, the icicle grows only: in diameter and the
. freezmg rate equals the supply rate. The shape of the |C|cle would- be very
dlfferent from that of "wet growth" but in most apphc‘atlons the i icing
- rate'is the crmcal factor to be determined. ’ _

-

{
f‘/ “The varlous correlations and numencal approximations used were tested for

accuracy in only a small range of condrtlons Temperatures from 20100

o “degrees Celsius were uséd alongmlth wmdspeeds of zero to four meters per-

‘ -'”"zsecond Such a range should encompass most condrtlons in whnch |C|cles

form, but the model could be extended to cover a I‘ r range '

Pressure—dependent variables and constants, were oomputed for a‘fsurface ..

Cgq
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. “5.1.2 \/alidit}/ of-the Assumptions | WAL , .

" were dlscussed in Sectlon 2. 5 %

. 72
R
pressure of 93 kPa appropnate for the locatlon of the experiments but

these could easily be adjusted for any location. In applying the model these

' facts must be consndered before any results can be computed

ooy

»

4 : . ¢

The various assumptrons mad deriving tt}e model and thelrhkely effects

ith the exceptlon of;,tﬁe restnctron of no

ice or superco i ‘ ‘water’ shed (Sectlon 2.5.2), no evndencé(gvas found to .

disput® these However in individual cases, some of these m'gy not be trye. £ j'

For example, the icicle shown in Flgure 4, |4 does not cdnform to. severai‘pf oy

Y
p

the assumptions. | ’ ’ ' \

- As has been dlscussed growth in length of the icicle is the most

-"dnffucutt factor to determm ]’he processes mvolsed appear to be qunte v

As pre@ ously dlscussed the theoretlcal mbdel yueld:s an upper limit to the

_complex The assumptron of a smgle drop freezmg into. the shape ofa .

cyllnder is obvrously a crude srmpllfrcatlon of the actual process but,
observatlons support the cyhndncal assumpt/ion in most cases Ysing such

an assumptlon the maximum growth of an icicle can be predrcted wrth some .

- _degreeofaccuracy - L o

* Qa

growt of an icicle in both Iength and mass. The major factor responsrble

: forfﬁp dlng thé growth below the theoretlcal l|m|t is the water flow at Qq, ,'



' ,\\Dn e .

_the tip of the icicle. As mentioned earher the faster the dnprate from the ,

- tip, the sIower the length growth except where the dnpratéls very low.
(see Section 4.2) At this polnt the model can only predlet the maxlmum
possrble |cmg rate. However in many desrgn problems, thls |s the factor of

most significance. o ‘ " N e ]
{? ?l’.\ . B N )

In order to apply the model to indiViduamase?,’ sorrte fhno .,

, function .may be.determined the‘oreticalty.or experiment' b ¥

*_function would..produceliexpression for the 'Iength_ g_rdwt 4 "'; follow§:

- EE N L
P o ': (dL/dt)amua, = (dL/dt) drlp(Wd,u T | B (‘5.1}
‘L N P
: ' . . ) o N ' ’ A }/
~ where . : S
. Fdnp = function accountlng for the driprate from the tip-of ¥ icicle.
r;?‘v;sg, %o : ’ ‘sﬁ | - ¢

N The domarn of Fy, wodld”obvnously =) betvveen zero and one and such/a

K functlon would concervébly bea funptlon of wmdspeed and temperature as

- well. Flgure 5.1 shows a compo/stte of the dl/dt ver;;es driprate graphs for g
trials 18 through 21; all of whigh were carrled out undg:he same

o condltlons From the f|gure it is seen that th yisam |mum m dL/dt near.

Y

Wd =7 min’!. But; due to he Iarge amount of scatter dnacernlng a .
functronal form for F even fora smgle set of condmons is dlfflcult

7 - - N Vs
. . .
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Fﬂigu’re 5.3: Composite dL/dt versus driprate from tip for trials 26-27.

“gww .
| Figure™5.2 displays the s:me relation for trlals 22 to 24, In this case th
rnaxnmurr‘t3 appears nearer to 5 min’’ although the scatter is stzll evident.
thﬁ?S 3 contams the po‘lnts for tnals 26 antd 27 It must be kept in mmd
tﬁ‘ere are Iarge error bars assocnated wnth these graphs Each of the
“two values which are dlfference possess errors &f £ 0.1 cm so the dudt-
| values are expected( tot! be accurate to wnthm +0.2cm. For any set of |
condltlons a curve could be fit to the expenmental results to deduce’'a

..
. relatlon for Fdnp This will not be done here due to the limitéd usefulhess of

. such a result. Flgutes 51and5.2 suggest that this relation is indeed a

Y >
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' fUnCtion of temperatureyand or'windspeed However, there is insufficient

data avallable to attempt to determine Fd asa function of the surrounding

parameters. iu L
. . , ] é,/ .*g o /
N ) P . E
’ 5 ’ e .
L S : bt
5.1.{3 ‘Summary T Ww Wi
Lo e W e :f“‘t&* i
t\a‘%ﬁ '1 7
® dTha“ |crcle |s oné of many natural pheno‘~ : whrch initially, appear to be a

-simple process. Thas is certamly not the M Many aspects of |crclq
growth are not fully understood The vmo.de*ierlved in thus presentataron
should prowde some’insight inte the gr hof icicles and their contribution

to certain icing problems Also mie moqlel provrdes infrmation on how
certain factors a'&ect the grd\&ﬁw f' |C|¢le In this way, the result of .
“controlling one or. more of these r~i n.pe determined. The author
hopes that this model wrll prowde some grbund\rrlork for future mveshgatnoh ~

a2 : -1”‘* Lo

of icicles and their growth irTicing sutuatloris . P ”
. Y . " “{

L . » ,
OB | D . PR L

-

- 5.2 Fu;‘ther Research

. . )
1)here are three major areas where further research could refine the |crc|e

| model These are the t|p process the freezung fractlon and the drip
: functlon Fdnp Sumplrfymg assumptrons have been made in the case of the :

tip process which very likely affect the conclusions made regardrng the

other two.
' R
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1 ! ) ' + A

*

. The heat transfer from the tip%f'the icicle was as;Umed'to take place from" ,
a sphere A sphere was chosen over which to calculate the heat transfer at&
the t|p ‘as dlscussed in Section 2.3. Further study of this process might lead |

. toa r%re prec:se representatlon of the 3@eat transfer from these drops.
Caréful studles could be performed to determlne the average surface area of

*

| th@pendant drop Possibly some multiple of the sphencal area might be

more accurate
Kl s : .
- *

The ‘freezing.: fraction and the properties of thé ice could gjso be
in\restigated further. A freezlng fraction of 0;10 was obtained through
experiment but little theoretical e\lidence was provided to support.this
choice. An optical technique could possibly be developed to/carefully
observe the tip section of the icicle, as it grows. In this way, the
propertles of the tip may be better understood Past research has concluded
that the ice freezes as dendritic nee_cglles‘but whether their alignment is
parallel to the surface or random is not known Studylng thIS proparty is

| . very difficult-as it must be accompllshed while tHe lClcl,e grows Once the
growth ceases all the water freezes the |ce-l|qU|d char&cteristics are lost.
A better-understandmg of the tip propertles would enhance the knowledge of

|C|cle growth

From the expenpents ca’ned out, a qualltatlve relatlonshlp between the

length growth rate and the dripsate from the tlp, W, has been shown (see



4

figure 4.4) However, no quantitative relation can be found due to the,

limited avarlabrllty of experimental data. Extensive bxpenments could lead

. to a quantitative empmcal relation, F ., between the drrprate and the

drip’

elongationrate. - ; .

Expanmentally, the apparatus ciayld be reflned to yuel@more accurate
reéults An optical or photographlc method coold be used to measure the
, length and diamgter-of the lcrcle as it grows Also a more sophlstlcated

| vaive or pump would make more accurate regulatlon of the supply rate

poéib‘le. These factors would make the expenmental results considerably
v . o

9
L4

v N . " \ . "'A
¥nore precise. . . . . s
o 7

L .

Lol
j)

- In order to utilize more accurate experimental results, the theory would
have to be more accurate. The large uncertainties in. the heat transfer
correlations make soc& a refinement difficult. Possibly, more accurate
coyld ze found which are apphcable/only to the small range of conditions i in, .
which icicles grow. A .numoer‘ of expenmental modifications are possrble
but, unless the t'heory' poésesSes eq'ual precision, such resutts \.Ni” be of

little value. , . _ .

~"'5.3 ‘Extensions oéthe Model - .
: , : . » .
" The |chIe model couId be extended to include several othe‘r factors These

: mclude the effects of alrborne spray and sallmty Neither of these factors
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will be discussed in detail as no experiments were perforfned to support any

theories.

AN

Airborne spray wo% conceivably have a significant effect on the growth of

an icicle, if wet growth was occurring. In most cases, spray is supercooled

so an extra term would have to be included in the heat balance. Also, the
spray would increase the driprate from the tip, decreésing the growth rate.
In the case of dry growth there are two possibilities: Either the growth

coulid Afemain'dry and icing could occur on the existirng icicle as if it were a

cylinder; or, the sbféy could be sufficient to produce wet growth an the

‘ieicle could elongate as well.

Ty

Tﬁé'author has very little knowledge of the properties of sélt water o this

extension wil onlt be mentioned brigfly. Presumably, the icicie model
could be extendéd to this case by replacing all propégies with those for

salt water. Hov‘ever, mgnyxictors, including mé”frefézing fréctibri and the

pendant drop size, may be dj ereﬁt for sait wat&r. Little, if any, study }has |

)

been done on marine icicles and this would provide an interesting topic for
-~ ' R ) - ) .

) ~ {
further observations and research. .

\
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The followmg FORTRAN program computes the tlme requured for one drop to o

" freeze, then, uses this timestep to grow | the icicle in length and diameter by
growing the initial or root segment The length growth rate dL/dt is also
computed from’ this tumestep

~.

ES

The list of variables and their corresponding: program _varia'bl_esn is included.

. Air?l'.,empe‘ratu'f:e‘ | o 'Té_ T TA
CWndspeed s U
" dPnsiw . Copa -~ RO
_ Relative humiﬂlty o r R
- Pressure | ok p 3 R
Freezing fraction b F S F o
- Kinematic Viscosity R v GNU
- Dynamic Vlsgqsnty T M)
- Diffusivity Due - DWA
= - Thermal conductlwty | ko . K
\{randtl number ' - Pr PR -
" Schmidt number Sc sC
Reynolds numbe? - Re . R
- Pendant drop duameter ‘ \ D, (50 BN
. 'Pendant drop mass Lomy : MD
 Initial cylinder diameter . L, e
Cylindrical shce diameters - DAi) . - D).
' Cylindrical slice volume vV v
* - Heat transfer coefficient h “H
" Mass traa%sfercoefﬂcuent hy HD .
-, Evaporative heating term - Qgq - QES

A 82 TR .‘: K

L v
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Vadatld Slmbﬂ.l Em.gram.!&habla

Convectlve heatlng term o qc o B _’QC o -
Timestep . . AL o DELTAT "
" Mass frozen'inAt . Aam [ DELTAM:-._»J :
-Surrounding vapour pressure o, o EA S
" Length growth rate - .+ .dudt - BLDT
. lcicle.area -\ AT S

Icrclemass . m o M

000000

o ooo

- " GNU = MU/GHO P T

B

- This program computes the Iength growth rate of an |c1cle and o

-. _proceeds to grow the icicle. Surf;ee/ area-and mass are output as :
. functions of fime whlle the drameter is output asa functron ot thea e

‘dlstance trom the trp L . Y ,};w '
“ . cL ’J,’ ' _‘- s n" k)
h Ao e

" REAL TAP.GNU,PR,U,DO,RE,HQES,QC,DELTAT MO HDR.
'REAL D(1 00) EAV, DELTAM F A M SC DWA K, MU F(HO DLDT
o S e i
Input envrronmental parameters as well as freezmg fractlen ‘

B
P
Ty
r‘/ )

R READ(Z,.) TA_:_PiUrFrR

MU=172E5+5E8TA" "7 om0 g
| DWA 213E-54 14E-7'TA . R A T
. K= 0.0243 + 75E-5'TA . R YRR

RHO = P/(287.*(TA +273.)) . A T

PR=0.71 oo VAT
SC = GNU/DWA A e
. DO=0005 | T
 LO=000453 - . .
. MO =654E-5 RS

EA =611. ‘EXP(1995420/(TA+273 » | R
" .RE=UDOGNU T



000

g

y

’.

H = K/DO*(2. + 0. 6"PR“O 3333'RE"0 5)

- HD = DWA/DO*(2, #0.6*SC**0. 3333"RE"0 5

. QES 17080./(TA + 273.)" DO‘DO"HD"(R"EA 611 )
QC = 3.14°DO'DO'H'TA '

DELTAT = -MO'F*3.34E5/(QES + QC) - , -

. 'DLDT = LO/DELTAT*6000.
WRITE(7,13) DLDT

""M 0.0 . SR o | :
DO1QOI-1100 SR R -

«100

13

B '0099 = 1,100

Vo 3 14"DO'*3 "0\1 852

Grow root sllce for 100 (or any number of) timesteps

N

D(l) = (1.272°V/LO)**0.5

RE = U'D(I/GNU

H = K/D(1)*0.6*RE**0.5*PR**0. 3333 '

'HD = DWA/D(1)*0.6*RE**0.5*SC**0.3333 -
~-QES = 17030."LO*D(1)*HD/(TA +273. )*(R‘EA 611)

" QC=314'LO'DHTA -

DELTAM = -(QES + QC)*DELTAT*3.E- 6
V= V+11111E3"DELTAM o
A=00

A=A+314D)O - - -
M= M+314‘D(l)‘D(l)‘DO'900 |
WRITE(8,13).|*DELTAT/60. , 10000.*A -
WRITE(Q,13) 1*DELTAT/60. ; 1000,"M
WRITE(7,13) 1Q0.*I'DO, 1oo “D()
FORMAT(3F12. 5)

,.STOP
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o AII expenmental data follows in this appendlx The first page contains .
the results of se\(eral tests conducted to determine the size of the pendant :
drops falling from the tip of the icicle. The 27 expenmental trials follow.
Trials 1.to 17 are descnbed by. Procedure 1 in Section :‘3 whjle Trials 18 to .

: 25 are trials performed using procedure 2. - :
) . . » EE r‘ D L.
. - .. E s I lD S"‘ E . I
‘ 30 T 197
30 ‘ 20
40 R , 29
- 40 : . 27
50 | ' 4 3.1
50 .. : ‘ 29 -
3 19
30 , , 21 .
‘ , 3 - - 19 - L
o 40 0 2 , 25
o . T —— . ¢ ‘ o € g i
* Totals . 370 e e : 23 9
. s - P, v
f ‘ - Averagedropmass: " 0.0646g
Corresponding diameter: | 0498cm
; -
. .85
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Temperature: -11.0°C’
Windspeed: 27 ms"

0.46 cm min™'

- Maximum growth rate:  0.80 ¢m min"!”

92

O' .
4 L . L L
©
O
< -
-
=9
, B od
oM »
A4
¥ -
L a——
22 v
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3 ~ b
o /
o -
©
(-]
T
0.0 20.0 0 o r

100.0



Temperature: -14.0 °C .
Windspeed: 3.2 ms!
Pressure: 92.9 kPa
0 0.0 18 * . 185
3 1.2 21 20.7
~ 5 30 23 224
7 . 586 26 25.5
11 9.6 28 * 28.0
13 11.8 - 31 30.2
16 "15.6 33 32.5
Average growth rate: 0.98 cm min™!
Maximum growth rate:  1.30cmmin!
QWI’ o E.Mnmum: | .E.Mmm“m
0 0.47 - 0.47
3 0.42 0.51
6~ 058 0.62
9 0.68 0.78 -
. 0.78 0.93
0.95 1.10
0.98 1.32
112 1.28
1.34 1.41
1.36 1.40
1.51 1.63
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- &

100.0

20.0

0.0

0'0¢ 0'0z oot - 00
(w2) yibue :



e .

o _'2._1,
38

5.1
6.4
7.6

- -9.9
o 112
146"

- .166

" Average growth rate:

‘Maximum growth rate: -

v IﬂaL_&iJﬁ.Qﬁﬂll
‘[efhperature *f -8.0 °C

Wmdspeed
Presswe

34ms

" 936 kPa ‘

. 29 |

.32
34
- 37
41
-_45
Sy A
51, .
. 53

0.59 cm mir? .
-1.10 cm(min'_1

' I!. . .

039
0.57

177

, 193
20.5

22.0,

- 234

249 -
27.2 .

28.5

95.

“182‘

304

314

0.45

067

064

| 0-72., ‘
0.82

ro102

1.04
119
1.10
1.238

116

135

1.54

157

1.66

1.88

073 - -
,0,79 S

°0.90- .
1.33

,/\ﬂ
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v

- - - - *
-——— - —— -
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¥
'40.0 °

a

imo' {min)

T

.

‘0'0e 002"
(wo) yiBueq



A

.Mw '  ' -

e, y '.',Ter.r‘iperature:’
’ e ‘Windspeed: " .

- // SR ‘Pressur‘e'

Y,
RN

/8. 1.8

/12 32
14 38
18 45

25 . 89"
30 106

Average growth rate:

Maximum growth rate:

-8.0°C
2.5ms™!
9§ kPa

34"
36
40

45 -

50
56
60 *
65
70

. »0.44cm

-0.60cm

Diameter {em) - Diameter (cm)

043 0.43 ¢
040 0.46 -
062 0.65
. 0.65 ... 0.85
065 " 1.52 ~
. 088 . 1.08
1.01 -1.13
T 113 1,19
- 102 128
114, 1.46 =

=e.; —— 00
8/ -"06~
) /6/ o 12

135
14.3
16.3
18.7
21.3
23.6
26.0
282
31.0

min’!

min-!



60.0

A L w-w— 1
v i
4 * -
i ) N ,
dem e YR N ——m——— ---+
+ T T . - T
0°0% [ M) 4 - 0°0¢ 00T - o001 , 0D

(wo) yibuay

Time (min) -

.



' 99
Trial: 10 (25-05-01)
5 -
Temperature: -12.0 °C
Windspeed:  3.5ms™’ ' .
| Pressure: 93:2 kPa o
0 - 00 \ 32 192
2 14 : 35 - 20.5
5« 32 38 . 225
8 41 4 .24.8
10 48 44 28.2
13 6.0 45 295 °
16 8.0 - 47 — 322
19 9.7 50 * 350
23 137 5 38.0
25" 16.0 59 421,
27 167 64 - 460
29 18.0 - 69 51.0
Average growth rate: 0.74 cm min"
Maximum growth rate:  .1.30 cm min"’!
0 ' 029" . . 045
5 10.58 0.63
10 073 0.84
15 0.87 1.21
20 . 127 127
25 1.30 157
30 1.31 1.66
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-

(w9) yibuae

~Time (min)

¢

1 1 A 1 [~4
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. 5
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< |e
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~
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= ks, ' _lo
Ll 2
J.\ . .
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By

I- [ . ] I ” [ : ] . o "I. [ . ] ’ '
.00 26

- M Wo

gi
2

Average growth rate:
imum grdvgth rate: -

. Mdx

3 -7

A

. .
. B .
" P 5
F ! .
>k - el

7"Temperatu.re:' .- 5.0°C

Windspeed:

3.2ms™

Pressure:’ ~-93.2°kPa

1.1
24
7.2

-

88

X

. .43

30
34
39 *

0.47 cm min™!

10.80 cm min™!

lengthem) |

10.1
12.1
1563

171,

20.3

~

A

~N ’ 3
°
°' 1 A ] d
n | )
/—\/ [ )y
A . 1 N
4 1
o ] ] k,‘
o 0 ' b £
- 1 1 N ;
} - ] X * »y
. ] 5 ] 1 .
. « . R t -
- O ) . .
Eo worh N E T -
‘O ® R ST S
- A DR AP . '
£ : 17 ) 2 .
- t ' G - -
b go Ve & - % (
. i, . . . ' Fd =
o 21 . v
._‘ ~ : ] - et
Co 1 1
| & [
-} [} 7
: S ' -
e i 1 .
1
1 1
i 1 i
. ' ey
-] L .
T 4 T T v %
0.0 20.0 ~  40.0 0.0 80.0 ~ 100.0
v Time (min) '
-2 ® - .



Length (cm)

.
. , 102
Y ‘ ‘, . . i .,“;
Temperature: - 6.0 °C
Windspeed: =~ 3.1 ms’
Pfessure: ~ 93.1 kPa
o 00 . . 52 . 116
2 | 0.6 p 57+ 148 .
4 1.1 262 1%’3 ‘
8 16 67 181
12- 23 72 197
17 * - .34 77 212
22 . 34 - 82 22.2
27 Y43 A 24.2
32 53 = 92 24.7
37 6.8: " 97 - 257 -
42 . 8.2 — T 102 26.9
47 9.6 ‘ -
Average growth rate: 0.26 cm min"!.
{ Maximum growth rate:  0.64 cm min" -
°' | s J H 1
. e | b
T HEE
21 : ] :
° : ' :
& ! ' | g
o i E i
o4 . : .
° - i |
o4 . T = A T i
0.0 20.0 40.0 60.0 .00.0 : i -100.0

.- Time (min)



‘‘‘‘‘ ‘\ | | 103
Tiial: 13 (28:05-01)
Tempeféturé:' -15.0°C

.Windspeed:: 2.7 ms™
Pressure: | 93.0 kPa

0 : | 17.8
4 ' 05 . . 34 - 245
9 10 -39 - 26.8
14 * 557 44 " 295
T 80 49 36.3
.. 24 14.3 - -

Average growthrate: . 0.74cmmin™

Maximum growth'rate: .30 cm min”’
5 3 sy )

/',": "i‘.— ) )
BEE D

<
o L 1 e, |
o 1 )
! !
\ 1
° i |
] | !
o 1 i \
- ' ! - i
i 1
1 )
' !
-0 \ ]
Eo- ' ]
on | -.| i
Baad 0 |
£ 1
- !
gq ) )
o ©- | !
- ~N | ] I~
: - !
v )
v !
° 1 !
-5 | [
- t i : -
) 1 b
)
1 !
e N !
01 -4 i N
) 0.0 T . —T" .
o 20.0 40.0 60.0 80.0 : 100.0

" Time (min)’



J Temperatyre: -12.0 °C

104

Windspeed: 28 ms’
Pressure: 93.0kPa --
o' . 00 25 * 19.0
5 * 47 30 208,
10 6.7 35 225
13 . .80 - 40* 29.2
15 9.2 45 30.7
20 - .13.6 50 32.7
Average growth rate: - 0.65 cm min®!
'Maximum growth rate: ~ 1.30 cm min!
- . ini o . ‘
0 - 0.43 ' 047.
3 : 0.71 0.73
.6 - . 0.72 0.82
9 0.93 1.10
12 1.10 1.30
15 1.12 1.40
18 1.18 1.37
21 1.15 1.37 -
24 1 0.96 1.74
27 1.08

1.98

r
)



105

v

100.0

00.0

40.0

00t o0z
. (W) YiBuen

Time (min)



o
o
M

w‘ . - - B
Temperature:' -8.5°C

* Windspeed:
Pressure:

Tkt . Lacgh
7 0

0.2
1.0
16
1.9
3.7
84
92

104

~ Average growth rate:
Maximum growth rate:

93.0 kPa

~0.42cm min’!
'0.94 cm min™! -

12.2
158.5
18.3
20.0
21.6
24.0

27.0

31.5

345

[

40.0

Length (cm):
30.0

20.0

1

F--=- 1

w [ -mmmmmmm e O

o

Time (min)




107
I v’ wl. ]a {] !.QS.Q])
Temperature: -16.0°C
Windspeed:  2.1ms' - .
Pressure: 92.9 kPa -
- ~
Jime (min) Length (cm) Jime (min) Length (cm)
0 00 23.8
4 0.6 26.3
9 *. 5.7 315
14 * 12.3 33.0
19 * . 19.0 35.0
Average growth rate:
Maximum growth rate: ~ 1.30 cm fin"’
‘e
2 . ] ) At —- .
o S
e : ' -
- O ; "
€ o ! ) /
on 1 } o
£ A~
So. 1 o !

821 o -
o : : v — o -
9" : : : -
21’4 * T : : T T =

0.0 . 20.0 40.0 80.0 80.0 100.0
v Time (min)
; | | i\\
e "



Length (cm)

 Temperature: -10.5°C )
\ Windspeed: 2.1 ms* '
: Pressure: 92.9 kPa
. - . ‘
Time (min) Lenath (em) Time (min) | h (em
0 00 31* - 193 .
4 *p 1.5 35 20.5
6 1.5 39 . 21.7
10 21 43 23.2
13 3.4 47 25.0
17 6.5 51 27.5
18 7.8 55 31.0
19 * 9.6 - 58 34.0
20 10.2 62 38.5
24 12.2 64 * 40.5
27 142 ! 68 42.0
Average growth rate: 0.62 cm min’
Maximum growth rate:  1.30 cm min! :
: v ! !
IO ¥ g ' !
A " .
1R e .-
ol : : ]
g | : . -
X L : — e .
0.0 20. 40.0 0.0 0.0 100.0
- Time (min) :



40.0

-

-

&

" Windspeed:
- Pressure:

N ‘Méxim'um growth rate: -

‘Temperature: - -13.0°C |
2.9 ms™
93.6 kPa .

0.0

05 .
1.0 .
25
65

77

:

-

110 cm min™ -

o
‘o

~“Length {cm) _-
e 2?0' - 30.

.10.0
’

0.0 .

B2
© 33

21

4

0 -
0

" dL/dt (cm/min)

~

0.6
>
>

0.0 -

1

200 . 40.0°

’ BN N
. Timse (min) |

0.0 .19.0

20.0 300 -
" Driprate (per min.)

T
-40.0

ce

"60.0

)



o0 hNO

12

14

16
18

20

—24
26

28

30.
32
34

‘36

38 .

.

-

S Temperature: -13.0 °C

 Windspeed: - 2.9 tns™
 Pressure: 93.6kPa -

03 SR 68
- 0.9 - 42
oy 16 40
. 24 33 . - A
5 29 .3
. 38 - 22
48 - 200 -
6.1 - | 19
72 - o 13
., 83 12
104 | 10
129 . 8
14.8 B
S 173
g 193
ST 21.5
/- N 235
. 263
€

oMU O N

Maximum growthrate: ~ 1.25cmmin? . .

e



]

| .."ﬂ' . . I . |'. IE : " I] ’ .
045 1 0.52
045 0,70
0.54 0.59
0.66 0.86
063 096
10.60 106
0.70 1.13
101 1.38
077 160"
1.15 206
g .35 2.09 ,
° g L
- ;“ ); -
g SN
30_ Eo “a
20 o Q<4 444
2" g
3°_ E. -0:7." )
° $0.0 S e 20.0 40,0

Time (min) '

4

, Driprate {per.min.)
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- " Temperature: -13.0 oC
o Windspeed: 29 ms?
- Pressure: 92.9kPz
‘Time(min) . - Length(cm) * Driprate (min™')
0 D 00 . . 66
L2 o 04 , 32
4 0.9 » © 18
<. : . U9 o
~ 6 220 . 13
8 S 43 v
10 B 74
120 10.0
14 | 13.2°
16 . B ' 14‘2,

LON OO

s

* Maxir_lnum,growth'rate: 1.60 cm min™

. . ) . I | ‘ -. o

042 ' . 0.53 :
0.33 047 |
0.44 061 "
1 0.55 ‘ 066 -
059 o 0.69

0.65 .02

- - O 0;MWwo

N



I

40.0

Length (cm)
200

40.0
Time (min)

80.0

dL/dt (cm/i;\in)

2.0

113

1.8

't

0.§
3

0.0

10.0 . 200 200
' Driprate (per min.)

T
40.0

J




)

19.3

Trial: 21 (20-06-02)
~ Temperature: -13.0°C’
Windspeed: 29 ms™
Pressure: 929 kPa
. Length(cm) = Driprate (min™)
* 0.0 - . 86
02 72
05 . 60
07 48
- 08 44
© 1.0 42
’ 1.2 ‘42
14 42
1.6 40
. 1.9 ) 36
2.3 32
2.8 - 30
3.8 27
45 25
53 25
6.2 T 24
7.0 38
7.6 33
8.2 32
89 24
10.0 24
.13 21
v 7128 21
13.6 21
150 20
! 16.8 - 20
: 19

114

I



. 115
- 54 215 14
56 - - 237 . 15
.58 \ 25.4 ., 12
60 - 2710 - 9
62 .. 304 \‘ﬁ 7
84 325 AWK 5
66 | 345" 3
68 o 34 T, -0
70 37.7
Maximum growth rate: ~ 1.55 cm min
Jip (cm) * Diameter (cm) - Dmm&ed.cml
0 0.40 . 041
3 . 036 0
6 :,‘( 047 060
9 . 063 - - 0.72
12 - 058 , 0.91
15 . 067 . 1.07
18 . 0.83 T 120
21 0.83 | 1.30
24 1.26- . - 1.46
27 - 1.02 - ., 153
30 100 - 1.90
33 1.14 4 224



Time (min)

———
N
o
o A i 1
b1 }
°
[-& L.
. "
-
13
(2]
-0
£ o L
-
ﬂ’“"'
[~4
®
-
]
O -
-
o
O+ T LR T
0.0 20.0 40.0 40.0

dL/dt {cm/min}

~, \
7
' a
*
N
°' L A L s
™~
o R B
/ s ’
q+i A A
<1 a
r
a
A 2 N
4 A
- a ‘ ‘
°~ A -
A’Aﬁ" A’
AA a
. A . "
-]
s 22 a
L8 L N LA L |
00 100 200 300 400  §0.0

Driprate (per min.)



| 117,
Temperature: -15.5°C
Windspeed: 1.9 ms’
Pressure: . 92.9kPa

 Time (min length(om) ~  Driprate (min min”)

0 . .‘ 0.0
2 ~ . 0.0 58
4\ 02 48 .
6 ’ 04 : 42
8 ' 0.6 29 -
10 . 1.1 _ : 20
o120 16 14
14 ' 23 ¥ ‘ 1t
16 ! | . .3.8 : 8
18 ' 58 . 5
T 20 - 87 . 1
22 : 119 - \ .2
24 O 149 , 0
26 16.5
Maximum growthrate:  '1.60 cm min’ -
3 y - j . - ~ ‘;v{kr:‘} 1
g; - 53- a L
5 ! ﬁf' * i 'y a o
. ; %l‘ . B
Y 0 40.0 og.o 0.0 ° o0 190 200 300 b0 ;o.o

Time (min) - o o " Driprate (per min.) . ..
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| 118
Trial: 23 (20-06-04)
Temperature: -16.0°C

Windspeed: 19ms!.
Pressure: - 92.9 kPa_

0.0 50
0.4 19
14 7
42 5
7.5 2
11.0 0
12.2

Maximum growth rate: 1.75 cm min™!

° o
. i . A i
¢ : -
a
° 7
2 S
- s
; €
~e €o
5 °-4» L 8 -
o™ -
H v
- a3
°
o o4
o+ - o v a
4
° °
° LB T L ° L 1 LB T .
0.0 20.0 40.0 00.0 0.0 0.0 100 200 20.0 40.0
Time (min) Driprate (per min.)

0.0



Trial: 24 (20-06-05) 7/
Temperature: -16.0 °C
“Windspeed: 1.9 ms™!
Pressure: 92.9 kPa
Length (¢m) Driprate (min')
0 0.0 66
2 0.3 54
4 0.5 48
6 0.7 38
8 1.0 v 35
10 1.3 33
12 17 26
14 22 23
16 27 - 25
18 3.4 20
20 4.2 ) 22
22 4.8 21
24 55 19 -
26 63 17
28 ~ v 75 13
30 88 -
32 110.1 6
34 13.5 1
36 171 8
38 18.7 9
40 209 ~— 0
42 221 0
44 ) 22.5 :
Maximum growth rate:  1.80 cm min”’

.
\

o

119

.o



120
i ' v KN
0 0.43 0.45
3 0.43 0.46
6 - 0.48 0.53
- 9 052 0.75 -
12 0.54 094
15 0.63 1.12
18 0.56 R 1.46
21 082 - 1.90
- AN
w.
£% o LI _
] 5
:J"-d" 200 - 4.0 0.0 0.0 \éoo - 10.0  20.0 g : " : -
Time (min) ) : - .0 . 30.0 40:0- $0.0

Driprate (per min.)



Length (cm) 4

~

N - | 121

3
Temperature: -9.5°C
Windspeed: - 2.9 ms’
Pressure:  92.9 kPa
0 0.0 (. 62
2 0.0 ) 38
4 0.2 ~ 27
6 06 12
8 1.8 3
10 3.7 0
, 12 ' 40 o
Maximum growth rate: ~ 0.95 cm min’?
A\ :
) -
) £
=3 §e. I
E | s
[ - -“ ’ a
° 0.0 0.0 ~ oo 0.0 0o . Be  1e0 35 200 400  §0.0
Time {min)

v

Driprate (per min.)



4
Temperature: -10.5°C
Windspeed: 29ms'-
Pressure: 92.9 kPa
Length (cm) Driprate (min')
0 “ 00 - - 92.
2 0.0 | 70
4 0-0 54
6 0.1 48
8 0.3 38
~10 0.7 36
12 1.1 .26
14 15 - 21
16 2.1 24
18 2.9 18
20 3.9 14
22 5.2 -
24 7.4 9
26 9.0 11 °
28 10.6 5
30 13.1 0
32 14.9 1
34 16.1
Maximum growth rate: 1.25 cm min"!

122



40.0
=
-

042

- 0.42

' 048
-0.52

~.0.60

0.77
1.12

- 30.0

2

‘ Lingih {cm) .
~20.0

-

> q23

f_z.o‘

1.8,
L

‘dL/dt {cm/min) -

T
0.6 |
L

L

Lo

>

400 7
Time (min)

PIEEE

4‘.
4

Y
60.0

[- ] . :
. S
. ol

0.0 0.0

g
10.0

200  30.0

= Driprate (per min.)-

—
~ 40.0



.

Temperatufé: 105 °C

 Windspeed: . 2.9 ms™

L,

Pressure: -

929 kPa

02

05

0.8

1.0

1.2

1.4

- 1.6

1.9

22

2.7

32 ;
38 - ..
- 4.2

47
53 .

59 -

6.7

7.4

83
104

107
114
*12.0.

13.0

o~ 142

162

>

R

L 4

88
72

'*“64
62
58

50

31

46
42
39

3/ -
41
32

32

%6

31
33

35

27
16
13

13

12

1

11

9

124
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40.0

125
I. I' zz [ |-~ n '

e K. TS
. 54 175 |
56 196 - | -5':

58 o 20.5

‘Maximum growth rate:  *1.25 cm min[

-0 0.32 | 041
3 034 . - - 0.46
6 - 0.50 | 0.83
9 ;© 075 . 089
12 ' - 0.86 ~ - 1.00
15 . 141 © 137
.18 1.147% - 1.81
21 131 7 L 182

.—,r’

© . 20.0 30.0
- L

- Length {cm)

10.0 -
L

.
- = .~ f: S 1 L 1 1
i
" . ot
’ 3
A °
1 y o =
-
8
£
€
- S 2 4 a *
~—. .
7 el ;
= ¢
o A ’
o a A . . o
a 3 s s ., .
: el BT
- k.
—— f— q X a &
o :
- T T - T . 1y 1 v
- 0.0 20.0 40.0 5.0 0.0 0.0 10.0 - 200 90.0. 40.0. 80.0
' * Time (min) . _ Driprate (per min.) .

-



