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Abstract ’ : . -
© Frazil is produced in highly turbulent streams where a
stablebsurface cover cannot form»and the_hulk of “the floﬁ\is
_ cooled to the nucleatlon temperature. The frazil particles
‘are disc shaped ice cryStals.:hich have diameters between 1
and 5 mm and can exist in concentrations up to 10 particlés -
per cm’. These particles exhibit little buoyancy and can be
transported-great distances downstream from their origin. h
Their cohesxveness results in accumulat1ons in low velOC1ty

areas, and in th&1r active state, thelr adhe51oggallows an

accumulation on objects projecting .into the flow. Thls‘

igning and managxng vater

presents many d1ff1cult1e§/in de
resources projects 1n cold reg1ons.

The characteristics of nucleation and crystal growth in

rivers have not been thoroughly 1nvest1gated with respect to

the effects of air temperature and stream turbulence.

/ g

Therefore a laboratory model, simulat1ng a h1ghly turbulent

natural stream, vas instrumented .to observe nucleat1on,

v

surface cover deVelopment,”frazil-generat1on,nand the growth

of ice particles under Vary1ng air temperatures and
turbulence 1nten51ty._A 11terature review of the
thermodynamzcs of nucleat1on and crystal growth was’ also /‘;

summarized. ‘ ' ) . - ,;l~ L

-’ 4

Although nucleatlon theorles have not progresSed far
enough to quant1fy the nucléhtzon process, suff1¢1ent

advancement -has been made in crystal growth theor1es that\\
N

~

generalized growth rates and- frazil part1cle shapes can be ~

A
AR
14
FLIN
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< The laboratory 1nvestzg tzons showed th t the

!
the same process. H1g

a,formation of a surfacj cover by - entraxﬁxng the-ﬁzall
£

nuc1eating particles from the surface, instead c yeln _'

1}
nucleation to occur throughout the flow. A reduction
required&Supercooling forvnucleation was observed \tt a

|

. decrease ‘in air temperature and an increase in turbulence.
T . . Y\

\ It vas also deduced that nucleation is'initiated'by

nucleatzng partlcles produced or carried in the air

o

transported acros# the air-vater 1nterfaee

produced can be est1mated by °
| o
proport1on1ng the total amount o ice produced into th t
progduced by partlLle grgytﬁ’and by nucleation, if the ¢ oﬁth

. part1c1es are known. The deduced numbe of

_rates of the

lxcles was between 0.2 and 300 partlcles per cm’. Th1s ﬁs
. : \

-w1th1n an order of magn1tude of estimates by other

4

e

'1nvest1gators but greater than est1mated v1sually For any
g1ven‘sub-zero air temperature it appears that the numblr o
particles producbd was maxiﬁized at a consistent optimun Bt

;turbulence 1nten51ty - most probably determined by the |

"supply of nucleat1ng agents and the effects of turbulence on,d/
. y

.

.



/\f st111 pﬁenomenolog1ca1 and 1t Ais recommended Ehat further
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the ice productxon attr1buted to only crystal growth.

et

At thxs time the understand1ng of nucleat1?n of fraz11

[ . .‘u (”
a tuahly\\bserve and quant1fy‘processes such asgnuc1e1 ‘
deposition|on the ﬁater surfabé nuclei entrain ent, crystal

eid, and secondar nucleatfon.'
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- Nusselt numbef and Reynolds npmbe£;-
_.Mi -  mass of'iS%: | | .
M - mass of water. | .
n- B - b exponent in the equation of crystal growth
""" ~ .
9 : S
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in still water.
steady state concentration of ice nuclei

containing i molecules.

number of water molecules near the unit

'surface area of a nucleating agent.

N
number of frazil particles created during

supercooling at any time, at maximum

supercooling, and at residual supe;cooling;
respectively.

Nusselt Number of an ice particle.

nucleation rate

average nucleation prior to maximum

’

supercooling

. average nucleation rate following maximum

supercooling. =~ .
Oxygen atom.

coefficient in equation of crystal growth in

.still water.

radius of ice particle at any time, at
maximum‘supercooling, and at residual
supercooling, respectivelj. |
critical radius of nucleated ice particle.
radius of nug;eatgﬂg agent. |

Reynold's numbe:gpf,iceﬂéfystal.

en t r OPY»' N \“\'—""""‘- .

 sur£aée area of the interface between ice

‘and water.
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surface.area of the interface between icg
and the nucleating particle. e
chandge in entropy during freezing.of water.
time.- '

time at which supercooling curve achieves
the melting temperaturé, nucleation
tempgrature; maximum éupercooling
temperature, and residual temperature,
regpectively.‘ .

mixing time.

water temperatﬁre.

< ' _

‘air temperature. : : e
absolutg;jalue of the nucleation |
-tehperatﬁre,'maximum supercobling
temperature: and residual femperatu¥é,
respectively. | 4
degree of supercooling.
root-mean-square_Qélocity'fluctuations.
root-mean;square surface éélqcity |
fluctuations. . |

flow velocity neaf a stationary ic§ crystal,
growth véiocity“along the a-axis. |
‘growth velocity albﬁgyfbé c-axis.

—

‘volume of ice,

.- volume of frazil generated at any time, at-

time of‘ﬁaximpm'supercop$ing,Fana at time of-

,residdal supetcooling, reSpectively.
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frazil generation rate prior to maximum

. - L

supercool1ng. . ' _ .

L
frazil generat1on rate averaged over the

total. superCoollng period. BN T

[

'frazil generation rate follow1ng maximum

supercool1ng - : &

ratzo of radius of nucleatlng particle. to

_the rad1us of the nucleated ice partlcle.

u—.'
v

density of ice.

,den51ty of water.

free energy of the 1nterface between water
) .

anqythe nucleating part;cle. -

free energy of the interface between ice and

ﬁater. '

free energy of the interface between ice and.

the nucleatlng part1c1e.

>
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,1, INTRODU TION

,5’

Ice can be found in reg1ons n earth where the latxtude

~

or‘elevation is high enough to all ¥ prolonged periods of

subzero temperatures. The ice produced can take many form$ -

. and has a major impact on the state and th®\utilization of.

the natural environment. For example; ice plays a major role

- pin

in determining lobal clxmat1c patterns, transportation

'systems,'resource ut111zﬁtron schemes, and recreation.

Mellor (1964) 1dent1f1es elght types of ice. Snow
occurs through the freezlng in a1r of highly superqdbled
e,

water droplets wh1ch rema1n in the liquid state at

temperatures as low as -40°C. Glac1al ice results from

.thermal and pressure metamorphosis of snow accumulat1on~
HFrost, r1me and glase all occur by the condensat1on and
f%eez1ng of Water vapour in hlghly supersaturated air or by

‘rapld freez1ng of small supercooled water droplets on

.surfaces w1th subzero teqperatures. Sea 1ce results from the

1

fregzlng at the surface of ocean waters and develops into

pack ice when these sheets of sea i¢e are broken by w1nd and |

a

jt1da1 currents. Contr1but1on to pack ice is. also made by the 'y

advancement of glac1ers 1nto the ocean and the1r subsequent

A

_deterxorat1on into large broken ice masses. GrOund ice can

N
[ ~

be found in subsurface areas where ground vater can be

.£rozen. Permafrost is one example of ground ice; aufezs,

7 - A

which forms 1£ groundwater freezes when it d1scharges onto _

\

‘ the earth 5 surﬁace, is another. Lake ice forms on the

e of a qu1et\water body by the supercool1ng and

~

\\:X\i
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1

freezxng of a thin surface layer. Add1txona1 growth then -

|

occurs in a downward d1rect1on parallel to the surface |

layer. Rlver ice, on the -other hand can exist in various

,fomms. Quiescent flows result in ice formed in the same
: > _

SO v Q . :
manner as that of quiet lakes. Turbulent flows re ylt'1n the

formation of frazil. ( .

Mellor (1964) indicates that about 2% of all

surface water is in the form of ice. Of this porti

“majority is in 8apermanent glac1al form of which 99% is
: located in Anarct1ca and Greenland and 1% is céntained in

'mounta1n glaciers.=All other forms of 1ce, aside from

permafrost, occur in.transient forms and in relatively small
quantities.-

Apart from the‘obviouszeffects,of glaciers on climate,
water supply, and recreation; the;effects of sea ice on
ocean transportation; the effects'of rime, glaze, and frost
on aircraft, ships, power transmisSion and road safety;

r1ver and lake ice are the most s1gn1f1cant types of ice in

Canada. Lake and river ice play a major role in the des1gn

' ~of transportatlon systems, hydro power generatron‘\the ,

~design ofdflood control schemes, dispersion and assimilation

of pollutants, and the desagn of water dxstr1but1on systems.

These effects are becom1ng more 1mportant with the/ ..

o -

development occurr1ng in the. Canad1an north

Lake ice 1s relat1vely easy to analyse; compared to

:

river 1ce because its growth 1s pr1mar11y a functzon of

v
N

//
‘temperature. It tends to react slowly to changes in
: “; . o l‘&
% . . ‘ 1,55*3 .
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temperature and its structural stabzlxty ‘makes it easier to

observe and measure. R1u\r 1ce can be the oppos1te. Although

s

in some instances its chara terlstlcs resemble lake ice, the

add1tion of a. second variabl turbulence, wh1ch.results in

frazil productlon, makes its study and understanding
condiderablyvmore difficult. This has resulted in a

reluctance or an inability to deal with the additional

problems aSsociate; with:river'i;%. Considering that most
Canadian rivers are ice covered for a period ranging between
five and ten months of the year, th1s lack of attentlon
often proves disastrous, or at least uneconom1cal,

The production of frazil ice in turbulent streams is
one of the least understood aspects of river‘ice. Difficulty
| has been encountered in isolating the mechanisms of
nucleation, the subsequent growth of the fra211 g:ft1cles,

-and their behav1or wh11e/transported by the turbulent flow.

. In th1s l1ght th1s study w111 attempt to d1scern the

effects of turbulence and air temperature on the nucleation
_ process' the develdsment of a. surface 1ce cover°‘and by

“cons1der1ng the growth of 1ce part1cles, ‘deduce the number
oﬁ fra211 particles produced during the period: ‘of measured

»supercoollng.



‘~1r1=hiver Ice

o ‘River lcé forms when any portion of the water in a
river is cooled below its freezing point for'a oeriod long
venough to allow for sustazned ice crystal growth M;chel
(1971) proposed the class1£1catzon 111ustrated in Fzgure

'1.1; which’ categorlzes the types of r1ver 1ce which can be

,produced The major d1st1nct1on is between statlc ice and

™
N i : v

dynamic ice. .

e N
S Statxc ice formation occurs vhere the 1oca1 turbulence
is suffxcxently low to allow the surface of the water to be
undisturbed enough fOr supercooling to occur in a very thin
layer Ice wzll form'in this layer and, if the_turbulence ‘
1ntens1ty ia low enough the ice will not'beutransported
below the surface and a thin ice cover‘will be produeedi
(Devik, 1948). Following the formation of this initial ice
cover, ‘a temperature gradlent is establxshed in the ice and -
.growth proceed§ in the d1rect10n of maximum heat transfer.

‘This type of ice can be seen on the surfaces of calm lakes
and low veloc1ty streams, ‘and as border ice on h1gher
velocity streams. ' | |

v In hzghly turbulent streams that afe not too deep-the

mixing 1nduced by’turbulence does not allow a temperature

gradient tc be\estab11shed in the flow and the whole mass of o

'-uater“oools at the same rate. Thxs rate is proportxonal to
the rate of heat loss from the boundaries of the water body.
When the mass of water is cooled to a temperature sl1ght1y

: below the normal freez1ng po1nt of water, a large quant1ty
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Figure 1.1 Classification of River Ice (after Michel, 1971)



5o£‘sma11 ice ctystals is produced thoughout the flow. This
is known as frazil, a French Canadian term for fine spiculat

"ice (Barnes; 1928) During 1ts format1op and while the ‘water
is supercooled fraz11 is in its active state and tends to: °
.adhere to objects in the flow or to 1tse1f, thus floculatlng
~into more buoyant, loose accumulat1ons. After these masses
float to the water surface a.crust forms on contact with the

- cold air. These masses then take on a pancake—like.‘

‘ appearance, with' a solid flat surface ‘and a mass of porous
frazil s‘ush underneath If cond1t1ons are approprlate, the

| downstgeam hovement of th:s pancake ice can be arrested and
a veryntough and porous initial ice cover'can form. Because
"of the dynamzcs involved im the creatxon of this type of ice
cover; this manner of ice formatxon hés been labelled as |
dynam1c ice formatlon. The general processes 1nvolved are

Y. .
£

' iTlustrated in Figure 1.2. s

-

: Dur1ng frazil formatzon, when the fraz1l is actlve( .
fanchor ice. can also form. Th1s anchor 1ce is produced by

either the nuqﬂeat1on of supercooled vater whzch is in

v

cOntact wlth*ctystalllne objects or by active frazll ice

[ 3]

padherlng to heat- conductxve objects. W1111ams (1967)

'~1nd1cates, hovever, that anchor ice will only form on\. ‘\

certaan types of materxals, depending on thexr compos1tzon.
For example, metallzc mater1als appear to have a high

aff1n1ty for fraz1l adhes1on, vh11e fra211 seldom sticks .to .

.

plastic, glass, and 5111cone. Regatdless of the mechanxsm

and locatlon of‘anchor ice formatmnw frazzl and anchor ice

~,
hLS
- -
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'1mportant phenome nn 1s the generation’of frazil. It is thls
p

appear to form by sfﬁllar processes (Arden and W1gle, 1972).

T

& In gpe dynam1c ice format1on .process, the most RE

o

fraz;l durlng and shortly after the per1od of time when it *

-

i in its active state, which presents most of the problems
and difficulties effecting the efficient management of

tivers in cold regions of the world.

. "

1.2 Fraz11 Problema in vaers

9

J e

_The - ex1stence of fr321l is most noteworthy, not because
of the complex1ty of its formation, but because of the

d1ff1cult1es which this ice .phenomena pvesents in the:

~.

development of rivers and their floodpla1ns. Its
characteristic adhes1veness, Ycohesivity, negligible
buoyancy, and transportab111ty whzle in suspension makeé
frazll very d1ff1cult to deal with.

One of the most rematkable facets ofJfraz11 is the

,tremendous vo which can be created in a relatively short

time. Because it does not stay on the surface and inhibit'

-4-¢

further heat transfer, as in the growth of surface 1ce, the

ultimate volume of fraz11 produced can be an order of
magnitude larger ‘than for statlc §ce growth For example
Stakle (1936) reported that the 150 m wide Daugava R1ver in
Latvia contained 476, 000 m*> of frazil ice for each k1lometre

of its length. This results in an average depth of ice of

3 m compared to a total flow depth~of_on1y 7 m. Schaefer

™

~ TR -
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(1950) observed frazil particle concentrations approaching
10¢/m* (1/cm?) and Ardin and Wigle (1972) indicated that
f;azil formation on the Upper Niagara River below Lake Erie
consumed up to 25% of the flow. The writer has observed
figzil accumulations having a thickness of 5 m on the Peace
River near Taylor, while on the same river at the‘gpwn of

Peace River frazil floes or frazil slush accumulatéd to

depths of 4 m, All this ice can be produced over a pério&”of

'8 few, weeks in .a climate where static ice can grow to a

thickneSS'of«only\l m during the entire winter. |

The productign, transportation, and deposition of '

frazil has a major influence on the conveyance capabilities |
* g |

of streams and can often lead to flooding. Numerous examples%
' j

of this are evident. While the frazil is in suspénsion, ' |

/

Tsang (1970) reported a reduction in the velocity gradients~{

and the average velocity, but not hecessarily the maximum

o

velocity. As a result an increase in stage can occur. !

Osterkamp, Gilfilian, and Benson'(1975)v§bserved similar - }

behavior in very small streams.

The deposition of frazil‘slush_can-produée large

~ . - :
hanging dams. Beltaos and Dean.(1981) report '@ hanging dam

700 m long.extenaing 16 ﬁ below the ice surface >n éhe Smon

. J
River in Alberta. During breakup such a large mass of igef}

can cause broken ice sheets to accumulate upstream of the
. ;‘
o

hanging dam to such an extent that serious flooding can
occur. Similar hanging dams have been reported by Sampson |
[ . . {

. : i /
(1973) on the Peace River near Hudson Hope, and by Gold a?d

«
»
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Williams (1963), |who observed a 450 m to 600 m long hanging

dam which extendéd to a depth of 90 m in a 150 m wide

section of the Ottawa River. Kuuskoski (1972) observed

-

frazil slush ac¢umulatxons on the Kem1 River in the north of

Finland where 60% to 90% of the flo& area was taken up by
/
frazdl\deposit%on to depths of 5 m/while the total depth was

LY

increased by 76% to 100%. The writer has observed similar
conditions on the Bow River, North Sajkatchewan River and

Peace River in Alberta wher;\}hgzaccumulation pf frazil ice

o

floes has resuylted in bankfull stages during extremely low
flow cond1t1o s. Calk1ns (1979) has reported such conditions

on the Ottauq echee River in Vermont. Henshaw (1887)
/

attrlbuted moBt of the flood1ng,problems on the St. Lawrence

¢

R1ver to fraall productxon.

Fraz11 jce productlon also-has a 51gn1f1cant influence
on hydro pow¢r product1on The reduction of -the conveyance
of channels @ownstream of .dams (Tsang,'1980) can be such
that the taiﬁwater increase is sufficiently large to
markedly reducé the head énd'power geherating-capacity of
- hydro power 1nstallat1ons. In most 1nstances, the flow
releases: and hence power production, must be reduced durlng
the period-of ice cover formation to m1n;m1:e the increase |

— - . .
in ice thickness and stage related to the formation of a
stable cojg?. On both the Brazeau and Bighorn Dams on the

North Saskatchewan River, and the Ghost Dam on the Bow
River, where the head is not reduced by the presence of an

accumulation of frazil, a reduction in péwér gener;tidh must



1

still be made in order to prevent flooding downstream of thg
dams. ‘ /

I1f frazil ice is being produced upstream of an intake,
it has a tremendous a{finity to adhere to the trash raéks
and inlet gétes. Willey»(1970) describes the large
exp;;diture of effort in deéling‘vith these problems on the
Burfell}hy@ro-electfic projéct on the Thjorsa River in
‘Iceland. The ppstteam channel was deepened, the rapids and
whterfalls-were drOwnedﬁbut, and even snow fences were
qonstructe¢ in attempts to reduce the quantity pf\shdw .
plowing‘intoxthe channel - all in an effort to limit the
éroductidn.of frazil and to prevent it from reaching the
intakes. Acres Ltd, (1971) reported that the annual costs of
maintaining ice-free Erash racks on the Churchill Falls |
power devélopment was'about $60,000 in 1971,

Similar problems exist‘for oth¢r.wat¢r intakes. The
writer has observed a number of industrial wate? intakes
which have become inoperative on ;he'Bow and Soufhﬁ
Saskatchewan Rivers. In ﬁll insiandésktheucéuses'are
similar. Either the intake isrlb;ated iﬁ\a'reach'oﬁ the
rivef where la:§e masse$ of frazil ice are deposited, and no
flow can reach the intake, or the ihtake withdraws a large
quantity of ice with the water so fhat the pumps become |
clogged. In.ﬁost instances a relo¢ation of the intake is
neceséary, or off-site storage musf be developed to store

sﬁ?iicieﬁt water to last the duration of freeze-up. Tesaker

(1975) reported the same type of conditions at the

. D
£
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"Gamlebrofoss power plant in Norway, where fraz11 ice
dep051ted in g delta-like formation upstream of the water
intake and prevented flow from entering the 1ntake..W1ll1ams
(1972) observed such gﬁenomena even ddfihg spring breakup on
the Ottawa River, when a cold spell initiated f;azil
prgducfion. o . "
( " fThe formation of frazil ice in the pipég of water
distribution systems is described by Gilpin (1977). He
indicates that if supercdoling o; the water in a pipe is
allowed to progress below';3°c, and nucleation occurs, the
.. quantity of frazil ice produced is suchtfs) almost complete
blockage of the.flow results. In fact, this,very phenomena
‘occurred in the Leningrad water supplf in 1914. .This
ultimately led to the intensive investigation by Altberé
(1936) of the eharacteristics of frazil ice production
Considering the above.discussion there ie little doubt

frazll is a very s1gn1f1cant factor to be dealt with in _
‘rivers. An understandlng of how to deal w1th it efficiently
can only come from a thorough understand1ng of how fra211 is.
| produced. Unfortunately, the formation of frazil is

transient in nature and d1ff1cult to observe, measure and

study.
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. .
1.3 Mechanism of Frazil Ice Production

The results of frazil productioh in natural streams are
obvious. However, as mentioned, the:méchanishs of'this
production are difficelt to observe and measure. For
example, considering that frazil was a known préblem'as
ea}ly as 1887 (Henshaw, 1887) it was not until 1972 that
Gilfilian, Kline, Osterkamp, and Benson reported actual
‘measurements of a variety of changes that oécurred during
frazil formaton in a small stream in Alaska. Numerous
theories- have been advanced about the origin of frazil.
Henshaw (1887) 5uggested-£ha£ frazil is producéd in "cold'f
currents” which have their origin at the surface énd
pfeserve their characteristics as they are transported
throughout the'flow.‘He postulated tpat an independent
huqleus is required tq_inifiate frazil proéuction and that
wthgée A;clei are appérently produced by thé_freeziné of

-

vapour rabove the water surface, which then falls into the

£00)

water and initiates frazil prdduction{  | 2\
Other theories were also reporteh by Henshaw. One was.
that frézii is formed as small needles on the water surface
and, if the surface is agitéied, is transported throughout
tﬁe flow. Anothér theory wés'tha£ the disintegration of |
anchor ice leads to‘theiappearanée of frazil. Yet othersL
vere that frazil forms from small masses of ﬁqter thrown
into the'air as foam ot»spray which SUQFequently freeze, or
that frazil forﬁs inirapids where air can'béfmixéd into the

-

flow. All these theories were based on qualitative field

%
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observations. and it appears that l1ttie thought was given to
the fundamental mechan1sms. For 1nstance, Barnes (1928) |
still firmly believed that ‘frazil was only produced‘durlng
periods:when long wave'radiation emitted from the surface of

the water was a.maximum,,presumably because this is the only

- time the could observe frazil.

_ Fortunatély 1nvest1gators such as. Altberg (1936),
Michel (1963), Carstens (1966), and Muller (1978) produced
and observed fra}ll'uqder~1aboratory cond1t1ons. This "
laboratory'research dié much to clarify thevmeohanisﬁs of
fraz1l format10n, even though these 1nvest1gators only
prov1ded t mperature measurements and qualitative estlmates
of the type .of ice produced dur1ng frazil product1on. All

the experlments 1nd1cated that if a body of water is well

~

4
mixed, so that a temperature gradlent cannot ex1st, and th1s

_water body 1s supercodied ice nucleates at a temperature
sl1ght1y below the meltzng p01nt of the water, Follow1ng

nucleat1on, wh1ch probably results from the transport of ice

At
-

»nucle1 across the a1r—water 1nterﬁace é;all dlsco1da1

shaped ice part1c1es appear, grow in size, and cause
add1tlonal particles tofbe formed by secondary nucleat1on.,
Prior to maximum supereool1ng,tnew frazil partlcles can be

generated from those transported from the air rnto?the-

;water; Following maximum supercooling, when secondary

nucleation is the major process by which new partxcles are

_formed the rafe of ice product1on by crystal growth and

'secondary}nuclat1on 1s greater than can be sustained by heat:,
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loss across the,boundaries of the water and the wvater
'temperature returns to near the melting point, when
addit&onaftnucleation is minimal.ﬁAltberg and Carstens
indicated thatfthis,reaidual temperature, or equilibrium
temperature,-is always slightly less than the .melting
temperature, but MichelA;uggested that it is exactly the.
meltlng‘temperature. v
) Regardless of the differences of op1nlon between these'
three pr1nc1p}e 1nvest1gators, there was general agreement
‘on the frazil generation grocess; The temperature curve and
the ice production curves for a typical frazil generation
experiment’are shown in Figure 1.3. Four distinct phases -
were'identified:' )
1. the cooling of a water body;
2. the creation of small icevcrystals or nuclei at time tn
~and nucleation temperature\Tn§
3. the growth of these nuclei and the”production‘of
additional nuclei as the water temperature achieyesnthe
maximum supercool1ng temperature Tg at time t and then
.‘returns to residual temperature T at. t1me t ; and
i. the per1od of steady reésidual supercooling dur1ng wh1ch
" the process of crystal growth appears.to be the " |
predom1nant factor. | =
The coolzng rate is purely a function of the rate of
heat transfer across the boundarles and-the inten51ty of
turbulence in the vater body. Nucleat1on 18 a funct1on of
'the'temperature and the presence of ‘suitable nucleatang
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solids. Foilowing-nuefeation the rate of ice production is a

~function of nucleating characteristics, .crystal growth, and

'the rate of heaj'loss. Carstens (1966) 1nd1cated that the

rate of ice product1on is given by: T
aM, /dt = 1/L [CPM (a™7at) + H1 . (1.1)
where Mi is the mass of ice, M the mass of water, L the

latent heat of fusion, Cp»the specific h?§§}°f Vater,'t

time, T water temperature, and Ho the rag; g} heat loss from

the water. | o d
Carsténs (1966) also showed that the cooling rate had a

marked effect on the'supércoolihg'curve.'1f~the cooling'rate

was increased the maximum supercooling increased, the

N -

residual supercooling'increased and the duration of

supercooling was reduced. With respect to turbulence, a high

Ehrbuience intensity reduced the maximum Supercooling'and

’ o

. the duration of supercooling. Because the turbulence anﬁqthe—

temperature affect the rate of crystal growth Carstens
reasoned that the- measured supercool;ng curves could be

explained on the basis of crystal growth rates.\ ' -

1

1.4 Study Objectives -~ .

-

From the results of the controlled laboratory
experiments by previous 1nvestlgators a good idea of the:
\process of fraz;l product1on in r1vers was obtalned. This

1nformatzon along w1th faeld observatlons by Devik (1948),

.yho measured surfacevsupercool1ngs-and surface 1ce.growth on
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small quiescenr streams, and by.Schaefer (1950),9w5¢
obser#ed Small frazil'particles in“turbulent streams,
-removed much of the mystery of how frazil ice is produced
Unfortunately, ;;ny of the processes which vere
inferred from the experimental results d1scussed in the

-

prevxous sect1on are very complex .However, many of these
. ProcesSes are also 1ﬂlortant in other fxelds of SC1ence
Especially important are ‘the processes of nucleat1on ‘and
.crystal growth. Numerous theorles regard1ng nucleation have
‘been developkd by Turnbull and Fisher (1948) and Fletcher
(1958). Crystal growth has also been ;nvestlgated by many
~individuals, from Van'Hook:(1961) to Kallungal (1975). Many
‘.Of these results can be appliedAfo the frazilvproductionf
| Problem in order to quantify some of the inferred orocesses,‘

However, noﬁe of this work has rought into one

S1ngular dlscu5510n. Up to now, publlcatxon of a complete

Set of Supercoollng cuses that cover the apprOprxate

14
S~

Varlatlon in the fundamental var1ables - rate of heat loss

-

“or a1r temperature and turbulence 1ntens1ty is lacklng
Muller (1978), in his er;erlments, did not model a typical
highly turbulent 'stream where nueleat1on occurs at limited
supercool1ngs. | ."

51m11ar1y, althougl all exper1mentors observed the
d1scoxda1 shape of the frazil partxcle and also devzatxons
trom that Shape,_the theory of crystal growth has ‘not. been

used to explain these observatlons.
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;t present, there are numerous theories about the '
characteristic'nucleation'temperatures of natural streams,
all of which 1nd1cate}that turbulence plays an important
role. Although Carstens equatxon can be used to compute the
total mass of ice produced, only Muller (1978) attempted to

differentiate the . amount of_ice produced due to crystal

growth and that producedwty the formation of new nuclei.

As a contribution to answering some of the remaining .

questions about frazil production, the objectives of this
‘investigation were to: -
. . . . ‘v N .

1. Review the properties of ice and water as they pertain’

. o
PR

“to the 1ce formation phenomena-
2. Discuss some of the exlst1ng theories of nucleatlon and

how observatlons,of frazil nucleatlon relate to these
. R R » . . . . L] . u
theories; : _ L g

: : . . e
3. Review the physics of crystal growth and how it relates

/ k]

to the observed shapes of frazil part1cles,

4. Experlmentally 1nvest1gate the effects of turbulence and

‘the rate of heat loss on the nucleation temperature, the
'subercooling curves, and.the nature of ice proauctiou>in
a reasonable model of a natural Streau; and

‘Deduce frazil nucleation mechaoiqms and rates of 7
nucleation:ehd'uarticle growth from the supercooling

. curves. : »

~

A



) 2. LITERATURE REVIEW |

The.phenomena of frazil producrion in;rivers and ‘
streams is a complex change—of-phase problem; This change of
phase is a process of nucleat1on appl:ed to both the i 1t1al
nuc1e1 productlon and the growth of these nuclei. /

The nucleat1on temperature the 51ze of the newly,
_formed orystal, and the growth rate of this crystal (frazil
particle) are all functions of- the propertles of both ice
and water. and of the env1ronmgpt in wh1ch the nucleation and

crystal growth is occurring. These processes gnvolv aspects

of physzcs, thermodynamics, and f1u1d mechanlcs. i

'

-

2.1 The Characterxstzcs of Water
. Water is composed bf two elements - hydrogen and
oxygen.‘The bonding, of these two elements results in a water’
molecule which, w1th other molecules arranged in a l1qu1d
_structure, behevesgiﬂia fashion that proguces the unigue

bulk charecteristics of water. .

2.1. 1 The Water Holecule_ e v , , . .

~ - The water molecule is composed of one oxygen atom and

two hydrogen atoms. Oxygen has two vacant electron p051tlons .
zn 1ts valence: shell Because each hydrogen atom has only

one electron, one hydrogen atom must bond "to each of the ':/

—g

vacant p-orbltals in this outer shell. The three p—orb1tals
*

are 90° apart so the 1n1t1a1 H-O-H bond angle must be 90°.

*
. B by

20
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Hovever, the two O-H bonds are not electrically neutral
(Fletcher, 1970) and thus the hydrogen atoms repell each
other and'create a bond angie greater than 90°. Tne‘génal
equrlibrru; configuration is tetrahedral with an bxygen
nﬂcieus’ht the centre, hydrogen nuclei e; two vertices an{
an electron.distribution such'that the unbonded electrons
tend to exist at the two rema1n1ng vért1ces. Hobbs (197¢)
shows ‘that if one assigns the appropr1ate masses to the'
oxygen and hydrogeh atoms and forims an expre551on for the
principle moments on the basis of the length and angle of
.the O-H bond, then the O-H bond length and angle can be
computed to be 9.57x10°'' m and 104 .52° respectlvely. This
“structure is illustrated in Figure 2.1. °

Both oxygen and hydsogen have a relatively high
ionization- energy, wh?@h makes. 1t difficult to remove an
'electron from thelr atoms.- Also, borh have a low electron
a£f1n1ty wh1ch makesalt dxfflcult for either atom to accept
another electron.{Therefore,gthe O-H bond is covalent. That
is, there is a mutual sharing ofielectrons.lAltnoughgthere
s afsuﬁstant}al charge differential vhicn\éreates a dipole
~effect betueen the’negatively charged oxygen atom end the
tvo pos1t1ve1y charged hydrogen atoms, the polarlty of the
bond is insufficient to exh1b1t any ionic bondxng
characterzst1cs. The - dxpole effect is: 1mportant however,

because it provxdes sufficient polarxty to 1nfluence ‘the

. manner in, wh1ch water”olecules react with each otherw
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957x10"m
Q Ox&gan atom
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J e () Hydrogon atom

=-'—"=/Hydrogon bond (molecular)
? H-O bond (atomlc) ‘

-

) Flgure 2.1 Structure of a Five Molecule Water-Cluster (after
Walrafen, 1972)
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2.1.2 The Structure of Water N
" The individual water molecules form what is known as an

associated liquid. This is because of the stroné

‘electrostati- attraction betweeﬁ the hydrogen atoms of one

-

molecule and the oxygen atoms df another molecule. This
intermolecular bond ié known a; a hydrogen bondland most of
its strength arises out of attractive forces between the
dipole effects within each of the molecules (Rao, 1972) .

‘The exact molecular sir;cture of water is oben to
speculation;ipn the basis of x-ray sbectrography,“Nanten andﬁ
Lev& (1972)rinaicgte that the distance between two oxygen
atoms ranged between 2.84x10-'° m at 4°C and 2.94x10"'° m at
200°c, while the O-H bénd length was 1§f0"° m (similar to
Hobbs , 1974).,Their obsérvations indicated that a large
porﬁion of;the structure héd a Estrahédral érrangement,
which agreed with observations made by Walrafen (1972), who -
‘documented thg Raman agé ihfrared’specfral propértigs._fﬁ%se
observations suggest-that tetrahedral 4-b$nd€d units -
(similar to the form ¢t ice'at“afmpspheric préssure'agd:near 
freeiing temperature) are a common occurrence for water J
temperatures near 0°F. As'the water temperature was
increased.tpe tetrahedral structure became less common and
more broken bonds became apparant. e

On the basis of thes? types'of observa%ions and
calculations based on the principles of vave mechanics,
numerous structu;al models of liqui? wvater havé been

‘developed. Fletcher (1970) characterizes thém'igto

i
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homogeneous ﬁ;dels, such as Pople's, which ;uggests that one
s;ructure only is found throughout, and mixture models,

_ whereAvatef.is presumed to be a mixture of many types of
sttuctures which exist as clusters of-simiié?ly bondéd-
molecules. Frank (1972) suggests the‘éxperiﬁéntal evidence
of unbonded molechles discounts the homogeneous models. He
indicates that the most likely férm of water is that
described by mixture models, with interstitiai'molgcules
taking up residence within the tetrahedral structures. .
‘Nemethy and Scheraga (1962) suggest that_liquid wafer
is composed of clusters of tetrahedraliy bonded molecules in
poéitionb‘similar to those in ice. Their mod;l suggests that
. at 0°C the clusters are composed of about 90 molecules and
i

have a size in the order of 2.5x10-* m,

-

As a point of interest, Frank (1972) documents éome of
theitheofies of‘density changes in water. Berna;d and )
'Fowier, with their homogeneous model, sugge#t that density
decreases due to the bending, but not breaking, of the -
hydrogen bond. Samoilev, using a multi-bond appréadh
consistent with mixturé models, suggests that when ice
melts,_individué;‘mo;ecules become loose and;assumé
interstitiai positions, hence increas;ng the density.

_There is no doubt that the amounf_qf informﬁtion.ébéut
"~ the molgcularistructure of water is incréasin§: Howeveé,_a<
thorouéh understanding 6f this‘étructute\does nét yét exist.
At this ?ige'it is believed that hydrogen bonding and '

neaf-neighbour tetrahedral co—otdination clusters are.
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dominant features of liquid water, and that such a structd¥e
involves about 10 to 100 molecules, with a‘lifetime in the
~order of the molecular vibration period.'when one conoiders
the similarity between this structure and that o ice there
appears to be a logical transition between water and ice, _
based on an increase in the number of ice-like tetrahedral

structures as the water temperature is lowered.

2.2 The Characteristics of Ice

The pha;; change between laquid water and solid water
involves nucleation (three dimensional ice growth) and the
growth of ice crystals (planar or two'dimensional ice

growth). In thls sectzon the structural and relevant

y.-\ et
R

thermodynamic propertles of Tice wh1ch effect the rates of

these processes will be ‘discussed.

———— P

2.2.1 Structural ChuracteriStics

The structure of water’in its solid state, as in its l
i_l1qu1d state, is a function of ‘the configuration of the
molecules,-Whalley (1969) 1nd1cated that ice can exist in a
_number of steble or metastable forms, depending on the |
'tempetature‘and pressure. In ali these forms the structure
is dominated hy the fact thet each oxygén‘molecule’is.
surrounded by four other oxygen molecules.

Of the ten forms of ice descr1bed by Whalley (1969)

only Ice Ih, where the 1ntermolecular hydrogen bonds form a
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hexagonal structure, is stable at temperatures and pressure
common at the earth's surface. Therefore, only the |
characteristics of Ice Ih will be dlscussed although
con51derat1on of the n1ne other forms can shed some 11ght on
the character1st1cs of Ice 1h.

. The relative positions of the‘pxygeh’atoms in the Ice
Ih Have been determined by the technique of x-ray
diffraction. These studies are summarized by Fletcﬁer
(1970). In allvinstances the structure wes‘found'to be
>tetrahedral}with the O---0 bond length being 2.75x107'° m,
This is about 4% shorter than.for liquid water and seems to
contradict the fact that iee is less dense than weter.
However, as mentioneq previously, it is argued that iﬁ water
the\density is increaséd byithe presence of interstitial
molecules, which more than_combensete for the éﬁortégybond
length." | S ' .u

The meaSured length of the c-axis shown-in Figure 2.2

,varies between 7.31 and‘7.38x1Q"°im and the length of the
a-axis varies betﬁeen 4.48 and,4.52310‘ﬁ2 m at temperatures
6f -200°C and 0°C respectively Regardless of the v
' Ftemperature, the ratio of the length of the a- axis to the
c- axis ranges between 1, 627 and 1 632, Thls is lower than
the perfect tetrahedral value of 1.633 whlch confirms
measurements 1nd1cat1ng that the: O -0 bond length parallel
to the c-ax1s is 0.01x10°'° m shorter than'the other O0---0

bonds, which implies.a distortion in the tetrahedral bond

angles.
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O Ox§§;n atom

o Hydfogon atom

Hydrogen bond (moleculer)

Figure 2.2 Structure of Ice Ih (after Fletcher, 1970)



" The positions'of the hhdrogenkatoms are difficult to
determine because they have minorjeffedts on the electron
concentrations and therefore cannot be observed in
spectrographictstudief. Hobbé\(1974)'briefiy summaf&zes the
work carried outvto determine_the location of the‘hydrogen

atoms. Bernal anthowler reasoned that the O-H bond angle is

h //_~the same as the O---O bond angle. This means that the.

o

" hydrogen atom is located 1x10-'* m from one oxygen atom and
1.76x10°'* m from the other. Fletcher (1970) suggests that
if one assumes that there-is only one hydrogen atom along
each 0J~40-§ond and that there are only two hydrogen atoms
close to each o;ygen.atom thevhydrogen atom can fluctuate

back and forth between ts two most favoured locations.
2.2.2 Thermodynamic Properties

ﬁany .0of the thermodynamic cheracteristics of ioe which
are 1mportant in the calculations of. phase changes can be
determined from molecular. con51derat1ons. However, these
thermodynamlc character1st1cs can also be determ1ned from

bulk properties, on the ba51s of experxmental ev1dence.

For example, the: transfer of heat through 1ce 1s

accompllshed by attice vib tions which travel through the »i
crystal in waves. This determznes the coeff1c1ent of thermai
conductiv1ty, whxch is defined as the ratio of the heat.

) energy,transmltted across- a unit area of”solgo per un;t‘time‘
toche'temperature'gradi%ht normal to.the unit aree}“The'

value of the‘thermal conductivity has been ‘measured to be

_ S-S
: e
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~about 2.2 W/m°C at 0°C. This is about four times that of
vater. When considering heat transfef across an ice-water
1nterface this fact becomes 1mportant. As a matter of- |
1nte9bst the heat transfer rate along the c-axis is 5 to 8%
grégter than along the a-axis (Hobbs, 1974)

The heat eapaoity, Cp, of 1ce is 6bns1dered to be the

f;nergy of a set of vibrating molecules. That is, as the
temperature of 1ce is increaséd, the kinetic energy of the
molecules increases.'From experimental work the value of

C. is about 2.1 J}gbc. This is about one half that of water.

P |
\ . The latent heat of fusion, L, is defined as the change

in\ enthalpy when-a unit‘mass of liquid water is isothermally
converted into ice. The accepted value of L is 533.6 J/g at
obbs, 1974).

e entropy, S, is a measure of the randomness of the

of fusxon over the usual range of*supercoolzng, AT, is g1ven

."?

by %

88 -\(1,1 - 0.0044T) J/em*°C

23

During the
4

the most importan variable whlch must be evaluated "a

Wg;ocesses of nucleat1on and crystal growth
przori" 15 the surface fzee energy between ice and water,
oy,

‘-651. Hobbs (1974) def1nes nt as the amount of energy,
tequ1red to create a un1t area of interface. The value is

d1ff1cu1t to evaluate theoretzcally and can only be

.o

5

~ .
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ﬁdetermlned from the number of bonds whxch must be: cut to

create an Lce surface. Estxmates for the value of & 51 have

.ranged between 7.7 mJ/m’ and 122 mJ/m? ol temperatures

-
between -40°C and 0° C.' -

Based on the homogeneous nucleatlon theory described in
©

section 2.3.1, Fletcher (1970) suggests that' a value of 22

\

mJ/m‘ is approprxate for a temperature of -40°C. Hobbs - '
(1974) descr1bed hig experiments vhich measured liquid- sol1d'
graln angles and suggested that 6 had a value of 33 mJ/m’
at 0°C and that its value changes Wlth temperature at a rate,
of 0.1 to 0.35 mJ/m’°C. Suzuki and Kurciwa (1972) rnd1cate
that the‘exoeriments to which Hobbs referred incortectly

determined the graxn angle and that a better value fbr 5s

is about 45 mJ/m’ Kallungal (1975) rev1ews the calculatgd

lue of 5 on the bas1s of the crystal growth veloc1ty

.. experxments addressed in sect1on 2.4 and suggests that the

most 11kely range should be between 34 and 54 nJ/m?. He also _

<1nd1cates that although 5 has always been assumed to be

1gotrop1c, the prefered growth rates of crystals along the
a-axis suggesf;that 5 a380czated with the basal face umy

be different. For eiaﬁple he QUOtes values of_581 “r

”growth along the c-axis to be only 6. 2. mJ/m’

i summary of all the relevhnt propertles is made in

Table 2.1. For comparxson, the/propertxes of water are giso

r

o

Lo
-l
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Table. 2.1
Thermodynamlc Propert1es of Ice and Liquid Water
.at Temperatures Near 0°c

érqpertyr_“ o . . Water  Ice
bensity (g/cm‘) ' e ‘ . © 0.999 - 0.917
_Thermal Conductivity (W/m-°C) 0.57 2.2
Speciflc Heat (J/g*'C)Z '-_ 4.22 ' 2;69f.
 Latent Heat of Eusion (J/g) 333.6 333.6
Entropy of Fusion (3/q) o 1224 1,224
Surface Free Energy (mJ/m ) ‘ | " ’ .40
Viscosity (g/cm—sec) | 'r0t0018 -
Kinematic viscosity (cm?/sec) 0.0018 -

‘2. 3°Nucleatxon

In a liquid the molecules are in constant mot1on, both
‘in vibrational and translational-modes. A reduction in
temperéture reducts the tendency for translation and this
- allows strongef'intermoleculer forces to be established At
\-,4°C the maximu.. dens1ty is ach1eved* the intermolecular
forces heco?e strong enough to maintain dense clusters of .
water molecules 1n the 1ce-l1ke form, vith some s1ngle water
molecules d1spersed 1nterst1t1ally. Below 4°C the structure
becomes more open wlth the dens1ty decrea51ng as the
1nterst1t1a1 dhter molecules are forced out. Fxnally, when
.freez1ng or crystalxzat1on occurs, the molecules _assume a
fixed p051tzon within the crystal lattice: where they are
-free to v1brate, SO ma1nta1n1ng some k1net1c energy whxch 1s
a functlon of the absolute temperature of the ice crystal

N

™~
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The manner in whioh the transformation betueen liquid
and solid actually occurs is not a well known process.
However, it has been agreed (Van Hook, 1961) that the
adjustment of any1metastable state - supercooled liquid, for -
example - involves the.surmounting'of an energy barrier
which‘defines the condition\and the subsequent passage to-a
state of lower energy and greater! stability. That is, for
the ice-like water’ clusters to become true ice clusters the
"conf1gurat1on of the water molecules must be sueh that it -
becomes . energetxcally advantageoﬁs to maintain the ice
conf1gurat10n and to increase the size of the ice cluster.
On the basis of the possible configuration of water
molecules this process is probably a random event with the
probability of occurrence indreasing"as the water
temperature decreases (Mason, 1958) : : .

A number of nucleat1on theories have been developed to

.explain these processes.

2.3.1 Homogeneous Nucleation
The homogeneous nucleation theory holds fq& pure -water
and suggests that’ 1ce crystals are formed by mult1p1e |
collisions: that result in the formatxon of an ice- 11ke ‘tter
cluster. That is, a veryﬁsmall volume of liquid must first
crystalize and this'volume must grov in size to become a
viable ice crystal if the vater temperature is not |
favourable, the small newly formed ice crystal will

dxssolve. If however, the random assocxat1on of molecules



grbéuces a structure of sufficient size such th&t its

representative radius maximizes the éum of_thé entropy of

fusion.(which is a function of the structure volume) and the

free energy of the icg-water interface (function of the

surface area of the structure) a stable ice crystal will be
\

.produced and will grow in size (Fletcher, 1970).

VL For true homogeneous nucleation Hobbs (1974) indicates

that the creation and drowth of an ice grystal from pure
water éan only occur at temperatures in a range between
-20°C and -50°C and fhﬁt this nucleation temperature should
hbt vary with the size of the water sample. However numerous
| experimenters, if their study of the f}eezing temperatures
of minute water droplets in the atmospliere, havé found the
huc}eation temperéturé to be‘strongly dependeht on £he
sample volume. This phenomenon is illustrated in Figure 2.3,
o Masoh (1958) sugggéts that this variation is due to the
difficulty of isolafing a truly pure~sa£ple of water, wheré\
no bound;ryAconditidns‘canlqause,cont&mination. He suggests
thét the lower nucleaéiqn temperatures of éméll samples
simplylreflect<the fﬁct%that fewer impurities exist in the
smaller samples. | ﬁ | _ |
_Thefefofg;'itfappéars that}the nublgé}ion of frazil ;ce

‘observed in rivers and laboratory experiments cannot be

explained by the hoﬁogeneous nucleation theory.
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'range' and T-is the amount of supercooling.

i,
2. 3 2 Beterogeneous Nucleatxon |

The heterogeneous nucleatzon theory has been developed
to_explain _the d1screpanc1es observed 1n the apppllcat1on of
the homogeneous theory. Whereas the homogeneous theory is
essentially three dimensional nucleat1on, the heterogeneous

theory assumes a two dimensional 1ce growth on surfaces of

1nd1cates that these- substances mange dissolved holecules
or suspended partlcles. However, because dissolved meterlals
tend to reduce th: nucleatlon tempeégture by breek1ng up the
1ce l1ke clusters of water molecules 1t appears uhat
suspended partlcles exert the most 1nfluence '

The basis of the theory of heterogenebus nucleatxon (as
for homogeneous nucleation) 1s ‘the Clauszus-Clapeyron' ‘

eguat1on which is essentially the der1vat1ve of~§he bebs

free energy equation and can be wrxtten as:

aG_ = -AS_eT J/em’°C_ SR ¢ 25 D I

v-
if pressure'and'volume-are constant. lhﬁthis’equation*Aleis
the free energy difference per unit volume-oflice between
matter in the liquid state and matter in the solid state; -
Asv is the average'entrqpy of £usion,o§er the,supercoolingfﬁ
Fletcher (1958 1959, l962) indichtes that for

heterogeneous nucleatxon the total enjrgy dxfference of a
nucleat1ng partzcle (and an ice crystil grov1ng on th;t
particle) surrounded by supercooled ue:;r is composed of the

!
sumhof the energy difference betveen gql1d and lzquxdﬂstates

_fore1gn substances w1th1n supercooled ‘water. Fletcher (1970)

0
.
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of the 1ce crystal, the d1fference in the surface free

energy of the 1nter£ace between the ice crystal and the

aa

nucleatlng pertlcle, end the dlfference in surface energy of

the interface between the 1ce~crystgl and the supercooled

wvater. That is: -

AG = AGQV’ + 5sl SSI * (Esn _‘Eln) Ssn J/cm? , (2.2)

wvhere. V. is the volume of ice; 5;1

ice-water interface which Hobbs (1974) defines as being the

'thezfree energy of the .

amount of energy required to create 2 unit area of that
1nterface,-5§ the free energy of the interface between ite

and the nucleating particle, 5ln tthe free energy of
interface between water and the nucleating partacle; ssi the

urface area of the ice water 1nterface, .and ssn the

surface area of the 1nterface betveen ice and the nucleating

\
A\

Partxcle. ) o . c \\ . |
Fletcher (1958) 1nd1cated that if a spherical ice
crystal of rad1us, r, is growing on a spher1ea1 nucleating

particle v{th a_redius; R, equatio; 2.2 can be . o
differentiated to. determine the critical radius of a stable
"ané grouinQIVOlume of;ice, rs, by setting the‘derivative to

zero. Subsequently, wzth the re1nsert1on of r+ into equat1on

[

‘ 2.2, AG#, the he1ght of the thermodynamlc barrier of

nucleation, can be determ1ned. These eguations are g1ven as: .

"re = -25 _/0G cm | T (2.3
. . “_\ 81 V _ : '.,-.
and ’ QT . - . | ) "".‘:t"-».A e i‘
! A . .
AG* = 81r5;I“f(m.x)/3(AG;Y‘ ‘ L ' “(2.4)

vhere = - -
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f(m,x) = 1 4+ i1-m;’/g) + x?[2-3(x-m/g) + (x-m/g)°]

- + 3mx*[(x-m/g)-1] . (%.5)
g= (1 + x* - 2mxl‘”' : ‘ ' (2.6)
" x = R/r# Y (2.7 -
and ’
o -‘(Eln B 55n)/551 (2.8)

The_parameter m is a function of the surface energies
‘of. the }ce embryo and the nucleating agent. It can vary
-’hetween -1 snd +1. A value ofim near +1 indicates a high
degree of compatibility. For example, m would equal +1 for,
ice particles acting as nucleating agents. ’
The parameter x is sn indicator of the curvature of the
. ice embryo chmpareé to the nucleating particle. If R >>.r ﬁ?! g
then the nucleating perticle would be a plane surface an§ x
would approach infinity. If R << r then essentially;i-
homogeneous'nucleation‘would occur. A» ;
The effects of m and x on the parameter f(m,x) are

_ 111ustrated by Fletcher (1958) for a spher1ca1 nucleat1ng
N‘
part1c1e. For a m1n1mum value of m the- function f(m,x) is

1ndtpendent of x and has a value of 2.0. For a maxxmum value
of m the function f(m,x) is also 1ndependent of X as 1ong as
x < 0.6. In th1s 1nstance the value of f(m, x) again takes on
a value of 2. 0. For x > 0.6 &nd m = 1.0 the value of f(m,x)

appears to wvary tremendously between zero and 1. tf 1f

-

m <. 1 0 the value of f(m,x) ranges betveen 0.004 and 1.0.
) B&cause the functxon f(m,x) determ1nes the free energy

of formation, AGe, of a cr1t1ca1 embryo, it plays a major

&



of these pxts and. the reduced free energy due to tig1r .
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role in determining the nucleatinq temperature.

Unfortunately it is not well def1ned within the range of

most observed nucleatlon temperatures, and ‘small var1at1ons

-in e1ther m or x can lead to tremendous error in estimating

™~

f(m,x), aGx, and ‘ultimately, the nucleation temperature.

' Hobbs (1974) further to Fletcher s earlier work,

_suggests ‘that lattlce m1sf1ts between ice and a nucleatlng

part;cle can reduce the effectiveness of the nucleat1ng
particle. That is, .there will exist a certain concentration

of dislocations across the interface and some elastic strain

" will occur in the ice. In general, an increase in the

concentration of dislocations will result in a larger value

v

of 59h which results in a .decrease in the value of m. The

'increased strain in the ice will also.result in a higher

¥

value of AG .

" - Fletcher (1959) .also con51ders the effects of

imperfectlons on the surface of the nucleating particle.

'These'ccnical pits cause the nucleation to first occur

within them because it is energetically advantageous5 The .

Znucleation rate then. becoﬁes a'function of the surface area

<&

-

ex1stence. On the bas:s of Fletcher s model the existence of

these p1ts is not s1gn1f1cant vhen the nucleat1ng part1cle

14 less than 10-* m in rad1us.

ea
W1th the gefinition of the cr1t1cal size of the 1Ga

embryo and the level of the energy: barr1er wh1ch must be e ;-
crossed, the potential for growth can be deternggd.

LN ] . . e . . ! . ‘ %

-



39

Turnbull and Fisher (1948) suggest that if a volume of ice,
described by the charaoteristic‘radius r,'existS»within a
volume of supercopled water the transformation of water

 molecules into ice molecules can be written as:

e

I+l &= 1,49 (2.9)

where Ii is an ice-like structure containiné i molecules and
L,is a water molecule. The free energy of I+ L1 is AG, and
i i

j+1 18 AGi+1-«AS in all chemical

reactions or phase changes, there is some free energy change

the free energy of I

greater than either of the two and the activated complex is
the configuration of the path of The least max imum free
energy. The theory of absolute reaction rates gives the rate
of the‘forward reaction,;ojbe: | o

' J¢.~niali=?jkf7h)exp(-Agf/kT) - - (2.10)
vhere n 'is the'stead} state concentration of I' nuélei,
all’” is the number of liquid molecules in céntact with the
ice’ nucleus and n, 311’" is the total concentrat1on of l1qu1d

molecules avallable for the react1on. The specific reactlon

rate for the format1on of the actlvated complex w1th a free

'energy 1ncrement 1s~g1ven by' . ‘ v/
, C,’ ' ] : -7 . -—
(kT/h) exp (- Ag¥ /KT) : !u*42111),

- Using the same reasoning, Turnbull and Fisher (1948) write
the reveree reaction rate to be ,
.-"‘ 'M.' g
J ni+1 a i (kT/h) exp ( Ag} /kT) | o (2 12)
and the net forward rate of the attachment of molecules is

the dxfference between the two rates, The d1fference betveen

the actzvated complex and the mean of AGi and AG, 1 is Ags,

I : .
Joo N ‘1’ e
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By assuming there is an insignificant difference in the
,number of water molecules in contacr with the ice surface
and the number of ice molecules in contact with the water .

surface, that AG (n ) is a smooth function, and that the

second derivatives of AG- with respect to i are small, both -

Turnbull and Fisher (1948) and Fletcher (1970) show that the
rate of,attachment of water molecules to the unit surface

area of an 1ce crystal is:

3. = n. KT/h exp (-Ag/KT) exp (-aG#/KT) C(2.13)

e s
Fletcher (1970) goes’on to suggest that nskT/h has a

§alue of 10"/cm sec, where ng is the number of molecules
per square centimetre of surface area of the nucleating
.,agent and Ag/kT has a value of about 10 in the vicinity of
0°CrvHe also indicates that if one considers ainucleating'
" sphere uith a surface area of 4 R? theirate at vnich
molecules would attach themselves to one square centimetre
‘of surface in one second is given by- ‘

Jg = 10*¢ R* exp (-aG*/kT) T - ' ,(2.14‘)
"With J > 1 the potential for growth is positive and the ice
crystal should increase in size.

Fletcher (1962),,w1th the substitutzon of equations
2;1; 2. 3 and 2.4 1nto equation 2. 14 derived an 1mp11c1t
equation to determine the nucleation temperature for 1ce in
'supercooled wvater when the value of J is equal to unity.
1The temperature of nucleation is a function of only the
representative diameter °£lthe nucleating-part;cle_and m.

The_relaticnships are *illustrated in Figure 2;4;.?rem the

N
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o

o . m=1.0
s .m
- 10 o mc 0.8 1
W
g m= 08
- . i
= -20 } m= 0.3
w
i _ i‘ ' m=z0\
- 30}
= . ="0.4
S .
h .
ﬂ -40 m="1.0
- -d
(3]
- .
x -50 1 'S 1 1 S
107 106 0 104 03 10 2(mm)

1010 9 108 107 106 105(m)
' RADIUS of NUCLEATING AGENT,R

i
- . . -

F1gure 2.4 Nucleation Temperature Due to Spherzcal Particles .
Suspended in Supercooled Water (after Fletcher,.

1963) - -
e e \\\
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plot it is evident that on the basis of the small amounts of’
supercooling observed iu natural streams, m, which gives the
'degree of compatibility between the structure of ice and. the
structure of the nucleat1ng agent must be near unlty. ThlS
would indicate that an injection of ice from some external
source must initiate nucleatﬁon. It is also evident that
this ice must have a spherical radius.greater than 10'5 m.

Yy L
2.3.3 Observations of Nucleation and Other Theories
In conjunetion with the classic theories 6: homogeneous
and heterooeneous nucleation, numerous observations of the
‘nucleation process wvere made under vary1ng cond1t1ons. Most
of these observat1ons discredited the homogeneous theory and
many sh%yed,that heterogeneous nucleation would requ1re_

&

modification to explain the observations.v
‘Altberg (1936) performed 2 series of expe;1ments in an
outdoor tank where he observed nucleatlon of frazil at a
‘supercoolxng of 0.18° q. Devik (194!) observed nucleat1on on
the surface of a guall stream et temperatures between 40.10
and -0.12 ;C; Both individuals suggested that nucleation was
produced by,tue_presence 5% nucleating agents-on, the : ‘s
boundary of, or}yithin;.the-uater‘body, Altbero suggested -
that these nucleating»particles could be smeil dust
‘partioles and that npcleatiou was produced only if there\was
sufficient turbulence’to maintain'these smalllparticles in
'motzon. He also found that the greater the turbulencir the

hlgher the nucleatlon temperature.

-

e

//
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Dorsey (1948) performed numerous experiments to

- determine the nucleation temperatures of various types of
. ' rd

water under different cooling conditions. His interest was

aroused out of\ conflicting reports of nucleation

temperatures ranging between -6 and ~20°C. His primary
purpose was to.determine theleffecﬁs of agitation, thermal
shock, and length\of cooling time on the nucleation
temperature. In general, he found that the nucleation
temperatures were independent of most of these factors and
that for any givenesvmples of similar water ell the
nucleation‘occurred at\ temperatures that fell within narrow

bands between -3:and -20°C. Dorse} considered all nucleation

to occur due to.the pres nce'of foreign particles,u;&nci he
supported the concept of heterogeneous nucleat1:n,_and that
nucleat1on could be enhanced by the 1ntroduct1on of fore1gn
materials by turbulence, agitation, or mechanical friction
along the wails of the containers. Houever, regerdless of
the 1nten51ty of the dlsturba_ces, no nucleation could be .
».produced-ebove a temperature o -2 C. Gilpin (1978) observed»’
a similar phehomenon”in the su 'rcool;ng,o£~water in pipes.
He found that . shock could cause ﬂucleat1on at almost any
supercooled temperallre, but w1thou\\such a dxsturbance the
vnucleatzon temperature would range beﬁyeen "-6.1°C in winter

v
and only -4. 8°C in summer - (lower*concentratlons of suspended
fe sedxment occur\zn winter).
uDorsey‘(T948) had one problem with heterogeneous

nucleation. Hevbelievedbthat sincé only a finite number of



y

4‘:')_5
N | e I &
. . l\.
fore1gn objects are available in any one sample, nucleat1on
should not. proteed at the high rates he observed in his
exper1men£s. On this bas1s he suggested a new theory, where
an absorbed layer of lzquzd water ex1sts on each forelgn
part1c1;§ These absorbed layers can be detached by |
bombardment with moving gater molecqles at*rates‘depending
n the water temperature:and the qdality of the foreign
rticles. Tﬁese detached layers can then form viable ice
cr stals. It should be nored that this theory was not too
dif erent from the heterogeneous theory already in -
' exis ence.“However,-the heterogeneeﬂs'rheory does not
conta'n the possibility of the icelcrYsta} beiﬁg detached “4@'
from the nucleating agent. | 7
M1 hel (1963, 1967) measured nuCleation temperatures in
ﬁhe,orde of -0.045°C in an outdoor flume. He suggested that
nucleat1 occurs. heterogeneously in the th1n layer of
-ggghly su ercooled wvater near the surface and that the
'nucleatlng agents are small partacles whose character:stzc
tnucleatzng emperatures are less than.-2°C ' ‘ |
vCarsten‘ (1966) produced frale 1n a circular flume and
observed nucléation at supereanﬂipgs of 0.025 to 0.12°C. He
observed new n_clei being formed dcring the_entire}
‘supercool1ng period follov1ng 1n1ta1 supercoolzng This
'length of superc olzng, and therefore the length of

nucleatxon time, was reduced under more turbuleht

cond1t1cns, other

~

BN




Chalmers and Williamson (1965) observed the formation

of new ice crystals follouing initial nucleation as 4did
~ Carstens'(1966) and Michel k1963); They called it a crystal
-multiplication-proceésv vheréby a single crystalelacedein

turbulent supercooled water would cause ‘discoidal-shaped

i

crystals to grow on its surface. These dlscs ma1nta1ned

-

their circularity up to a d1ameter of 1 cm and a th1dkness .

0f. 0.07 cm and eventually broke off to allow other-crystals

N

to grow in their places, and to also produce new crystals
. . N _ A

’

themselves. This is 'possibly the phenoﬁenon observed by.

Dorsey, except in Chalmers' and Williamson's observations it

{ N
occurred at a slowver rate and produced con51derably larger -
-

crystals.

Hanley and M1che1 (1977) produced frazzl in a large
1nsu1ated tank where turbulence was generated by paddle
- stirrers and the heat loss was confined to the surface. They

\

observed nucleat1on'temperatures at supercool1ngsfof 0.015 -
to 0.050°C. They‘werevthe only ipvestigators to attempt to \_ )
medsure the.éuantity of ice produced rather than infer the
“t‘e quantit& from‘the cooliné‘curves. Unfortunately they could -
\\\\not isolate the nucleation‘period andvsiuply ueasured the §§t“ ]
vofhme~of ice*atllerge time intervals followiug'thegreturn '
to the\res1dual temperature. | | '
| Osterkamp (1977) o£::rved frale generat1on in a small
dstream in Alaska. The recorded nucleation temperature was
_ about -0.02°C 1n,the stream.?ﬁoueyer, vhen the water was’

- supercooled under laboratory conditions nucleation occurred

© NS
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at ‘water temperatures between -4 and -14 °C.> Therefore, g1ven
the fact that the nucleating temperatures of foreign
substances range between -15 and -4°C and that the coldest
surface temperature observed on a normally cooled body of
water was always in the order of -1°C, Osterkamp be11eved
that the heterogeneous_nucleation theory applied to fore:gn
nucleating agents could not possibly explain the small
.amouots of supercooling required't; cause nucleacion in

"*\_ecreems; o | .
Y;kemp devised another theory. Quéting research that
.i ai:;ab&Ve a stream surface can contain ice

ﬁ:es ranjfmg in sizes between 6-35x10-* m at

conﬁg@mrat1ons between 10* and 10°* part1c1es per cub1c

metre, Osterkamp sliggested that these tiny. ice crystals, &~
‘whose origin is freezxng.water vapor, come in contact -with ~

che water and initiate. nucleation. This nucleation must be

, heterogeneous in-a fashlon, except that because the

nucleat1ng material is ice, the temperature of nucleat1on 1s.

" -determined only by the sizes of the vater vapor 1ce '

crystals. . S 5

-

In his paper,'OSterkamp also acknowledges the fact that

]

secondary nucleation by medhan:cal fragmentation of the-

7 thermally detached dendrxt:c Jice crystals can also add to
_the nycleation-process fo}lowlng the initial nucleatlon

'_'point. This may have been observed.bg Muller (1978) vho

started nucleation by insérting’one ice crystal into-a small
(4.13x10"°° ﬁ{%’body‘of turbulent supercooled water. Muller

.
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counted the rate of secondary nucleation using a Schlieren
light system.and generally he found that this rate 'increased
vith an increase in turbulence or supercoolxng. He measured
nucleetion.rates wh;ch var1_ﬂ between 6.2x10-* and 4.3x10-*
particles per second per cubic cent:;etre; with maximum
concentrations following the nucleation period ranging -
betyeen 0.1yhend 3.7 particles per cubic centimetre.
 Muller’s data is tabulated in Table 2.3. The less o
complete data of the other experimenters referred to
previously is tabulatéd in Table 2.3. Thistcata reflects
‘both, highly‘turbulentvand quiescent flow ccnditions in
natural streams{ and also laboratorf experinents where mass
transfer across the weter-air interface was'poth prevented

3

and alloved. ) . L,

For natural streams, Dev1k s data indicate that in a
qu1escent\stream, surface nucleat1on occurs at surface
supercoolangs between 0.10 and 1.0°C. The fact that no ice
is transported below the vater surface allows a surface
cover to form. The tremendous variation, in the nucleation
temperatures noted is probably due to the andom appearance
-.of nucleating agents such as organic debrxs and atmdspherxc
lzce crystails.- Osterkamp, .who stud1ed h1ghly turbulent
streams,-even observed nucleatzon temperatures above the
cqmputed 1ce~poxnt_(uhlgh he suggested vas less than 0°C
because of the impurities in the_vster); although he wvas
' measuring the bulk water temperature.“Agein, surface.

nucleation of some unmeasured supercooled température was
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_probably ocCurfing, except in this instance the newiy
'generaied ffazil ice was being transoorted below the cover
to facilitate a general epoedraﬂée of frazil. It should be
notedwthet OSterkamp'simeasurements must be considered with
a some reservations. One of his majoi difficulties was the
measurement of a transient process with stationary probes,
_'hence he could not'follow the frazil gene{ation_process
downstream.‘ | .
In the laboratory experxments vhere mass transfer
- across the water surface is not allowed, nucleatxon did not
~occur for water temperatures as low as ~1.33 c (Table 2.2),
although the actual nucleation temperatures were never |
observed because nucleation vas 1n1t1ated by seeding the
wvater sample with ice crystals. When mass transfer aqross
the air-water interfece ﬁas allowed,,nucleation"occored at
vater temperatures between ~0 025°C and ~0. 13 C (Tﬂble 2.3).
Aga1n,,tpe variation ts'probably due to the presence of
nucleating ageots, although some of Carstens' data‘seems to
suggest that if the cooling rate 1s reduced the nuoleatxon"
temperature is increased. . - .
Therefore, it appears there is agreement that .
nqc;eation ianathral streams in initiated by the frensport
of-small;ice particles from the air into the vater. These
small ice nuclei then contribute to e¢secondarf nucleation -
orocess'by vhich ice perticles b:eed nev ice particles. ’
‘Growth of all ‘these. perticles also occurs‘because the /u

partlcles are- located in supercooled vater. '

- hm% & .
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.2" Crystal Growth

The nucleation process describeLd in section 2.3 results
inv the/fcrmation of a stable ice crystal. This crystal hasD
some unknown ‘shape but its 8ize can be characterized by a
critical radius «The internal ’structure of the crystal is
cons1stent with the ice characterlstlcs descrzbed m section
2. 2.U.-‘ That, is, ~the water molecules (in the ice phase) would
be strUfturqd‘,w);h a cons:tstelgi c-axis alignment. If one
"_,.eb'gsxder’ a three a;mensmnal 1lmage of such: a crystal »
':”' .;'Hure 2,2)° the basal plane parallel to the a- axis and a

“»;: cx‘}rSt&l plane parallel to the c-axis can be defined.

bt f_,.

N .':, The growth o% the crystal occurs along both axes at

‘ &adxfferent rates, and the shape of the crystal is a functxon‘

f p of these growth rates. Fletcher (1970) indicates that the
rate and form of growth depends on the transport of lxqu1d
molecules to the ice surface, ‘the accommodatzon ‘bf these
crystals on the mterface and the transport of latent heat
.away from the surface. - |

 In qu1escent water, it appears that the rate of heat

-removal from the ryStal surface limits the growth rate. If

the crystal surface 1s "rough”™ (the solid-liquid inte"rface

extends oyer several lhKF-moleculh dzstances) ‘the water
. .
,molec.ule 'can be attached at random sites. The surface then

~ -

in a contmuous manner, in a. dzrect;on norlnal.to,

- advanc A

v .

it“lt ,.'

t a ratz'propo:tmnal to‘the supercoolmg. -
Kallangal (1975) sumanzed the experimental evidence which’

suggests‘ that the fastest-grovmg crystal face (vhich is in-
.« . |
* E o o . . A

“ s

ﬁd {
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the piane‘parellel to the c+axis) grows at a velocity
v = p aT?, | L e (2.15)
Table 2.4 lists the values of p and n from various
~exper1ments. Most of the var1atlon can be attributed to

-

experimental technzques s1nce a majority of the ;ce crystar

wereé grown in capxllary tubes, which affect 'heat

xiV

transfer re:e=. Kallungal (1975), who has. pJ¥ ed the -
- - "‘EE@WL o
latest and probably mbst reliable data, sug¥elts that the

»
H

velocity of growth is given by:

- 0. ikl | N AT I
v 023. a cm/sec S o - AZ.T6) ais

C1f the solid- 11quzd interface is’ smooth", tﬁe";*Jlj -
Nt F VIS

transxt;on from lzquld to solld occurs over many

\

- intermolecular distances ‘and attachmeht can occur at k1nks H/ﬁ>

RS
- - /-e

'éere unfinished growth layers are found. Tm rate of _/,./. -

advance of . the 1nter£ace is then a process 51m11ar to ‘

g

¢homogeneous nucleatlon. The velocaty -of grdwth can e .

‘wr1tten as; _.' , B ‘_‘ | |
"v =b exp (-c/AT) . T ' (2.17) ..

vth rate is k1net1cally

- In these 1nstances theg’

Uconttolled. That 1s, the growth rate’ts a functzon of the

l‘\\ .

iabzllty-of molecules to’ att.gh themselves to the jce - -
n;particle and not of the rate of heat~transfer from the"'j) N
1ce-vater 1ntet£ace. ‘ o ,*f;5’._ R .
Experzmenters have found thet grovth elong‘the c-ax;s _
z:s kznet1ca11y controlled and therefore can be determzned by
| equatxon .2.17." The coﬁstants in equatxon 2 17 were - |

documented by Kellungel (?975) and are shown 1n Teble 2.5.

o
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. Jexperiments conducted-in confxned sta

Table'2.4

Exper1mentallx Determined Constan
Growth Equation under Qu1esce

Invest1gator' _ - , n
James (1967) - . 1.30
" Hallett (1964) ; 1.90.
Farrar and Hamilton (1965) 2.04
Pruppacher (1967) 2.22
Huige and Thijssen (1969) - 2.22
Boiling and Tiller (1961) 2.62
Kallungal (1975) : 2.17

.
. f:ff ¥ | . Table 2.5
y :

Exper1mentally Determzned Constants

Parallel to the c-a
Investigator?® - B 4
Simpson et. al. (1974) v ©0.00
Hillig (1958)° -~ 0.00

~ ,Table’z.é
\ .

‘b

ts in the Crystal
nt Cond1txons '

p .

0. 10 >
0.08 :

0.0096

0.035

0.030

0.017

0.012

a7
Ty
k.

for :
xis

017
30

Experlmentuily Determined Constant in the Crystal Growth

i~‘ : Equat1on ‘Under Fofced Convecti

e Investzgatpr

Fernandez and. Barduhn (1967) L
Poisot (1968) . - :
Simpson et. al. (1974) .
Kallungal (1975) N .

--------------- r
'see Kaélungal (1975) for refgrgnce
*gee Kallungal(1975) for &eferfnce

less than 0 65°C.
TS I N

»

Q
ion Condztzons -
A P '
0. 0466 : T e
0. 0374 _ ‘ o "' ¥
0.038 N ' PR

0.037

te w1th supercool1ng
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Comparing equations'Z 16, equatjon 2.17, and Table 2. 5, the

growth rate perpend1cular qguthe c-axis can be 12 to 23
‘txmes as large as the growth rate along the c-ax1s at ’_

, supercool1ngs of b OS‘C. |
Jackson quoted h, Kallungal (1975). suggests ‘that the

d1fference 1n growth rates can’ be.nxplaaned on the bas1s of.
vy

"smooth” and "rough" surfaces. For growth to occur along' the

c-axis ("smooth" surface), three molecules, each making a

E-3

.,s1ngle bond to the layer below must be present - on three
tiq

nexghbourzng tes before a molecule can be\addpd. Th1s
requires the coherent existence of a~four-molecule cluéter;
For grouth normal to the c-axis (" rough" surface), oﬂe
molecule mak1ng a single bond to the adJacent layer qan be

joined by a second ‘molecule to make one bond tq-each Thls

requires only a two-molecule cluster ‘and hence is eas1en¢to:

«* . . - l‘.

form. '
If an lce'crYStal is located withinia Qelocity field -

:heat is removed by forced cbdvect1on and Qhe growth rate of

the rough surface can- be acceleqated Varzous models for

'crystal‘growth under_th;s condrtlon'have been developed end

allvhsve the form: -~ 7 )
: a

uhere A can vary between 0. 037 and 0.047. !hllungal (L975)
,groVrdes the best data and _suggests that A should have a

LB

ue of 0 037 A summary of the exper1mentally determ1ned

v, = A’V‘” ATV‘ : S . o (2'18)_:

T
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' surfac! area of the cryst 1 aSEF

.where C is a constant, m is about 0.8, and R, is the

. : ) e ;, ’ B o '. E . | 55 "

Most crystai'growth rates have been measured while a

\\\\ single-cry;tal has'beenéhtié stationary\hnd supercooled

wster was moved,past the crystal. However, Carstens (1966) N AN
puttlng\a51de d1f£ere‘tr§l growth rates, 1nd1cated“bhat the

growth of the mass: of a 1c\\trysta1 1s proportronal to the

he- supercool1ng. The

constagt of proport1onal1t is g1ven

'"the product of the
ratio of the thermal conduc ivity - of the wa = )

L-dMi/dt -~k N As (_A'I‘)/r

Carstens also assumed that .

. e
Ny = CRg (2.20)
Reynolds number of ,the crystal.

*If the crystal is assumed to have a characteristic
radius r’then tation 19 reduces to. o , : Tt

dr/at = K v--rrma'ﬁ Y L It T (2.200 7

C 3, K
N

wvhere K is a constant, v is. a mean. flowwve ;ty, and. dr/dt

...

1s the d&owth rate. Comparlng this equatzon to tRe\earlzer
ones, one can see that the veloc1ty is a sl1ghtly more‘*
1mportant var1&ble wh1le the dependence on temperature is

reduced. In thxs 1nstance, the 1ncreased radlus tends tai __‘f

reduce the rate of heat loss wvhich does not appear.

. -

-

consxstent with- the fact that as crystal 51ze becomes larger

thgfeffeceﬁ of turbulence should be more apparant.

B Unfortunatéiy Carstens had no. way to determ1ne the valzdxty

’ ’\I . .
. . ,.‘, S ¥ ) ~ : . . 4
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‘;’;
of this eguation because he did‘not document the growth rate
or the flow dglocity o

Muller (1978) considered the effects of veloczty on a
Acrystal 51tuated w1th1n a turbulent flq; field. The
turBulence was generated by a moving gr1d and -was
characterized by the" Reynolds number bas‘ﬂﬁon the gr1d-rod
d1ameter. The 1arger the Reynolds number, the greater vas

the turbulence. He suggests that the turbulent heat exchange

depends on the ratio of the mxcroscale of turbulence to the

size of the crystal. 1f the crystal 1s small compared to the-

‘turbulence scale the\crystal will. be convected with the flow

and heat loss will be by conduct1on only Convected heat '~,
loss only becomes apﬂhrant when the turbulence scale is
smaller- than the crystal. Velocxty dszerences wzll occur at
. the crysgﬁ%f&ace and the rate of heat loss could be up-to '
ten txmes as largevasuhy pure conductxon. This is somewhat
born - out 1n Fxgure 2 .5, vhzch 1llustrates the comparzson of
’grovth rates at varzous supercool1ngs and veloc1ties: The

grovth rates normal to the c-axxs are 2 to 3 order of

'v,magn1tudes larger than the growth rate along the c ax1s,

regardless of the: strength of the veloc1ty f;eld. In

,add;t:on, the estzmatea_made by ‘Muller (1978)\Ior turbulent‘

lou cond1tzons are. only sl1ghtly larger than the measured

'~Th;s,suQQes'¥ that for the relathe\length scalesﬂpf - ;'f"

-

‘turbulence—sma—t; ,211 partxcles 1n.Muller/s exper1ment the

er from the part;cle suriace does not

~
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in growth rates along the c-axis and a-a;TET
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depend strongly on the turbulence. It should be noted

" however, tnatvMuller estimated the size of the particle on
‘the basis of the volume of ice generated and the number of
“ice particles he counted, with the assumption the particles

'vere’spheres.‘This‘would tend tofunderestimate the<groy§§n¥

e,

rates because he did not distinguish between the differenct

2.5 Morphology of Ice Crystals
In the previous section theoretical and experimental
growth rates of ice crystals along the two major axes vere

. /
discussed' Inherent in those growth experiments was some

e

evaluation or observation of the grystal shape. Prior to a

dlscuss1on of findings by the various experimenters, 1t

should be noted that various types of ice growth &an o&cur.,

Hobbs (1974) 1nd1cated that ice crystals can grov in. J

transferred b e fluid. This can occur under both slightly

'supercooled nv1ronment where.a majority of heat 1s_
y

supercooled cond1t1ons or strongly supercooled ondltxons.
1f ice is bexng grown - in a s1tuat1on were g@e heat is
conducted away from the 1nterface through the ice, then
planar growth occurs. and the water need not be supercooled.
Th1s‘type of ice growth is typ1cal of lake or river surface
ice growth, occurs very slowly, and is eas:ly observed.

For 1ce_grovth in superoooled‘vater the crystal w111

grov along the two principle axes by the various growth

~ MY
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modes discussed in section 2.4 and the ultimate shape of the .

crystal will be a function of the differential growth rates
along the two axes. |
} Numerous observ€t1ons of the shape and sizes ot ice
crystals formed in supercooled turbulent water have been
made. In all cases, for supercoolings less than 0.5°C, .the
ice crystals vere discoidal in shape. Altberg (l9365
reported obseruing round, smooth sided discoids with
dﬁameters between 1 to 8 mm and thicknesses of 0.1 mm.
/Schaefer (1950),'who like. Altberg, made his observations iu
natural streams, reported discsswith'diameters ;anging in
© | size between'1'andi5 mm and thicknesses in'the.order of 0.03
to 0:10 mn, | | | |
Arakawa (1954) suggested that following uucieatidu,
the ice crystals grev 1nto discoids during the early stagesyx;'
of growth In these experxmgpts nucleation was produced on'a
" brass rod malntalned at -20 C and immersed in about’ 100;cm‘
of water. Tiny 1ce crystals,” initially dendr1tes, were
produced on the brass rod -detached themselves, and took oh ;
‘a dzsco1da£zghape as they floated to the surface. These.,
crystals grew qu:ckly to a diameter of 1 mm and ma1nta1ned
the1r dlsc01dal shape. Their fall velocxty was about -0. 002
m/sec. ; ‘
Kumai and Itagak1 '€1954) used c1nematography to obgerve
the growth of 1ﬂ; crystals in supercooled vater. - 4' . /
Approximately 3 cm’ of water w1th a depth of 0.3 cm-uas . /,

‘ seeded with var1ous nuclex. of the varxous substances, such //

. . Tk . ? » . //'
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similar to that of énovflakes.

.A Scalloped»edges on’these dxscs were observed when the

/ } _ . - - 60

i

SEYP ol:n, and carBon, only ice crystals

facili ted%erystal growth. In supercooled water;between 0°C

and -0.3°C dnlx discoid ice-crystels resulred frdm seeding.

At -0.05°C;lthe‘diemeter of the disqoids'increased'frOm

‘about 1 mm to 3 mm in a ‘time of 140 sec. This is a growth ?
L}

rate about 46 times larger than predicted by Kallungal

(1975). As the discoid grew larger with~£ime it slowly

became hexagonal in;shape and develdpedAdendritic arms. It

' -0.6°C a mixture of ‘discoids, semicircular discoids, and

" spicules formed. Spicules were'observed tO»predominéte in

the supercoollng range of -0.06°C to -0. 9°C. Below -1.0° C

most of the crystals had a stellar or deddr1t1c shape

Recent observations of frele Pin natural streams by

w

Gilfilian et. al. (1972) and Ardin and mgle (1972)

conf1rmed the dlscoxdal shape of newly formed fraz11 :
R

_particles. Gilfilian et. al. ‘%1972) indicate that the ice

!s’.
crystals,vereuflrst observed at d1ameters of 0.1 to 0. 5 ‘mm.

“and these crystals grew as¢large as 5 mm in- dxameter.

‘dzameter exceeded T mm. Arden and Wzgle (1972) reportedﬁ‘

d1sco1da1 frale partzcles vith’ dxameters up to ‘s mm be1ng

produced on the Upper N1agara River. - ) '
Chalmers and W1111amson (1965) observed crystal shapes

in turbulent supercooled water under laboratory condxtrons.

. was also determined-that for supercooling between -0.3°C and

They noted d1sco1da1 shaped crystals vxth dlameters of 10 mm -

z
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and thicknesses of 0:7-mm growing on bulk ice.. y
Lindemeyer and Chélmers (1966)'indié£ted that when.ibe’
ctystai; are grown under free gfdwth conditions, where the 3
A sﬁpercoqling.i; léss ghan‘0.2°C,Athin disc#® will form and
grow to a diameter of about 3 mm with a thickness of 0.25
mm. At supercooling greater than 0.2°C the discs bqéome
unstable and protuberences appear on the edge of the discs.
With supercooling pearing'sbout 1°C dendritic shapes |
predominate. | \
Kallungal (197§), in hlS review of ice crystal
morphology, quoted\vorks by_Pruppachor, Macklin and Ryan, *
and kaliet; Ié appears to be generally acceptéanthit a;[
' supercdoling bélow 1°C crystalsiare essentiall} discoidal
and the c-axis is always normal to the fastest growth
direction. However, as the supercooling temperaturé is
incréased, tﬁé'fatio of the growth velocitigs, va/vc,
decreases from about 100 at -1°C to- 1.3 at -16°C. Jackson
(1958)'suggeéts that the reduction ¥n the ratio is due to
the "toughenxng ‘of the basal plane as the supercool1ng is
increased. This allovs the growth along to the c-axis change
modes an; become a functionh of the rate at vh{ch latent heat
isfr?moved from thé interface ratﬁér_than b;ihg dépendeﬂt on
the ability of the molecuies to attaé@'thémselves’toethe
face of the crystal . ‘i , . "
Table 2 7 summarizes the observed d1menszons of the _

: disco:ds. It»should be noted that the}ra;ro of thickness e

""‘:qfilgggter varies between 10 and 80, weiJ; vithin_”tl"ae rpti&‘a‘
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- Table 2.7 .
a ~-.
Summary of Observed S1zes of Frazxﬂstart1c1es
* ‘ v,
'Investigator | Diameter  Thickness Diameter/
S (mm) - - (mm) - Thickness
\ - .
Altberg (1928) ) 1-8 : 0.1 | . 10-80
Schaefer (1950) -5 0.03-0.10 “33-50
Kumai and Itagaki 1-3 -. s -
(1954) ‘ :
Chalmers and 10 L 0.7, 14
Williamson. (1965)
Lindemey and 3 0.25 ‘ 12
Chalmers (1966) ‘ ' , ~ )
Gilfilian, et. al. 5 | . T -
(1972) R -
Arderl and Wigle. . _ 8 | - -
(1972) |

the rates of growth of the two crystal planes.

|

S .
2.6 Summary

A brief explanation of the structural differences v.“
between l1quxd water and ice makes apparant the physgzga
’«changes which must occur dur1ng freezxng. dﬁ/tﬁ//ga81s ot
the nucleatlon theories, espec1ally the quantxtat1ve'
approach summa:1zed in much of Fletcher's wvork, it is
possible to predict the temperature-et vﬁieh nucleation anéa‘
Nhence—a change in phase will occur. | A v
Unfortunately, . the d:ff1culty of observxng the'

nucleation process has resulted in a qpns1detable varzatxon

of opinions as to vhat causesQPucleation,/glthough some
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theoriies are more plausible than others. However; bnce

-

b

nucleation has occurred there are many theories and *
techniques which aliov.the computation of the rate of growth

and the shape of the {esulting frezii particles.5Numerous

obgervations in both the field and the laboratory have
confirmed the predzct1ons of theory. Knowledge of the growth

charactegzst1cs and the shapes of the iraz1l particles is
important because the ultimate shape and grovwth Qf,the ice

Qprticles effects the amount of ice produtedlat!sny typical

. supercooled temperature. Improper assesSment of the shape

can lead to»fonsxderable error in estxmatxng the number- org

51ze of the frazil particles. h ,'

In 1ce engxneer1ng it is very 1mportant to understand

'the nucleatxon process'as it applxes to natural streams

»

_Sxm!larlyV it is also necessary to esvzmate the number, the
rate of p oduction, and\the rate of gnovth of the frazil
roduced dur; g the supercoolxng period. Although

\*«-.

'sszble 1n atural streams,vlaboratory b

pertzgles

" not altays\
exper;ments\\an illustr te the telat1ve 1mportaﬁce of a1r

: ¥ on the npciestion tempetature.

With careful observation &% is posszble to 1nfer how

e o-e

A,
‘*ﬁ stteqnpgand by measur:ng the
he tu;ﬁqeneratmn penod

nucleation dccu\s‘in nat
watef temperature during
(supercool1ng per1od7 endlxpplyzng the better krown

fundamentals of crystea ‘growth it 1s poss:ble to understandb

or at least quantxﬁy the—les eLgmy p_ocesses of L=

\

~ 1
\
. o . . =
. N . . .
- : ’ t: Y

ucleatxon and the rate of pre ductxon of nev nuq1e1. To thzs
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?;mt”gﬂreiter than unit."

"\ water exteﬁdmg from the

'surface. A}.so, at 1s @ortant to aﬁov hatural ph{nomena v #

A

.

\such as exr fl@c’w condensatmn, eiﬁ u.h‘emperature

N, ¥

L » o ,‘ . "- o ) ’ “;)
B IZPERIKENTAL PROCIDURE AND DATA SMRY ke

.-,*

The obacrvanon and measurement of frazil productxon in

natural streams is very d1fficult Therefore, 1t must be
=

recognzz&d that to produce meanmgfui data, measurements in

- ‘lebogatory models, where ‘there is-good control of the

w ant varxqbles, provide a good elternatzve. - ] '
. ‘ The use of a laboratory model requires that the natural

sztu’atmn be duphcated as closely @:3 poss1bIe. A reasonehle‘,

olume of qater must be observed so° that boundary effects
can be neglected 'I'he wattr body should have e depth/vxdthwg
L_"’hic’h is bypxcals of e;column of

0., .3 !A“""‘\J '__-’.

‘mo

'stream- andbvthe niajonty of the" _eltigkgﬂ §hould be from the

grad1ents to exist at the water surfao@ Turbulence must be

lateral trensport .bréc 3
duplwi,ceeed h”nally” A

In th1s 1nvestigat1on fraz_"l productmn was observed

and the water temperetures measured m a. rele'txvely -Jzargg

.surface e*posed to the e:r 'rurbulence was genereted by
meens of a paddle starrer \uth mclmed blddes. 'rhe vater

ves cooled by plecﬁagf; he ten’_

‘?r«*

O

(eb}"ﬁur ce “of a turbulent .

" msulated tank frlled xuth weter, vuth only the !eter .'J _

. o
et L e

LRy

-
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Qs*‘lf“t:ooli‘ng rates ve“re altered by changing the air vtem’p?ratnre:u
: ~’r : : . ' S : 'T::.’:.:«“’ S e
o ?‘}n the cold’ room. R L -
. '5 AP ) ' - '
u_’uf,ﬂ Egperments vere @ptned aut at vanous .tates of ";*'.» .
K R ,,",»,-o
coo mg tor dxftqtenﬁfturbulence mtenszt;es. Fcr%hch 3

- v 5 _&. .
o experment the water tempetature at various depths wa?h
m‘aéured, ,b'he turbqlence charactenzed and a quahtatwe

desc‘mptzon of the ice formatxon proe&qes mde.

S v . . ) N

5A;f...[;.:.., ’ ﬂ'sx‘( ;}p;fﬂﬂﬁmRP; rlltuf ’ ¢ |
T e W oon I
'} H“ (All‘ exrmenfg’ fe 're pé;:formed a an %ht s:.ded - ",
;&* ~p1e¢iqlgg_s gnx ¥bich had.an mmmsa amneter of' e 38 a oy
. :_'-.,:; ..ha a heam of o szé; Th‘ tank °was' nned to \uthin o os m
) L ot the t°P' 1‘03011:1'!9 - a xa/tet vofnme- of 54 'L.u'rhe ute.r - ir
',%;D: ys% ,f.ahe ‘auea.‘ 'vaswo 12 m ‘e S ‘ . ‘r v*‘:\ ‘
- &'he'ksxd'e’s of the tarrk vere,;vjnsulated &6 010 m of: Toatet
plexiglass, *0 033 "f zonolzte in.sula,txon, and 0 553 m 6;?
37:’ plywooﬁ,: :rhe ingUp g p:ope:‘-mes,o; these materials are f ._
tabulated m Table 3 1 /nnd tge rates ot .h“"'"at 1085 icg: ,. “ ;:;
vanpus au' tempentutes art s}‘?vm in ‘rahle 3 2. 'rh te of |
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1 o : Table 3.1 R ) . 3K
Heat Transfer Characte,xjis;tiés.of Tank Insulating Agents .”
- v « ’-“ oo~ = Thermal 3 ) M
 Material H 'Area’ .. ' Conductivity &
S (m) - (Ww/m °C) !

:.‘ ) . PP . . . . e ™

Sldg plex1g1ass . 0,010 0.60 '0.138 .
l Side insulation® 0.033 » 0.60 .. 0.062 ;
~ Side plywood < 0.013 7, 0.60 . . 0.138
-+ Bottom plequlass ‘ 0.015 . 0,12 . 0.195 ,
.Bottom .insulation? 0.10 - 0,12 . 0.038 - v,
Boﬁtom;plyvood . -~ 0.010 - . 0. 12' o 0¢A38 . o |

.
B T
' zonolite (v!rmcuht ) o R I T : .

- ’ fibreglass. . P~ S S w
b : data ffom "The. anulif:on Handbook" R

3 . . . $' . . ﬂ ;* ’ i + . ;J‘ . § B - . - .

- . v .o ) - F S 3 ‘ ' s
e .- : S e WEee T s . N - _ D, - )

. SR A - . T ’ N Y -9 .

L R . : " - ) ) R . o T T R

o0 . .- & - mable=3i2yy %

ORI P Heat Loss Rates. from:Tank. - L mY L e

'c"“‘ . .:a . R i N ) e . } .
R ¢ . . .
: .

. ._ ”:: - ‘, ' R -5y
Temper‘tﬁ:L S RN A Heat Loss Rate (W)
thference S e Bt
(°c) 7 Totalt Side? '-.“Bottom' dep?- B

13 ' - 0.6 - 85 . |
M7 - 0.8 - 68 . 0
26 - . 12 - 8. -

R & § I R . 1”}4 . ".. . P PRI




« various probes\

"prozésfwﬁrg'placed on the 51de of the tank dlrectly opp051te

- - '.
.t o -~ L. .
DR NEEERE LA 7 e
, SR L

®

" the s1des and bottom constitute about 20% of the total.

The paddles used to generate turbulence were located in’
the centre and at a distance of 0.11 m above the bottom of
the'taﬁk. Swirl in the tank was prevented by a 0.05 m wide
baffle lobbted.on one‘of the sides of the tank - .

. Temperature probes were positioned 0. 10 m Th from the
side of tank and 90° away from the baffle. The five probesb
wefe located at depths of 0.35 m, 0. 15 m, 0.02m, 0.015 m,
and as near to the sdrface as possible (without cau51ng
exposure bﬁfause o; the surface tUrbulence) Te;perature |
probes wvere a&so located abhove the water surfacé at helghts
oi 0. 065 cm, 0.015, cm, and agaln, as close to the water
sorface a; p0551ble. ‘ S *

In addi‘toh to tbe temperature probes, two conductzon

] B
erlzure probes. Their or1g1nal 1n

the qua t1ty ofzice b&lng produced oﬁ‘the

‘concentratlon changes. Unfbrtunately thzs proVed ftultless

“and these probes were only ‘used in an attempt to evaluate

‘ -

. the turbulenﬁg IR B ;

LY

-

'
- Figure, 3A1 shows the 1nsu1ated tank An "the Mechanical

-

i Englneerlng Cqld: Rdo at the Un1versity of Alberta. Figure

3.2 shogs the top v;ew of the 1nsu1ated tank and F1gure 3.3

-shows a 51de view, which. 111usttates the arfangement of the‘

‘ B s o ijﬁﬁéf', o
| _ _ : K
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\Fig'ur:e .3.2 Top View.‘fof _I‘ns,'ulatéd'Tahk . \ a " S - A
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Figure 3.3 Side View of Tank: Showing Loc.a'tfon of Probes‘
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| Figure 3.4.Dats Aquisition System,




3 1.2 Tenperature Data Aquigition System =/

'I‘Wta aquisztm

“ temperatures is sl

ystem for measuring the air and

' in Pigure 3.4 and /élo'nsisted of
, aal -

the followmg componen* /-

1. glops thermister probes (code number GB /§2P2),

2. VIDAR 500 ten channel scanner, /./
: g

3. lapse t'imer and scan counter, and,
4. \'reletype Model ASR33 teleprmter. /

’

- The thermistors used to measure th water temperatures
i vere calxbrated in a glycol bath \nth an !-IP-2801A dﬁrtz .
.~;,thermometer for temperatures between /~5 C and +5“€ A - '
"l”typlcal calibration curve-is shovn i Flgure 3 5. It. should
.be noted that the desxgn of the Wh7étstone bndge resulted

. 1n ‘a minimum voltage dlffe;entzal of 0.001 “volts wlncﬂ ,;

corresponds }
™

m eat;h of l;he channel” '. 'l‘h‘is mtegrated s:lgnal va b{:éﬁ routed

5,1 vo tmeter vhere‘,':rt‘was convertedEo hmary

1".;
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the temperature measuremdhts because in many instances the

laps‘e time between readmgs vas very short.

l‘“

[3

'rhe output from the d191ta1 voltimeter vas transmitted

‘to themt,elepnnter wvhich printed the date on paper tepe

_-;.._

'rhis tepe was decoded by the AMDOL 470 computer, fed mto a

Ao e

computei' program vrztten to fit a spline function (Peterson ‘l\iﬁ
and Hovell 1972) to specified points on the cahhrationt, &

‘curve, and then the voltages vere trapsforned inte —
4 \.../
temperatures. rma],,ly, the tune vs. tenperature curves were

plott“by the Calcomp plottxng rout;ne. T - '.
e . LT . . . "‘_ ) - : ,... .

' N 0 . X - com
, - : co Y- - : L

3 1.3 'ruo Gen.htxon .and )(enure-ent ot anbulence o | :

- ..,. ‘ "3‘7" "Id'nlly, the bekt Ay to model’ the tunsport prbc%ﬁ
g

a stream is by genetatzng Urbulence in nov over a rou

" goundary m e 3 flunle To procfuce f:a.;xl under these _
- conditmns, the £1mne must be const,ructed ih a 'cold room.
Such a system wes not avazlehle et the time of the
expermeﬁ:al mvest:gatmm - o h
; 'f'hé epproach used mstéad va/;To produce a S . )
o pﬁeudo-tur ulepce hy the mnng of a statzonary body of '
) i} water. 'rha[ 1s, elthough the turbulent flov fzeld produce”d
cquld not be, readzly chatacter'i”zed ﬁll s1ze: of eddies yere :
Jv‘ain?e-n”stence. As in/e neturel %‘treev}x the lerge energy
7 producmg eddtes wluch can be scaled by the depth of flow,

;' were ev.ident qmd could be meesuted hy the, hmer e’hemometer.

"'*mwevet the .small enerqr dlssipﬂtmg
S
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particle could not be identified because of the poor

———— o ) o . . (¥
. resolution of the laser system. Therefore, an explicit
estimate ofzthe eft.cts of the turbulence generated in any
'pertaculer experinent could not be made. It vas felt that
the effect of the jlow field 05 a emell pertzcle vould be.
- ezmzler to that of turbulence in a flovxng stream but 1t

‘ becomes dxffzcult to genere11ze the observat1ons to rxvers,
E.)
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vhere the turbulence is generated by .shear flov. HoveVEr,

the teghnxque is sufficient to Judge the 1n£1uence of

P

turbulence on nucleet;on and- crystel growth in a very

“

generel vay. . o , T
| %vae eﬁfects of turbulence ¥ere establxshed by eg1tat1ng

he ieter body vxth 250.15 m dxameter. four blede, alumxnum4

paddle. Bech blade of the paddle vas approximately .

-

| frectenguler in shepe, was 1ncl1ned at an angle o£§30° to the
plane of 1ts rotetzont@end hed 2 surface area“of 0.0023- m’
,nornel ‘te its axis. The stm of. the areas of all the bladee ral

' vas 50% of ‘the’ totel area pvept out by gpe pegdle. - }.'Qx

The peddlee vere driven by en electrxc drill the speed

-of uhzch could be edjuited by a rheos t. The drifl vas
connected to the &ed&le by a hhaft rungzng under ahd up

~No

2
through the bottom ot the‘tenk Both the peddle end any

. - pOrtﬁsn of th@ sgeel sheft exposed to the water 1n the taﬁk

R surfac?s.-ﬁ~ﬁr»ltﬁi_. »uile_ﬁi-_”‘,rhi,ij., ~y5-'; v

Lt

The £1 ow
-'f e11 egzeetzon"speedn, A cxrcular convection cell

e .

vith en ,‘ &

s

» .

':. qere cqated wzth bemlon qo preveng'freql’.edherxng to their  j{

ipetterns produced in thc tenk vere siniler tor o
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upflow in the centre above the paddle and a downflow along
the sides of the fank was'pfoduced. The baffle prevented any
noticeable swirl ana the dispersion of injected dye showed
that al;hough the dye was initially convected within th{
cell, transport perpendicular to the direction of motioh
within the cells was great enough to produce complete mixing
in a very short time. .

The flow field and the mixing process in the Eank were
char&étérized by two parameters. The first, being the time
fequired for the mixing of a tracer, was measured and!
correlated with the speed of the pad;nes. A highly
.conductive salt solution was injected on the water surface
" and the variation in voltage across the two concentration
prgses was-recorded'(Figure 3.7). The mixing time was taken
as the length of time between the time of injection and the
time when the difference in voltage between the probes was
zero.

Thq;vertical velocity component was measured by a laser
anemqmgﬁér. Measurements were made over a time period of 10
sééonds'at each of the temperature prob% locations. A trace
of the velocity fluctuations was recordpd on a clart
recorder (Figure 3.8), digitized, and the root mean square
of‘th velocity fluctuations computed. A veighted avefage

root mean square velocity was then det&rmined on the basis

of the voluhe that each measuring point typified.
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Figure 3.7 Typical Mixing Test Results
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Figure 3.8 Typical Trace of Measured Velocity Fluctuations
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3;2 lﬁporinontal Results
The experiments were carried out for ambient air
temperatures ranging bet!een -13°C and -36°C, and paddle

speeds varying between 65 rpm and 210 rpm.

3.2.1 Turbulence Measurements

During each'frazfl-generation run the speed of the

R

paddle, and hence fﬁe turbulence intensity, was kept
cdnstant. Although this turbulence can be quantified simply
on the basis of the speeé‘gfvthe stirrer, physically more
meanihgful variables would be more useful. These variables
were chosen to be the root-mean4square value of the velocity
fluctuations, Q', and the time réquired for complete mixing,

t These quantities are tabulated in Table 3.3 and

m
illusfrated in Figure 3.9.

The root-mean-square vaiué of the velocity fluctuations
varies alﬁost linearly with the mixef speed, although u',
the root-mean-square sur}ace velocié§ fluctuation, tends to
increase faster as the mixer speéé increases. The mixingw
time, on the other. hand, is reduced very rapidly as the
mixer speed increases at speéds below 100 rev/min. However,
at speeds in excess of 150 rev/min the v#riation in mixing

time is not sensitive to change in the mixer speed.



Table 3.3

Summary of Turbulence Characteristics

L

Mixer Speed tm ! . u/
(rev/min) (sec) ~ (m/sec) (m/Bec)
29 42.3 - -
41 33.3 - -
55 30.4 - -
65 26.1 0.027 0.005
75 23,0 - -
‘80 L= 0.034 0.006
86 ©20.5 - - .
90 - 0.044 0.004
100 18.8 0.048 A 0.010
114 17.2 ¢ - : -
120 - 0.054 0.008
145 ' - 0.055 0.014
162 . 13.3 0.064 0.020
180 - 0.066 0.036
- 200 10.5 0.079 , 0.023
210 - 0.081 0.029
230 - 0.083 0.033

250 - : 0.089 0.042
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Figure 3.9 Turbulence Characteristics
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*$.2.2 Frazil Observations and Temperature Measurements
R The observation and guantification of the frazil
generation process was the major goal of the experiments.
The principal method by which this was achievéh was the
simultaneous{measurem;nt of the water temperature at
specified time intervals at each of the five probes located
in the water. From this data, time-temperature plots were
compiled. These gr&phs are shown in Appendix A. From these °
plots, it was possible to determine the time and temperature
at which nucleation occurred, the time and temperature of
maximum supercooling, and the time when the residual
temperature was achieved. These characteristic times'and
.temperaturgs completely define the supercooling curve.
Although maximum supercooling has no particular significance
in ékrms of general frazil production it does indicate the
point at which latent heat broduced by nucleation and
crystal growth is equal to the he#t loss across the
“boundaries of the water body. Also, it crudely
differentiates between the,times when heterogeneous and
secondary ﬂucleation.predominate.

It should be noted that because the nucleation
temperature was determined from the temperature plots, its
existence was only apparant when the supercooaing curve
deviated from its normal downward trend. It is possible that
the amount of ‘supercooling required for nucleation was
6ve:éstimated (nucleation temperature underestimated)

1

bécéuse~during the very early stages of nucleation there may
( .

L
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supercool1ng Furve.« ‘ ' |
In addition to. the temgrtature mkasurements, varidh

other‘observatlons were'also’madb The growth of the b&t er’

v oo} r
ice vqs character1zed for each e;petxﬂent The extent o the

vas descrxbtd as be1ng either completH\ -

suriace ice cove,

'partzal,'a: neglilgible prior of the onset of nucleatxonL ,

Visual estimatgs bf frale preéduction were capegor1zed *

\\three componeﬁt . |\Wit respecf to the locat1on of the fi

de1ous frazll ' pa ticles, they were either la elled as \

\

),
otiginating at ‘or \near the quface or the partiicles exist

throughout the bul of the wat%r body. The tim and I l
¥

tedperature of he f1rst 81t1nb of frazil, vas characteri\;

|
as occurrzng either pr1ot to, pr at, max imum q rcool1ngp

\ An estimate| of |the time a*d temperature at*whlch no

addxtlonal nucle tion vas occucrlng was also aﬁtempted

queber because the Fmall ice Aart1c1e§ were 1& constant

i
l

mot1 >n it was difficult to est1mate exactly vheh nucleation

ceased. In the exper ment% wzth\iow tgrbulence, the estimate

vas dasier because as the new frazil partlcles‘

\

apparient they floateé to the sur ace Nevertheleds an

attempt was made to etermnne wvhether £razll prodyction

ceased prior to, at,£or after the attainment of t residual

superfooling. 1 ‘\
ollowing the'cebsatioﬁ of nucleation the puowancy of
the frazil was also dbcumentpd. If the turbulence whs of a

relatfyely low intensity the\fraziliparticles floatéd to the
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top and either created a surface cover or attached
themselves to the existing ice cover. With higher turbulence
the frazil particles remained in suspension.

The final parameters observed were the size and shape
of the fraz1l part1c1;s. In all 1nstances the frazil
parg}cles were discoidal in shape, with diameters between 1
and 2 mm.;The thickness could not be determined, but it was
estimated to be an order of magnitude smaller than the
diameter..It should be noted that no direct measurement of
the size or the concentration of the frazil particles was
attempted. Firstly, the photographic means wvere not
available, and secondly, mechpn@cal measurement by removing
the particles from their surroundings would have interfered
with fhe process which was being observed.

The measured température curves for the experiments are
given in Appenhix A. Table 3.4 summarizes the qualitative
observétions for each of the experimental runs and Figure
3.10 illustrates three typical supercooling curves.

Figure 3.10a illustrates the relative ease in
determinipg to tor t and Ho ;hen the temperature cufJe is
- not being affected by the gfowth of a surface cover. The
time of nucleation, t_ is chosen as the time when the
temperature curve departs from its downward trend. The time
of maximum superéooling is distiﬁft, as is the time when the

residual temperature is achieved and equilibrium conditions

begin i
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Figure 3.10 Typical Supercooling Curves
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Figure 3.10b illustrates the effects of the growth of
border ice on the temperature variation. When the'water
temperature reaches 0°C, border ice érbwthibegins to occur
and there is a lag time during vhgph the temperature remains
constant at 0°C until ;he.border ice growth is stopped by
the turbulence. The temperature trend then continues and the
relevant characteristic times and temperatures can be
determined.

g Figure 3.10c shows a tyﬁical case where a surface cover
forms*prior to nucleation. In this instance there is a

reduction in the rate of heat loss due to this cover and

some subjectivity is introduced in determining the net heat
loss avaiI:;I:‘for frazil production. Generally, however,
the reduced heat loss rate can be determined with little
difficulty. It should be noted that when a surface cover
exists the supercooling curves tend to exhibit much less
distinct characteristic times ;nd temperatures. For example,
in Figure 3.10c, the nucleation temperature is near the
maiimum supércooling temperature and there is a considerable
length of time during which the maximum supercooling is
maintained. In these instances the time of maximum |
supercboling was chosen as the time when the temperqtur;
began its upward trend.

A summary of the relevant data is tabulated in Table
3.5. 1t should be noted that the rate of heat loss
(charactérized by the change in water iemperature‘vith time)

wags computed at water temperatures of 1°C when no surface
N . :
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ice was evident and at 0°C when there was a possibility of
surface ice growth. The differencé in the two illustrates

the-maénitudé of surface ice growth.
vl‘f T “.( §

L -



4. ANALYSIS AND DISCUSSION OF EXPERIMENTAL RESULTS

Information on theMformation of a surface ice cover,
the process by thch nucleation is initiated, the growth of
the frazil particles, and secondary nucleation can be drawn
from the experimental. results detailed in Chapter 3.
Although'thé development of a surface ice cover could be
observed and thé growth of frazil particles documented
visually, the time‘and témperdture at the'beginning of
nucleation had to be inferred from interprétation of the

supercooling curves. The process of secondary nucleation

.could not be identified because of the microscopic nature of
#

o

the phenomepon.
However, the overall nucleation ‘process can be examined
by dividing the total measuréd volume of ice produced into
either ice produced by the growth of the.existing_parﬁicles
or by the nucleation of newlice particles. The -
investigations described in Chapter 2 have determined the
rates 6f fce'crystal growth in supercoo;edfwafer.'This
information, coupled with the rate of ice produétion which
can be determined from the supercooling curves, allows the
evaluation of the rate of change in the ﬁumber of new ice
particles. This qupleation rate, for variphs segments of the
supercooling curQe, is related to the two fundaﬁengal‘v
independent variables - air'température_and turbulence

intensity.

92
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4. 1 Nucleatxon Temperatufes -

Fletcher (1972) and others have indicated that
heterogeneous nucleation is the process by which water
"normally freezes .nd that the supercobling required for this
nucleation can be eomputed from equations 2.3, 2.4, 2.5, and
2.14. When combined, these equations yield an expression for
) the supercooling required for nucleation. That is

ATi/E(m,x) = 2126 | (4.1)
if it is assumed that 5 has a value of 40 mJ/m? and tne
critical radius of a nucleated ice particle is of the same
order of magnitude as the radins of nucleating particle. The
function f(m,x) designates the compatibility of the
nucleating particle and nornally has a value between 0 and
2.0. If the size and the molecular charecteristics of the
nucleating particle is known tne nucleation temperature can
be calculated. Unfortunatei;, in most situations the
characteristics of the nucleating particles are unknown.
They cannot be isolated because of "pollutxon“ from numerous
environmental factors. For example, under controlled
conditions where air was not allowed to touch the water
sample, G11p1n (1978) found that the nucleat1on temperature
of tap water was in the range of -4 to -6°C, whereas in the
present experiments the nucleation temperature for similar
water was: never lower than -0. 12 C.

1f the measured nucleatlon temperatures in Table 3. 5
are used to compute-values of f(m,x), they are in the order

of 10-¢ (Figure 4.1)., This indicates that both m and x have
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values near unity and indeed the nucleating particles should
consist of ice crystals with characteristic diameters of the
same order as the diameters of newly formed ice particles.
For comparison, f(m,x) of the suspended nucleation particles
active in Gilpin's experiments was about 0.011.

Equation 2.3, 2.4, 2.5 and 2.14 can also be used to
compute the radius of the newly formed ice particles. For
the nucleation temperatures observed, this radius must vary
between 0.5 and 7.0x10°° mm (Figure 4.1), decreasing as the
3sup;rcooling at nucleation increases. Obviously such ice
particles would not be discernable to the naked eye at the
time of nucleation.

As discussed in Section 2.3.3, the origin of the active
nucleating particles is open to speculation. Michel suggests
‘that a thin layer of highly supercooled water exists on the
surface and heterogeneous nucleation:oécurs at that
location. The newly formed ice particles are then mixed into
the bulk of the water by turbulence to then trigger
widespread nucleation. Attempts were made to measute the
water surfaée temperature but the size of the pfobe |
preveﬁted a proper reading. Nevertheless, in ail
experiments, regardless of the air temperature or the
turbulence intensity, no tequraturehgradient was ever
reibrdédi‘Yet, visual obser;ations indicated that §mall ice
partﬁcles were always visible on the surface prior tq;
nucleation in the bulk'of\water, so that nucleation did.

indeed occur first on the surface.
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However, such an observation is also consistent with
the sequence of events suggested by Osterkamp and others:
the nucleating particles are produced by the condensation
and freezing of water vapour above the air-water interface
and are subsequently deposited on the water surface. It is
very likely that the deposition of tﬁesé ice particles
causes the surface nucleation described by Michel.

Therefore nucleation occurs first at the surface and
this occurrence strongly depends on the air temperature. For
both the processes identified by Michel and Osterkamp, a
- certain turbulence intensity ié also required to transport
the effects of this process below the water surface to
initiate nucleation in'the bulk of the water. Therefore, the
two fundamental variables affecting fhe nucleation
temperature would be the air temperature and the turbulence
intensity. The air temperature dictates the rate of
production of ice particles (above or on the water surface)
and turbulence effects the rate of transport of these ice
particles from the air-water interface.

‘ The variation of these two parameters, rglétiVe to each
other, not only determines the nucleation temperature, but
also the development of a surface ice cover. In general
terms, if the air temperature is low, numerous larée ice
particies would be either deposited or grown on the surface.
. 1f the turbulence iptensity isiiow; a majority of these
paftiqles would not be entrained. Instead, they would'be

integrated into a stable, solid, surface cover. The



availability of nuélea;ing particles withinlthe bulk of the
water would then be reduced and a ldwerwnuéleation
temperature reguired. }

On the other hand, if the turbulence ‘intensity is high,
the transport of the ice particles formed or deposited on
the surface occurs easily, precluding a stable surface covér‘
and providing a surfeit of nucleating particles which will
lower the supercooling ﬁecessary for nucleation.

1f the air temperature is high, but below fregzing, the
number and size of ;he ice particles growing or deposited on
the surface is small. The surface cover takes longer to form
if the turbulence intensity is low. Even if the turbulence

-

intensit& is high, there is a lack of nucleating particles,
c&oiing oc#urs for a 1onger.period of fimé, and hence more
supercoollng at nucleation results.

' The measured effects of air temperature, T ; and the
turbulence int¢n§1ty n?ar the surfgge, us, on the
develépment of a surfaég ice:coversgre illustrated in Figure
4.2. The lihe shown approximately distinguishes between the
zone where a solid surface cover can fofm and cannot form.
At air tempera;ures of -10 to -20°C, u;'must be about 0.008
m/éec to prevent a surface cover from forming. At air
tempgratﬁres of -30°C the requirs§ values of u; is increased
t&out 0.02 m/sec. | 7

The variation of the nucleation temperature with air.

tempﬁ‘nture and turbulence intensity is shown in Figure 4.3.

The da‘ ghows considerable scatter. Because of t;he
* ' ‘
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Figure 4.2 Effects of Tufbulence and Air Temperature on the
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randomness ofathe size distribution of the nucleating
particles and %f the nucleation process itself, this is not
unexpected. However, there is a trend which indicates that
the supercooling required for nucleation is reduced with a
reduction in air temperature. An influence of the surface
turbulence intensity is more difficult to perceive but there
is some indicati?n that as the turbulence increases, the
supercooling required for nucleation is reduced. If a
surface cover is evident prior to nucleation, the
supercodling required for nucleation is also greater,
although there is considerable variation.

The maximum 5upefcpoling is related to the nucleation
temperature. If the turbulence intensity is l8rge the
increased growth rate of an increased number of frazil
particles should dec;ease the maximum supercocliﬁg. This is
somewhat born out in Table 3.5 and appear;ito contradict
Carstens'A(1966) suggestion that the larger the cooling rate
the greater the maximum supercooling. |

The data'shoéﬁ in Figures 4.2 and 4.3 therefére provide

some support for the postulate of deposition of ice .

»partiples from the air above the water surface, although it

by no meéns discounts heterogeneous nucleation occurring.
within a strongly supercooled. surface layer. However, in
Muller"s (1978) experiments in which a strongly supercooled
layer existed on boundaries other than at. the surface, the

~

required supercooling for nucleation was considerably

greater than measured in this study. This suggests that the

.
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deposition of smell ice particles on the surface is the
primary process responsible for the higher nucleation
temperatures. There is no doubt, though, that additional
supercooling does exiit near the surface and nueleation is
initiated earlier in this region after the deposition of ice
crystals produced abaove the air-water interface. Turbulence
then transports these nuclei below the surface and
nucleation occurs throughout the whole water body.

One particularly unique situation was produced in
experiments 15 and 21. The turbulence intensity was low and
a gsurface cover formed following supercooling in the bulk of
the water. This supercooling continued to exist even as the
surface cover thickened by heat loss . through the surface ice
and through the sides. After 10 .to 20 minutes (600 to 1200
seconds)/ during which the water temperature remained
constant and no ice particles were visible, the ice cover
was mechanically broken..Immediately, ice crystals of
sufficient size to be visible (1 to 2 mm in diameter)
appeared and the temperature returned to near the melting
‘p01nt of ice. The ice part1c1es formed throughout the bulk
of the water in a very short time - somevhat less than 30
seconds_- compared to the growth time in the other

)
experlments. These part1cles were d1sc01dal in shape and
appeared in concentrations of about 1 to 10 particles/cm’.

It should be noted that similar observations in“natural

streams have been reported.
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The interesting point about this phenomenaqis that upon
sudden disturbance, ice particles many times larger than the
expected nucleation size were produced. In addition, the
time between the inferred -nucleation time based on the
behavior and shape of the supercooling curve (see Section
3.2.2) and the disturb§nce was sufficient to produce ice
particles of the size observed if typical growth rates vere
applied. Yet, their growth was not visible until fhe ice
cover was broken. It is difficult to speculate what might
have occurred had the ice cover not been disturbed.

It would seem that this sequence of events can only be
explained if, following nucleation, the newly formed ice
nuclei exist in some meta-stable, ice-like form without
exhibiting any surface characteristics which are visible to
the naked eye. Then, when disturbed, these nuclei alter

their surface characteristics such that-they become visible.

- ’

4.2 Volumes and Rates of Frazil Productioh

The rate of frazil mass production is given by eqLQtion
1.1 (Carstens, 1966). This equaiion relates the amount of
ice generatéd to the release of latent heat of fusion as
indicated by changes in the water temperature and to the
heat loss across the boundaries of the water mass. If this
equation is\inteératéd with-fespect to time between to and

~

t, the mas;’ofhice proéuced before time, t, is given by:

<

Mi = ,,(Hog + T(t) Cppw)/L (4?2-)
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for a unit volume of water subjected to a heat loss of Ho' .

where
H = (aT/dt) cp Py . (4.3)
In the present efpgriments (dT/dt)o wvas determined from
the net change in temperature near 0°C that.vas available
for frazil generation after an allowance was made for the
heat released by the growth of border or surface ice. This
temperature change was a constant during each experiment.
From‘equations 4.2 and 4.3, using the appropriate
nqmerigal values of Cp, Py’ Py and L (section 2.2.2), the
frazil'zolume generated pef unit voiume of water is given by
"V =0.01389 [T - (dT/dt) t) | (4.4)
where t is measured in seconds from the time the !
supercobling curve crosses the melting témperature, T is the
wvater temperature (negative) in °C and (dT/dt)o < 0. From
the measured temperature curves the volume of ice produced
at any given time can be dete:;ined. As a firstb
‘ apﬁrgximation; ahd to simplify the analysis, the cha;bes-in
temperature were represented by straigh;\line approximations

between the characteristic times to, t te, tr, and t.tt.

n'

Table 4.1 summarizes the computed volume of frazil

produced at times t; and t.. It also shows the rate of

. . N N , A N
frazil ggherat1on Vhs’ Vgr, Vhr, and Ho (the rate of heat

. . .
loss writtef in terms of equivalent volume of ice produced)

for the time periods ts-tnq t_-t t

i tor and following t..

=
respectively. In all experiments, regardless of the

nucleating temperature and the turbulence intensity, the
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maximum rate of ice production occurred following max imum

e
v SO
¢

supercooling and tﬂe frazil prdduction rate following'
¢

B residuél Supercooling was always greater than the production

LS
v

T

rate pr1or to maxzmum supercooling.

-

Some general characteristics of the fra211 productzon -
process ate illustrated in Figures 4.4 and 4.5. In F1gure
4.4 the‘ratie of the rate uf ice production prior to
residual supercooling to that following residual
supercooling is plotted agaiﬁst the nucleation temperature
for various turbulence intensities. From equation 4.2, the
ratio of the ice production rat;; at any time to the rate
.following residual supercoolking must have a lower bound of
1.0 and should increase as the nucleation temperature
decreases. The data in'Figpre 4.4 codform with this and it
is evident that at relatxvely h1gh nucleation temperatures
(low supercooling) ‘the average rate of ice product1on durzng
the supercooling per1od is not much larger than if only
residual sT?ercoolxng was evzdent durlng the entire process.'
'Not until the nucleation temperature is reduced to below
-0.05°C is there an accelerdted ice product1on rate prior to
: re51dual supercoollng. This 1ncreased production rate 1s
primarily a functlon of the an}eat1on temperature because
no stratification of the data on- the basis of turbulence is
apparent. At lower nucleation temperatures (-0.10 C) the
average productlon rate in the supercool1ng period.is twice

the product1on rate following resxdual supercobl1ng
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However, from Eigure 4.3, it appears that the
turbulence intensity has an effect on the nucleation
temperature for any particular air temperature. This
mechanism is .explained in Section 4.1. If the turbulence
intensity for any pa;ticular air temperature is large less
supercooling is required to cause nucleation. From
Figure 4.4, this hiéher nucleationftemperature then results
in a 1ower-rate of frazil production during the super-
cooling period. This suggest% that there ie some optimum
turbulence intensity which is high enough .that a stable-
surface ice cover does not form and yét low enough to
allow a eensidetable amount of supercooling to occur befo;e
nucleation is initiated.

‘It should be notedethat the maximum rate of ice ,;.u
production during the supercooling period was only twiee
. that expected following residual supereooling. Considering
the fact that the period of equilibrium following
supercooling can be in the order of days, while the
duration of supercooling is only a matter of minutes, the
actual contribution of the supercoollng period to the -
total volume of ice generated during freeze up is very
small. The supercoollng period is important, however,
because &; is the process by which nucleation occurs and

hence the heat loss from the water boundaries can be

utilized to form ice.
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~

Undoubtedly, thé major influence on the production rate
of frazil éuring the supercooling period is the water
temperature. The gfeater the supercooling, the greater the
growth rate of ice particles, although the production of
additiénal particles Ly nucleation cannot be discounted.
However, the general approach, as exemplified by the
preceding analysis, cannot separate the effects of
additional nucléation”follow{ng the time of first
nucleation.

Figure 4.5 illustrates the effects of turbulence
intensity on the rates of frazil production during various
phases of supercooling. ft.appears(that the ratio of ice
production following maximum supercooling (when the
~production rate is greatest) to that following fesidual
supercooliﬁg varies between 1.2 and 3.2 and is séemingly
'indepenaent of the tﬁrbulence'intensity. Because the rate of
ice production‘iﬁ a function of the size and,érowth raté of
the frazil particle, it appears gbéf the greater
supercooling during the time Pe}iod trfté more than.
com?ensates for whét could be anvinéreaséd rate of ice
production following.residual supercooling when the Size of
the ice particle is larger. B

There is considerably more variation. in the ratio of
frazil p:oduétibn rates between the time periods foilowing
h;ximum supercooling and p;ior to maximum supercooling. At
high turbulence intensities the ratio is about 2.0 (Figure

’

4.5) but as the rms value ?f the turbulence is reduced below -
. ' : . “’ ‘\ .

a
2 4

T A

AN
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0.05 m/sec, the ratio tends to increase. This suggests that
"turbulence has an influence on the growth rates. One
explanation of this may be that when the frazil particles
are small (prior to maximum supercoolihg) they are
insensitive to all turbulence, regardless of its intehsity.
Howéver, when the particles grow in size following maximum
supercooling, low intenéity turbulence may be small enough
to exhibit a shearing action on‘the;particle and increase
the rate of heat transport from the pqrticle surface. High
intensity tyrbulence, on the other hand, has such a large
‘time sﬁale that even ﬁheAlarger particle is carried,with the
turbulent fluctuations énd-the rate of heat loss is 1e§§ ;
than for the low intensity turbuleﬁce}{Unfortunately, the
very small scales of the turbulence could not be méasured to
qguantitatively evaluate the heat transfer process.

-+ The'above analysis offers some.appreciation of the
general features of ice production\duringvthe period of
supercooting. Additional information can be deduced by
déterminingfthe variation in the number:of partic1es, their
size, and the rate of growth of these particles. This is
done in the following section, where an energy budget,
coupled with measured particle‘gréﬁth rates and the measured
supercpoliné curves, is used to compute the production rate
of frazil particles. -

& ’
. 4
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4.3 Nucleation and Growth of Frazil Particles

'The production of frazil has two components: generation
of new nuclei by heterogeﬁeous or secondary nucleation and
the'subsequenf growth of these nucleﬁ. Both processes must
be reflected in the supercooling'curve. The mass balance
equation, written in teﬁ%s describing these psocesses, is as
follows: o

4/3m- (dN/dt) + N d(Cr )/dt = dv/dt (4.5)

where N is the number of pattlcles, r the radlus of each

" particle at time t, T, is the critical radius of the newly

nucleated particle given in Fzgure 4 1, V the volume of ice

'A produced at time t, and C a constant which relates the

volume of each particle to its characteristic radius.

The“first ter@ of equation 4.5 expresses the volume of ¢

io being'producedoby nucleation; the.second term expresses
the rate of ioe production by crystal growth; and the third‘
term is he change in the total volume of ice, which can be
coﬁpufed by equation 1. i. It should be noted that the
constant C is a function of the . geomef}y of the fraz1l
part1cles. Whereas the nucleatxon theor1es generally assume
that ‘the newly, formed ice embryos are spher1cal, there is no

doubt that these spheres grow into aiscs. These discs}have a

: th1ckness which varles between 1 5% and 10% of their

diameters (Table 2.6). Assuming that the ratio of the

chickness{to’the redius has an average value of 5%,,the

value of C is 0.16. In comparison to sphetrical frazil |

particles, where C would -have a value of‘§.18,'it.is<evident
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that theféssumed pafticle shape can have a large influence
on the estim#ted Qolume of ice produced by crystal growth.

From the literature and the present ‘experiments if can
be estfhated that r, = 10-2, dN/dt!: 10-* and N = 10:,A
d(Cr*)dt = 10-', and EV/dt = 10 '. This suggests tha{;the
first term contributes very little to the solution and can
be neglecggd if the time over which the process is being
obseréed is gfeater than 10 sec. Therefore, because

d(Cr?®)/dt = 3Cr? dr/dt
and from equation 2.18

dr/dt = B T2
from which . |

r =8 ; Toa ar | , (4.6)
eguation 4?5 can be yritten{ﬁs

W
T

N = [dv/dt]/3c(£TSIzdt)2 BS T3/2 - : : ) (4.7)

Evaluating numerically, eguation 4.6 can be rewritten as.

. q = R a/2 . - . 4.
r\‘l+1 Ty + B[(Ti+1+Ti)/2]- ”(ti+1 ti) ( _ 8)
and. equation 4.7 can be rewritten as
o

Ny, = N+ ;8(Vi+1fvi)/3¢ £(i)]° o (4.9)

vhere ” |
EU) = {2r; 4 BTy -T,)/21% (ky,5-€) ) (B(T,, +7;)/21%



113

and vhere the subscript, i, indicates the start of a given
period of time which ends at i+1, |
It should be noted that equations 4.6 and 4.8 are based

on Kallungal (1975) who suggested that the growth rate of a

. particle in supercdoled water is best described by.velocity ‘
to the one-half power, and water temperature to the

’ tﬁree-halves»powe;. The only difficplty in applying this
relationship is that the velocity relative to the particle

.must be known. Unfortunately in turbulent flow, where the

velocity relative to the”particle is always changing, this
~velocity is difficult to evaluate. The efore, equation 2.18

must be modified.such that the constant coefficient and the
- velocity term are lumped into one heat transfer coefficient,
- . 9 .

B. The value of B EPeh becomes a function of thei&yrbulenée
intensity.. | o

In equation 4.9 the numBer of frazil‘particles is a
_fun;tion ofvthe ﬁeasured time and temperature élqng the
supercooling cufvg. It is also a function of B, which must
‘be jndepéndentlyuevalﬁated. This can be done by observing
the ch;nges in the size éf the ice particles with timé and
using equation 4.8 fo relate the coefficient B to the .

/,iu;bulence intensitf.

4.3.1 Growth of Frazil Particles

Growth of frazil particles depends on the supercooling
%,and the ability of turbuience\to remove heat from tﬁé

5 surface of the growing ice'particle._In eqguation 4.8, given

n
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an initial particle, radius the particle radius at any
time can be determined 1t should be noted however, that
equat1on 4.5 a%ipws the computatlon of only the largest
part1cle sxze evident at any time. The average part1cle size

depends on the nucleatlon rate during thls period and the

length of time that these previously nucleated particles

a
~y

have" been immersed in the supercooled wat;r.

An ."a priori” evaluation of B was made by estimating
the size of the ooserved frazil particles? This estimate was
always made upon the first visual sightihg and would
therefore be biased towards the 1arger part1cles, or those
particles wh1ch vere nucleated at time, t. Furthermore, the
first sighting always occurred near the tlme of maximum
supercool1ng, tyr andnall the observed ice particles had

%diameters in. the order of 1 to 2 mm. Hence, an approximate
“value of B can be determined from equatlon 4’5 if the
initial particle size ro which is about héw mm, is

considered to be much smaller than the ice particle size

r ,at time tg. Therefore, from equation 4.8

- 21”2 (e —gNy)T |

B rg ((Tn+'rg/2) v,(ts tn) } (4.10},‘
A summary of the results is shown in Table 4.2 and the
veriation of B with u' is illustrated; in Figure 4.6. It is
emphasized that the values of B shown-are7ohly as accurate

as the est1mate of the part1cle sizes. Because the particles

were observedfby eye and no photographic record was made,

o
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the estimate can be in error by up to 2 times. In alf
probability the particle sizes were underestimated. That is,
the particle sizes could be up to 2 times as.large as
observed, but not any smaller than noted.

_Therefore, the value of B shown in Table 4.2 is a
minimum value and B could be up to twice as large as
indicated. It is apparent, though, from Figure 4.6, that B
does véry significantly with the turbulence intensity.

With the coefficient, B, determined, equation 4.8 can
be ‘used to compute the size of the largest frazil particles
that should exist af any time during supércooling. It must
fbe assumed, however, that B is constant even as the particle
size 1is inc}easing. Table 4.3 summarizes the computeé sizes =
of the largest ice %mrticles at‘the characteriStic;times
t, and t_. At iésidual supercooling the radii of the frazil
particles vary within a range of 0.6 mm and 3 mm, although
in run number 22 Ghe(diaﬁeter of the ice péfticles is about
4.5 mm. Figure 4;7,Awhich illustrates the computed
relafionsyiP betwééh u' andf;r for various air temperatures,
has,considerablelscatter with nd obvious effects of‘air
temperature on the maximumisiie of frazil particles. There
is some tendency for the size of-the frazil particlexto
increase with the tutbdlgnce, althbuéh whether.thiS‘is'due
to’the_effecté of‘u'vdn the:dutation of supercooling or the

effects of u' onrthe’growth‘réte is diffigglt to say.

- - N
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‘ Table 4.2
Computed Values of B From Estimates of Frazilvparticle Sizes
‘Run " u' Time Mean
Number Interval Supercooling ' (mm/sece®C?>?)
(m/sec) - (sec) (°c)
15 0.027 _ 1425 0.11 0.021
21 ~ 0.050 600 . 0.06 0.11
32 0.044 600 0.05 0.15
34 . 0.070 114 0.09 0.35
41 0.036 540 0.1 0.05
50 0.052 1240 0.07 0.05
52 0.049 255 0.05 - 0.35
\ | '
Table 4.3

Prazil Particle Sizes

Run - : B rg ry
Number (mm/sece®C*?) (mm) (mm)
11 . 0.10 - 0.89 2.1
12 0.16 T 0.64 1.9
13 '0.060 o " 1.0 1.5
15 1 0.027 1.3 1.4
21 v 0.10 0.88 1.4
.22 0.40 - 2.0 4.7
23 0.20 . 0-.38 1.2
. 24 : 0.13 0.39 0.96
25 0.055 1.2 1.4
32 .~ 0.070 0.47° 0.61
33 . 0.16 0.36 1.5
34 - 0.29 , 0.82 2.0
35 . 0.40 1.3 3.1
41 - 0.045 S, 0.89 1.9 )
42 0.055 - 1.1 , 1.8 0
43 ‘ 0.15 0.63 1.5
44 0.29 1.6 3.3
45 0.50 0.15 c 1.7
50 . 0.11 2.3 - 72,9
51 - 0.40 0.42 2.2 _
- 52 . 0.090 0.26 0.61 ’
¢ 53 ‘ 0.40 ’ 0.76 . 1.7

- 4
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N3

4.3.2 Nucleation Prior to Maximum Supercooling

According to Fletcher's theory of heterogeneous

‘nucleation, numerous nucleating particles of various sizes

either exist in, or are being transpofted into, the
supercooled water. The ability of each of these to act as a
nucleating qgent dependé’upon the amount of supercooling. At
the nucleatdon temperature dgtermined from the supercooling
cqfves, the largest of the nﬁzleating pafticles preéumably
bécomes’active.“hs the‘tempEratuge continues to fall to
maximum supgfcooligg, smaller nucleating panticles should
also become acdgz;. This results in a continuous nucleating
process at least up té time ts anq small ice pérticles with
radii in the order of 10°* mm (Figure 4.1) §Pould appear
continﬁously. | -

The pumber of particles qf time ts.cah be'Qgtermined
from quatipn.@.Q if r =, Ni=0, andvvi¥0 at time Fn’
Becaugé phe rate of ice production was linearized (Table
4.1) over this period and

~

2

2r B~ ! [(Ts*'TnV?‘-]»-a/z (tsi'.tvn)-l‘: 107"

equatioq_i}QJcan be:reduced to

L]
¥

16.97 v
S

= =7 ——— . T(a.11)
BYL(T+T ) /2] (tsftp)

N
S,

-«

where Ns is the number of particles at time ts. In reality,

the value of N at time tn is probably not zero. It has a

<

i ":!“s. '
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finite value which is a function_of both the air temperature
and the turbulence, with N increasing as the turbulence
increases and the air temperature decreases {Section 4.1).
However, .. it is assumed that secondary nucleation or
additional heterogeneous nucleation occur at significant
rates after tn then it is a reasonable approximation_to
assume Ni is relatiVely small and approaches iero.

Table 4.4 tabulates the number of frazil particles ~
produced at time t and tﬁe rate of production of these
particles in the time period Between.tn and ts..The numbef
‘of particles per cm® of water varies between a minimum of

0.26 and a maximum of 330. From the observations'made during
the experimentation it was perceived, although not actually |
measured, that .the number varied withigbgn order of
magnitudelof‘1.0; This suggesfs that ia many instances the
value of B\was either poorly-cstimated or ié not a constant
over the period of time thé-changes in N were calculated.
Considering the error in‘estimating the‘particle sizes could
have. been 200%, and that N 1s a function of B to the third
power, the number of part1cles could be overest1mated by a
factor of eight. This could redug&jthe maximum concentration
of partiéles at time gs to about 40.- -

Neveffhéleés, aésuming that the error in the computed
values of N -is the séme for all experiments somethiﬁg can
st111 be determined from the results. F1gures 4.8 and 4.9
show the variation of N and N ns (the nucleation rate) with
the turbulence intensity respgctively.‘Both fhg namber of”

-



Run
No.

11
12
13
15

Ns
(#/cm?)

2.12
6.5
13.1
6.1

28.8
0.26
118
1563

- 20.7

*

Table 4.4
Summary of Nucleation Rates

Nns

(#/cm?®esec)

- 0.049
0.052
0.016
0.0042

0.048
0.0016
" 1.68
1.14
0.017

0.31
2.31
0.15
0.034

" 0.014
0.018
0.12

0,022

20.6

\ ;
0.0023
0.66
1.29
0.23

Nr
_ (#/cm;LK

-0.77 -
0.54 !

- 240

- 1.4

]
-
N
-

- 159
-45.9

121

l.isr

(#/cm*esec)

~-0.045

-0.029

-0.029
0.25

-0.048
-0.0002
-0.87
-0.046

-0.87
-0.93
-0.11
-0.026

'-0.0085

_0-01“7
-0.11
-0.037

-2.39

-0.012
jO,‘#

-1.02

: -0-46



Ta(*C) : D -~

A -28

N, (#/cm3)
n
'

o1 A 1
o] "

Figufe 4.8 Effects of Turbulence on the Production

Particles.'

122

of Frazil



123

10 v ] R ‘ v I v T - LS T
4208
A L ' )
A A ® Muller Rg= 2300 .
1+ a s O Muller Re= 1500 ~
A 4 This Study
e A
a .
A
— A
8 01} »
® (o]
IS ‘E, ' a " ‘>
® “ s a
- . , . A A ® o o
fZ 001} o a
. % .
A ’ N
A
- . A
000t} o ® a
0.
0.0001 e 1 i 4 4 1 1 i ‘ ."‘] 1
) ] 004 " e08 012 0%6 020 024
Tn,°C

Flgure 4.9 Effects of Turbulence on the Rate of Production
-~ of Frazil Particles

’



124

particles produced and the rate of nucleation is a maximum
in the vicinity»éf u'=0.05 m/seé if the cémputeq values are
stratifiéd on the basis of air temperature. This suggests
that at low turbulent intensities less nucleation occuré,
‘either because of a r;ducfion in the availability of
nucleating particles or the reduction in secondary
nucleation., At tu;bulencé intensities greater than about
0.05 m/sec the nucleation ra.e is again reduced, perhaps
because more ehergy is going into crystal growth and
_nucleation is Being suppressed.

There does not appear to be any relationship®between

- the optimum turbulence intensity and the air temperature.

4.3.3 Nucleation Following Maxiﬁﬁm Supercooling

Foilowing maximum supercooling the méjor ice production
processes are thée of crystal growth.énd, perhaps, |
secéndary nuCleaEion.'Heter6§enéoﬁs nucleation may.alsé be *
responsible for the appéarance Qf.additiona@ icehparticles
because it is probable that the nucleating agents active
prior to max imum supercooling will also be acfive on the
rising limb of ﬁhe'supercoolingbcurve, at least until the
wéter temperaturé increases above.the nucleating
temperature. o : ‘

Equations 4£§vand'4.9¢caﬁ be solved forvNr at time

t "if N.=N , r.=r , and V_=V . Thus:
r i's" i 8" i s :

16.97(V_-v_) |
r T @aDT BT T, /21 (e e )t T Vs

~

(4.12) -




"a" is an 1ndlcat10n,of t

" ice particle prior to and fpllo

-
4.4 wherg\they are COiﬁared to the nucleation rateE\prigr;te

e value of B follow:ng max1mum supercool1ng. However, becau;;Eil:\>‘

where

- - a2 - _ » .

.. T-T, t-t __

‘ T +T_ ). \t -t : \
r s r s | .

\\\\

which arises because the initial size of the 1ce\parti¢1esv

S~

\at\ts is no longer negl1glble w1th respeat to the growth ©

\

the i\é\part1cle between the times t, and t.. The. parameter TN

at1ve potent1a1 growth of. -an
imum supercooling. ‘ e

The nucleation rate, Ny, can be determi
equation 4.14 by tr-qs. \\\\
~. The computed values of N_ and'ﬁsr‘are-shagh\1n

\by\g}vidindl

™~
~

~

imum supercooling In the majority of cases the. L _
- \

calculated\values of both N " r are negatlve. This is

unexpected. Inspect1on of equat1on 4.1 Qéa;s that N <0

only if N ‘is greater than the first term on the rlght s1de

of the equat1on. Th1s can only occur 1f the v ‘ue\of B pr1or i

to maximum supercool1ng is underest1mated relative toithe .

the‘former vas determined on”the‘ba§1s of growth rates of \§§
“ the frazil perticleé,fit is most iikely thét_the latter must
be less that that assumed. | . : ,
.. An indication of the relatlve changes in B requ1red for ¢
the number of particles to be preserved follow:ng maximum o lkh

,supercoollng (N -N ) can be made by assuming that B and o

’Br (the vaiues of B pr1or to and follow1ng max1mum

Al
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supercooling) are constant over the respective time periods

and B_#B_. Dividing equation 4.12 by equation 4.11 results

e

~in ' . s
(B,/Bg)® + d4a (B, /B.)* + 4a® (B,/B.)
= [(vr'-vs)/zvs'] a?’ - ‘. (4.13)
which can be solved for the ratio‘of Br/Bs.(ln general, it
) is found that 0.15<Br/Bs<0.75 and that the ratio varies
significantly with the turbulence intensity as shown in

Figure 4.10.

\

It is apparent then that when ice partlcles are‘
1mmersed in high 1nten51ty turbulence ‘the rate of heat loss’

from the particle is reduced as the particle size increases.

In other words, as’ the rat1o of the length scale of the
o part1cle to the length scale of the turbulence increases the

rate of heat. loss decreases. This is contrary to

~

\
\f\~—expectatxon. Flgure 4.10 also 1nd1cates that the reduction

'11n B as the particle size Jncreases 1s less 1f the

N

B - lence 1ntenszty is low. Th1s suggests that at low

- 1ntens;ty turbulence the rate of heat loss from the particle

Tis 'qﬁependent of the change in the ratio o{jthe length

scales‘of ‘the partxcle and the turbulence. L

dlscrepancy, although assum1ng that ‘the growth rate is

\\\\}ndependent of \the crystal szze 1s probably the major

\

a partzcle 1n_turbulent flow i

a function of T"h. Because s
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this relationship was borrowed'from the growth’rate theory
of stationary ice crystals in steady, supercooled flow, this
is not improbable: | i |
‘Newertheless, because the vd#lue of N_ was overestimated
in equation 4'11, it is impossible to get an apprec1at1on of

secondary nucleaton.

¢.4 Comparison with Muller's Data

A summarj?of‘Mulier'e data pertaining to nucleation and
_grthh of the frazil particles is tabulated in Table 4.5.

'As described in Seetion 2.4, Muller cooled a sample of:
ﬁﬁltered-water‘ih_a'small refrigerated container open to
abpge-zero air temperatures. Either because of the absence
of the supercoeled iayer at‘the surface or the lack ‘of ice
transported across the air-water interface, nucleation did
‘not occur until initiated artificially._uuller did this by
,\injecting a'single pertidie of.ie"into the supereooled
water at a choseﬁ'suﬁercooled temperature. He then measured
the change in water temperature and counted the number of
vlce particles produced durxng the first 40% or 50% of the
durat:on of supercool1ng. In some experlments the number of
partxcles vas so great that single partxcles could not be
d1f£erent1ated in the photographs.,The total volume of ice
produeed was’computed from the increase in. vater
temperature, taking into consideration heat transport ecrossﬂ

‘the boundaries of the water sample. Knowing the total volume
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of ice produced and the number.of pertjcles (froh. N
'photographs) at any time following nucleation'it vas
poss1b1e to compute the average size of the ice particles.
Although Muller could have 1ndependently estimated the size
of the ice particles by photography, he chose not to. This
is unfortumate because itvdoes not allew an independent
assessment of the rate of particle growth. .

Muller's experimental techuique differel.considerably:
" from that employed in the present experiﬁents. Firstly;
Muller d1d not produce a super ool1ng curve 51m11ar to- that
~found in ‘natural situations. In most of his exper1ments no o
max imum supercoolzng was evident follow1ng nucleation. Thxs
is because of the: extremely low cooling rates,. whxch were'
completely dwarfed by high ice productlon at lower

!

nucleat1on temperatures than generally occur naturally
Second}y, 1n each experxment the initial nuéleatlon always K
occurred\ln the same ‘manner. That 1s, one ice particle was
~always placed into the supercooled water. ThlS d1d not allow
for the var1atzon in the number of nucleetlng part1cles
vh1ch can normally be\{ound in nature. A graph1ca1 ‘
representatxon of the chapge with tlme of temperature,
-number of pdrtlclesk‘and partzcle size in one of Mulle
experxments is shovn in Figure 4. 11.A}i.'

I § comper1son of the sr;es~og the frazil part:cles
produced in thls study and Muller' s studg\can be made by
conszderxng Table 4. 3 and Table 4. 5. F1rst1y"\it should be

noted that the partxcle sizes in Table 4. 3 ere the lerg”‘t
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N(#/cm3)

~0.02

~0.06

~0.08

~01
0

Figure 4.11 Results -of

1.

150

| t’(sec) |

8 Typicgl Expériment'
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of any glven size d1str1butxon at one time, whlle those of
Muller are the mean saze Secondly, Muller assumed that the
éa!ticles vere spheres and the resulting ‘sizes (Table 2.1)
are considér&bly smalleé«ﬁ%o be consistent with the
estimates from this st;ay, the reported radii were.
recalculated on the assumption that the spheres were in fact
;discs with a volume of 0.16 r?. It is these results which
appear in Table 4.5. The observed and calculated sizes in
both expefiments are consistent with those observed in
rivers. However, because Muller operated at considerably
larger supercoolxng the sizes of his frazil particles tend
to be larger, even though the duration of growth is less.

. The est;mated ave;age size of the frazil particles’also
allows the determination of the coefficient B"and its \
varxat1on with respect to the d1ffeﬁ@nces in turbulence.
These values of B are also shown in Table 4 5 and their
range is compared to the values\of B determ1ned in thls
study in Figure-4.6. Again, it n:ust b"noted that the
evaluat1on of B from Muller s data was qﬁpe on the basis of®
the mean particle size. This results 1n a low estimate. 1f B -
was computed from the largest partxcle gsize, considerably )
higher values of B than estxmated in- thxs study would have
been evxdent. This may be ezther because Muller ran his
experiments atgconszderably higher turbulent 1ntens;t1es or
the value of B 1n thls study is undereatnmated. |
Unfortunately a deraxled compar;son is' difficult because of

7

_the absence of a cbmmon representatxon of turbulence.

Il )
)
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One point of interest with respect to B in Muller's
date‘ig that it does not-vary”bignificantly for‘the two
'turbulence levels. ‘The mean velueo of B for'his -

representet1ve Reynold 5 numbers of 2300 and 1500 are 0.26
and 0.24 respectzvely. The largér varzat1on in B found .in

| this study suggests that a much larger range of turbulence
intensity vas utilized in'this study._

A comparison of the nucleation rate and the number of
'frale part1c1es produced at the end of the supercool1ng
perzod in both stud1es is very dxfflcult The method used in
computing "the number_of partxclgs produced 1n this study
icould not ' be applied over the whole ranoe‘of supercoolino
(Section 4.3.3). Also, the experimental procedure and the '
defined independenc variablés in both sets of experiments
are not consistent enough uo alldv'a‘representative\- |
,comparxpon. Hovever, some comperxson can be made on the
basis of the nucleatzon temperature if xt xs accepted that |
the ‘number of computed . partxcles at time t ~in- this cthdy
; and the number of p&rgxcles reported by Muller 1s
| representat1ve of the number of pert1cles produced. The
relat1onsh1p betveen N and H‘ is shovn 1n F1gure 4. 12 It is. -
'obv1ous that Muller s data eppears to behave uell, 1f :
'strat1£1ed on the bas1s of the turbulence intensity. H1s ';
data also’ plots below the data £rom th:s study, even though g

L 3
nucleat;on in hzs exper;ments occurred at much greater

’ supercool:ng‘~x§a1n, it must be emphesized that in some N
- 1nstencesﬁnu11er could not count the.meglmum=number;of. -

St . °

L
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ﬁartiolee‘because their numbers were so great they could not
. be résolved'photographically. There is no obvious trend in
the data from this study. Bec;use B in th1s study can be in -
error by a factor of 2 the value of N could be reduced by a
factor of 8, thus-plac1ng the bulk of the data close to that
of Muller. )

Figure 4.13 comparee the nucleation_rates in both
studies and the trends from hoth 'studies are.similar:to'
thoee"in FigureL4,12: |

_ - .

4.5 Resxdual Supercoolxng

_ Followlng the return to res1dual supercool1ng, only the'
: heat loss. from the boundary of the vater, H o is respons1ble
" for the continued growth of ice. Dur1ng-th1s per1od of

~

residual supercool1ng, if it 15 unlikely that sxgn1f1cant
.heterogeneoue or secondary nucleatlon is occurrlng, all the
~ heat  loss must result 1n the product1on of ice by the growth
of the ex1st1ng frale part1c1es. The growth of these ‘
particles can only occur 1f there 1s,a dlfference between
the‘temperature of the ice part1cle and the vatei“ Th1s can
1~on1y be possible if a certa1n amount of supercoolzng 1s
-ma1nta1ned ,

| ~ The behavzor of th1s re31dual temperature cgn be
determxned f;pm the equatxon vhzch relates thé chgngq m\’t

‘partlcle szze to the amount of ice produced.

N, 3.crdr/at - H - S )
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vhere N, is the number of particles at the beginning of the

_residual supercooling phase. Now

dr/dt = BT ¥* . | . (4.15)
so that
T = [H /N, 3cr?p)1 ¥ ' ‘ (4. 16)

_Because r is constantly 1ncreas1ng, at an- ever-decreasing
rate (the greater the parthle size the larger the rate of
ice produced for any glven rad1us increase) T must approach
the melting temperature asymptotlcally.

Carstens (1966), in his classification of the different
phases of supercool1ng identified a time followlng the
supercool1ng per1od when the water temperature appeared to
remain constant. This residual supercool1ng has been debated
| considerably and, ln fact, even meaSurements have not shown
'conclusively if such a condition actually exists. |

However, a residual supe%coollng temperature T,, can be
‘defined at txme t and its value can be calculated by
equation 4.16. In thzs study the drff1culty in comput1ng an
increase in the number of frazil partzcles belng produced -
following max;mum supercoollng makes 1t necessary to makef
some a55umpt1ons in order to solve for T . If 1t is. assumed
'that N N B /B has values as 1llustrated in F1gure 4. 10
and the heat transfer coeff1c1ent B for the per1od follow1ng
residual supercoolxng is equal to B . then equatzons 4. 8 and‘

4.12 can be comblned with equation 4.16 'to g1ve

) - Hy 'rf'rs ”"’ftl.(tr-ts)_ » |
et [° 25(v v) ) | - &
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where
f(a,B) = [((B /B )a+1)/((2(B /B )a) + 1)]'
if C=0.16. This shows that, for a given air temperature

A

(vhich determines'Hé); the amouhf of required supercooling
depends'on the characteristics of the supercooling curve. If
there was a long duration of supercoollng then a limited
amount of res1dua1 supercooling is requzred However, if the
supercooling period is short and the number and size of the
~frazil particles ase small, then more fesiaual.supercooling"
'1s requxred to, balance the heat loss to the a1r

Table 4.6 summarlzes the .computed necessary residual
supercooling. These are compared to the measured residual
supercoolings in Figure 4.14. The aggreement is reasonable, ,
'considering that the resolution of measurement was only
0.01°C. In'most.instances the compnted valuesvof T, are
lgreater ‘than the measured values. This would suggest that,"
e1ther the number or the size of the part1c1es is
overest;mated by the calculations in Sect1on 4.3. Probabiy,
veven though N was constrained to_alwaysrequalst, the
‘number of particles was overestimated and the size of the
particles was underestimated, gigen the observed
concentrations of'fsazil particles. Nevertheless, a certain
amount of supercoo11ng must be establ1shed followxng every
supercool1ng phase if ft&211 is generated This res1dual

supercool1ng can vary between almost nil and at least

0.04°C.
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' Table 4.6
Compar1son of Measured and Calculated Res1dual Temperatures
' ;/Sgn ; - 71r (°c)
v No. Measured’ Calculated

11 . 0.02 . 0.039
12 o - 0,03 - 0,029 -
13 - - 0.03 ) ‘ 0.028
15 ‘ ©0.01 - o - 0.009
21 S 0.01 .. 0.014
22 ‘ AN 0.02- . - 0.025
23 oo s 0.03 : 0.034
24 L 0.035
25 . ; ° 0. 0.021
32 0.02 \ 0.021
33 0.03 0.032
34 0.03 .0.035
35 0.02 .
41 0.03
42 0.04

43 - - 0.02

44 0.03

45 ‘ 0.03

‘. |
50 0.04 . 0.039
51 0.02 .0.028
52 0.01. 0.022
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5. CONCLUSIONS AND RECOMMENDATIONS

A laboratory model was constructed to observe thej
generation of.frazil for various combinations of air
temperature and turbulence typical of a smal;'streah_during
winter. Temperatures were meésured to within 0.01°C by
calibrated thermistor probes and the turpulence was
_characterized by the rms of the velocity fluctuations which5
were measured using eelaser anemometer. Quali:ative.
observations of the formation of surface ice; nucleation,

&

and the growfh of .frazil particles were made. Nucleation
" rates uereﬂcalcuiafed from the he;sured supercooling curves. '
The differentiation between the fce produced by crystal gw'
growth and by nucleation was based'on an expressionlfor

crystal growth taken from the-literature.

-§?5.1 Conclusions

5.1.1 Surface Cover Development and Nucleation Temperatures:
The experimehtal evidence-suggests;that formation of a
» surface cover and frazll generatlon are the same prqgess -
heterogeneous nucleatlon. Although surface ice growth
occurred outwards from the boundaries of the water surface
by heat conduction through the ice and the vessel its
extent was l1m1ted to the boundarxes by the, turbulence, or
.degree of agitation of ‘the’ water surface. Hovever a surfacelh'
: cover could still form by surface nucleat:on vell away from.

N\

141 | | -
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the boundaries. The formation of this type of ice cover was
related to the air temperature and to the turbulence
intensity. For any air temperatures of -10°C and -30°C the .
likelibood for this type of surface cover to form was emall,
for turbulence intensities.of 0.005 n7sec and 0.02 m/sec
respectively.

The actual time and temperature of nucleation could not
be observed, but was inferred from the shape of the
superccoling curve. These nucleation temperatures, alweys'
greater than -0.10°C, suggest that nucleation is initiated
by small ice particles acting as nucleating agents. If the_
turbulence intensity uas large enough to cause entrainment ~
of the small 1ce pert1cles which nucleated on the surface,
they were transported into the flow. This occurred in
; conjunctzon wlth the measurement of relatlvely hlgher
nucleatxon temperatures. On the other hand, if the
turbulence intensity was low and the surface partlcles could
not,be en}rained, a surface cover developed and a much lower -
nucleation temperature was recorded.

‘The recorded nucleatlon temperatures can be related to~
the air temperature and turbulence. Although the ¥§\$
relationsh:p shows considerable scatter there is a trend
which shows that extremely cold air and high turbulence
_1nten51ty result in higher nucleat1on temperatures than for

warmer air. end lower turbulence, or even warmer air and hzgh

‘rturbulence. : o
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The source of'the ice particles which initiate
‘nucleation was deduced to be the air above the water
surfece. These perticles; probably formed by water vapour
condensation and freezing, deposit on the surface and
initiete both the developmentlef a surface cover and frazil
generat1on. The presence of a strongly supercooled layer of
water at the surface accelerates both ofﬂthese processes.

The accepted nucleation theories are 1nadequate for

[

pdef1n1ng the nucleation temperatures because their

't;on depends on impossible 'a priori’ estlmates of‘

p

ﬂ{ R p . -
5.1.2 Ice Produttion During Sup:rcoclfﬁé

The amount. and rate of ice produced during supercooling
'was determined from the shape of measured supercooling

curves.” In general ‘regardless of the air temperature, when

~.

the turbulence 1nten51ty ;ZE\\\;\éfhe portion of the curve
pr1or to maxlmum supercoolxng {when h togeneous nucleatidn_,‘
\

could occur) was long and drawn out. Dur1ng thr\ per1od
vconsmderable 1ce could be;,pf\aueedT -but at a slo;\?ate.‘lf‘
*the turbulence inten51ty was large, th\\\urue vas shorter,
exh1b1t1ng a higher rate. of 1ce productzon but not

~

necessarlly produc1ng more: 1ce because of the\shorter

productlon t1mee,;'

e~



144

In all cases, the highest rate of ice production
occurred after maximum supercooling and varied between two
and four times that produced prior to maximum supercooling.

~ The ratio of the’mean frazil produqtiqn fgte during the
'supercooling period‘to that following supercooling varied
between 1.0 and 2.0. This rétio was a function of the
nucleatioh temperature and an incréase in this ratio was
‘evident when the supercool1ng at nucleation became greater

than 0.05° C Any effect of turbulence intensity on the ratio

could not be determined from the data.
L3

W

5.1.3 The Shape and Growth of Frazilb?articles _

All the observed frazil parti#l?s vere discoidal in
shape, with estimated diameters varying between 1 and 2 mm.
~This shape and size is compatible with ﬁhat predicggd by the
difféfential‘grovth rates of ice crystals along the a- and

' c-axes; and also similar to that observed by other |
'«‘experimentérs in 1aboratory and naturai conditions.

The growth rates 1nferred from the observed crystal )
sizes were also compat1ble with those of other '
investigators. However," there is a.largg,diggrepancy in
reportedﬁﬁrowth rétes,"with order of magnitudevdifferences
.being;ﬁof'uhcommon. If'vas found that improperly assumed
shapes of the fraz%lcpérticle can lead to large e:rors‘iﬁ
'grdith rate estimates if-only one characteristic dimension

is used to describe the particle.
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5.1.4 Nucleation of Frazil Particles

‘Other than the Appearance of VlSlble ice particles, the
actual nucleation process could not be observed because of
its microscopic nature. This prevented an 1ndependent
confirmation of the nucleation temperature and the rates of
nucleation inferred from the supercdoling curves. It also
prevented any distinction being made betyeen the so-called
secondary nucleation and heterogeneous nucleation,

However, an equation which distinguished the volume of
ice produced by nucleation from that produced by the grovth
of the ice particles gives estimates of the number ¢f
particles,'and-the rate of'production of these particles,
that are within an order of magnitude of those observed by

4 '.others in -laboratory studies. These estimates of 0.3 to 300
;f', vparticles per cm’, ‘produced prior to maximum supercooling,
vere found to be extremely. senSitive to the ‘measuped growth
- rates of the ice parficles. Errors in the estimates of these
growth rates could reduce the number of particles by an '
order of magnitude.‘ ' -~ w
The computed values of both the number of particles
produced and the rate of their production by primarily
heterogeneous nucleation prior to maximum supercooling, for

each of the,measured supercooling curves, was independent of

.the nucleation tenperature (contrary to previous N {
A 1nvestigators) but highly dependent on the turbulence 2
/

1nten51ty The number of particles produced and the rate of /

production was maximized at turbulence 1nten31t1es of 0.05

vk
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7 ‘
m/sec. At lower turbulence intensities the limited transport

of nucieating agents from the surface vas the most likely

cause of the low nucle at1on tag\ At higher turbulence

1ntensxt1es, the reascn for lower production rates is more
difficult to determiae. P

An interesting phenomena was observed vhen the effects
of nucleation were made visible by altering an equii@brium
condition between the growth of a surface cover and the
supercooled condition by Sreaking the surface cover.,
Numerous frazil particles became evident. This suggests that
water molecufes can liberate latent heat by adopting an
1nterna1 ice-like structure which cannot be dlfferent1ated
from the surround1ng water, Then,‘v1th some dxsturbance,
these 1ce 11ke structures suddenly become visible, perhaps
by a minor altgration of their struéture, T

The secondary nucleation process, wh;ch most likely

predomlnatesﬁafter\haxlmum supercooling, could not be

~identified because a realistic solution of the nucleation

equaszon could not be £ound for that portion of the
supercool1ng curve. The assumption, ‘for any given turbulence
intensity, that the s;ze of the ice partzcle does not alter

. _ . . .
the rate of its growth, was the most likely source of error.

5.1.5 hesxdual Te-perature

It was shovn that a resxdual !ppercool1ng exists

follovxng the supercool1ng phase. The amount of supercool1ng

is a functxon of thd.'i!e of heat Ioss from the water, the

.
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number of partzcles present, and their size. The pred1cted
residual supercoolxng was close to that measured in the
experiments‘|nd;uas found tp vary ‘between almost nil and

-0.04°C. A

N

-

Some pract1ca1 conclusions from the enper1mentataon and
analys1s are apparant The nucleafion of fﬁhzil generally

results inqpartlcle concentrations of 1 to 1b/cm’ During

the supercooling period these partxcles can grov to a size - ‘f
of 6 to-10 mm in diameter, The rate of 1ce productzon durlng '
. the supercooixng curve is strongly dependent on. the f‘ p
‘nuc}£%t1on temperature and because this teqpetlture is fﬁf
'wzakiy a function of turbulence 1t appears‘that the relat1ve
effects of the su'arcooling are less 1mportant for highly 4 g
-~

turbulent conditions. QEe exper1hents suggest that ﬁdr the

“lowest possible nucleation temperatqgg, tﬂe rate of £raz11

Ar

t
generation never exceeded twice the rate one vould expect if .

equxlxbr1um conditions prevazled Conszderﬂﬂg'gﬁe short 7
leng!h ‘of time that supercooling was @ent the 1ncreased.
-ice produced. becau&? of the supercool1ng phenomena 1p
V:"relatxvely small. The most sxgn1f1cant aspect of the - )
supercoolxng condition is the cregtzon of ice. partzcles ‘)

> which can then grow in size. Thg»total amount of. bce. &
. ““yj,

R produced in thzs manner is far greater than by nucleatxon

and is a funct1on of the nﬁ!e of heat loss from the

boundar1es of the vateggand the duratzon of time over whzch:

this heat loss is aitbved to ‘contihue.’ #

/ .
"

:>:) ‘g
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S.Q‘Reco-mendations, . .

. The goals of the experimentél lnvestigation were to
studyfthe effects of air temperature and.turbulence on
frazilvgeneration.in uatural'streamsr Unfortunately the
processes of frazil formetlon are microscopic and the large
sEsle of\apparatus alloued only the gatheringdof data that
1ﬂferred theei processes. This resulted in conclusions which

/ﬂid fo'ﬂﬁ suppomted from nJaLrous sources 1n the literature

ipnd could not be conf1rmed by d1rect observat1on.

ﬂﬂffifglfFurther study of the frazrl generat1on phenomenon

N reguzres that the basic processes identified in th1s study

TP be cons1dered geparately, on a small scale where all the *
var1ab1es can b: controlled end microscale measurements
made. |
“ .It is recommended that: . Cw,

1. Thenexistence‘and'depositiondof atmospheribAice
perticles be confirmed by microscopié, hioh speed
~photography over a body of water subjected to variqus

've1r temperatures and vhere the exlstence of any other'
forms of 1ce (border 1ce) is prevented

2l‘ The ab111t1es ojm&urbulenceéto entra1n small 1ce-l1ke .

estnuctures from the surface be explored from a
t’eoretzcal basis and also through exper;ment. i ;

3.' i‘% mechanxlns of eecondarx nucleat1on must be observed

. dzrectly, o that the effects of turbulence on th1s
,process can be determ1ned '
4. ﬁqusxderzng the fact that cons1derable theoret1ca1 work

‘.Q*

s e : R . ‘ ’ o ) ~

ﬂé {

‘.
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has been done on the heat trensfer rate from bodies

vithin a turbulent flow field, further experlmentetioni

~ is required to measure that heat loss from very small,

:,1n a turbulent flow field. One of the,

almost non-buoyant discoidal shaped part1c1es suspended

requ1renents of such a study is priﬁéf
the structure of the turbulence.

With the current stage of knovledge oi frez11

generet1on pertxculerly in the aspects of nucleatix¢nt

serxous fzeld measurements vill not prov;de addxt16!!!’ b‘
N 1nsight At thls t1me,;1t vould be more fruxtful to nee.!ﬂg‘ﬂ:;

the fundamentel var;ébles such es clzmate (air temperature,ﬁ_.

humid1ty) and turbulence to ensure that "they afe be:ﬁg >;ff

leest verxfy that the classzcel supercogl1ngq5urﬂis are

e

, e S
‘f& reproduced in the leboratory. Also, it is hecessag; o~ at

.,

. being produced in natural streams, and thet they ex1st over

o a large enough volume 80 that an estznate of the amount of

.

' tempereture. ‘ﬂ_: ' z‘}

[N
BYSEE

ice’belng produced c be made from ees;ly meesured

i

!

veriables such ss;ga herge, flov gree, veloczty, end air -

of course, the nuclzhtzon problem 1s only one snell

unknown. Other problems, such as adhesive and cohesxve l.'

¥ 4

tendenczes of £rez:l also requ:re reseerch. It 1s more

likely that these problems can be studled in ntural -

streems. - *‘g~=a,w

- o

»

production produced by Henshav, tremendous edvances 1n_1

Q

o_-

Since the earliest studxes'and cheorzes of frale Lo

€
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instrumentatiQn and measurément have been made. These
advances must be utilized-in direct observation of frazil -
productibn;process because, at this time, an engineering
solution to the frazi},generation'problem will not come from

tpeoretical physics or thermodynamics.
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The following figures, from which Ehg_datawiﬂ Table 3.5
"was'éynthesized, represent the temperht\fﬁ'*asurements. as |
plotted by the plotlib plotting ré,éine on the Caicomp“
piotter. The recorded temperatu:e froﬁ each of £he five
-proﬁes is.plofted for each eib§fihént. In gomé instan&es,
vhen the probe positioned‘nepr the water surface ieg
immersed in ice, the temperature departed from the expected
" supercooling curve. It should be noted that the scales of .

both the ordinate and the absisca are not alvays constant ‘

» when comparing the various experzments.



160>

-l ,

[ alm

SH1d30 SNOTNHA ¥O4IWIL “SA *dW3lL

N . ) .. . ,..”bummwf

e

Ty

11 °NRY.

-

a

, | \ (NIW)3WIL © - P
oo - "omm omm om@. om_u om~ , om: o.m . 0
. ) | ”
Af- A
VM - i _ - 9
9\‘4.: MJ : m
" ’ n .
. N o . ' -
.1. “ . U * e AR R .- e -.n
'R A \. A ..n,.uw 8
T .- B ......s.... r
x . .. | . a..‘,m.‘.w,.. v
1 0S£°0 TR 3 oy
+ 0S1°0 ) : g B |8
/) . R - : .
{ v 020°0 | o |
B S10°0 . - ‘ , EEEES
@ “000°0 _. I ‘ AR [
.AT\ . - . . : lu
. (w) Hid30 . ‘
! : _ ] .
- , -
z 1 v . 2 LC. 4 o 1 ) 1 u s .z
v L B L] L L4 - W\ . v ¥ m..
, -~ - .

(*IN33 "g3GVeHIL— -



SHL30 SNOINYA. ¥04 INIL

C L INTWES
O°

S E..&a,

RS

cx- 0 *



g e . .07 SHLd30 SNOTHHA"NOA IWIL -SA”dWIL-Eis MY / o

et e T SNIHLMIL e
o 00e ” 092 - .00z .08 oot

X
(o]
o
Q -
gSr-8
™"

e

-

3»

....\. o . .
X 0s€'0.
+ o510
: + 9. 0200 "
. | @  Sl0‘o -°
i . @ 000°0
*:

D e @ owgae o T e e
» 2. .,ﬁ ’ ’ o e B ..v ‘, \
- a N 2 L d

’

<+

&
o
he
hC
-e




[3

3

163

R T X . ..;lv‘;. o S

szmo ,w:o:x; ¥od’ uzt.,..? mzmﬁ m:.
Hz:bmzﬁ




4

6

1

L]

n
08 o.h
T
&
D
+
{ .

“0SE°0
0s1°0
020°0

. §10°0.
000°0
(w) "H1d3a,

Y




e s o

1

SH1d3a w@on¢> mom_

>

unuh w> - du3L- 228 z:m.

g Poeet . * )
08 oL s.om :
H o
N a2
+ o )
Lo y
+ c |
-, % dmm”o
JT ; {+ ’ cm— .°
: v 0Z0°0. -
T n ) .,.“wm—.cac -
o .ooo.o
T - (W) Hid3a
1 * ‘
_ ,“ -+




o

166

",

LA i
 pSH1430 eno1 m_¢_>_ .m.o“. IWTL

. Y _ 9 . - . " . ’ a
: f..nw?.v. . ..... v‘ ..
.e. wtm.w‘ , L ...._..

B v BN . . . ;
hpd ‘o . . 1 L4 ..
PR 2 - 1

A mzuhmmwa z:m
::Eu::

"~y

"

y
,

omm.o‘

o
. - x
q.
4 + 0si -0
v 0200 :
4 @ Sloo
@  000°0
T - S (@) Wudme ;
L 1




B ...mmzafh i
BRIy ,om o ,.,

o

$:7




168
»

0

o

14

....,«.._.\
. . - e . ‘ . po
LN 4 P C : :
-

| - . S U S
“.wIP&MD,wDOHm¢>.WbEm_2HHvJm¢ﬂhmZMFme# ZDmmH

. UANTH)INEL
. . 08€ 00€ o.mu i . 002 R 091

»

.

“8

»

X




169

/e

-

7

SH1430 SNOT¥BA ¥04 FHIL:

4 S WP

L 23




N ﬁv... . . »

~ . e

DU S P N ’
“ m.d.,'”. . ‘a. . . ’
. - . R v - 7 - -

SH1d30. SNOTYYA 404 3IWIL *SA *dWIL-EE» NI,

c. e 3 : T
FS AP =
Ea | n...,.

T NI 3HIL T L
P9t . ; oma - 021 - 001 08 ...‘ o.w. T N o.’

- L ST | : TR |
. . S , .
.
PR Il
. - :
" . s
d 3 z
. 2 - ..
b‘ . lﬂ.. - .
S S .
¢ ~, e s
- . .y
S w..‘,.
» 5
- N . .
1
"» - L
. 4
- o
S
] e ar
B . N .‘u te -
. . I,
- - . ’ A
~ - : ‘ B
T I IR
R -
' cad )
7 .
N ‘ Te. 1
. L N
,.m !
P
bl -
>
i |
- B
. ..
. i




Lyes N




_ : [N

SH1d3Q $no1y

./M ) .
R/ R

HA ¥Q4

ML ‘o

3’

.

B

08

Y _ 3

~

0S€°0

o -

. - .

_sgpesguies

.
& .
. . L
; .o ,
; / .
,. -, he , , )
R 4
. - -
Q2 .
. s RSN
' a -
! ) .
v P - .
[ ] .
R
. ae 7 P
-~ st " e
N .
- .
. - A\l -
L TS S .

x
T + 0510 e Lt T
v  .020°0 R o A
T B Si0°0, . .
. @ 000°0 . L
T “(uyY1d30 -
. ) \ B . . . J




173

L @ : T am iR
i @,

SH1d30 m:o:_.; xou m_:: w> ,,...,Em: ::. z:m

?.. _,2;;::_
091 011 .0g1 .t oot ,iohe, | 08 . 0y

' L
00 oo."b"‘ c . .‘ .Mm \ :

~

© 05€°0 o |
. 0510 - - .
0z0°0 .~ * .

O',d + x

LT m—o.o -’ . . M . - ,._
. .
\ 000°0 ‘et 7w
..v ‘.. Nf- .n. -

T . (W) Widda, .
R R— Y —4 ;“‘.
\.v,“. 1- >

- . . u .‘.‘. ,..! i.c

» . ‘r i .n, b«.



174

001

1

-

NI
08

SH1d30 SNOINHA ¥04 uﬁuh m> szF 2rn zsm Ly

-~

-‘14

X 0SE'0 | S
1 + 0510 e L SR
‘ ..°N°o°. - ,ﬂv: M,,“.W ? ) .
1 8 5100 . o', !
@ - 000°0 " IR
v . I
T ¢ (W) Hid30 R ‘oo
ﬂ “ ' e ¥ —_— e
"% R



175

091

v

SH1d30 SNoIYHA y¥o4g JWIL -gA
. | (NIW)3IWTL

021 - 001 o.m

1 i

09
1

"dW3Ll-Eve NNY

or

02

0D <4 + x

0s€°0
0S1°0
0Z0°0
S10°0
000°0

(%) Hid3g

L o

-’
2 S

i
Li

-

L

¥

R
0s-0

L 4

00° 1
(*1IN3D "030)dW3L

e 3

0s°0-

00°0

Qs 1

002

N



176

SH1d30 SNOI¥BA ¥04 3IWIL -SA .m:m._.nv¢u NNy

(NIW)3WIL
091 oril 021 001 08 09 oy 02 0
1 L 1 ] 1 r 1 L - |
. i Py
° ..0
+ .
g :-: LI HLE ioe. . o
— 8
T o
1 § ' t.Dw
N -
, °®
N m
1 ’ [ @
\ L]
m
- - T- N
¥ -
X 0560 -
T + 05170 . i
v 020°0 -
T a S10°0 o
cY 000°0 .*
T
(W) HLd3g 2
N
+ 4 + 4 + +- $ 5
. o



177

e

SH1d430 SNOIYBA YOS mzap E SA "dW31-Gy= NNy
| (NIW)IWIL "
08 _ o_b. o.w o_w . c_v T o_m oW op.- 0 .
i3 5 8 i P-.:-m-:-... . : Am
) . : .-- . .
o . - [ ] S
- vy . o
| I o
¥

. 9
X -/-." .
X 0560 (. 8

i + 0St -0 ! U] |

v 0200 ' ¥

I B Si070 % |-
@ 0000 ﬁo_

- (W) Hid3Q !

*030)dW3L

(" IN3Z



178

‘SH1d30 SNOTYBA ¥0d4 3WIL "SA "dW3IL-0S#* NNY

(NITW)I3WIL
o8 0L 09 0s y OF o€ 02 01 0
i 1 N | 1 1 1 L
) I- r
+ -
®
- l <
1, ' .
+ "y, -
: : ¥
- J., ﬂ 4
- x 0S€°0
1 + 0S1°0 !
1 v 0Z0°0
L @ Sio°o s I
e 000°0
i (W) H1430 -

0°I- .02~

0°0
*930)dW3l

01

(“IN33

z

0

(818



179

4

SH1d30 SNOIYBA ¥04 3IWIL -SA .mzuhnﬁmmlz:m

v

o (NIW)3WIL . e
09 0 ) ,
) X S oy oe 0z 01 0
“~ i
&
ﬂ L]
3
A A
. -
3§ gRevenseneell
] [ X m
: nc. Q
] L
|5
. 3
v
®
-8 s
X 0%E0 s
+ 0S1°0 °
v 0200 -
o] S10°0 .
® 0000 w
j =]
(w) H1d3g
LJF 1 1 L 1 o 4 A
T L T L] L] | -|lm

*030)dH3L

(*IN33



180

/SH1d30 SNOTNBA ¥04 IWIL *SA ~dWIL-2G# NN

<>

o8 (NIW)3WIL i
oL 0s
5 . 0S8 oy 0e 02 Q1 0 )
T Q
Fa u..
P o
- -
2
[ J
L o ,. . - ! r.Qo_
. o
T f -
§ ‘ 3
T X 05£0 "G
+  0SL°0 A
T v 020°0
B S10°0 2
4 6 0000 . In...
+ (u* M0 i
4 4 L - L L L .z
T 3 R Al v v 1 mv
. o

*030)dH3lL

(*LN33

B



181

SHld30Q SNOIY¥YA ¥O04

IWIL *SA *dWIL-E9# NNY

| . (NIWJ3WIL
08 oL 09 0s of o€ 02 ot
1 1 ] 1 4 . 1 4
— &
o
(=]
+ -
L J
o
7 ]
]
+ . | - - o
. . . 3
. oX
1 . . o0
[ ] o o
' @
LV # L
(®
x : gL
1 0s€°0 aZf
+ 0510 :
] ~—
1 v 0200 -
B8 S10°0 -
T @ o090 .rw._
) (w) Hid3a i
-
N
+ > + + —+ + } &
. o
| 3 "



