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Abstract

The objective of this research is to develop a matheinatical model to simulate the
growth of pure and saline icicles. The growth mechanism of a pure icicle and the
mathematical model developed by Makkonen (1988) to simulate its growth are first reviewed.
Then, they are modified, extended, and applied to the growth mechanism of saline icicles.
Finally, with the use of a finite element time step method, a mathematical mode! is developed
to simulate the growth of saline icicles. This model can also be used to predict the growth of
pure icicles. Some of the characteristics of the model are discussed. It is found that the model
is very sensitive to the air temperature and wind speed, but insensitive to the relative humidity
and air pressure. For the case of saline icicle growth, the model is sensitive to the supply rate,
but, for the case of pure icicle growth, the model is insensitive to the supply rate, as far as
the maximum length growth rate is concerned. Two sets of experiments with a temperature
range from -7 'C to -15 'C and wind speed from 0.6 m/s to 0.7 m/s were performed in a
coldroom in the Divison of Meteorology at the University of Alberta. The first set of
experiments was performed to grow pure icicles while the second set of experiments was
performed to grow saline icicles. The model's predictions were then compared with the results
of these two sets of experiments, and the performance of the model was evaluated. It was
found that the mode! generally overpredicts the icing rates, especially for the case of pure
icicles. The growth termination time is generally underestimated. In addition, the model's
prediections of the length, length growth rate, mean diameter, and mass do not agree with the
experiments very well. Hrwever, the mode! does seem to give a good qualitative description of
what is going on in nature for the growth of both pure and saline icicles. The model
successfully predicts that the length growth rate of saline icicles will eventually stop, even with

a continuous supply of brine to the tip.
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Nomenclature
The symbols and notation found in the equations in this thesis are listed and defined.

These symbols and notation are also defined in the appropriate place in the text.

a - the linear radiation constant 3

Ai - the surface area of the ith cylinder (mz)

Cb(n +) the specific heat capacity of the brine leaving the tip to form the pendant drop
(eg k")

cbi - the specific heat capacity of the brine entering the ith

cylinder (Tkg 'K 1)
Cp - the specific heat capacity of air at constant pressure (Jkg'lK'l)

C, - the specific heat capacity of sea salt (Tt 'K ™)
C,, - the specific heat capacity of pure water (ch'lK'l)

d - the diameter of the pendant drop (m)

D - the diameter of any cylindrical segment of the icicle (m)

df - the diameter of the dendritic shell growing at the tip of a pure water icicle (mm)

th

Di - the diameter of the i~ cylinder (m)

th

Di(t- at) the diameter of the i cylinder at time t-at (m)

Dmean - the volume mean diameter of the icicle (m)

ds - the diameter of the dendritic shell growing at the tip of a saline icicle (mm)

-%I{— - the length growth rate of an icicle (ms'l)

-%13- - the growth rate of the equivalent radius of a pure icicle (ms'l)

dR; th 1

.l the radial growth rate of thei~ cylinder (ms )

dM; th -1
=5 is the rate of spongy ice growth on the i~ cylinder (kgs )

e(0'C) - the saturation vapor pressure over a flat water surface at 0 ‘C (mb)
e(T) - the saturation vapor pressure over a flat water surface at T (mb)

eS(T) - the saturation water vapor pressure over a brine surface A at T (mb)



es(Tsi) - the saturation vapor pressure over a brine surface at the surface temperature of the

ith cylinder, T,; (mb)

es(Ts(n +1)) - the saturation vapor pressure over a brine surface at the surface temperature

of the pendant drop, Ts(n +1) (mb)

F - the drip rate of the pendant drops s}

F, - the accretion fraction (dimensionless)

g - gravitational acceleration (ms'z)

Grt - the Grashof number for the tip (dimensionless)

G__ - the Grashof number for the wall (dimensionless)

™w
h, - the heat transfer coefficient for the pendant drop of a pure icicle (Wm'zl('l)

By(n+1) - the heat transfer coefficient for the pendant drop of a saline icicle (wm'xk})
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th '2K°1)

h P the heat transfer coefficient for the i~ cylinder (Wm

w
I - the spongy ice growth rate (kgs'l)

k - the thermal conductivity of air (Wm ™K "1)

K - the effective distribution coefficient (dimensionless)
K’ - the interfacial distribution coefficient (dimensionless)
L - the length of icicle (m)

L, - the latent heat of evaporation (Jks'l)

Ly - the latent heat of fusion for pure water at T (Jkg'l)

Lfs - the latent heat of fusion of the spongy accretion at T (Jkg'l)

Loss - the rate at which water is lost at the icicle wall due to freezing and evaporation (kgs'l)

Lossi - the rate at which water is lost at the ith cylinder due to freezing and evaporation

(kes ')

m, - the mass of pure ice in the ice matrix (kg)

m - the mass of salt in the ice matrix (kg)

M.. - the mass of the newly formed cylinder at the tip during a given time step (kg)

tip

Mt - the total mass at time t (kg)
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Mt wat’ the total mass at time t + at (kg)

m, - the mass of pure water in ‘the ice matrix (kg)

M.wall - the total increment of mass on the surface of each cylinder during time step at (kg)

| M, - the dynamic viscosity of air (kgm L5l

Nut - the Nusselt number for the tip (dimensionless)

Nuw - the Nusselt number for a cylinder (dimensionless)

Ny - the kinematic viscosity of air (mzs'l)

P, - air pressure (mb)

Acp; - the heat flux change between the (i-l)th cylinder and the it cylinder (Wm'z)
-2
Yeonv the convective heat transfer (Wm ©) _
Yeonvi * the convective heat transfer of the th cylinder (Wm'z)

Qeonv(n+1) the convective heat transfer of the pendant drop (wui'z)

qdrip - the heat flux of the pendant drop corresponding to its temperature change ( wm’

Ydrip(n+1)
(Wm'?)

)

- the heat flux of the pendant drop corresponding to its temperature change

Qevap * the latent heat of evaporation (Wm'2 )

Yevapi the latent heat of evaporation of the i th cylinder (Wm'z)

- the latent heat of evaporation of the pendant drop (Wm'z)
-2
)

- the latent heat of fusion of the ith

Clevap(n +1)

Ureeze ” the latent heat of fusion (Wm ,
Ureezei cylinder (Wm ©)

. -2
9freeze(n+1) - the latent heat of fusion of the pendant drop (Wm ©)

Qpaq - the heat flux by long wave radiation (Wm'z)

Qpadi the heat flux by long wave radiation from the ith cylinder (Wm'z)

Qrad(n+1)
r - the radius of the pendant drop (m)

- the heat flux by long wave radiation from the pendant drop (Wm'z)

t - the relative humidity (%)

R_, - the Reynolds number for the pendant drop (dimensionless)

ed

R ew the Reynolds number for the cylinder (dimensionless)
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Tp - the radius of the pendant drop for a pure icicle (m)

T - the radius of the pendant drop for a saline icicle (m)

Sb - the salinity of the brine leaving A (g/g)

S‘. - the salinity of the ice accretion on A (g/g)

Sw - the salinity of the brine entering A (g/8)

T - temperature ('C)
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'I'i - the supercooling of the run-off water entering the tip ('C)

Tm - the supercooling of the pendant drop just vefore it leaves the tip (°C)
T, - the surface equilibrium temperature of A ("C)

Tsi - the surface equilibrium temperature of the ith cylinder (°C)

Ts( n+l) the surface equilibrius: temperature of the pendant drop (°C)
'rsp - the supercooling close to the ice/water interface (°C)

v - the wind speed (ms'h)

V - the total volume of the accretion (ms)

Vy, - the volume of the brine (ms)

v;  the ice-growth rate (ms™1)

V- the volume of the pure ice (m3)

W, - the initial water supply rate from the root (kgs'l)
W, - the water flux to the tip (kgs'l)

W, - the brine flux to cylinder A (kgs'l)

Wl' - the brine flux leaving cylinder A (kgs'l)
.th

W i the brine flux to the i

. cylinder ( kgs'l)

Wt (n+1) " the brine flux leaving the tip to form the pendant drop (kgs'l)
x - the mass of brine (kg)

§ - the wall thickness of the ice tube formed at the tip (m)

o - the Stefan-Boltzman constant (Wm 2K %)

o - the surface tension of the liquid (Nm'l)
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ATsd - the supercooling of the pendant drop (°C)
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1. Introduction

In cold seas, icing events are a frequent occurence for fishing trawlers, supply vessels,
and drilling platforms under environmental conditions of low air temperature (below the
freezing point of seawater) and high wind. Icing is especially hazardous to small ships because
of their low freeboard and large surface area to displacement ratio. Icing loads on such vessels
can affect their stability and cause them to capsize. Every year, losses of crews and ships due
to sea icing are reported. In 1979, ten vessels capsized during an icing storm in the North
Pacific Qcean(Shellard,1974; Aksyutin,1979).

There has been evidence that icing on sea structures is considerably augmented by
icicles (Makkonen, 1988). Of course, these icicles on sea structures do not consist of pure
water, but brine. The objective of this thesis is to develop a mathematical model to predict
the growth rate of saline icicles. This model can also be applied to predict the growth rate of
pure water icicles. Laboratory simulated saline and pure water icicles have been produced in
the coldroom in the Division of Meteorology at the University of Alberta in order to test the
model's predictions.

Considerable literature on marine icing has been published. Gates, Lozowski, and
Makkonen (1986) have discussed marine icing and spongy ice. Zakrzewski, Blackmore, and
Lozowski (1988) tiave developed a mathematical model for icing on a ship's superstructure.
The effects of the salinity of the moving water film and of the ice sponginess are taken into
account. Zakrzewski (1986) has discussed icing on fishing vessels. Makkonen (1987) has
discussed sea spray icing, giving an equation to calculate the accretion fraction. With this
equation, the salinities of the accretion and of the brine film on the accretion can be
calculated. The effect of salinity on some thermodynamic properties was also included. Much
more has been written discussing marine icing from various aspects which will not be reviewed
here.

Although the growth mechanisms of saline icicles have not yet been studied, much has
been published about pure water icicles, including their formation, growth mechanisms,

shapes, special features such as horizontal bumps and spikes, and crystalline structure.



; .

Knight (1980) has discussed the crystallization phenomens of icicles. The gtéwth
conditions, sﬁonginess. crystal size and oriention, icicle shapes, and the air bdbble:._ in icicles
were examined, Laudise and Barns (1979) collected about 60 icicles and examined their
crystaline properties., A growth mechanism was proposed, but it is not as det@iled as the one
proposed by Makkonen(1988). Some unusual icicles were also observed and discussed. Burt
(1982) has observed and described horizonta! icicles. Maeno and Takahashi (1984b) gave a
detailed account of bent icicles, horizontal bumps (or ridges), and spikes on icicles. Growth
mechanisms of icicles have been proposed by Walker (1988). Makkonen (1988), and Maeno
and Takahashi (1984a). The growth mechanisms proposed by these four people are basically
the same. Maeno and Takahashi (1984a) also performed some experiments to study the
growth of fresh water icicles. Makkonen (1988), has developed a mathematical model to
predict the growth rate of fresh water icicles. A Russian paper was also published
(A7, tynnysn et al. 1988) in which the tension and deformation of an icicle were estimated, so
that the moment of collapsing/splitting of an icicle from it; foundation could be predicted.

Although the growth mechanisms of saline icicles have not yet been studied, it is
believed, and it is supported by experiments and observations, that the growth mechanism of
saline icicles will be similar to that of pure water icicles, except that in the case of saline
icicles, the effect of salinity on the thermodynamic properties must be considered. Like a pure
water icicle (hereafter, pure iciclc), a saline icicle has a circular or elliptical conical shape with
a brine film enclosing its body. This brine film flows downward towards the tip to form a
pendant drop as long as there is a continuous supply of brine to the tip. A liquid tube, which
extends a few centimeters upward from the tip, is also fead in the interior of a saline icicle.
In contrast to a pure icicle, numerous brine pockets are entrapped inside the body of « saline
icicle. The formation of these brine pockets will be discussed in Chapter 3. In addition to the
brine pockets, air bubbles are also contained inside the body of a saline icicle. These air
bubbles can be observed during the experiments. The growth of a saline icicle, like that of a
pure icicle, is the result of two process. The first processes is the growth in diameter, which

takes place on the body of a saline icicle through the freezing of the brine film on the surface.
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The second ﬁrocess is the growth in length, which takes place at the tip through the freezing
of part of the dripping pendant drops. |

The saline icicles found on various sea structures are formed by the impact of sea
spray on overhanging structures under an environmental condition that favors theit growth.
The icicles (both pure and saline) simulated in the coldroom are formed by dripping pure
water or brine onto an overhanging rod. The model's simulations are also based on the
condition of continuous liquid supply from the root. Figure 1.1 gives a simple sketch of a

saline icicle and Figure 1.2 shows a picture of a laboratory simulated saline icicle.

brine pocket
wall
dr/dt —  dR/dt

liquid core
Tip
pendant drop
Vo supply rate
dR/dt : radial growth rate l dL/dt

dL/dt : length growth rate

Figure 1.1 A simple sketch of a saline icicle.
(Modified from Makkonen, 1988)



Figure 1.2 Laboratory simulated saline icicles.
Air conditions (from left to right):
1) not recorded, 2) Case #9, Ta = -10.3 C,
Wo = 19.8 mg/s, 3) Case #8, Ta = -14.6 C,

Wo = 30.5 mg/s.



_ 2. A review of ,

Makkonen (1987) gave § detailed discqssion of the growth of a pure icicle. A growth
mechanism was proposed, and two governing equations controlling the growth rates in length
and width were formulated. These equations form the basis of a computer program which
simulates the growth process. In this chapter, Makkonen's theory of the growth of a pure
icicle will be reviewed. This theory will then be modified and applied in the next chapter to

the growth mechanism of a saline icicle.

2.1 Growth mechanism of a pure icicle

A pure icicle has a narrow conical shape with a liquid film enclosing its body, if there
is a continuous supply of dripping water. The thickness of this liquid film during growth is
approximately 40 - 100 ym (Maeno and Takashi, 1984a). If the water supply is sufficient, a
pendant drop will be formed at the tip. Since the shape of this pendant drop changes during
its growth, its mean shape may be approximated by a hemisphere with a diameter of
approximately S.0 mm, regardless of the growth conditions (Maeno and Takahashi, 1984a).
The method for estimating the pendant drop size will be discussed in Chapter §.

An icicle gro;vs in two directions. The first is the growth in diameter, which takes
place on the wall through the freezing of the liquid film. The second is the growth in length,
which takes place at the tip through the freezing of a portion of the pendant drop. From the
shaﬁe of the icicle, it can be deduced that the growth rate in length at the tip must be
typically 20 to 60 times faster than the radial growth rate. However, the heat transfer flux
from the wall is of the same order of magnitude as that from the tip. One plausible
explanation for this paradox is that the vertical growth rate of an icicle is faster than the
radial growth rate for geometrical reasons. In other words, not all the liquid under the tip
freezes. Rather, only a thin cylindrical ice shell consisting of dendrites, which enclose a liquid
water core, freezes and grows vertically. As a result, a liquid tube is trapped inside the ice
shell. This proposed tip growth mechanism is consistent with that proposed by Maeno and

Takahashi (1984a), and by Johnson (1988). From observations of growing icicles in nature
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and in the laboratory, it is found that this liquid tube extends a few centimeters up into the
interior of a growing icicle. ) -

The water film enclosing the surface of an icicle is supercboled by less than 0.02 °'C
(Hillig and Turnbull,1956). This small amount of supercooling does not give 8 significant
contribution to the heat balance equation. Howeiret. the supercooling of the pendant drop
may be significaﬁt. considering the rate of growth in length of an icicle. This can be deduced
from the fact that, according to Hillig and Tumbull (1956), the degree of supercooling of a
water surface is projaonional to the ice growth rate. Since the ice growth rate at the tip is
much faster (20 to SO times) than that taking place on the wall, the degree of supercooling of
the pendant droﬁ could be more significant than that of the water film (Makkonen, 1988).
Therefore, the supercooling of the pendant drop should be considered in the heat balance
equation. '

Since the water film enclosing the wall of the icicle i§ supercooled, though only by a
small amount, the ice formed under this water film will be dendritic (Makkonen, 1988). This
results in the growth of spongy ice. In other words, liquid water is entrapped in the ice
matrix. It should also be noted that the liquid tube in the interior of the icicle, and the water
entrapped in the ice matrix, will finally be frozen by heat conduction through the fully frozen
root. This is the only way for heat to escape, there are virtually no temperature gradients in
the horizontal and downward directions, since the wall and the tip of the icicle are enclosed by
liquid water at the freezing point (actually slightly less than 0°C because of supercooling).
Figure 2.1 shows a schematic cross section of a growing pure icicle.

Before discussing the mathematical model of the growth of a pure icicle, there are

several assumptions that should be mentioned:

1. The icicle has a conical shape with a circular cross-section.

2. The pendant drop has a hemispherical shape and a homogeneous temperature
distribution.

3. The water on the wall of the icicle has a homogeneous temperature distribution

(assumed 0'C), and the thickness of the water film is also homogeneous around the
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pure ice

dR/dt  — —p  dR/dt

trapped liquid

spongy ice

liquid core

pendant drop

l, dL/dt

Figure 2.1 A schematic diagram of a pure icicle
(Modified from Makkonen, 1988)



cicumference. . S
4. The emigsivities of the surface of the icicle and of the environment are both unity.
s. Thermodynamical equilibrium is assumed so that a heat balance equation may be

written,

2.2 Growth in length
The heat balance equation for the surface of the hemispherical tip of the icicle may be

written:

Yonv * Yevap ¥ Yrad = Ydrip * Yreeze’ (22.1)
All of these terms are heat fluxes and have units of Wm 2,
Qoony 18 the convective heat flux density, which is calculated from:

Aoy = B,(0C - T,) (2.2.2)
where

ht is the convective heat transfer coefficient for the pendant drop.

'1'a is the air temperature in °C.
It should be noted that the pendant drop is actually supercooled. But, for simplicity, it is
assumed to have a surface temperature of 0 ‘C. Furthermore, the air temperature in the coid
room is much lower than the surface temperature of the pendant drop. Therefore, this

assumption should not cause a significant error.

%y ap is the latent heat of evaporation. It is calculated from:

- p e (6(0°C) - —i=e(T.)) (2.2.3)
Qevap = t"C‘pP"_a 100 a o



where
L, is the latent heat of evaporation = 2.5x108 1xg° 3.
Cp is the specific heat capaci;y of air at constant pressure.
Pa is the air pressure in mb, which can be converted to Pa by multiplying by a factor

of 100.
¢(0'C) is the saturation vapor pressure over a flat water surface at 0°C.
°(Ta) is the saturation vapor pressure over a flat water surface at 'I'a.
1 is the relative humidity expressed in %.

The specific heat capacity of air Cp may be calculated by:

Cp= 1004 + 0.046'1'&. (2.2.4)

The saturation vapor pressure e(T) can be calculated from the integrated Clausius -

Clapeyron equation:

o(T) = exp(=E2E - 4.92831n(T) + 54.23) (2.2.9)

where e(T) has units of mband T isin K.

Arad is the net heat flux by long wave radiation from the rendant drop. It may be calculated

by:

Qppq = 03(0C - T,) | (2.2.6)

where

8 o -2u -4

o is the Stefan - Boltzman constant = 5.67x10 ° Wm “K

a is a linear radiation constant = 8.1:(107 K3

The linear radiation constant, a, is deduced as follow:
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o 4 ~4

a
which cah be rewritten as:
= 2 2
pag = a('I's . 'ra)('rs + Ta)(Ts + 'I'a )
where
T, is the equilibrium surface temperature in K.

Now, let

- 2,12
a = (T, + T(T° + T,%.

Using T, = T, = 273 K, it gives a = 8.1x10° K.

The fourth term, qdrip' results from the fact that the pendant drop is initially formed
at the wall temperature but leaves the tip at a slightly lower temperature. The heat flux of

this hemispherical pendant drop corresponding to this temperature change is given by:

ZCWWtA'I‘
Yrip = —r . (2.2.7)
where
CW is the specific heat capacity of water at 0°C = 4218 Jkg'lK'l.

Wt is the mass of water flux to the tip in kgs'l.

aT is the temperature change of the pendant drop from the wall temperature to the
temperature at which it leaves the tip.

d is the diameter of the pendant drop.
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The water flux to the tip may be calculated by:

- W . 9
Wt = Wo Loss (2.2.8)

where
Wo is the initial water supply rate from the root.
Loss is the rate at which water is lost at the icicle wall due to freezing and
evaporation.
To calculate Loss, in Makkonen's model, the icicle is assumed to have a constant diameter D,
which is equal to the diameter of an "equivaient” cylinder that has the same total radial heat

transfer as the surface of the icicle. This is called the equivalent diameter. Then, Loss may be

calculated by:

Loss = 7LD, SR + b T8 (e(0°C) - Yhre(T, )] (2.2.9)
pa

where

L is the length of the icicle.

D is the equivalent diameter of the icicle, described above. It is assumed by Makkonen

(1988) to be the mean diameter of the icicle for modelling purposes.

—%I-:— is the growth rate of the equivalent radius.

hw is the convective heat transfer coefficient for the equivalent cylinder.

P is the density of the ice accretion (consisting of ice and water) on the wall of the

icicle.
It should be noted that to assume the equivalent diameter to be the mean diameter is
incorrect, because they are actually different from each other. The equivalent diameter is the
diameter of a cylinder that has the same total radial heat transfer as the surface of the icicle,
whereas the mean diameter is the average diameter of the icicle. Therefore, using the mean

diameter as the equivalent diameter to calculate the mass accretion on the wall of the icicle
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will result in error. However, if this mean diameter is used to calculate the heat transfer, its

relationship to hw must be known, It is known from Appendix A that for forced convection:

The experiments were performed in the coldroom over a temperature range of -7 °C to -15 °C,
and with a wind speed of ~ 0.6m/s. Under these conditions, Nu,, is related to Rew by the

following relation (Makkonen, 1988):

0.466
Nuw « Rew .
But,
Rew =D
Therefore,

kNu
hw = LA %RBWOAGG « %DOA% « D'°'534.

-0.534

Therefore, the mean value of D shouid be used in caiculating hw. not the mean

diameter D.

On the right hand side of Equation (2.2.9), the first term is the rate of water loss due to
freezing of water on the wall, and the second term is the rate of water loss due to the

evaporation of water from the wall. p, may be calculated by:

b, = (1-N)p, + 2o, - (2.2.10)
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where . , S
A is the liquid fraction of the spongy ice on the wall of the icicle.
3

p; is the density of pure ice = 917 kgm’
3

P, is the density of pure water = 1000 kgm’
The aT in equation (2.2.7) may be written:

aT=T,-Tp, (2.2.11)

where
'I'i is the supercooling of the run-off water entering the tip.

'I'm is the supercooling of the pendant drop just before it leaves the tip.
According to Hillig and Turnbull (1956), the degree of supercooling close to the ice/water

interface is related to the ice growth rate on the ice suface by the following relation:

- -3 1.7
v, = 1.6x10 ('I'sp) (2.2.12)
where
v; is the ice-growth rate in m/s.
Tsp is the supercooling close to the ice/water interface.
Thus, '1"i and 'I‘m may be caiculated by:
T, = -44.05(58-)0-588 (2.2.13)
(2.2.14)

_ s ne( 9L 10.588
T, = -44.05(55)

where
dR is the growth rate (in m/s) in equivalent radius.

dt
dL. is the growth rate (in m/s) in length.

dt



Using equations (2.2.11), (2.2.13), and (2.2.14), aT becomes:
oT = aa.05(S - 480588, (2.2.15)

This approximation due to Makkonen (1988) is used in the mode! for consistency with his
equations. Test of the model in which the correct formulation for aT is used, show
differences in final length, mean diameter, and mass of the order of 1 %. Now, qdrip can

simply be calculated by the following equation:

= e - 0 @10
where Wt is calculated using Equations (2.2.8) and (2.2.9).

The last term of equation (2.2.1), Urrenze’ is the latent heat of fusion, Which may be

calculated by:

- o (d-8) dL

Ureeze t

where

Ly is the latent heat of fusion at 0'C = 3.334x10° Jkg L.

& is the wall thickness of the ice tube formed at the tip.
To estimate §, suppose there are several dendrites growing downward under the tip. Then, the
outer one would be in contact with the flux of supercooled water running down from the wall
into the pendant drop. The rate at which latent heat is transfered‘to the air from this outer
dendrite would be faster than the others. As a result, this dendrite would grow faster than the
others. Therefore, it can be concluded that the ice tube growing vertically at the tip has the

thickness of single dendrite (Makkonen 1988). In view of this, according to Harrison and

Tiller (1963). the thickness of a dendrite growing under supercooled water is in the range of
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S0 to 100 um. Hence, a thickness of 75 um is assumed by Makkonen (1988) for &.
Using Equations (2.2.2), (2.2.3), (2.2.6), (2.2.16), and (2.2.17), Equation (2.2.1)

becomes:
i 0.622!.., r . '
ht(OC . Ta) + ht—c;p-;-(e(O'C) . -m-o—e(Ta)) + 0a(0'C - Ta) =

894y (L . GR 0588 d-8) dL
Boe w088, g psldrf) AL (2.2.18)

The way in which Equation (2.2.18) is solved will be discussed in Chapter 4.

2.3 Growth in diameter

The heat balance equation for the wall of the icicle is:

9%onv * qevap * Yad = Yfreeze’ 3.1
The qdrip term has been neglected since the degree of supercooling is assumed to be only
small and the same everywhere on the wall. Consequently, the effect of this supercooling is
neglected in the heat balance equation.

The three terms on the left hand side of Equation (2.3.1) can be calculated by the

same parameterizations as for the growth in length. Thus:

Qeony = Py(0C - T)). (2.3.2)
0. 622L

9evap = h "'C"P_(""(O C - me(’r ). (2.3.3)

Qpag = 03(0°C - Ta). (2.3.9)

It should be mentioned here again, that the ice growing on the wall of the icicle is under a



supercooled liquid film. Hence, the growing ice is dendritic and unfrozen water is entrapped

inside the ice matrix. Therefore, in calculating the heat of fusion, qf;é‘eze' for the wall, only
the ice portion is considered. Thus:
Qrrpeze = Palell - )‘)%ltl (2.3.5)

where A is the liquid fraction of the spongy ice on the surface of the wall.
Substituting Equations (2.3.2), (2.3.3), (2.3.4), and (2.3.5) into Equation (2.3.1),
the heat balance equation for the wall becomes:

) O.GZZLG r
hw(oc . Ta) + hW—C;P:-(e(O'C) . W(Ta)) + 0a(0°C - Ta) =

o Ly(1 - x)%‘-. (2.3.6)

The growth mechanism and the theory of pure icicle growth that has been proposed
by Makkonen (1988) and described in this chapter is, in fact, consistent with the one
proposed by Maeno and Takahashi (1984a). This growth mechanism is also further verified
through observations of how icicles grow in nature and in the laboratory. In the next two
chapters, Makkonen's theory for the growth of pure icicles is applied and extended to consider

the growth of saline icicles and to formulate a model of their growth.



o 3 A qualmtive ducﬁ?tjqn of tlle g’rowtli, ofa gjline icicle .

As mentioned in Chaja;er 1, saliﬁe icicles and pure icicles have many similarities,
including their general growth mechanisms (e.g the growth in length and in diameter), shapes
(e.g circular or eliibtical conical shape), and features (e.g bumps. liquid core, and
sponginess). All of this his been verified through observations of the growth of saline icicles
in the laboratory. The major difference between a saline icicle and a pure icicle is that the
former is formed by the freezing of brine, while the latter is formed by the freezing of pure-
water. Since brine has a lower equilibrium temperature with ice than pure water, it is apparent
that a saline icicle should grow more slowly .thau a pure icicle. The sponginess found in a
saline icicle is also different from the sponginess found in a pure icicle. The former consists
of pure ice and brine while the latter comistg of pure ice and pure water (Makkonen, 1987).

The unfrozen brine entrapped in the ice matrix of a saline icicle is called a brine pocket.

3.1 Brine pockets
The body of a growing saline icicle is enclosed by a brine film. Under a temperature

which is low enough for the saline icicle to grow, the ice formed on the solid/liquid interface
will be dendritic due to constitutional supercooling (Knight (1967), Weeks and Ackley
(1982)). These dendrites consist of pure ice and have a tree-like shape. As these dendrites
- grow, salt is rejected from the accretion surface causing the salinity of the brinc film to
increase (Knight (1967), Makkonen (1987)). As the dendrites grow larger, branches of
adjacent dendrites start to merge and trap the brine inside to form so-called brine pockets
(Makkonen, 1987). It is assumed in the model that there is thorough horizontal mixing
between the cavities formed among the dendrites, and the brine film flowing beside them.
Hence, when the brine pockets are newly formed, their salinity will be the same as that of the
adjacent brine film. Figure 3.1.1 illustrates this situation. The salinity of the brine pockets
changes later because pure ice continues to deposit on the inner solid/liquid interface of the
brine pockets. However, it is assumed that the latent heat released in these brine pockets does

not affect the heat balance on the surface of the saline icicle. This questionable assumption is

17
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brine film brine fiim brine pockets

ey PUre ice
dendrite

brine
cavity

later

Sb = Sp

Sb is the salinity of the brine pccket#

Sp is the salinity of the brine film.

Figure 3.1.1 A gchematic illustration of the
‘ formation of brine pockets.
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made for simplicity. It should be re-examined in future versions of the g)pgel, As the bnne
pockets become smaller due to ice growth, the salinity of the 'gnt;appeg! brine increases. This
higher salinity brine can only be in equilibrium if the temperature dropg. Since the icicle

temperature cannot drop below the air temperature, this limits the freezing process in the

brine pockets.

3.2 Growth rate of a saline icicle
Consider a small volume of brine, which flows downward from the root to the tip of

a growing saline icicle to form the pendant drop. As this brine flows downward, pure ice
continues to deposit on the accretion surface and salt is continuously rejected to this brine. As
a result, the brine mass decreases due to the formation of pure ice and brine pockets. At the
same time, its salt concentration increases. Therefore, the salinity of this brine will increase
until it gets to the tip and forms the pendant drop. Since the equilibrium femperawre of the
. brine is inversely related to its salinity, the equilibrium temperature of this brine will decrease
as it moves from the root to the tip. Now, if we consider a case with a continuous brine film
moving downward, we may expect a profile with salinity increasing and equilibrium
temperature decreasing downward. The equilibrium temperature difference between the root
and the tip will mainly depend on the length of the saline icicle. The longer the icicle, the
greater the difference will be.

From the above considerations, it can be expected that when the saline icicle grows to
a certain size, the growth rate in length should start to decrease until the equilibrium
temperature of the pendant drop equals the air temperature. Then the growth in length will
stop. This qualitative prediction will be tested by model simulation and experiment in
Chapters 6 and 7. It can also be expected that the maximum width to length ratio of a saline
icicle should be greater than that of a pure icicle, due to the fact that the liquid film of a
saline icicle has an equilibrium temperature profile which is decreasing downward. This will
cause faster radial growth at the root than at the tip. The liquid film of a pure icicle has a

homogeneous temperature distribution. Hence, the relative growth rates at the root and the tip
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rate at the ub for a dri:pﬁing pure icicle will exceed that at the root. This will mid 10 make
pure icicles very slehdet. Figure 3.2.1 shows two pictl.ifes. The ufaper oﬁe sﬁows pure icicleg.
The lower one shows gﬁline icicles. All these icicles were grown in the coldroom at the
University of Alberta. From these pictures, it can be seen that ;he aline icicles do indeed
have greater width to length ratio than the pure icicles. Muse all these icicles were grown
under different environmental conditions, they provide only a crude comparison. '

The growth mechanisms of a pure icicle and the characteristics of the growth of a
saline icicle hﬁve been discussed in Chapters 2 and 3, respectively. In chapter 4, the heat
balance equations that govern the growth of a saline icicle will be formulated. These equations

form the basis of a computer model which is created to simulate the growth of a saline icicle.



Afr conditions (from top to bottom) : 1) Ta =
11,0 C, Wo = 22.6 my/s, 2) not irecorded, 3) Ta =
8.0 C, Wo = 24.2 my/s. o S

Air conditions (from top to bottom) : 1) not recorded,
2) Ta= -10.3C, Wo = ?8.8 mg/s, 3) Ta = -14.6 C,
Wo = 30.5 mg/s.
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L
Figure 3.2.1




. 4. A mathematical investigation of the jrowth of a saline icicle

4. l Iutroduction to tlw ﬂnite element time step mothod

Like a pure 1cicle. a saline icicle has two growth directious ‘I'he first is gxowmh in
diameter, which takes place on the wall through the freezipg of the brme film. 'I'hg second is
growth in langth. which takes place at the tip t.hrouth the pmiai freezing of the pendant
drop. Because the equilibrium temperature of the brine film decreases downward, Makkonen's
method, which assumes a homogeneous wall temperature and considers only the growth in
mean diameter, is not apbtopriate for modelling the growth in width of a saline icicle. In
order to deal with this problem, a time dependent finite element method is used. The saline
icicle is divided into cylindrical segments (disks) according to the number of time steps; that
is, the number of disks equals the number of time steps. Each of these cylinders has a
different diameter and length (see figure 1.3). What this time step method does is to divide_
the saline icicle into cylindrical segments, such that each segment has a unique equilibrium
temperature for the surface brine. The radial growth rate of these cylinders, then, depends on
their individual surface equilibrium temperature and diameter. For example, after n time steps
of length at, the saline icicle will have n+1 cylinders, including the one corresponding to the
zeroth time step. The last, (n+1)u‘. segment represents the newly formed cylinder resulting
from the freezing of part of the pendant drop during the time period at. At the end of one
more time step, at t = (n+1)at, each of the n+1 cylinders has grown radially at a different
rate according to its individual surface equilibrium temperature and diameter. Right at the
new.tip, a new cylindrical segment, the (n +2)th. has grown. The time step chosen for the
present model will be At = 2 minutes (Makkonen, 1988). The reason for choosing 2 minutes
as the time step is that under the air condition at which the experiments are performed in the
coldroom, the mode! simulation shows that the maximum length growth for either pure or
saline icicle for 2 minutes js less than 2 cm. This length resolution is good enough for the
present modelling purpose. With this time step of 2 minutes being used, the length (aL) of

the cylinder formed at the tip can be calculated by AL = (dL/dt)at. Figure 4.1.1 gives a

22
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schematic illustration of this time step method.

end of time end of time
step 3 step 4

Wo : supply rate

: newly formed accretion
/] during t

Figure 4.1.1 A schematic illustration of the |
time step method.
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Two heat balance equations will be formulated in Sections 4.3 and 4.4. The first is
used to calculate the radial growth rate for eack of the individual cylinders. The second is
used to cal_culatg the lgnuth growth rate at the tip. The radial growth rate is calculated first,
and then the length growth rate. This completes the calculations for one time step. For the
next time step, the same caiculation procedure is repeated. Since the growth of a Qaline icicle
is strongly influenced by the effect of salinity, it is worthwhile to spend some time to discuss

how salinity affects the thermodynamic properties, which in turn affect the growth rate.

4.2 The effect of salinity on the thermodynamic propertios

Consider a cylindrical section (shaded) of a saline icicle (Figure 4.2.1).

Figure 4.2.1

Wt is the brine flux to cylinder A and Wt' is the brine flux leaving cylinder A. The salt

balance equation for A is (Makkonen, 1987):

Wtsw = ISi + (Wt . I)Sb (4.2.1)
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where |
1 is the spongy ice growth rate on A.
Sw is the salinity of the brine entering A.
§; is the_salinity of the ice accretion on A,
Sb is the salinity of the brine leaving A.
The salinity is defined as the mass fraction of salt in the brine. It should be noted that

accretion here means the spongy deposit on A. This accretion consists of ice, water, and salt,
Dividing Equation (4.2.1) by wtsb' yields:

S I S

wo_ i+(1.1)'
S, T WS, w

(4.2.2)

-“I,— is the accretion fraction (the fraction of the incoming brine that remains on A) and is
t
designated as Ft. Multiplying the left hand side of Equation (4.2.2) by Si/Si and using Fr =

-vg-. Equation (4.2.2) becomes:
t

Si Sw Si
-s;—S.—- = —sb—Fr + (1- FI)' (4.2.3)
1

S. S.
LettingK = -sl- and K’ = -Sl— Equation (4.2.3) becomes:
w b

Ks—X o (4.2.4)
1-(1-K)F,
where K is called the effective distribution coefficient and K‘ is called the interfacial
distribution coefficient (Makkonen, 1987). According to Makkonen (1987), it can be shown
.
that K is equal to the liquid fraction A of the accretion. This can be shown as follows:
. S. ms/(mi +m + mw) mg + my

K == = =2 (4.2.5)
b ms/(ms + mw) m, + m, +m,

where
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ms is the rhgss of :sali: in the ice mattix._

m, is the mass of pure ice in the ice matrix.

m, is the mass of ﬁure water in the ice matrix.
It should be noted that ms/(ms + mw) is the salinity of the d:aining brine leaving A, which
is assumed to be the same as the salinity of the entrapped brine pockets (see Figure 3.1.1).
The liquid fraction A of the accretion on the surfacc of a saline icicle has not yet been
investigated. A value of A = 0.26 is used for the present (Makkonen, 1987). In order to
determine how good this assumption is, further experimental work is needed. By using A =
0.26, Equation (4.2.4) may be written:

K= 1"0627611-" (4.2.6)

: S; S,
Since K = -s’— and K. = -s-lb- two expressions for Si and Sb can be obtained:
w

Si = m;sw (4.2.7)
Sb = 'ml.m;sw. (4.2.8)

Si and Sb are therefore related by:

Si = 0.26Sb. (4.2.9)
Equations (4.2.6) and (4.2.7) show that both Si and Sb can be expressed as a function of the
accretion fraction (Fr) on A, and the salinity of the brine influx to A. We will now consider

other thermodynamical properties related to the surface of A.

1) The surface equilibrium temperature of A may be approximated by (Makkonen, 1987):
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Ts = -sa.osb . GOOSb (4.2.10)
where Sb is expressed as a dimensionless fraction (g/g).

2) The equilibrium water vapor pressure over the surface of A at surface temperature T may

be expressed as (Makkonen 1987):

e, = (1 - 0.5375,)e(T) ~ (4.2.11)

where
e(T) is the equilibrium water vapor pressure over a pure water surface at temperature

T.

3) The latent heat of fusion of the spongy accretion on A is (Makkonen, 1987):

S.
i
Lt's =(1l- -sb—)Lf (4.2.12)
wher:
Lf is the latent heat of fusion for pure water at temperature T.
By using Si = O.ZGSb, Equation (4.2.12) may be rewritten as:
Le = 0.74Lf. (4.2.13)

Because the equilibrium surface temperature could be well below 0'C, the effect of
temperature on Lf has to be considered. Since the experiments were performed in the
coldroom over a temperature range -S5°C to -15°C, Lf is calculated as a function of

temperature within that range. In this range, L. is linearly related to T by the relation:
f



Ly = 2.2600°T + 3.334x10°

where T is in °C and L, is in Jkg .

4) The specific heat capacity of the brine leaving A.
Consider x kg of brine with salinity Sb‘. Then, the amount of heat required to raise

the temperature of the solution by aT is:

C,xaT = CmaT + C m T, (4.2.14)
Dividing Equation (4.2.14) by xaT, it becomes:

m, My
Cb = TCS + TCW' (4.2.15)
. my My

Smce—x— = Sb and-;‘— =1- Sb, then:

C‘g = Ssz +(1- Sb)Cw (4.2.16)

where C and C_ are the specific heat capacities of pure water and sea salt, respectively. mg
and m,, are the mass of sea salt and pure water, respectively. According to the literature on
the heat capacity of seawater solutions published by Millers, Perron, and Desnoyers (1973),
the specific heat capacity of brine (4 % salinity) at 0°C is smaller than that of pure water at
0°C by approximately 6%. This implies that the specific heat capacity of sea salt must be very
much smaller than that of pure water. Ip addition, Sb is, most of the time, very much smaller
than (1 - Sb)‘ Therefore, the first term of Equation (4.2.16) can be neglected. Thus,

Equation (4.2.16) becomes:

Cb =(1- Sb)Cw' (4.2.17)
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Since Cw is not strongly dependent on temperature, the value, 4218 JKg'lK'l. for 0°C is

used.

$) The density of the brine leaving A.

By definition:
m, + m 218

pb = —-—vb—— (4' -1 )
where Vb is the volume of brine leaving A.
But,

S i (4.2.19)

b~ m, + mw' o
Therefore,

Sy
ms = l—.-s;mw. (4.2.20)

Substituting Equation (4.2.20) into Equation (4.2.18), using the fact that the density of pure
m
water is simply "V"! and assuming that the dissolved salt does not affect the liquid volume,
b .

then the density of the brine leaving A can be calculated by:

S

by = (1+ 1-4%;)9W (4.2.21)

where

P is the density of pure water.

6) The density of the accretion on A.

The overall density of the accretion, Py is defined to be:



42.22)

where V is the total volume of the accretion. Let m, =m, +m be the mass of the brine
entrapped in the ice matrix, and rewrite V as Vi + Vb, the sum of the volume of pure ice
and brine. Equation (4.2.22) can then be rewritten as:

_ mb+mi

Py = -vl—‘—'_-v;’- (4.2.23)

It has been shown in (4.2.5) that the liquid fraction of the accretion A can be expressed as:

m +m m .
A= —>t W b__ -k’ (4.2.24)
m +mo+my m +m,
Rearranging this equation, yields:
m, = —em (4.2.25)
BT X -
Also, by definition:
m, m,
Vi = Tl and Vb = —p;- (4.2.26)

where b and Py, are respectively the densities of the pure ice and brine entrapped in the ice
matrix. Substituting Equations (4.2.25) and (4.2.26) into Equation (4.2.23), yields:

pipb .

Py =TT~ ey + %6 (4.2.27)

In the next two sections, the heat balance equations for the growth in diameter and in
length will be formulated. Most of the formulations are similar to those in Chapter 2, except

that the effect of salinity on the thermodynamic properties is included.
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4.3 Growth rate in diameter |
Consider the xm cylinder of a saline icicle (see Figure 4.1‘.1). The surface temperature
'rsi is assumed to be the equilibrium freezing temperature. Supercooling is neglected since‘its
effect on the heat balance is likely to be insignificant, as discussed in Chapter 2. The heat

balance equation for the surface of the ith cylinder may therefore be written:

Qeonvi * qevapi * Qradi = Yehi * Yrreczei’ (4.3.1)

This equation is similar to equation (2.3.1) except that a new term Qo has been
added. This term results from the fact that the surface temperatures of the cylinders are
different from one another. When the brine flows from the (i -1)th cylinder to the ith
cylinder._ its temperature has to fall from Ts(ivl) to Tsi before freezing takes placg. Thus this
term is a source of heat on the im cylinder. The three terms on the left hand side of Equation
(4.3.1) have the same meaning as those in Equation (2.3.1). These terms can be

parameterized as follows:

%eonvi = PwilTsi * T) (43.2)
=h i (e(T.) - v==e(T.)) (4.3.3)

evapi = "wi CpFa st 'si/ T Y00 fa 3.

Qpagi = 08T~ T,) (4.3.4)

where

hWi is the heat transfer coefficient for the ith cylinder (see Appendix A).

es('I‘si) is the saturation vapor pressure over a brine surface at the surface
h

temperature of the it cylinder, Tsi'

e(Ta) is the saturation vapor pressure over a pure water surface at temperature T 2’
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e (T ) aud e(T ) can be calculated using Equations (2.2. S) aud (6 2. 10) The calculmon of
h 1s described in Appendix A,

The fourth term, Qepi MaY be calculated by:

%eni = ‘U—C!?'( G- " s (4:3.5)

where

Wy is the brine flux to the i"h
Cbi is the specific heat capacity of the brine entering the ith cylinder.
Di is the diameter of the ith cylinder.

L, s the length of the i™® cylinder.

It should be noted that ALi is different for different i, because the length growth rate is

cylinder.

different for different i. wti may be calculated by subtracting the amount of brine lost due to
freezing, brine trapping, and evaporation, on each of the i-1 cylinders lying above i, from the

initial supply rate. Thus:

wti = W0 . ZLossj. (4.3.53)

The summation here is from j = 1to j =i - 1. Referring to Equation (2.2.9), thsj can be

calculated by replacing the mean diameter and total length of the entire icicle by the diameter

th

and length of the j cylinder alone Thus:

_ 0.622 T
Wy = W, - ZaLD; [paJ—aT]- +h, ‘c;r»;(es”sj) - To5e( T ) (4.3.5b)

It should be noted again that the summationisfromj=1toj=1i-1.

The fifth term, Ureezei’ is calculated according to:
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L. dM, o
fs OV (4.3.6)

Ureezei = A a
where
Ai is the surface area of the im cylinder.
dM; th
T is the rate of spongy ice growth on the i" cylinder.
dMi
v is calculated from:
dMi dRi
T = Apr (4.3.7)
where
dRi
> is the radial growth rate,
Pai is the density of the accretion on the ithcylinder.
By substituting Equation (4.3.7) into Equation (4.3.6), Orraezej DECOMES:
dRi
(4.3.8)

Ureesei = Pailtsdr

Now using Equations (4.3.2),(4.3.3),(4.3.4),(4.3.5), and (4.3.3), Equation (4.3.1)

can be expressed in the following form:

0 622L
hyilTg - Ty) + hwx_c_r(e (Tg) - W(Ta’)) + oa(Tsx T =
w Cb dR.
ti “bi i
ﬁin[:i (Ts(i-l) “Tg) + Pyilesar - 439
dR
Equation (4.3.9) can be solved directly to determine ——. This equation is applied to each of

the cvlinders in turn in order to calculate their indivndual radial growth rates. A flowchart is



given in apﬁendix C to show how Equation (4.3.9) is solvgd.

4.4 Growth rate in length
The heat balance equation for the hemispherical pendant drop is given by:

Yonv(n+1) * Yevap(n+1) * Yrad(n+1) = Ydrip(n+1) ¥ Yreeze(n+1)- (4.4.0)

The subscripts n+1 represems'the pendant drop, where a cylindrical segment with the same
diameter as the pendant drop is going to form. The length of this cylindrical segment is
determined by the rate of heat transfer between the pendant drop and the air. The heat

transfer terms on the left hand side of Equation (4.4.1) can be formulated as:

Yonv(n+1) = Ma+1)Tsn+1) * Ta) (4.4.2)
0'622Le '

Yevap(n+1) = ht(n+1)'C;F:(°s(Ts(n+1)) - Te(T) (4.4.3)

(4.4.4)

Gad(n+1) = Tgne1y - Ta)

where
ht(n +1) is the heat transfer coefficient for the pendant drop (see Appendix B).
es(Ts(n - 1)) is the saturation vapor pressure over a brine surface at the surface
temperature of the pendant drop.
e(Ta) is the saturation Vapor pressure over a pure water surface at temperature T a
°s(Ts(n +1)) and e(Ta) are calculated using Equations (2.2.5) and (4.2.11). The caiculation
of ht(n +1) is shown in Appendix B.

The fourth term, qdrip(n +1y 38 mentioned in Chapter 2, results from the fact that the

pendant drop is initially formed at the wall temperature but leaves the tip at a slightly lower
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last (nth) cylinder and the pendant drop also has to be taken into account. Thus,

w c,
- t{in+l n+l
rip(n+1) = Lot D@D (1, + 4Ty (4.4.9)

where

Wt(n +1) is the brine flux leaving the tip to form the pendant drop.

d is the diameter of the pendant drop.

| Cb(n +1) is the specific heat capacity of the brine leaving the tip to form the pendant

drop.

a'rsd is the supercooling of the pendant drop.

Ade is the difference in equilibrium temperature between the pendant drop and the

o't cylinder. '
The calculation of wt(n +1) is similar to that shown in Chapter 2 for the case of a pure
icicle. However, with the use of the time step method for the present case, Equation (2.2.9)
is used to calculate the brine lost on each cylinder. Hence, the mean diameter and the total
length in Equation (2.2.9) has to be replaced by the diameter and the length of the i‘h
cylinder. Then, the brine lost on all the cylinders is summed up, and the total brine loss
calculated. Finally, wt(n +1) is simply calculated from Wo - ZLossi, where the summation

overiis from 1 to n. Thus:

w = W_- ZaLaD| Rin 0622 (¢ (T.) - =Ere(T.))].  (4.4.6)
tn+1) = Vo T “AHTUIP T wi’CTpaes si/ " T00° a0/ e

To calculate ATsd. Eqution (2.2.14) will be used, since the crystalization velocity under
supercooled brine is not known at present. Further investigation of this topic is necessary in

order to get more accurate results in the simulation model. Thus:

dR '
- dL n,0.588
ATSd = M.OS(T . —a-l-) . (4.4.7)



ar;.d"can simply be calculated by:
8Teq = Ton ~ T(a+ 1) (448)

By substituting Equations (4.4.6), (4.4.7) and (4.4.8) into Equation (4.4.5), qdfip(u +1) a0
then be calculated.

The last term Ureeze(n+1) has the same form as Equation (2.2.16), because we

assume the same mechanism for dendritic ice formation in the saline pendant drop. Hence:

_ d-8 dL
Ureese(n+1) = LePiaar | (4.4.9)

It is not known whether the thickness of the ice shell formed in the saline pendant drop will
be the same as that formed in the pure water pendant drop. However, they are assumed to be

the same. Since d >> §, Equation (4.4.9) can be written as:

§ dL
preeze(n+1) = 2MPdar (4.4.10)

With the use of Equations (4.4.2), (4.4.3), (4.4.4), (4.4.5}. and (4.4.10), Equation
(4.4.1) becomes:

0.622L, i
Betn+ ) Tsm+1y " Ta) * ht(n+1)TP—p = Tgnr1)) “Tope(T) +

°a(Ts(n+1) T =
2W

Equation (4.4.11) is a non-linear equation and cannot be solved analytically. The bisection
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method (see Appendix C) has been adopted to solve it. By solving Equations (4.3.9) and

(4.4.11) together, the growth rates in diameter and in length can be completely described. To

calculate the new diameter for each cylinder after time at, the following equation can be. used:

dRi

Then the volume mean diameter, is given by:

I-‘ALiDi
Drean = —TiL

1

The calculation of the total length after at is quite simple:

_ dL
L= TM + EALi

where %It: is calculated from (4.4.11).

(4.4.12)

(4.4.13)

(4.4.14).

It should be noted that the summations in Equations (4.4.13.) and (4.4.14) are fromi = 1 to

i=n.

4.5 Growth in mass

The mass of a saline icicle can be calculated by summing up the total mass of ice

growth in each cylinder during at, and the mass of the newly formed cylinder at the tip, then

adding this total mass increment to the mass of the saline icicle at the end of the previous

time step. In equation form, this can be written as:

@R,

Ml = EAL7D;P ot

_ 7 a
Mu'p - szpa(n-#l) at At

(4.5.1)

(4.5.2)



where

38

+ Mti (4.5.3)

Misar =M+ My P

Mwall is the total increment of mass on the surface of each cylinder during time step
Al

Mﬁp is the mass of the newly formed cylinder at the tip during a given time step.

Mt is the total mass at time t.

M is the total mass at time t + at

t+at

The brine inside the ice shell formed under the tip will eventually freeze and become spongy

ice. Hence, in calculating M‘i

at the tip is frozen. Then, using Equation (4.2.27), the accretion density (s

P it is assumed that the liquid core in the newly formed cylinder

a(n+1)) of this

newly formed cylinder can be calculated. In other words, in calculating Mtip the unfrozen

brine in the core is also included.

4.6 Drip rate

where

The drip rate of the pendant drops can be calculated by:

F = nass flux leaving the tip
~ mass of one pendant drop”

Hence:

6W
_ t{n+1)
F= T (4.6.1)
b(n+1)

F is the drip rate.

Pon+1 is the density of the pendant drop.
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4.7 Discussion of assumptions ‘ |
There are several assumptions that have been made in order to solve the heat balance

equations to yield the growth in diameter and in length. In the following section, these

assumptions, and their effects on the growth of the saline icicle, will be discussed.

4.7.1 Homogeneous liquid film thickness
It has been assumed that for each of the cylinders of the saline icicle, the brine film is

uniformly distributed about the circular circumference of the icicle. However, from
observations of growing saline icicles in the coldroom, it has been discovered that after the
saline icicles have grown to certain sizes, the brine film is unevenly distributed, and a
preferred flowing path develops. Because: of this preferred flowing path, ice growth can only
form on the side with the brine. As a result, the entire surface of each cylinder may not be at
its equilibrium freeﬁng temperature (Johnson, 1987). This may lead to a temperature gradient
across the cylinder and internal heat conduction may occur. However, since a saline icicle is
spongy and contains numerous brine pockets inside the ice matrix, it is unlikely that the
surface of the cylinder could cool significantly below the equilibrium freezing temperature

(Johnson, 1987). Thus, the effect of radial heat conduction within the cylinder is neglected.

4.7.2 Circular cross section

Another effect of the preferred flowing path is that the saline icicle does not retain a
circular cross section. Since ice can only grow on the side where the brine is flowing, a cross
section with an elliptical shape will develop. Incorporating this changing shape with time into
the present model would be a very complicated task and is beyond the scope of this thesis.
Therefore, a circular cross section is assumed. However, when comparing model and
experimental results, the model diameters will be compared with the geometrical mean

diameters of the experimental icicles.



4.7.3 Vertical heat conduction ) |

Because the saline icicle is divided into different cylindrical sections and each cylinder
has a different surface temperature (decreasing downward), there could be a do;wnward heat
conduction through the cylinder, If this is the case, a vertical heat conduction term has to be
incorporated into the heat balance equation. Nonetheless. as mentioned in Section 4.7.1. the
conductivity of spongy ice is low. Thus, any vertical heat conduction flux through the

cylinders should be small and is neglected in the heat balance equation.




§. Model implementation

All the equations involved in calculating the growth of a saline icicle have been
programmed into a computer in Fortran VS 77 language. The program is listed in Appendix
c .

A cylinder corresponding to the zeroth time step is assumed to be the initial condition.
This cylinder is assumed to have the diameter and length of a pendant drop (see Figure S.1).
The length of this cylinder is simply the radius of the pendant drop. Clearly, the volume of
this cylinder is different from that of the pendant drop. However, this is a small error in the
initial conditions which does not amplify with time. The growth in radius and in length of this
cylinder can be calculated by the heat balance equations formulated in Chapter 4. In the
model, a time step of 2 minutes is used. The reasons for using 2 minutes as the time step has
been discussed in Seclion 4.1. However, a time step of 1 minute has also been tried and the
difference in the prediction of final length and mass is only a few percent. Figure S.1
illustrates how the simulation proceeds.

Severa! parameters need to be mentioned here. The values of some of these parameters
are different for the pure and saline cases. These parameters are i) the liquid fraction, ii) the
diameter of the pendant drop, and iii) the thickness and diameter of the dendritic shell
growing at the tip.

i) The liquid fraction

For the pure water case, the liquid fraction is assumed to be zero, which means the
icicle is essentially solid. This is different from Makkonen's (1988) model assumption where
A=0.26. The reason for using the zero liquid fraction assumption is that it gives better
agreement with the experiment than A = 0.26 for the present model. For the saline water
case, a value of 0.26 is used for the liquid fraction, as suggested by Makkonen(1987) for sea
spray icing.

ii) The diameter of the pendant drop
The size of the pendant drop of a pure icicle is slightly different from that of a saline

icicle, because pure water and saline water have different densities and surface tensions. An
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Table 5.1

Pendant drop size for a pure icicle
grown in an independent experiment

Trials Number of drops Total mass of the collected
# collected drops
(g)
1 50 3.50 ¢
2 50 3.48 ¢
3 50 3.27 g
4 50 3.48 g
5 50 3.12 ¢g
Total 250 16.86 ¢

Average pendant drop mass = 0.06744 g

Average pendant drop diameter = 5.05 mm



“

average diameter of the ﬁendam dtoj:s for a pure icicle grown in the cold room h;s been
determined to be 5.05 mm (see Table S.1). It is assumed that the pendant drop size is
independent of the environmental conditions. Hence, the value 5.0 mm is used as the
diameter of the pendant drops of pure icicles for all cases. This value obtained in Table $.1 is
a little greater than the values suggested by Makkonen (1988) (4.88 mm) and Johnson (1987)
(5.0 mm).

Since the salinity of the pendant drop on a saline icicle increases with time, a direct
measurement of the size of the pendant drop by collecting and weighing a large number of
them is inappropriate. However, the diameter of the pendant drop for a saline icicle can be
estimated by making use of the diameter of the pendant drop for a pure icicle. Suppose a
hemispherical pendant drop for a certain liquid hanging at the tip of the icicle is under
mechanical equilibrium (Figure S.2a). If liquid is supplied to the pendant drop, it will grow
bigger and its weight will increase while the vertical component of surface tension goes down,
so the pendant drop falls (Figure §.2b). Before calculating the radius of the pendant drop,
one assumption must be made. This is that the diameter of the tip of the icicle = the
diameter of the pendant drop at equilibrium = the diameter of the falling drop. Then, the

radius of the pendant drop can be calculated as follows (Clift et al. 1978):
20 = L(3m0g) (.1)

where

o is the surface tension of the liquid.

p is the density of the liquid.

g is the gravitational constant = 9.8 ms ", |
v is the Harkins factor which results from the fact that a residual drop remains at the
tip when the pendant drop falls, causing the volume of the pendant drop to be less

than the volume at which the net gravity force exactly balances the surface tension

forces (Clift, et al. 1978).
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f = Surface tension force

Figure 5.2 Schematic description of how a pendant
drop falls. It has been assumed that the
diameter of the pendant drop in a) is the
same as that of the falling drop in b).



Solving equatipn (5.1) for 1, yields:
- (.30 1172
r= (‘l'm) . (5.2)

This result can be applied to both pure water and brine. Then, two equations for I and 1 are

obtained:

30
- f 172
30
- 8 172
T, = (\1'27;5) - (54)

where
I is the radius of the pendant drop for a pure icicle.
I is the radius of the pendant drop for a saline icicle.
o is the surface tension of pure water.
o 18 the surface tension of brine.
Py is the density of pure water.
P, is the density of brine.
It should noted that, for lack of information, the Harkins factor for pure water and brine are

assumed to be the same. Dividing Equation (5.3) by (5.2), 1. can be expressed in terms of
Ip!

(7] o
rz(__pL_s_)l/Zr
S

s o (5.5)

f.

The average salinity of the pendant drops for six experiments on growing saline icicles was
measured by using a Ficher Hand salinometer (Catalog Number 11-800-0). Since this
salinometer is not very accurate and there was no other salinometer available, a calibration of

the salinometer was performed. By comparing the measured salinometer reading for fifteen
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prepared btiue solutioﬁs witli their known salinities, a calibration ;able was gonstructed. The
calibration is given in Appendix E. Then, the ice/brine mixture in the beaker, which was a
collection of the pendm drops throughout the entire experiment, was melted and its salinity
measured. An average salinity of $.4 % for the @nd@t drops was obtained (see Table 5.2).
According to a report on the thermal properties of salt solutions published by Walta(1966), o,
is greater than o by approximately 1% for a salinity (NaCl solution) of §.4%. It should be
noted that "salinity” means the mass fraction of salt in the solution. The brine used in the
experiment is made of Rila Marine Mix (Obreiter, 1987). NaCl is the major component of
this sea salt. Lacking a knowledge of the thermodynamic properties of the other salt
components, NaCl solution with a salinity of S.4 % was used in the mode! as an
approximation to the brine pendant drop with an average salinity of 5.4 %. Thus, it can be
concluded that LA 1.01«:f in the present case. Therefore, equation (5.4) becomes:

1.01p
1 = (—L)l2 (5.6)

r L]
$ P f

Using o = 1000 kgm™, o, = 1057 kgm"> for & salinity of 5.4 %, and T = 2.525 mm, a
value of 2.468 mm is obmined for I It can be seen that I is less than I by only 3 %.
Therefore, we can conclude that salinities up to 5.4 % do not cause a significant effect on the
diameter of the pendant drop.
iii) The thickness and diameter of the dendritic shell growing at the tip

The thickness of the dendritic shell for pure icicles has been estimated to be 75um
(Makkonen 1988). This value will also be used for saline icicles since no other data are
available. The validity of this assumption should be checked in future experiments. In both
cases, the diameter of the dendritic shell is assumed to be the same as the diameter of the

pendant drop. Thus:

df = 5.0 mm



Table §.2

The salinities of the psndant drops

for various air conditions

(Salinity of the feed brine s 3.3 %)

Experiment
Case #
7
8
9
10
11
12

Average s3linity of
the pendant drops
(%)

6.0 %
5.0 %
5.6 %
5.1 %
5.6 ¥
5.2 %

The average salinity of the pendant drops

for all cases = 5.4 %.

Thae environmental conditions for the above experiments

are given in Appendix D.




ds = 4.94 mm

where dr is the diameter of the dendritic shell growing at the tip of a pure water icicle.

' d, is the diameter of the dendritic shell growing at the tip of a saline icicle.
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6. Modél ﬁugiiéﬁonsl o

The present mathgmatical mode! can simulate the growth pf both‘sal.i:ie aﬁd pure
icicles. By using the model, not only the growth in length, diameter, and iﬂass can be
calculated as a function of time, but also the equilibrium surface temhcramm and surface
and pendant drop salinities for saline icicles. In the following sections, the sensitivity of the
model and some simulated results for both saline and puve icicles ‘will be presented and
discussed. Since seawater has a salinity of about 3 %, a feedwater salinity of 3 % is used in
this chapter for all the simulations of the growth of saline icicles.

6.1 Sensitivity of the model

It happens in both pure and saline icicle growth that the length growth rates reach a
maximum sometime after the initiation of growth. In pure icicle growth, the length growth
rate reaches a maximum just before the water stops dripping at the tip. But, in saline icicle
growth, the length growth rate reaches a maximum at the time (well before the growth in
length stops) when the rate of heat transfer from the pendant drop to the environment is a
maximum. Figures 6.1.1 to 6.1.5 show how this maximum length growth rate (dL/dt)max is
affected by the air temperature (Ta), relative humidity (R), air pressure (Pa), wind speed
(V), and supply rate (Wo) for saline and pure icicle growth. The curves marked with circles
represent pure icicles, and those marked with squares represent saline icicles. From these
fig'ures. it can be seen that (dL/dt)max is very sensitive to Ta and V fof both the saline and
pure icicles. Figure 6.1.1 shows that (dL/dt) max increases almost linearly with decreasing T 2
Equation (4.4.11) can be used to explain this. In this equation, dL/dt is related to Ta linearly
in the %eonv and Qrag lerms, but exponentially in the qevap term. Since qevap is not the
dominant factor in Equation (4.4.11) (Johnson, 1987), it only slightly affects the linear

relation shown in Figure 6.1.1. Figure 6.1.2 shows that (dL/dt) increases approximately

max
parabolically with increasing V. This implies that the effect of changes in V on the absolute
value of (dL/dt)max is greater at low values of V. This can be explained by examining

Equations (4) and (5) in Appendix B (Makkonen, 1988), and (4.4.11) in Chapter 4. From
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Equations (4) ana (5) in Appendix B, it can be seen that N, = VV/2 buth = N .
T}wrefo;e. ht « VU 2. Then, from Equation (4.4.11), dL/dt is linearly related to ht. Hence,
dL/dt is also related to V v 2. Because of this relation, for V < 1 m/s, dL/dt can vary by a
factor of ~ 2 with an uncertainity of £ 0.5 m/s in the wind sﬁeed. In all cases, (dL/dt)max is
greater for pure icicles than for saline icicles, becuse pure icicles always grow faster than
saline icicles. The curves for the pure icicles are less smooth than the curves for the saline
icicles. This is a problem of time resolution. Since saline icicles grow at a much slower rate
than fresh water icicles, the saline curve is less sensitive to the time resolution of the model,
and hence, is smoother than the fresh water curve. By decreasing the time step to 1 min, the
curves for the pure icicle become smoother. The relative humidity (R) and air pressure (Pa)
have only a slight effect on (dL/dt)w for both the saline and pure icicles, as shown in
Figures 6.1.3 and 6.1.4. Figure 6.1.5 shows how (dL/dt)mx is affected by the supply rates,
Wo, for pure and saline icicles growth. It n be seen that (dL/dt)max is insensitive to Wo
for pure icicle growth but decreases slowly with increasing supply rates for saline icicle
growth. The reason is that for the case of pure icicle, (dL/dt) mainly depends on the water
flux flowing to the tip. Therefore, under indgntical environmental conditions, (dL/dt)max
does not vary much with supply rates. For the case of saline icicle, however, dL/dt not only
depends on the brine flux flowing to the tip, but also the salinity of the pendant drop,
because it can affect the equilibrium surface temperature of the pendant drop. (dI../dt)rnax
for pure icicles is higher than the (dL/dt) max for saline icicle by approximately a factor of
two for all couditions, with regard to the above five parameters, and for the range of cases
considered here.

The sensitivity tests of the present model show that Ta and V are both important
factors affecting the growth of icicles. Therefore. these two parameters should be carefully
measured during experiments on growing both saline and pure icicles. In addition, Wo is also
an important factor affecting the growth of saline icicle. The sensitivity of the model
presented here is qualitatively consistent with the results of Johnson (1987) and Makkonen

(1988) on pure icicles.
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In the following sections, standard environmental conditions of air temperature Ta =
-15°C, relative humidity R = 80%, air pressure Pa = 1000 mb, supply rate Wo = 50 mg/s,
and wind speed V = 2.0 m/s are chosen {or the model simulation of the growth of both pure

and saline icicles. A total duration of 120 minutes and a time step of 2 minutes arc also used.

6.2 Model prediction of icicle length and growth rate

It is shown in Figure 6.2.1 that the pure icicle grows fastet than the saline icicle. For
this case, the saline icicle stops growing in length 42 minutes after the pure icicle does. The
faster growth rate outweighs the effect of a shorter growth time, however, so that the final
predicted length of the pure icicle is longer than that of the saline icicle by about 6 cm. The
length growth rate of the pure icicle increases with time, and then it suddenly stops growing at
$4 minutes. This occurs because the water supply freezes entirely on the wall and, hence, there
is no water left to form the penciant drop and the growth in length stops.

The length growth rate of the saline icicle also increases with time, but at a much
slower rate, over the first 42 minutes. After this, the growth rate starts to decrease and the
growth stops at 96 minutes. This initially increasing and then decreasing growth rate of saline
icicles has been discussed in Section 3.2. It occurs because the equilibrium temperature of the
pendant drop decreases with time in response to its increasing salinity. The rate of heat
transfer associated with the pendant drop increases with decreasing drip rate, and decreases
with decreasing equilibrium temperature of the pendant drop (see Equations 4.4.11 and
4.2.10). During the early growth of a saline icicle, the effect of drip rate on the rate of heat
transfer of the pendant drop is dominant. Since the drip rate decreases with time (see figure
6.2.3), the growth rate increases with time. However, later, the effect of the declining
equilibrium temperature on the rate of heat transfer of the pendant drop is dominant.
Consequently, the growth rate decreases with time. Eventually, the equilibrium temperature of
the pendant drop equals the air temperature, the rate of heat transfer from the pendant drop
to the air is essentially zero, and the growth stops (see Figures 6.2.1 and 6.2.2). The

simulations show that, unlike the pure icicle, when the growth in length stops, the drip rate of
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the saline icicle is not zero (see Figure 6.2.4). Rather it decreases slowly with time (see Figure
6.2.3). This can be explained by the fact that as the pendant drops form around the tip
without freezing, they continue to fall. However, for the case of the pure icicle, the
equilibrium temperature of the pendant drop is essentially constant (0 ‘C). Therefore, dL/dt
always increases with decreasing drip rate. When there is no more water entering the tip to
form the pendant drop (drip rate = 0), the growth in length stops (see Figure 6.2.4). Thus,
the mode! predicts, somewhat paradoxically; that the growth of pure icicles stops precisely at
the time the growth rate is a maximum.

Figure 6.2.2 shows the growth rate (dL/dt) as a function of time, for both saline and
pure icicles. This figure is actually a reflection of Figure 6.2.1. For the pure icicle, dL/dt
increases rapidly with time until 5S4 minutes, then it drops to zero. This implies a sudden
cut-off in the growth due to the reasons explained in Section 6.2. For the saline icicle, dL/dt
increases slowly and aimost linearly with time for about 42 minutes. Subsquently, dL/dt starts

to decrease to zero at 96 minutes. The reasons for this behaviour have also been discussed

above.

6.3 Mode! prediction of diameter variation with length

Figures 6.3.1 and 6.3.2 show the profile of the icicle diameter as a function of length
at the time when they stop growing in length and at 120 minutes. In the first figure, the pure
icicle has a mean diameter of 1.53 cm, while the saline icicle has a mean diameter of 2.36 cm.
In the second figure, the pure icicle has a mean diameter of 2.80 ¢cm, while the saline icicle
has a mean diameter of 2.74 cm. For this case, at the end of the growth in length, the saline
icicle therefore has a bigger mean diameter than the pure icicle. This occurs because the saline
icicle stops growing in length at 96 minutes, while the pure icicle stops growing in length at 54
minutes, This gives the saline icicle 42 minutes more to grow radially. Consequently, when
comparing their mean diameters at the same time, as in Figure 6.3.2, the pure icicle has a
bigger mcan diameter because of the higher rate of heat transfer in the pure water case. This

result seems to be true for other conditions as well. Another noteworthy feature of Figure
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6.3.1, is th;n ‘the saline icicle, at thc end of its growth in length, has a higher maximum

diameter/length ratio than the pure icicle. The reasons for this were discussed in Chapter 3.

6.4 Predicted growth in mass ,

The predicted growth in mass as a function of time for pure and saline icicles, grown
under otherwise identical conditions, is shown in Figure 6.4.1. For this case, the mass of the
pure icicle is always larger than that of the saline icicle because of the higher rate of heat
transfer for the pure water case. Figure 6.4.1 also shows that the mass growth rate of the
pure and saline icicles initially increases with time. Then, at 54 minutes for the pure water
case (the time when the pure icicle stops growing in length) and at 96 minutes for the saline
case (the time when the saline icicle stops growing in length), the mass uowtﬁ rates become
constant. Another noteworthy feature of Figure 6.4.1 is that the mass growth is apparently
quadratic up to the point where the growth in length stops. This can be explained as follows:
The mass growth rate of an icicle is given by the: mass flux from the root less the mass flux
of water dripping from the tip. Because the drip rate decreases with time and the supply rate
is constant, the mass growth rate increases with time.

In concluding this section, it should be mentioned that Sections 6.2 to 6.5 describe the
model's predictions for length, diameter, and mass for only one environmental condition. In
fact, there are numerous ways to analyze the model's predictions by using different air
conditions, salinities, and supply rates. A complete sensitivity study of the model is beyond
the scope of this thesis. Instead, the emphasis will be on intercomparisons with experiments.
In Chapter 8§, the model's predictions will be compared with the experimental results for both

pure and saline icicles.
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7. Icicle growth experiments

In order to produce icicles in the laboratory, a supply of liquid with a temperature
slightly above the freezing point by 0.5 °C to 1 °C is allowed to drip onto a collection point
which is exposed to a cold environment. This is a very tedious task. If the supply liquid's
temperature is too low, the liquid will freeze before dripping onto the collection point. If it is
too high, no icicle forms. Consequently, it is very important to adjust the temperature of the
supply liquid to be close to the freezing point, if realistic icicles are to be produced. But, what
happens in nature is that ice is melted by the heat of the Sun. This melted water flows onto a
collection point such as a roof which is exposed to a cold environment. Then, as it runs off,
this melted water (~0 °C) is frozen again and icicles form. Over northern seas, however,
icicles are formed through the spraying of supercooled brine droplets onto the superstructures
of ships. |

In addition to the feedwater temperature, the flow rates, air temperature, and wind
speed also have to be controlled in the experiments. Two sets of experiments were performed
in the cold room of the Division of Meteorology. In the first six experiments, pure icicles were
produced under various air conditions and flow rates. In the next seven experiments, saline
icicles were produced by using simulated seawater of 33 o/00 salinity under various air
conditions and flow rates. The simulated seawater was prepared by dissolving Rila Marine Mix
(Obreiter, 1987) in tap water. The thirteen experiments were performed in the cold room over
the temperature range -7 C to -15 'C. The reason of using this range is that if the
temperature in the cold room is is too high (>7 'C), it takes too long to complete one
experiment, especially for the case of saline icicle (see appendix D for the duration of the
experiments). On the other hand, if the temperature is <15 ‘C, pure icicles rarely form in
nature. Saline icicles can still form under this temperature, but in open seca areas, the air
temperature is very unlikely to be below -15 °C. Therefore, the limited set of experiments in
the cold room cover the relevant temperature range. However, the experiments did not cover a
wide range of wind speed because of the limitions of the cold room. The results of these two

sets of experiments will be compared with the model's predictions in Chapter 8.
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7.1 Pure icicle growth experiments v
To grow pure icicles in the cold room, tap water, with a temperature slightly above

freezing, was allowed to drip onto a fixed glass rod ( 7 mm in diameter) so that an icicle

would grow below the rod. The apparatus used to achieve this is shown in Figure 7.1.1.

7.1.1 Temperature and flowrate of the water supply

It was mentioned above that the temperature of the water supply has to be controlled
in order to produce realistic icicles. To do this, an insulated bath of ice water ( 1.5 liters) was
used as the water source. A 2 mm (inside diameter) buretie was connected to the container so
that the water could flow through it. By adjusting the valve of the burette, a desired flow rate
could be obtained. Since the burette was exposed to the cold air (<0°C), the water flowing
out of it was very likely supercooled. After a short while, water froze inside the burette. To
avoid this problem, a heating wire was wrapped around the burette. This heating wire was
connected to a variable power supply. By adjusting the power supply, the amount of heat
generated could be roughly controlled. The heating wire and the burette were wrapped with a
piece of foil-backed fibreglass insulation to reduce heat loss to the air. With this design,
freezing of water inside the burette was prevented. It has been mentioned that the water
dripping out from the burette should be close to 0°C. In order to achieve this criterion,
attention was paid to the ice dome that grew on the upper side of the rod. If the dome was
melting, the temperature of the supply water was considered to be too high. The power supply
was then turned down. On the other hand, if the ice dome was growing rapidly, the
temperature of the water supply was considered to be too low, and the water inside the
burette could freeze. In this case, the power supply was turned up. In other words, as long as
the ice dome was neither melting nor growing very fast, the temperature of the solid/liquid
interface on the dome was very likely close to 0 °C. Consequently, the water flowing from the
ice dome to the root of the icicle should also have been close to 0 ‘C. This was very tedious
work and required careful observation and attention. An automatic system for controlling the

supply temperature would have been preferable.
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The apparatus used in the coldroom
to grow pure icicles.
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~ The flow_rate from the burette, which was detgrmingd by counting the drops falling

onto the rod, was found to vary with time, even if the valve was fixed. Consequently, the
valve had to be adjusted repeatedly in order to minimize the variation in the flowrate. The
reason for the varying flowrate is not known, but it may have to do with ice in the burette.
Because of these problems with the temperature of the supply water and the constancy of the

flowrate, a good quantitative result was not easy to obtain. Further improvements to the

apparatus are highly recommended.

7.1.2 Air temperature, wind speed, relative humidity, and air pressure

During the experiments, the air temperature in the cold room was constant to within
+ 1°C. An average temperature was computed after observing the temperature every 15
minutes during the course of an experiment. The temperature was measured with an aicohol
in glass thermometer mounted on the stand (Figure 7.1.1).

The airspeed at the location where the icicles were grown varied with time and height.
This turbulent wind was generated by the two cooling system fans located near the roof of the
cold room. The wind speed, averaged over 30 minutes, was measured by using a wind run
anemometer, oriented into the wind direction at 6 different heights, ranging from the table
top to a little above the glass rod, at the location where the icicle was grown. The response
time of the wind run anemometer is approximately a few seconds. The 30 minute average
wind speeds (ranging from 0.47 m/s o 0.77 m/s) at different heights were then averaged
again to obtain an overall mean (weighted average) wind speed (see Table 7.1.2 and Figure
7.1.2). These measurements were performed before the experiments. However, it was found
that the wind direction and the wind speed at different heights did not vary with time very
much regardless of the air temperature and the days of operation. An overall mean wind
speed of 0.7 in/s was obtained at the spot where the pure icicles were grown.

The relative humidity in the cold room was measured after every experiment by using
an Assman psychrometer. Since relative humidity is not a primary factor controlling the

growth of icicles (see Section 5.1), accurate measurements were not necessary. These



Table 7.1.2

The measured mean wind speed at different heights
ranging from the table top to 38 little above the
rod at the locations where pure icicles and saline
icicles were grown

Saline icicle

Height locations Mean wind speed
16 cm ' 0.89 m/s
31 cm 0.92 m/s
48 cm 0.50 m/s
58 cm ‘ 0.36 m/s
63 cm 0.34 m/s
67 cm 0.24 m/s

The weighted average wind speed = 0.6 m/s

Pure icicle

Height locations Mean wind speed
16 cm 0.74 m/s
31 cm 0.47 m/s
48 cm 0.73 m/s
58 cm 0.76 m/s
63 cm 0.77 m/s
67 cm 0.55 m/s

The weighted average wind speed = 0.7 m/s.



Height 'saline case pure case
67 CM = 0.24 m/s 0.55 m/s
B3 cem = | M0.38 m/s 0.77 mis =
58 cm = 0.36 m/s 0.76 m/s
48 cm = 0.50 m/s 0.73 m/s
31 cm = 0.92 m/s , \ 0.47 m/s
16 CM = 0.89 m/s 0.74 m/s

stand ..

icicle
0 cm
table top

Figure 7.1.2 A schematic illustration of how the

wind speed varies with height at the
locations where the pure icicles and
saline icicles were grown.
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measurements are considered to have an error of no more than = S %.

The air pressure in the cold room was assumed to be the same as that outside. The
barometer located in the adjoining technician's room was used to measure ihe air pressure
afier every experiment. Again, accurate measurements were not necessary because the growth

rales are insensitive to air pressure (see Section 5.1). The pressure measurements nevertheless

had an accurancy to within £ 1 mb.

7.1.3 Length of the pure icicle

The length of the icicle at different times was measured using a paper tape, acting as
a scale, hanging from the rod next to the icicle (see Figure 7.1.1). At each measurement time
(see appendix D), the length of the growing icicle was marked on the paper tape. Then, after
the experiment, an ordinary ruler was used to measure the marks on the paper tape. Using

this technique, the length of the icicle at different times could be computed. The accurancy of

this measurement was +0.3 cm.

7.1.4 Diameter of the pure icicle

The diameter of the pure icicle as a function of distance from the root was measured
every 2 cm along the length using a Vernier calliper, after the experiment had been completed.
Because the icicle has a lot of ribs, the measurement was allowed to make a little more and
less than 2 cm along the length and the average of the two was used. Also, since the icicle
cross sections were generally not circular, the length of the major and minor axes were
measured, and the geometric mean of these two values was taken as the mean diameter. After
obtaining all the mean diameters as a function of distance from the root, an overall average

diameter of the icicle was calculated.

7.1.5 Drip rate, mass of the pure icicle, and supply rate
The drip rate was determined simply by counting the number of drops dripping from

the tip over a time interval of 1 minute. The mass of the icicle was measured after the
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experiment using a Mettler triple beam balance accurate to +0.01g. An average supply rate
throughout the experiment was obtained by adding the mass of the icicle #nd ihe mﬁss of the
ice in the beaker (see Figure 7.1.1), and then dividing this ‘value by the total duration of the
experiment. Unfortunately, the instantaneous supply rate during the experiments was

unknown.

7.2 Saline icicle growth experiments

The method for growing saline icicles in the cold room was very similar io that for
growing pure icicles, except that brine of 33 0/00 salinity was used instead of pure water. It
should be noted that the equilibrium temperature of 33 c/oo brine is around -1.8°C.
Consequently, the temperature of the supply brine had to be slightly higher (0. 'Cto 1 °C)
than -1.8.'C so that it would not freeze inside the burette. The brine used in the experiment
was a solution of Rila Marine Mix in tap water (Oberiter, 1987). In order to keep the salinity
of the supply brine constant, the brine in the container could not contain any ice, because
melting or freezing of the ice would affect che salinity of the brine. Consequently, the brine in
the container was prepared by dissolving the mariae salt in tap water which was a few degrees
above 0 'C. The insulated container was then put into a styrofoam box so that the
temperature of the brine wouid drop only slowly in the cold room. In this way, it was certain
that ice would not appear in the liquid throughout the experiment, and a constant salinity
could be maintained. In addition, a thermocouple was inserted into the tip of the burette so
that the temperature of the dripping brine could be measured. By adjusting the power supply,
the temperature of the dripping brine was adjusted to a value between 0 °C and -1.8 'C. The
apparatus used to grow saline icicles was identical to that used 1o grow pure icicles except for
the thermocouple and the styrofoam box. The burette used was 1.2 mm in diameter (inside)
instead of 2.0 mm, and a metal rod ( 4 mm in diameter) was used as the collector. The
reason for using the narrower burette was that the flowrate could be adjusted easier. The
reason for using a metal rod instead of a glass rod was that the metal rod was long enough to

be fixed under the burette for the apparatus set up to grow saline icicles. This equipment is
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shown in Figure 7.2.1. ‘
The method of adjusting the flow rate, and the temperature of the brine dripping

from the burrete, and the methods of measuring the air temperature, wind speed, relative
humidity, and air pressure were similar to those described in Sections 7.1.1, and 7.1.2.
However, since the location where the saline icicle was grown was slightly different from the
location where the pure icicle was grown, the overall mean (weighted average) wind speed had
to be re-measured. A value of 0.6 m/s was obtained (see Table 7.1.2.1 and Figure 7.1.2.1).
The diameter and length of the saline icicles, drip rate, supply rate, and the mass of the saline
icicle were obtained in a similar way to that described in Sections 7.1.3, 7.1.4, and 7.1.5. In
addition, the average salinity of the pendant drops was also measured, by simply melting the
ice in the beaker and measuring its sali:iity using a Fisher Hand salinometer (see Chapter §).

This salinometer has an accurancy of * 0.2 %.
7.3 Qualitative observations

7.3.1 Pure icicles

The pure icicles produced in the coldroom, generally speaking, were conical. The
cross-sections were not exactly circular but tended to be elliptical. This observation has been
discussed in Section 4.7.2 (also in Johnson, 1987). Once the icicle had a root diameter greater
than about 1.5 cm, water would tend to flow along a preferred path. As a result, ice grew
faster on one side than on the other, and an elliptical shape developed with the major axis
along the mean wind direction. In addition, horizontal bumps or ribs were also found on the
wall (see Figure 7.3.1.1). The growth of the ribs seems to be affected by the wind, because
those on the downwind side were bigger than those on ti.2 upwind side (see Figure 7.3.1.1). It
could be that the wind pushed the water towards the downwind side so> that the water film on
that side was thicker. A liquid tube was found in the interior of the icicle, which extended
about 2 to 5 cm from the tip. This observation is consistent with the thecry proposed in

Chapter 2. Also, near the surface of the pendant drop, dendrites are formed. Johnson (1987),
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Figure 7.3.1.1

Laboratory simulated pure icicles.
The sides with the more pronounced
ribs are the downwind sides. For
air conditions and scale, see
Figure 3.2.1.
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shows some macroﬁhotographs of these dendrites. Early in the ex;.:;eu;x:ﬁeml (up to ~30
u;inutes). the wall of the icicle' was r.iuite sﬁongy. and could be penetrated with a wire to a
depth of a few millimeters, However, later in the experiment, the wall, except for the portion
one third of the icicle length from the tip, became quite soiid and not spongy at all. This
suggests that the entrapped liquid inside the ice’ matrix had frozen.

7.3.2 Saline icicles

The general appearance of the saline icicles grown .in the coldroom was siruilar to that
of the pure icicles discussed in Section 7.3.1. However, several differences are worth noting,
The saline icicles had more irregular cross sections than the pure icicles (see Figure 7.3.2.1).
As well, the ribs on the walls of the saline icicles were bigger than those on the walls of the
pure icicles. This difference can be seen clearly in Figure 7.3.2.2. The reasons why the saline
icicles had more irregular cross secticns and bigger ribs thaﬁ the pure icicles are not obvious.
One possibility could be the difference of the surface tensions between brine and pure water,
although the difference is less than 1 % on the average. Figure 7.3.2.2 also shows that the
saline icicles, generally, had higher maximum width to length ratios and bigger diameters than
the pure icicles. This haé been discussed in Sections 3.2 and 6.4, and is also consistent with the
model's predictions. The saiine icicles also appeared to be more spongy (by their milky
appearance) than the pure icicles during their entire growth. Even at the end of their growth
in length, the roots of the saline icicles were still spongy and could be penetrated with a wire.
This result may be explained by the fact that the brine pockets of the sai.ne icicles cannot
freeze completely because the salinity of the brine pockets increases as freezing of pure ice
proceeds on their walls. As a result, the equilibrium temperatures of the brine pockets is
depressed. It was also found that when the saline icicles had grown to a‘certain size and
length, they stopped growing even though brine was still dripping from the tip. This is also

consistent with the model's prediction.
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Figure 7.3.2.1

2 cm
I

The cross-sections of a saline

icicle (right) are more irregular

than those of a pure icicle (left).

The growth conditions for this

picture were unfortunately not recorded.
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The air conditions for this picture were unfortunately
not recorded.

2 cm

—

Figure 7.3.2.2 The ribs on the wall of the saline
icicle (lower) are bigger than
those on the walls of the pure icicles

(upper) .



8. Results and discussion

The results of the experiments on both pure and saline icicles are listed in tabular
form in Appendix D. Cases #1 to #6 are the results from the pure icicle experiments and
Cases #7 to #13 are the results from the saline icicle experiments. The time, driprate, length,
length growth rate, and diameter as a function of distance from the root, as well as the mean
diameter and total mass are all listed in the tables. The variation in supply rates throughout
each experiment was also listed for reference. These results will be compared with the model
results in graphical form so that the model's performance can be evaluated and discussed. All
these graphs are shown at the end of this chapter. Since the experiments were not very precise
due to variations in the air temperature and supply rates, and because of the irregular cross
sections of the icicles, a difference between the experimental and mode! results is expected. In
the next few sections, the discussions will be focused on comparisons between the
experimental results and .mode! predictions of i) length, ii) length growth rate, iii) length
growth rate verses driprate, and iv) mean diameter and mass. To make the discussion clearer,

several terms will be defined here:

1. Experiment Termination Time (ETT) - the time at which the experiment is
terminated.
2. Mode! Termination Time (MTT) - the time at which the model simulation stops. For

the present simulations, MTT is set to be equal to ETT.

3. Experiment Growth Termination Time (EGTT) - the time at which the growth in
length stops (dL/dt = 0) during the ex, riment.

4, Model Growth Termination Time (MGTT) - the time at which the growth in length
stops (dL/dt = 0) in the model simulation.

Between EGTT and ETT as well as between MGTT and MTT, the icicle continues to grow but

only in diameter and mass, not in length.
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8.1 Leugth
Figures 8.1.1 to 8.1.13 are graphical illustrations of the model predictions and

experimental results for the length of the icicles as a function of time. Figures 8.171 to 8.1.6
are for pure icicles while Figures 8.1.7 to 8.1.13 are for saline icicles.

These 13 graphs show a common characteristic, namely that the model tends to
overestimate the growth rates in length in most cases, especially for pure icicle growth. Also,
the time at which the growth in length stops, as predicted by the model, is generally shorter
than that found in the experiments, especially in the case of pure icicle. The exceptional case
(#10) is shown in Figure 8.1.10. In this case, because the experiment was terminated before
the end of the growth in length, it is impossible to determine whether the model also
underestimates the time at which the growth in length stops. Table 8.1.1 shows this
termination time difference. From this table, it can be seen that the model produces slightly
better results for the time at which the growth in length stops (hereafter, the model growth
termination time) for saline icicles than for pure icicles. Morever, the model's prediction of
the growth termination time for saline icicles is better at higher temperatures and higher
supply rates than at lower temperatures and lower supply rates. For the case of pure icicles,
this pattern does not appear. One possible explanation for this overestimate of the length
growth rate and underestimate of the growth termination time in the model, is that during the
experimer:'s the liquid film on the wall of the icicle tends to flow along preferred paths. This
means the liquid film is not evenly distributed around the wall. Thus, the mass accretion on
the wall of the icicle calculated for the model will be overestimated. On the other hand, with a
circular cross section assumption, the heat transfer coefficients for the wall of the icicle
caiculated for the model may be too high. Furthermore, if the liquid flow is greater along the
downwind side of the icicle, the effect of wind on the heat transfer from the liquid film may
be diminished (Kreith, 1973). The circumferential variation of the Nusselt number Nu(®) for
a circvlar cylinder in crossflow is shown in figure 8.1. Thus, the growth rate on the wall of
the icicle will be smaller, and more liquid can flow down to the tip, thereby slowing down the

length growth rate. In fact, as mentioned in Chapter 7, this is what is observed in the



Case #

1

2
3
4
§
6

Case #

10
11
12
13

Tahle 8.1.1

Mode! and experiment growth termination

MGTT
62 min
84 min
74 min
86 min
112 min
126 min

The average % difference = 32 %

time difference

Pure icicle

EGTT

95 min
135 min
125 min
140 min
130 min
195 min

Saline icicle

MGTT EGTT
104 min 135 min
142 min 180 min
162 min 190 min
uncertain 250 min
234 min 270 min
286 min 350 min
195 min

94 min

The average % difference = 23 %

% Difference
35 %
38 %
41 %
31 %
14 %
35 %

% Difference
23 %

21 %

15 %
uncertain

13 %

15 %

52 %

*x The environmental conditions for the above

cases are given in Appendix D =

83



84

Wind )
direction

\ Nu(B)

Figure 8.1 A schematic illustration of the
circumferential variation of the
Nusselt number for a cylinder in
crossflow with the Reynolds number
less than 4000.

(Modified from Kreith, 1873)
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experiments. Since the model assumes an evenly distributed liquid film, it overestimates the
length growth rate and undevestimates the termination time for both saline and pure icicles.
The reason why the model does better for the saline icicles than for the pure icicle is not
obvious.

The model's prediction of the final length for both the pure and saline icicles is
generally an underestimate at lower temperatures and an overestimate at higher temperatures.
These data are summarized in Table 8.1.2. The only exception to this trend is in case #2
corresponding to pure icicle growth where the mode! overestimates the final length by 1%. The
percent differences between the model's predictions and the experimental results are also
shown in Table 8.1.2. It is obvious that the model does a better job of predicting the final
lengths of the pure icicles. The greatest difference occurs in case #1 where the model
understimates the final length by 18%. The smallest difference is for case #2 where the model
overestimates the final length by only 1%. For saline icicles, the model does not do as well. In
case #13, the mode! underestimates the final length by 26%. The best it can do is in case 8.8
where the model underestimates the final length by 4%.

Up to this point, it can be said that the model, in general, does not perform well in
predicting the length of both saline and pure icicles, though it does a little better in predicting
the length of the pure icicles. However, qualitatively speaking, the model does hit the mark.
For all 6 cases of pure icicle growth, the experimental resulis show a gradual increase in
length growth rates.The model’s predictions are consistent with this. Likewise, for all 7 cases
of saline icicles growth, the experimental results show that the growth rate is almost linear at
first, and near the end of the growth, the growth rate starts to declinc and growth eventually

stops. The model's predictions are also consistent with this.

8.2 Length growth rate
Figures 8.2.1 to 8.2.13 give graphical illustrations of the length growth rates as a
function of time for both pure and saline icicles. Figure 8.2.1 to 8.2.6 are for the pure cases

while the rest are for -the saline cases. These 13 graphs are reflections of Figures 8.1.1 to



Table 8.1.2

Final length of the'pure icicles

Case # Mode 1 Experiment % difference
1 36.0 cm 44.1 cm -18 %
2 44.1 cm 43.7 cm 1%
3 36.5 cm 38.2 cm -4 %
4 45.5 cm 40.9 cm 11 %
5 40.2 cm 38.5 cm 4 %
6 47.3 cm 40.4 cm 17 %

The average absolute % difference = 9.3 %

Final length of the saline icicles

Case # Mode Experiment ¥ difference
7 29.5 cm 36.2 cm -18 %
8 37.7 cm 39.3 cm -4 %
9 35.3 cm 39.8 cm -11 %
10 47.2 cm 41.5 cm 14 %
11 38.5 cm 34.1 cm 13 %
12 46.4 cm 37.8 cm 23 %
13 27.5 cm 37.3 cm -26 %

The average absolute % difference = 15.6 %

=**x The environmental conditions for the above
cases are given in Appendix D ==
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8.1.13 because dL/dt is the slope of the growth curves. The experimental data shown in these
13 figures exhibit a great deal of scatter. The reason is that small errors in the measurement
of L can give rise to large errors in dL/dt. Although the experimental data are very scattered,
a general pattern can still be traced which is similar to the pattern of the model's prediction.
In the pure icicle cases, the experimental data tend to follow a pattern where dL/dt increases
with time until the end of the growth. In the saline icicle cases, the experimental data tend to
follow a different patiern where dL/dt initially increases slowly with time, and then
subsequently decreases rapidly until growth stops. Therefore, qualitatively speaking, the model
agrees with the experiments for the growth of both saline and pure icicles. Table 8.2.1. shows
the average growth rates from the model and the experiments.

From this table, it can be seen that the model's prediction of the length growth rate
for both saline and pure icicles overestimates the experimental results by as much as 58% for
the saline cases and 81% for the pure cases. As mentioned earlier, the liquid tends to stream
along preferred paths down the walls of the icicles. Therefore, incorporation of a heat
transfer coefficient which accounts for such preferred flowing paths should give a better

prediction of the length growth rates.

8.3 Length growth rate versus drip rate

It is also interesting to explore the relation between dL/dt and drip rate in the model
and in the experiments. Figures 8.3.1 to 8.3.6 shgw this relation for the pure icicles, while
Figures 8.3.7 to 8.3.13 show the relation for the saline icicles. Again, the experimental data
are very scattered. One cause of the scatter is the variation in supply rates. If' the supply rates
could be controlled properly, better results could be obtained. In the case of the saline icicles
(Figures 8.3.7 to 8.3.13), the model's results show that dL/dt at first increases slowly with
decreasing drip rate. Then, after dL/dt reaches a maximum, it decrease rapidly with
decreasing drip rate. Finally, dL/dt goes to zero with a non-zero drip rate. The explanation of
this relationship has been discussed in Section 6.2. Althcugh the data are scattered, they do

follow a pattern that is similar to the model's prediction. In the case of the pure icicles



Table 8.2.1
Average length growth rates

Pure icicles

Case # Mode! Experiment % difference
1 0.59 em/min 0.46 cm/miin 28 %
2 0.54 cm/min 0.32 cm/min 69 %
3 0.51 cm/min 0.32 cm/min 58 %
4 0.48 cm/min 0.28 cm/min 71 %
5 0.37 em/min 0.31 ecm/min 19 %
6 0.38 cm/min 0.21 em/min 81 %

The average % difference = 54.5 %

Salines icicles

Mode] Experiment % difference
7 0.298 cm/min 0.27 cm/min 7%
8 0.27 cm/min 0.22 cm/min 23 %
9 0.22 cm/min 0.21 cm/min 5 %
10 0.19 cm/min 0.17 em/min 12 %
11 0.17 em/min 0.13 cm/min 31 %
12 0.16 cm/min 0.11 cm/min 45 %
13 0.30 em/min 0.19 em/min 58 %

The average % difference = 25.9 %

** The environmental conditions for the above
cases are given in Appendix D *=
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(Figures 8.3.1 to 8.3.6), the experimental data are also very scattered. However, they also
follow a pattern which is similar to that of the model. That is, dL/dt increases with
decreasing drip rate. It should be noted that the relatipn between dL/dt and drip rate (for
pure icicles) obtained in the model is not linear. The curves are slightly concave upward. This
concave upward pattern cannot be seen from the experimental data because they are too

scattered.

8.4 Mean diameter and mass

Since the mode! underestimates the growth termination time, to compare the mean
diameter and mass for the mode! and experiments at the ETT may not be appropriate. This is
especially true for the pure icicles, where the masses predicted by the model at the ETT are
very much greater than those of the experiments. This can be seen in table 8.4.3B. For the
saline icicles, the masses predicted by the mode! at the ETT are not very much greater than
those of the experiments (see Table 8.4.4B). This suggests that the mass growth rate of pure
icicles predicted by the model is very much faster than that obtained in the experiments, while
for the growth of saline icicles, the difference is much less. Consequently, to give a more
meaningful comparison, for the saline icicles, the mean diameters and masses wil} be
compared at the ETT, whereas, for the pure icicles, the mean diameters and masses at the
MGTT will be compared with the experimenta' mean diameters and masses at the ETT.
However, for most of the experiments, the ETT is not right at the time at which the growth
in length stops (i.e ETT 2 EGTT}, but rather a short period of time after. Therefore, a little
adjustment should be made to the MGTT. For example, in the first experiment for pure icicle
growth, the growth in length stops at 95 minutes (EGTT = 95 minutes) but the experiment
stops 5 minutes later (ETT = 100 minuees), so S minutes are added to the MGTT in the
model in order to compare with the experimental results.

Tables 8.4.1. to 8.4.4, show the mean diameters and masses predicted by the model at
the adjusted MGTT (A) and at the ETT (B). The experimental results are also shown in

these tables. Tables 8.4.1B, §.4.2A, 8.4.3B, and 8.4.4A are included for reference onlv and



Table 8.4, 1

Pure icicle mean diameter

A
Case # Model (at MGTT) Experiment (at ETT)
1 1.39 cm 1.42 cm
2 1.58 cm 1.68 cm
3 1.27 cm 1.55 cm
4 1.46 cm 1.62 cm
5 1.22 cm 1.29 cm
6 1.46 cm 1.7 cm
B
Case # Model (at ETT) Experiment (at ETT)
1 1.92 cm 1.42 cm
2 2.33 cm 1.68 cm
3 2.01 cm 1.55 em
4 2.16 cm 1.62 cm
5 1.47 cm 1.29 cm
6 2.18 cm 1.57 cm

** The environmental conditions for the above
cases are given in Appendix D ==



Table 8.4.2

Saline icicle mean diameter

A
Case # Mode! (at MGTT) Experiment t(ut ETT)
7 1.98 em 2.13 cm
8 2.39 cm 2.79 cm
s 1.97 cm 1.98 cm
10 2.40 cm 2.68 cm
11 1.95 cm 2.31 ecm
12 2.12 cm 2.52 cm
13 2.45 cm 3.01 cm
B
Case # Model (at ETT) Experiment (at ETT)
7 2.31 em 2.13 cm
8 2.71 cm 2.79 cm
S 2.20 cm 1.98 cm
10 2.40 cm 2.68 cm
11 2.18 cm 2.31 cm
12 2.42 cm 2.52 cm
13 3.11 cm 3.01 cm

**x The environmantal conditions for the above
cases are given in Appendix D *=*



Case #

D O e W N

Case #

D O e W N

%

Pure icicles mass

Table 8.4.3

A

Mode!l (at MGTT)
52.06 g
85.36 ¢
45.54 ¢
77.14 g
43.45 ¢
79.74 g

Mode!l (at ETT)

102.
188.
114,
167.

67.
177.

18 g
94 g
03 g
40 g
25 g
04 g

Experiment (at ETT)
67.74 ¢
98.48 ¢
70.0 ¢
86.45 ¢
52.27 9
82.34 g

Experiment (at ETT)
687.74 g
98.48 g
70.0 g
86.45 g
52.27 g
82.34 g

The environmental conditions for the above
cases are given in Appendix D *=
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Table 8.4.4

Saline icicle mass

A
Case # Model (at MGTT) Experiment (at ETT)
7 101.68 g 130.02 g
8 192.68 g 227.99 ¢
9 118.87 g 125.16 ¢
10 240.87 g 208.62 g
11 127.65 g 127.68 g
12 182.95 g 181.30 g
13 148.19 g 229.84 ¢
B
Case # Model (at ETT) Experiment (at ETT)
7 139.46 g 130.02 g
8 248.10 g 227.99 g
g 149.28 g 125.16 g
10 240.87 g 208.62 g
1 157.31 g 127.68 g
12 238.50 g 181.30 g
13 258.70 ¢ 229.84 g

**x The environmental conditions for the above
cases are given in Appendix D =*=
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wiii nct be discussed in detail. They demonstrate why a different time is chosen for
comparison in the case of the pure icicles while the same time is chosen for comparison in the
case of the saline icicles.

It can be seen from Table 8.4.1A that the model underestimates the mean diameters of
the pure icicles by 2-18% compared to the experimental results. The results are plotted in
Figure 8.4.1.

Table 8.4.2B shows the model and experimental results for mean diameters of the
saline icicles. The largest difference between the model and the experimental results occurs in
case #3 in which the model overestimates the mean diameter by 11%. The rest of the results
show a difference of less than 10 %. The results are plotted in Figure 8.4.2,

In table 8.4.3A, the masses of the pure icicles obtained in the model are all less than
those obtaired in the experiments, by 3 to 35%. The results are plotted in Figure 8.4.3. In
table 8.4.4B. it can be seen that the model overestimates the experimental masses by 7 to 24%.
The results are plotted in the Figure 8.4.4.

From the above discussion and analysis, it can be concluded that the model performs
better in predicting the mean diameters and masses of saline icicles, at the growth termination
time. For the case of pure icicles, one can conclude that the pure icicles produced in the
laboratory grew much slower than the mode! predicts. As a result, the masses of the pure
icicles obtained in the experiment are always much smaller than the model predicts when
compared at the same time. One possible reason why the model overpredicts the mass growth
rate for pure icicles is that the supercooling of the pure water film enclosing the body of the
icicle may be greater than 0.02°, as suggested by Hillig and Turnbull (1956). Since the
supercooling of the liquid film is neglected in the model for simplicity, if this is indeed greater
than 0.02°, the radial growth may be overestimated. On the other hand, the air-speed in the'
coldroom during the experiments is less than 1 m/s. It has been shown, from the sensitivity
test in Chapter 6, that model simulation is very sensivity to the wind speed, especially at low
wind speeds (see Section 6.1). Therefore, a small uncertainity in windspeed can cause a large

error in the model's predictions. For the case of saline icicles, the difference in mass growth
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rate between the model and experimental results is much less.

A summary of the results of the final length, mean diameter, and mass is given in
Table 8.4.5. It should be noted that for the case of the pure icicles, the model's result is given
at the MGTT. The M and E which appear in the table stand for model and experiment,
respectively. There is one comment concerning this table. In case #8, the length and mean
diameter of the saline icicle predicted by the model are smaller than the values obtained in the -
experiment. Therefore, it is not possible for the model's mass to be greater than the
experimental mass. The only explaination of this contradiction seems to be that the
measurement of mass in that experiment may be erroneous.

Before ending this chapter, it should be noted that the model runs the pure icicle
simulation with zero liquid fraction and the saline icicle simulation with a liquid fraction of
0.26. The former value is chosen for simulating pure icicle growth because it gives a better
comparison with the final mass in the experiments, though the deviation is still large.
Furthermore, it is observed in the experiments that after a short period of time, the wall of
the icicle is essentially solid except near the tip. Therefore, a zero liquid fraction seems
appropriate. The value of 0.26 is chosen for simulating saline icicle growth because no
research has been done on the sponginess of saline icicles, and therefore the value proposed by
Makkonen, 1987, has been used. Furthermore, it was observed in the experiments that the
walls of the saline icicles are very spongy throughout the experiments. So, the choice of a

non-zero value for the liquid fraction in the model is not unreasonable.



Case Length

’

D N e W N

10

12
13

(M)

35.59 cm
44.11 cm
36.54 cm
45.53 cm
40.16 cm
47.27 cm

Length
(M)

29.53 cm

w
~4

.66
.32
47.
38.
46.
27.

15
49
39
53

cm

cm

cm

cm

cm

cm

Table 8.4.5

A summary of the mode! and experimental
results of pure and saline icicles growth

(A) Pure icicles

i

44.1 cm
43.7 cm
38.2 cm
40.9 cm

38.5 cm
40.4 cm

(B) Salime icicles

39.3 cm
38.8 cm
41.5 cm
34.1 cm
37.8 cm
37.3 cm

Diameter

1
1
1
1
1
1

Diameter

W NN YN N

Mean
(M)

.39 em
.58 cm
.27 cm
.46

g

.22 cm
.46 cm

Mean
(M)

.31 cm
.71 cm
.20 cm
.40 cm
.18 cm
.42 cm

.11 cm

Mean
Diamater

{E)
1.42 cm
1.68 cm
1.55 em
1.62 cm
1.29 cm

1.57 cm

Mean
Diameter
(E)

2.13 cm

N

.79 cm
1.98 cm
.68 cm
.31 cm
.52 cm

.0t cm

w NN

Mass
(M)

139.
248.
149,
240.
157.
238.
258.

46
10
28
87
31
50

70

Q Q@ Q9 Q@ «u Qa9 «a

Mass
(E)

130.
227.
125.
208.
127.
181
229.

02
89
16
82
68

.30

84

96

Q O O O a 0
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9. Summary, discussion, and recommendations

9.1 Summary and discussion

The growth mechanism for the formation of pure icicles and the heat balance
equations controlling the growth of pure icicles, which were proposed by Makkonen (1988),
have been reviewed. This suggested growth mechanism and the heat balance equations have -
been extended and applied to discuss the formation and growth of saline icicles. Two heat
balance equations, with consideration of the effects of salinity, for the growth in diameter
and in length have been derived. These two equations form the basis of a model which was
designed to simulate the growth process of saline icicles. This new model is based on a time
dependent finite element method which is quite different from the method used by Makkonen
(1988). The present model can also be used to simulate the growth of pure icicles. Three

major assumptions are made in this model:

1. The icicles have a homogeneous liquid film thickness.
2. The icicles have a circular cross section.
3. The liquid fraction of the saline icicles is assumed to be 0.26 while that of the pure

icicles is assumed to be 0.

The sensitivity tests have shown that the model for both pure and saline icicles is very
sensitive to the air temperatures and wind speeds, especiallv at low values of wind speed (<
2.5 m/s). It is rather insensitive to relative humidity and pressure.

Two sets of experiments on growing pure and saline icicles, with various air conditions
and supply rates, were performed in the coldroom in the Division of Meteorology at the
Unverisity of Alberta. The first six experiments were on the growth of pure icicles while the
remaining seven experiments were on the growth of saline icicles. The length, length growth
rates, and the driprates, were all measured (or calculated) as a function of time. The diameter
as a function of distance from the root, the mean diameter, and the mass, were measured
after the experiments. The experimental results were then compared with the model's

prediction so that the performance of the model could be evaluated and discussed. It was
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found, after all the comparisons, that the model overﬁredicts the icing rates, especially for the

case of pure icicles. There are three suggested reasons for the overprediction of the icing

rates:

1. The unevenly distributed liquid film creates a preferred flowing path which causes the
icicles to develop an ellipitical rather than a circular cross section. Therefore, the
calculation of the heat transfer coefficients for the walls based on a circular
cylindrical geometry and a uniform distribution of the liquid film around the
perimeter is not valid.

2. With the evenly distributed liquid film assumption, the model overestimates the mass
accretion on the wall of the icicles.

} 3. It was observed during the experiments that very often the preferred flowing path is
on the ddwnwind side of the icicle. As a result, the rate of heat transfer from the wall
to the air may be diminished (Kreith, 1973).

Although, quantitatively speaking, the model does not perform very well, especially
for the case of pure icicles, it does seem to give a good qualitative description of what is going
on in nature for the growth of both pure and saline icicles. The model successfully predicts
that the length growth rates of saline icicles will eventually stop, even with a continuous
supply of brine to the tip. It is the author's hope that these studies on the growth of pure and

saline icicles will provide helpful insight for further research on icicle growth.

9.2 Recommendations

The experiments performed in the coldroom werc not very precise and the
experimental apparatus need a lot of modifications. For exampie, the experiments could be
done in the icing wind tunnel in order to obtain a more accurate and steady air temperature
and wind speed. In addition, a more sophisticated valve or pump could be used to get a more
constant supply rate. By controlling the above three factors better, more precise experimental
results could be achieved. The model also needs to be modified further. There are a few areas

in the model that can be improved:
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1)  Since the cross sections of the icicles (pure and saline) are elliptical rather than circular,

and in fact, change with time, incorporating this time varing shape in the model could give a

more accurate estimate of the heat transfer coefficient for the walls. However, this is a very

complicated task and will require detailed studies of heat transfer.

2) Since the thickness of the liquid film is not homogeneous around the wall perimeter, this

should also be put into the model.

3) The supercooling of the walls of the icicles should also be incorporated into the model.
Finally, there follow a few suggestions for further research specific to the growth of

saline icicles.

1) The distribution of the temperature and salinity at the surface of the saline icicle should

be investigated. Since the model has the ability to calculate these two quantities, it would be

worthwhile to measure them during the experiments.

2)  The sponginess of saline icicles can also be studied through experiments. Special

attention should be paid to the dependence of the sponginess on the environmental conditions

and supply rate.

3) The crystalline structure of the saline icicles under various conditions should be studied

and compared with that of the pure icicles.

4) The reasons offered for the formation of the ribs on the walls of the pure and saline

icicles are tentative and they should be investigated in more detail. It would also be interesting

to compare the sizes and shapes of the ribs growing on the surface of saline icicles with those

growing on the surface of the pure icicles.

$) Instead of growing icicles by dripping liquid onto an overhanging object, it could done

by spraying liquid onto the object. This would be more applicable 1o marine icing, because in

marine icing, icicles are formed through the interception of sprayed seawater droplets.
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Appendix A Calculation of the heat-transfer coefficient for the cylindrical sections of the

jcicle

The heat-transfer coefficient, hw, for a cylinder segment is given by:

h, = —p (1)
where k is the thermal conductivity of air which is calculated by (Makkonen, 1988):
k = 0.0242 + 0.0()0073'1‘a (2)

and D is the diameter of any cylindrical segment of the icicle.

Nuw is the Nusselt number. For free convection, it is calculated by {Makkonen 1988):

_ 0.25
N, = 0.478G (3)

where er is the Grashof number:

3
gD(T, - T))

= (4)
w r~1y2(Ta + 273.15)

where
g is the gravitational constant.
'I's is the surface temperature of the cylinder.
Ny is the kinematic viscosity .

NV is defined to be:

N = —& (5)
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where My is the dynamic viscosity of air, which is calculated by (Makkonen, 1988):
M, = 1.719x10°° + 5.1:‘10'37a (6)

Pair is the density of air which is calculated by:

352.6

e = . @)
air a T 40

For forced convection, the Nusselt number is calculated in terms of the Reynolds

number, R, . for a cylinder as follow (Makkonen, 1988):

N, = 0881R  0-3% (04 <R, S 4)
N, = 0.81R 0% (4 <R, S 40)
N, = 0.608R 04 (40 < R, S 4000)
N,, = 017 051 (4000 < R, S 40000)
N, = 0.024R 080 (40000 < R_,, < 400000).

The Reynolds number for the cylinder is defined to be:

R = = (8)

where v is the wind speed.

The Nusselt numbers for both free and forced convection are calculated and the larger
one is used to caiculate hw. In the present model simulations for both pure and saline icicles,
the applied wind speeds are 0.7 m/s and 0.6 m/s, respectively. As a result, the forced
convcection parameterizations are actually used in the model when making comparisons with

the present experiments.



Appendix B Calculation of the heat-transfer coefficient for the tip of the icicle

The heat transfer ceofficient for the tip is calculated from:

h = ut )
where d is the diameter of the pendant drop.
For free convection, the Nusselt number, Nut' is estimated to be that of a sphere

(Makkonen, 1988):

_ 0.252
N, = 183 + 0.398G *%. (2)

The Grashof number, G._,, is:

'
3
8d™ (T, -T,)
noo 2, (3)
Ny (Ta + 273.15)
where 'I's is the surface temperature of the pendant drop.
For forced convection, the Nusselt number is estimated by:
_ 0.5
Nut =20+ 0.538Red (4)
where Re d is the Reynolds number for the pendant drop:
R =4 (5)

The Nusselt numbers for both free and forced convection are calculated, and the
larger one is used to calculate ht‘ Once agin, the Nusselt number for forced covection is

actually used when comparisons with the present experiments are made.
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Appendix C A Fortran program to compute the growth of a pure or saline icicle.

Definitions of variables

a

B

Cw
CP
C1
ce
€3

CS
c8ll)
00
DEL
DM(T)
OMO(1)
ES

E(D)
EO

E0S(1)

TR XRKC

K
AM

L

Lo
Ll
L3SS

LE

LF
LFS
MYY

M
MWALL

MTIP

MO
MINCR

I T TR S B}

Upper limit of dL/dt(RL).

Lower 1imit of dL/dt(RL).

Specific heat capacity of water at 0 C.

Specific heat capacity of air at constant pressure.
1.87CB(])/D0Dwe2,

{LF=RO0I ) /RAT.

0.64sCB(1)/DDss2

Specific heat capacity of sea salt.

Specific heat capacity of the brine on the [th cylinder.

Pendant drop diameter.

wall thickness of the ice shell at the tip of the

of the icicle.

The diameter of the [th cylinder(m).

The diameter of the [th cylinder(cm).

Saturation vapor pressure of water over a flat water

surface at TAK.

{R/100)eES of the [th cylinder.

Saturation vapor pr.ssure of water over a flat water

surface at TSF.

Saturation vapor pressure of water over a flat saline

water surface of the [th cylinder at TSF.

Driprate (1/s).

A function used in the bisection method.

Driprate {(1/min).

Accretion fraction.

Gravitational constants.

Grashof number with respect to the wall of the icicle.

Grashof number with respect to the length of the icicle.

geat transfer coefficient with respect to the pendant
rop.

Heat transfer coefficient with respect to different

cylinders of the icicle.

Loop counter.

Timer.

Thermal conductivity of the air.

Constant = 0.522.

Liquid fraction.

Length of the icicleim).

Length of the iciclelcml.

Length of the Ith ice cylinder 'mi.

water loss to the icicle wall due to the freezing and

evaporation.

Latent heat of water evaporation.

Latent heat of fusion for water.

Latent heat of fusion for ice accretion.

Dynamic viscosity of air.

Mass of the iciclelkg).

The mass increment at the wall of the icicle at a given
time step (Kg).

The mass increment at the tip of the icicle at a given
time step (Kg!).

Mass of the icicle (g!.

The total mass increment at a given time step.
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MED - The volume mean diameter of the icicle.

NS - Number of time step.

N - 4 loop counter.

NYY - Kinematic viscosity of the air.

NUN - Mean Nusselt! number of pendant drop for free convection.

NUF - Mean Nusselt number of pendant drop for forced convection.

NUWN - Mean Nusselt number of different cylinders of the icicle
for free convection.

NUWF - Mean Nusselt number of different cylinders of the icicle
for forced convection.

NU - The adopted Nusselt number.

Pa - Air pressure in mb.

QT - Heat transfered to the air from the pendant drop.

QD - Heat transfered to the air from different cylinders of
of the icicle,

Q7Y - QT - C3eWTs(TS(NS-1) - TSINS))

R - Relative humidity in %

ROOW - Density of water.

ROO! - Density of ice.

RQOA - Dengity of the air.

ROOSS(1)- Accretion density for saline ice on the [th cylinder.

RED - Reynolds number with respect to the tip of the icicle.

REW - Reynolids number with respect to different cylinders of
the icicle.

RL - Growth rate in length im/s).(dL/dt)

RLO - Growth rate in length (cm/s).

RRAD(])- Radia! growth rate(m/s) on the Ith cylinder.(dR/dt)

RAD(!) - Growth rate in diameter(m/s! on the Ith cylinder.(dD/dt)

RAT - DD/(2DEL).

ROOWS - Density of the brine on different cylinders.

- The simulation time in hour.

S1GA - Solar radiation constant.

Siil} - Salinity of the accretion on the [th cylinder.

SB{lI - Salinity of the brine on the [th cylinder.

Sw - Salinity of the influx saline water.

TA - Air temperature in <{degree>C.

TS(1} - Surface temperature of the [th ice cylinder.

TSK - 273.15 « TSI,

TAK - 273.15 « T4,

TCH - TS{I) - TS{l+1)

v - Wind speed im/s}.

W - Water flux from the root (mg/si.

wC - Water flux from the root ‘Kg/si.

wi - Mass flux of water flowing from one cylinder to another.

X - 1A « B)/2

INTEGER ROOW. LE. PA, CW, ROQI, LF, R, J, NS, I, N

REAL &, B, C3, CP, C1, C2, CBt200). DD, DEL, DMQ1200), DM:200:
REAL E1200), ES. EQ, £0S1200}, F., FO. FX, FR, G, GRD., GR

REAL HT, HW, K, KK, LAM, L, LO, LL(200), LOSS, LFS, MYY

REAL M, MWALL, MTIP, MINCR, MO, MED, NYY, NUN, NUF, NUWN

REAL NUWF, NU, QT, QD, QTT, ROOA, ROOSS(200), RED, RRAD(200!
REAL RADI200'. RL. RLD, RAT, RQOWS. REw. S. SIGA, Sw, SIi200}
REAL SB1200,. SUMD, T4, TS(200), TSK, TCH, TaK, V, W, WQ, wT
REAL X

LOGICAL SWITCH
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PARAMETER (SIGAs4.6., ROOW=1000, KK=20.622, Cw=4218, LE=2500000)
PARAMETER ( ROOI=917, G=9.810001)
PARAMETER (PI=3.141583)

PRINT s, 'ENTER AIR TEMPERATURE (C) (1 DECIMAL), T4 s °
READ (5, =), T4

PRINT », 'ENTER RELATIVE HUMIDITY (%), = s '

READ (5, =), R

PRINT =, 'ENTER AIR PRESSURE (mb), PA s

READ (5, =), PA

PRINT s, ‘ENTER WATER FLUX (mg/s) (2 DECIMAL), W =’
READ (5, =), W

PRINT o 'ENTER SALINITY OF WATER (3 DECIMAL), SW 3 '
READ (5, =), SW

PRINT », 'ENTER WIND SPEED (m/s) (2 DECIMAL), V s '
READ (5, =), V

PRINT =, 'ENTER SIMULATION TIME (HR) (1 DECIMAL), S
READ (5, #), S

WRITE (6, 400) TA, R, PA, W, SW, V., §

WRITE (6, 450)

LAM = 0.26

0D = 0.00490

DEL = 7.500001E-05
WO = 0.000001sW

Sw
0.25%531( 1)

VWNETZr o

ATMOSPHERIC AND THERMOCYNAMIC PROPERTIES *
WITH INITIAL SALINITY

TSt3) = -54.0%SB111 - 500=SBi1)e=3
TSK = 273.15 + T5t1)

TaK = 273.15 « T&

RODA = 382.8/TaK

MYY = {1.719E-08: « 'S.1E-08:~T2
MNYY = MYY/ROOA

K = 0.0242 ~ 0.000073=74

CP = 1004 + 0.046*T4A

ES = EXP!-6763.6/TAK - 4.Q283=aL0G(TAK! + 54.23)
E0 = EXP1-H7B3.B/TSK - 4 S282«4L0GITSK' - 54.2%:
EQSi1) = 1 - 0.537+SBi1:1=EC

Ei1yr = (R/100.0)=c5S

ROOWS = ROOW=11 « SB(1 /(Y - SBl1,1)



152

ROOSS(1) s [ROQISROOWS)/((1-LAMI*ROOWS + LAM®RQQ][!
(1 - SBl1)1sCW

LF = 2240e7S(1) + 333400

LFS s 0.74sLF

M s P]/4+(DDwe2)sLsROQSS( 1}

C8I11 =

NS = 1

110 LOSS = 0.0

MWALL =

0.

TCH = 0.0
DM(NS) = DD
DMOINS) = 100°DM(NS}

WY = WO

0

D051 =1, NS
CALL HWWALL (G, DM , TS . TA, TaK, I, NYY, V., K, HW, SWITCH)

NOT. SWITCH} THEN
PRINT », ‘wes BOUNDARY LAYER TURBULENCE. NO RESULT ss=s’

GOT0 10

IF

END!

QD = HWe(TS(]) - TA) + HWeKKeLE=(EQS(]

F

)/ (PAsCP)

) - E(D)
+ SIGA®(TS(I) - TA) - WTeCB([)sTCH/(DM(1)sPlsLL(]))
RRAD(1) = QD/(LFS®RO0SS(1))
RAD(I) = 2eRRAD(!
DM(1) = DM(]) + 120+RAD(])

DMOI(I) = 100sDMIT}

FR = (LLII)=PI#DM(1)*ROOSS(I)*RRAD(]))/WT

LOSS = LOSS + LL{I)sPleDM{])s(ROOSS(1)*RRADI(]]

+ + HWsKKe*(EQS(I) - E(1))/(PAa=CP))
WT = WO - LOSS
MWALL = MWALL + LLI(I}sP]+DM(])sROQSS(])*RRAD(][})*120
................................................................ *

RE-CALCULATION QF THE ATMOSPHERIC AND THERMODYNAMIC .
PROPERTIES WITH THE NEWLY CALCULATED SALINITY s

SB(l+1} = SBtI)/ (1 - 0.74%FR)

SItI+1) = 0.26%SB(I+1}

TSileti =2 -54 QsSBtI+1! - 500%SB{I+11%23

TSK = 272.15 « TS(I+1)

TAK = 273,15 + TA

ROOA = 352.8/TAK

MYY = (1.719E-0S) « (5.1E-08'=TA

NYY = MYY/RQOCA

K = 0.0242 + 0.000073=7a

CP = 1004 + 0.046=TA

TCH = 7SIIV - TSel+1:

IF ' TStI+1y LT, TA) THEN

RL = 0.0
GOTO 25

ENDIF

ES = EXP(-B763.6/TAK - 4.9283%AL0OG(TAK! +54.23}

£Q = EXPI-B5763.6/TSK ~ 4.0283=AL0OGITSK! -« §4.22)

EQSII+1) = i1 - 0.537«SB11+111=EQ

E(l+1) = (R/100.0!=ESS

ROOWS = ROOWs(1 + SBil=1)/t1 - SB(I+1)))
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20
25

ROOSS(I+1) = (ROOI=ROOWS)/((1-LAM)*ROOWS + LAM®ROOI)
CBile1) = (1-SB{I+1))eCy
LF 2 2240=TS(1+1} + 333400
LFS = 0.74sLF
CONTINUE
NS = N§ + 1

IF (WT .LE. 0.0) GOTO 10
CALL WTIP (G, DD, TS, TA, TAK, NS, NYY, V, K, HT)
QT s HTe{TS(NS) - TA) + HTeKKeLE«(EOS(NS) - E(NS))/(CPsPA)
+ SIGA®(TS(NS) - TA)
RAT = DD/(2eDEL)
C1 s 1.879CB(NS)/DDwe2
C2 = (LFeROQ!)/RAT
C3 = 0.649CB(NS)/DDese2
QTT = QT - C3eWTs({TS(NS-1) - TS(NS))
IF (QTT .LE. 0.0) THEN
PRINT s, ‘ese GROWTH STOP wss’
GOTO 10
ENDIF
A s QTT/C2
B = RRAD(NS-1)
Xz (A+B)/2.0
IF (X .LE. RRAD(NS-1)) THEN
PRINT », 'ss» GROWTH RATE IN LENGTH IS LESS THAN GROWTH'

PRINT s, ' RATE IN WIDTH, ASSUME dL/dt = ZERQ es»
PRINT &, ' ---- GROWTH IN LENGTH STOP! ----'
GOTO 10

ENDIF

FX 2 QTT - CisWT#{100%{X - RRADINS-1))])es(,588 - C2sX
N =N+ 1
IF (N .LE. 5000) THEN
IF (ABSI(FX) .LE. 1.0) THEN
RL = X
GOTO 20

IF (FX .LT. 0.0) THEN
L = X

PRINT =, 'OVER 5000 LCOPS! PLEASE ADJUST N.°
GOTO 10

ENDIF

LLINS) = 120=RL

RLG = RL+=60=100

L = L + 120=RL

L0 = L=100

MTIP = PI1/4s1DD==2)=RL=RO0SSINS)*120

MINCR = MWALL =+ MTIP

M =M + MINCR

MO = M=1000

F =z 6=WT/(P[=DD==3=RO0OWS)
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FO = Fe60
$eccecmerencrccevnecssrcevrmcene *
. THE RESULT IS LISTED .
PR L R R R Y R R R .
Jry+2
IF (J/60.0 .LE. S .AND. F .GE. 0.0) THEN
WRITE (6, 500) J, FO, RLO, LO., MO
GOTO 10
ENDIF
IF (F .GT. 0.0) THEN
GOTO 110
GOTO 10

400 FORMAT ('0‘, 'THE AIR TEMPERATURE TA = ' ,F5.1, 'C'/
‘', 'THE RELATIVE WUMIDITY R = ' I3, ‘%' /
. 'THE AIR PRESSURE PA = ', 14, 'mb'/
, 'THE WATER FLUX W s ' ,F9.2, ‘'mg/s’'/
, ‘THE SALINITY IS SW s ' ,F6.3, "ppt'/
, 'THE WIND SPEED V = ' ,F&4.1, 'm/g'/
, 'THE SIMULATION TIME S = ', F5.2, 'HRS')
450 FORMAT ('0’, 'TIME' ,6X, 'DRIP',S5X, 'GROWTH IN',5X,

¢ "LENGTH' ,5X, 'MASS'/
", " {min}’ ,3X, ‘FREQUENCY',2X, 'LENGTH' ,8X,/

+ 4+ ¢+ ¢+ 4

+*
+*

,8X, ' {1/min)’ ,4X, '{cm/min)’ ,6X, '(ecm)’ ,7X, ‘{g}’)
500 FORMAT (* ' ,13,3X, F7.2,3X, FB.3.6X, F7.2,2X, F10.3)
10 CONTINUE

VRITEZ(S. §50)

’
!
’

J =
SUMD = 0.0
DO 40 I = 1, NS

JszdJd+2

LLI) = LL(1)=100

SUMD = SUMD + LLI(I}=DMO(!)

WRITE (6, 600) J, LL(I), DMO(I)
40  CONTINUE
MED = SUMD/LO
PRINT =, ' =sx THE MEAN DIAMETER OF THE ICICLZ IS ===
WRITE (86, 650} MED
S50 FORMAT('Q‘,’'TIME STEPImin) SECTION LENGTHM (cm) DOIAMETER '‘cm:’
+ !
600 FORMAT(" ' ,I3,12X,F7.3,14X,F6.3)
650 EOSMAT(' ! MED = ' .F4.2.," cm']
N

(I AR 2 A2 2 2 R 222 22 2222222 2 2 2 2 2 2 2 2 3

* SUBROUTINE HTIP *

EXFETXEXEEEESEFEEVESEREXZBETECEZEXEN

SUBRQUTINE HTIP (G, DD, TS, TA, TAK, NS, NYY, V, K, HT}

FUNCTION: To calculate the heat-transfer coefficient for
the tip of the icicle.

INPUT ARGUMENT: G, DD, TSINS), TA, TAK, NYY, V, K

OUTPUT ARGUMENT: HT

OTHER VARIABLES: GR. NUN, RED. NUF, NU

LR N R B I
% o 4 ® % % n



REAL G, DD, TS(200)., TA, TAK, NYY, V, K, HWT, GR, NUN,
REAL NU
INTEGER NS
GR = (GeDD®w3®»(TS(NS)-TA))/(NYYes2eTAK)
NUN = 1.83 ¢ 0.398eGRee(.252
RED = VeDD/NYY
[F (RED .LT. 1.0) RED = 0.0
IF (RED .GT. 50000.0) THEN
END::INY e, 'sesyIND SPEED TOO HIGHsws'
NUF 3 2 + 0.538eRED®*0.5
IF (NUN .GT. NUF) THEN
NU s NUN

LSE
NU = NUF
ENDIF
HY s KeNU/DD

RETURN
END

(TP T IR 222202 22222 222 22 24222 222224

SUBROUTINE HWALL .

SOSVISSCSESSSICHESPISSESTSSISTIC IS ES Y

“ & & &6

SUBROUTINE HwALL(G, DM, TS, TA, TAK, I, NYY, V, K,
*

HW, SWITCH)

FUNCTION: To calculate the heat-trangfer cosfficient
the wall of the icicle.

INPUT ARGUMENT: G, LL(I), TS(I), TaA, NYY, Tak, OM(I), V., K

QUTPUT ARGUMENT: HW, SWITCH
OTHER VARJABLES: GRD. NUWN, NUWF, REW, NUW

REAL G, DM(200), TS(200), TA, NYY, TAK, V, K, HW, GRD, REV

REAL NUWN, NUWF, NUW

INTEGER I

LOGICAL SWITCH

GRD = (GeDOM(])ws3(TS(I) - TA))/(NYYse2sTAK)

SWITCH = .TRUE.

[F (0.72%GRD .GT. 10es10) THEN
SWITCH = .FALSE.
GOTO S0

ENDIF

NUWN = 0.478+GRD»=0.25

REW = vsDM{I)/NYY

IF (REW .LE. 0.4) THEN
REW = 0.0

ELSEIF (REW .LE. 4.0} THEN
NUWF = 0.881=REW=+0.33

ELSEIF (REW .LE. 40.0) THEN
NUWF = 0.811%REW*==(.385

ELSEIF IREW .LE. 4000.0) THEN
NUWF = 0.508%REW++0.466

ELSEIF (REW .LE. 4.0EQ4) THEN
NUWF = 0.172*REW*=0.618

ELSE
NUWF = 0.024=REW=+«0.805
ENDIF
IF (NUWN .GT. NUWF) THEN
NUW = NUWN

ELSE

RED,

for
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NUY s NUWF
ENDIF .
HW = KeNUW/OM(])
RETURN
END
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A flowchart for the program to compute the growth
of a pure or saline icicle.

User inputs Initial and Ajr
TA, R, PA. W, SW, V fixed conditions properties

T

Thermodynamic
propreties

'S

Initis) conditions
for the st cylinder

-+ =3

=P HWALL

Y

dbd(])/dt

Y

0(1)

Y

Raecalculation of

thermodynamic
properties

Y

Reach the tip?

Yy Yes

HT1P

No

y §

L e dl/dt

~

F

No ( Yes
End of time? >4 Result is listed

=
4

4




Appendix D  The experimental resuits of pure and saline icicle growth for thirteen different

cases
case /1
Ta = -14.0 C Vv 3 0.7 m/s
R = 80% Wo = 25.0 mg/s
Pg s 935 m>
Timg (min) Oriprate { 1/min} dL/dt (cm/min) Longzh tem)
5.00 19.00 0.180 0.9
10.00 20.00 0.420 3.00
15.00 20.00 0.500 5.5%50
20.00 17.00 0.460 7.80
25.00 16.00 0.540 10.50
30.00 14.00 0.420 12.60
35.00 13.00 0.320 14.20
40.00 13.00 0.420 16.20
45.00 11.00 0.400 18.20
50.00 11.00 0.360 20.00
85.00 13.00 0.360 21.80
60.00 13.00 0.380 23.70
65.00 10.00 0.260 25.00
70.00 9.00 0.760 28.80
75.00 15.00 0.720 32.40
80.00 7.00 0.780 36.30
85.00 5.00 0.780 40.20
90.00 6.00 0.420 42.30
35.00 0.00 0.360 44.10
Distance from variation in
root (cm) Diameter ‘cmi supply rates
0.00 2.60 tdrops/mini
2.00 1.94 .
4.00 2.00 .
6.00 1.97 ]
8.00 1,89 .
10.00 1.83 .
12.00 2.03 Nissing
14.00 1.78 .
16.00 1.74 .
18.00 1.74 .
20.00 1.62 .
22.00 1.63 .
24.00 1.46
26.00 1.37
28.00 1.23
30.00 1.07
32.00 1.04
34.00 0.89
36.00 0.82
38.00 0.66
40.00 0.52
42.00 0.49
44.00 0.51
Mean diameter = 1.42 cm

Mass of icicle = 6§7.74 ¢
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Case 42
Ta s -14.0C vV 0.7 m/s
R s80% Wo = 34.0 mg/s
Pa s 926 mb
Time (min) Driprate ( !/min) dL/dt (ecm/min) L.ngth tem)
.0 0.120 0.50
22.00 0.260 1.90
22.00 0.300 4.90
23.00 0.120 5.50
32.00 0.080 5.90
20.00 0.220 7.00
21.00 0.320 8.60
27.00 0.260 9.90
22.00 0.260 11.20
27.00 0.2480 12.40
18.00 0.260 13.70
16.00 0.340 15.40
17.00 0.280 16.80
28.00 0.220 17.90
23.00 0.120 19.50
24.00 0.200 19.50
22.00 0.300 21.00
16.00 0.300 22.50
14.00 0.280 23.90
18.00 0.540 26.60
§8.00 0.560 29.40
13.00 0.500 31.90
10.00 0.280 33.30
6.00 0.620 36.40
1.00 1.080 41.60
0.00 0.420 43.70
0.00 0.000 43.70
Distance from variation in
root icm! Diameter tcm) supply rates
0.00 3.24 {drops/mini
2.00 2.69 24
4.00 2.63 28
6.00 2.49 32
8.00 2.53 24
10.00 2.48 20
12.00 2.36 24
14.00 2.2% 16
16.00 2.16 25
18.00 1.93 23
20.00 1.82 21
22.00 1.67 1
24.00 1.42 17
26.00 1.38 16
28.00 1.30 17
30.00 1.04
32.00 0.94
34.00 0.76
36.00 0.57
38.00 0.52
40.00 0.42
42.00 0.47

Mean diameter = 1.68 cm

Mass ot icicle = 98.48 g



Time

Distance from

root tem) Diameter fcm)
0.00 3.23
2.00 2.56
4.00 2.38
6.00 2.086
8.00 2.18
10.00 2.25
12.00 2.26
14.00 1.95
16.00 1.80
18.00 1.62
20.00 1,41
22.00 1.36
24.00 1.14
26.00 1.07
28.00 1.02
30.00 0.80
32.00 0.64
34.00 0.66
36.00 0.45
38.00 0.41

Mean diameter =z 1.55 cm

Mass of icicle = 70.00 g

ldrops/min)
1

Long!h ‘em!

Case 73
Ta s -11.0.C Vv 2 0.7m/s
R 265% Vo @ 22.6 mg/s
Pa s 913 mb
(mim) Driprate ( 1/mini dl/dt icm/min}
12.00 0.380 1
19.00 0.400 3.90
20.00 0.280 5.30
20.00 0.280 6.70
18.00 0.340 8.40
16.00 0.240 9.80
14.00 0.180 10.50
21.00 0.240 11.70
12.00 0.130 12.60
10.00 0.280 14.00
14.00 0.260 15.30
17.00 0.180 16.20
12.00 0.240 17.40
16.00 0.280 18.80
15.00 0.420 20.90
13.00 0.180 e1.70
15.00 0.340 e3.40
9.00 0.280 24.80
9.00 0.480 27.20
7.00 0.400 29.20
10.00 0.260 30.50
3.00 0.400 32.50
1.00 0.540 35.20
7.00 0.600 38.20
0.00 0.000 38.20

Variation in
supply rates
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Case ¥4
;a : ;éZiO c v v ; 067 m/s
T o 3 31, /s
Py s %4 mp ™

5.00 28.0 0.320
10.00 29.00 0.080
15.00 31.00 0.160
20.00 26.00 0.100
25.00 26.00 0.260
30.00 33.00 0.260
35.00 23.00 0.300
40.00 20.00 0.500
45.00 22.00 0.280
50.00 22.00 0.320
55.00 20.00 0.280
§0.90 20.00 0.200
§5.00 22.00 0.240
70.00 21.00 0.300
75.00 18.00 0. 160
§0.00 16.00 0.100
85.00 16.00 0.240
90.00 19.00 0.300
95.00 19.00 0.300

100.00 14.00 0.540
105.00 15.00 0.340
110.00 18.00 0.220
115.00 13.00 0.240
120.00 8.00 0.480
125.00 6.00 0.640
130.00 13.00 0.180
135.00 7.00 0.600
140.00 0.00 0.220
145.00 0.00 0.020

Distance from

root fcmi Diameter (um)
0.00 3.10
2.00 2.81
4.00 2.26
§.00 2.48
8.00 2.47
10.00 2.22
12.00 2.1%
14.00 2.11
16.00 1.72
18.00 1.72
20.00 t.60
22.00 1.43
24.00 1.25
26.00 1,21
28.00 1.21
30.00 0.96
32.10 0.88
34.00 0.81
36.00 0.85
38.00 0.44
40.00 0.44

Mean diameter = 1.62 cm

Mass of icicle = 86.45 ¢

Timg (min) Dripsato ( 1/min) dLgdt tem/ming

- s s e e

18.

‘drops/min)

L

L ]

*

L 4

[ ]
Missing

*

*
L 4
*
L

DHRBM =WV NLWNIN —

variation in
supply rates
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Case 45

7.5 C v
82 % Wo
968 mb

D
“wouon

tmin Oriprate | 1/min)
8.

10.00

—AIND — e - .

NLNOLWWNWNIIBEDIDOWDWEO — LW B — N
- -
o

Distance from

d
0
0
0
0
0
0
0
0
0
0
0
0.
.00 0.
0
0
0
0
0
0
0
0
0
0
0
0

: 0.7 m/s

= 17.' mg/s

L/gt fem/min)! Length temy
.480 2.40
.300 3.90
.440 6.10
. 100 6.60
. 160 7.40
.200 8.40
.140 9.10
.60 10.40
.200 11,40
.200 12.40
.340 14.10
220 15.20
320 16.80
.300 18.30
.260 19.60
.540 22.30
.340 24.00
.480 26.40
.360 28.20
. 140 28.930
.920 33.50
.280 34.90
.260 36.20
.260 37.50
.200 38.50

root ‘cmi Diameter icm)
0.00 2.7
2.00 2.11
4.00 2.22
3.00 1.96
8.00 1.87
10.00 1.61
12.00 1.59
14,00 1.42
16.00 1.34
18.00 1.2
20.00 111
22.00 1.04
24.00 1,04
26.00 0.94
28.00 0.36
30.00 Q.68
32.00 0.70
34.00 0.60
36.00 0.52
38.00 0.48
Mean diameter = 1.29 cm

Mass of icicle ¥ 52.27 g

Variation in

supply rates

tdrops/min)
1
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Case #6
Ta s -8.0¢C VvV = 0.7 m/s
Rz 84 % Wo s 28.2 mg/s
Ps s 959 md
Timg (min) Oriprate ( 1/min) dL/dt (em/min} Length tcm)
5. 16.0 0.240 !.30
10.00 16.00 0.160 2.00
15.00 15.00 0.140 2.70
20.00 16.00 0.140 3.40
25.00 16.00 0.120 4.00
30.00 20.00 0.140 4.70
35.00 22.00 0.100 5.20
40.00 22.00 0.060 5.50
45.00 20.00 0.100 6.00
50.00 19.00 0.080 6.40
55.00 19.00 0,020 6.50
60.00 18.00 0.040 8.70
65.00 18.00 0.040 6.90
70.00 18.00 0.080 7.30
75.00 15.00 0.140 8.00
80.00 11.00 0.120 8.60
85.00 17.00 0.180 8.50
90.00 25.00 0.180 10.40
95.00 18.00 0.100 10.90
100.00 17.00 0.240 12.10
105.00 17.00 0.140 12.80
110.00 17.00 0.140 13.50
115.00 16.00 0.280 14.90
120.00 15.00 0.120 15.50
125.00 14.00 0.300 17.00
130.00 15.00 0.120 17.60
135.00 8.00 0.180 18.50
140.00 8.00 0.600 21.50
145.00 8.00 0.180 22.40
150.00 7.00 0.420 24.50
155.00 7.00 0.300 26.00
160.00 2.00 0.540 28.70
165.00 8.00 0.400 30.70
170.00 9.00 0.220 31.80
175.00 3.00 0.520 34.40
180.00 8.00 0.480 36.80
185.00 8.00 0.100 37.30
190.00 3.00 0.520 39.30
195.00 0.00 0.100 40.40
Oistance from Jariation n
root ‘cmi Ciameter ‘cm! supply rates
0.00 3.75 drops/min)
2.30 3.10 21 22
4.00 2.2% 16 ]
5.20 2.52 t 13
3,00 2.30 27
10.00 2.08 20
12.00 2.03 19
14,00 1.88 20
16.00 V.63 23
158.0 1,87 22
20.00 1.46 17
22.00 1. 34 19
24.00 1,22 17
25.00 1,05 1
28.00 1.08 20
30.00 1.00 17
32.00 0.86 17
34.00 0.78 17
36.00 0.55 15
38.00 0.49 14
40.00 0.47 14
14
14
Mean diameter = 1.57 cm 15
15
15

Mass of icicle =82.34 g
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Distance from
root -cm)

PO DLBOO
o
o

16.00

Mean diameter =

Mass of icicle

Case ¢7
Ta = -14.56C v = 0.6ms
R = 72% Wo s 22.1 mg/s
Pa 2 330 md Sw 2z 3.3 %

Time 'min Oriprate { 1/mini dL/dt cm/min Len?th tem)
5.00 11.00 0.440 2.20
10.00 20.00 0.420 4.30
15.00 15.00 0.520 §.90
20.00 20.00 0.240 8.10
25.00 19.00 0.180 §.00
30.00 17.00 0.300 10.50
35.00 14.00 0.320 13.10
40.00 16.00 0.260 14.40
45.00 12.00 0.520 17.00
50.00 10.00 0.360 18.80
§5.00 8.00 0.340 20.50
60.00 6.00 0.220 21.60
65.00 11.00 0.140 22.30
70.00 8.00 0.360 24.10
75.00 8.00 0.100 24.60
80.00 3.00 0.180 25.50
85.00 8.00 0.340 27.20
90.00 4.00 0.400 29.20
95.00 0.00 0.360 31.00

100.00 3.00 0.100 31.50

105.00 0.00 0.240 32.70

110.00 5.00 0.080 33.10

115.00 2.00 0.240 34.30

120.00 1.00 0.060 34.60

125.00 5.00 0.000 34.60

130.00 1.00 0.040 34.80

135.00 0.00 0.280 36.20

140.00 0.00 0.000 36.20

145,00 1.00 0.000 36.20

150.00 1.00 0.000 36.20

Jariation in

Diameter 'cmi supply rates
3.42 ‘drops/min:
3.29 14
3.19 14
3.17 19
3.38 17
3.40 19
2,12 24
2.42 24
2.30 24
2.5 19
1.32 24
1T 21
1.583 19
1.28 27
1.20 27

.03 29
3.80 28
0.34 20
0.4%

2.13 cm

= 130.02 g

164



Case 48
Ta = -14.6C vV = 0.8 m/s
R =70 % wo = 30.5 mg/s
Pa s 343 m Sw = 3.3 %
Time (min) Driprate ' ‘/min! dl/gt tcm/min) Length cem!
5.20 15.00 0.080 0.40
10.00 22.00 0.060 0.70
15.00 25.00 0.120 1.30
20.00 21.00 0.280 2.70
25.00 30.00 0.640 5.90
30.00 31.00 0.220 7.00
35.00 20.00 0.480 9.40
40.00 31.00 0.480 11.80
45.00 22.00 0.500 14.30
50.00 24.00 0.220 15.40
55.00 20.00 0.200 16.40
60.00 20.00 0.220 17.50
65.00 11,00 0.360 19.30
70.00 15.00 0.260 20.60
75.00 17.00 0.260 21.90
80.00 13.00 0.300 23.40
85.00 8.00 0.340 25.10
90.00 7.00 0.240 26.30
95.00 7.00 0.120 26.90
100.00 13.00 0.220 28.00
105.00 11.00 0.320 29.60
110.00 8.00 0.320 31.20
115.00 1.00 0.500 33.70
120.00 0.00 0.200 34.70
125.00 1.00 0.280 36.10
130.00 1.00 0.220 37.20
135.00 4.00 0.040 37.40
140.00 1.00 0.080 37.80
145.00 2.00 0.140 38.50
150.00 1.00 0.040 38.70
155.00 4.00 0.000 38.70
160.00 2.00 0.060 39.00
165.00 1.00 0.000 39.00
170.00 1.00 0.002 39.10
175.00 1.00 0.040 39.30
180.00 2.00 0.000 39,30
185.00 1.00 9.000 39.30
180.00 1.00 0.000 39.30
195.00 0.00 0.000 39.30
200.20 H 0.000 39.30

Distance from

root tcmi Diameter fcm!
0.00 3.99
2.00 4.03
4.00 4,19
5.00 3.
8.00 4.17
10.00 3.9
12.00 4.24
14.00 3.97
16.00 3.39
18.00 2.97
20.00 2.87
22.00 2.75
24.00 2.00
26.00 1.7
28.00 1.83
30.00 1.54
32.00 1.31
34.00 1.30
36.00 0.90
38.00 0.62

Mean diameter = 2.7S cm

Mass of icicle = 227.99 g

Jariation 1in
supply rates
idrops/min}
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Time
S

Oistance from

E£NOWN O
o
o

16.00

Mean diameter =

Mass of icicle

Case 49
Ta = -10.3 C Vv = 0.8 m/s
R = 68 % Wo z 19.8 mg/s
Pa = 946 mp Sw s 3.3 %

{min) Criprate « t/min) gL/dt fem/min) Length tem)
24.00 0.200 1.00
20.00 0.120 1.60
20.00 0.180 2.30
15.00 0.300 4.00

9.00 0.320 §.80
20.00 0.300 7.10
15.00 0.380 9.00
11.00 0.220 10.10

9.00 0.080 10.50
11.00 0.160 11.30
24.00 0.160 12.10

4.00 0.400 14.10
11.00 0.200 18.10
11.00 0.140 15.80

7.00 0.360 17.60
12.00 0.120 18.20
11.00 0.200 19.20

7.00 0.140 19.90
17.00 0.240 21.10
11.00 0.280 22.50
16.00 0.220 23.80

5.00 0.220 24.70
6.00 0.220 25.80

5.00 0.400 27.80
6.00 0.120 28.40

6.00 0.200 29.40

3.00 0.120 30.00

6.00 0.300 31.50
6.00 0.200 32.50

4.00 0.240 33.70

1.00 0.120 34.20

2.00 0.380 36.10

+.00 0.140 36.80

2.00 0.240 38.00

1.00 0.120 38.60

2.00 0.080 39.00

1.00 0.000 39.00

2.00 0.160 39.80

2.00 0.000 39.30

2.00 0.000 39.80

variation in

Ciameter fcm! supply rates
3.40 rdrops/mint
2.82 25 19
2.85 20 19
2.97 22 22
2.85 13 16
2.87 18 17
2.54 11 18
2.42 11 16
2.24 28
2.24 3
1.97 18
1.94 15
1.78 23
1.64 18
1.54 30
1.32 20
1.23 25
0.98 21
0.82 21
0.59 15
0.49 16
16
20
1.98 cm 20
16
20

= 125.16 g 19
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Leng!h rem)
2.00

Case #4110
Ta z -10.4 C vV = 0.8 m/s
R =78 % Wo : 28.6 mg/s
Pa : 946 md Sw s 3.3 %
Timg (min) Driprate ¢ 1/mini dL/dt {cm/min}
10.00 24.00 0.200
20.00 20.00 0.250 4.350
30.00 28.00 0.210 6.60
40.00 22.00 0.240 9.00
50.00 18.00 0.080 9.80
$0.00 14.00 0.150 11.30
70.00 17.00 0.140 12.70
80.00 18.00 0.230 15.00
90.00 20.00 0.190 16.90
100.00 14.00 0.180 18.80
110.00 9.00 0.160 20.40
120.00 28.00 0.180 22.20
130.00 9.00 0.220 24.40
140.00 0.00 0.180 26.20
150.00 17.00 0.210 28.30
160.00 5.00 0.300 31.30
170.00 5.00 0.310 34.40
180.00 4.00 0.170 36.10
190.C0 3.00 0.140 37.50
200.00 2.00 0.040 37.90
210.00 3.00 0.040 38.30
220.00 9.00 0.090 39.20
230.00 1.00 0.120 40.40
240.00 1.00 0.060 41.00
250.00 0.00 0.050 41.50
Distance from Variation in
root icm} Diameter 1cm) supply rates
0.00 4.39 tdrops/min
2.00 4.24 15
4.00 4.24 26
5.00 3.83 40
8.00 3.86 29
10.00 3.66 26
12.00 3.70 22
14.00 3.48 23
16.00 3.18 30
18.00 3.13 27
20.00 2.861 28
22.00 2.30 23
24.00 2.14 23
26.00 1.399 38
28.00 1.30 27
30.90 1.85 23
32.00 1.38 35
34.00 1.34 31
36.00 1.1 31
38.00 0.86 27
40.00 0.44 22
27
23
Mean diameter = 2.68 cm 25
23
k)
Mass of icicle = 208.82 g 28
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Case 411
Ta = -7.4C V =z 0.6 m/s
R 2 71 Yy Wo = 16.2 mg/s
Pg = 940 md Sw =z 3.3 %

Timg (min)] DOriprate ( 1/min) dL/dt (cm/min)  Length i{cm)
10.00 2.00 0.210 .10
20.00 12.00 0.230 4.40
30.00 15.00 0.170 65.10
40.00 9.00 0.160 7.70
50.00 17.00 0.140 9.10
60.00 14.00 0.110 10.20
70.00 9.00 0.190 12.10
80.00 11.00 0.140 13.50
90.00 14.00 0.090 14.40

100.00 13.00 0.150 15.90

110.00 7.00 0.190 17.80

120.00 11.00 0.160 19.40

130.00 11.00 0.050 19.90

140.00 7.00 0.140 21.30

150.00 6.00 0.160 22.90

160.00 4.00 0.110 24.00

170.00 8.00 0.100 25.00

180.00 10.00 0.120 28.20

190.00 8.00 0.170 27.9Q

200.00 5.00 0.140 29.30

210.00 3.00 0.140 30.70

220.00 4.00 0.070 31.40

230.00 4.00 0.050 31.50

240.00 6.00 0.050 32.40

250.00 4.00 0.060 33.00

260.00 3.00 0.080 33.80

270.00 1.00 0.030 34.10

280.00 1.00 0.000 34.10

Distance from Variation in
root (cm) Diameter ‘cm) supply rates
0.00 4.40 {drops/min)
2.00 3.32 13 17
4.00 3.17 12 14
6.00 3.02 13 16
8.00 3.1% 17 16
10.00 3.08 19 11
12.00 2.69 13 15

14.00 2.78 16
16.00 2.23 16
18.00 2.08 17
20.00 1.34 15
22.00 1.84 14
24.00 1.57 11
26.00 1.36 16
28.00 1.21 15
30.00 0.97 13
32.00 0.69 20

14

19
Mean diameter = 2.31 cm %%

16

Mass of icicle = 127.68 g 15



Ca

Tas -7¢C

R s66Y%

Pa s 927 mb

imin) Priprate !

00 19.00
00 29.00
00 20.00
00 14.00
00 15.00
00 20.00
00 22.00
00 14.00
00 16.00
00 16.00
00 12.00
.00 21.00
.00 18.00
.00 17.00
.00 17.00
.00 11.00
.00 17.00
00 17.00
.00 10.00
.00 12.00
00 10.00
00 6.00
00 5.00
00 8.00
00 6.00
00 6.00
.00 16.00
00 4.00
00 6.00
00 4.00
00 4.00
00 4.00
00 3.00
00 7.00
00 3.00

Distance from
root (cm)

Mean diameter

Mass of icicle

se 012
v gésgm/s/
Yo 3 . s
Swz 3.3 %mn

1/min) L/dt (cm/min)
1

d
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0.
0.120
0
0
Q
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

Length tem)
1.00

Variation in

Diameter {(cm)
26

4. (drops/min
4.07 21
3.84 29
3.38 25
3.48 14
3.1 16
3.24 22
3.39 21
2.98 1€
2.81 18
2.71 17
2.48 .8
2.17 23
1.76 20
1,71 18
1.59 22
1.14 19
0.90 23
0.57 17
0.47 23
10
20
= 2.52 cm 19
17
19

= 181.30 g 19

supply rates

]
16
18
17
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Timg (min)
0

Mean diameter < 3.01 cm

Mass of icicle = 229.84 g

Case 413
Ta = -14.3C V 3 0.6 m/s
R = 647% Wo s 20.0 my/s
Pa = 930 mb Sw s 3.3 %
Driprate { t/min)  dL/dt (cm/min) Longth tem)
21.00 0.330 5.00
15.00 0.400 11.00
13.00 0.380 16.70
9.00 0.370 22.20
3.00 0.180 24.50
5.00 0.330 29.40
0.00 0.240 33.00
4.00 0.093 34.40
3.00 0.070 35.40
3.00 0.070 36.40
2.00 0.040 37.00
4.00 0.000 37.00
1.00 0.020 37.30
2.00 0.000 37.30
1.00 0.000 37.30
1.00 0.000 37.30
1.00 0.000 37.30
Distance from Variation in
root (cm) Diamster (cm) supply rates
0.00 4.85 {drops/min)
2.00 4.60 23
4.00 5.00 22
6.00 4.79 20
8.00 4.15 21
10.00 3.66 15
12.00 3.86 19
14.00 3.60 12
16.00 319 22
18.00 2.72 21
20.00 .83 19
22.00 2 A3 19
24.00 2.35 24
26.00 2.30 20
28.00 2.00 20
30.00 1.67 20
32.00 1.23 21
34.00 0.89
36.00 0.54
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Appendix E  Calibration of the salinometer

Brine Salinometer
solution (#) Salinity (o/00) reading (o/00)

1 10 70

2 20 79

3 30 87

4 40 95

5 50 104

6 60 114

7 70 122

8 80 131

9 S0 139

10 100 146

11 120 165

12 140 182

13 160 200

14 180 216

15 220 248
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