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5. 2 3 D1mens1onless parameterxzatxon
_ The purpose of thlS section is to suggest freshwater

spdngy spray icing paraqeters that may influence the
. . .

-dendritic ice crystal breakage/exit ratio A, to organize

&

‘tpose parameters into dimensionless groups within an
equation fo} A, and to discuss the meaning of the
dimensionless groups as fai as A is concerned.

‘ The velocity oﬁ the aitstream, V, and the diameter; of
the ice cylinder, D, may'be the most important variables in

the mechanical shearing.associated with aerodynamic skin

friction and heat transfer. They may. ‘in part dictate the ice

4 )

crystal morphology because they 1nfluence the heat transfer'
respom51ble for crystal growth., The air velocity, V, may
also control the 1mpu§§e force.glven to the surface by‘the
"collldlégfdrOplets, and consequently dendritic
:‘breakage/dlslocatlon and surface llquld m1x1ng With respect
to surface collision, the flux of collected lqéu;d mass,
Mw,, will be important, as the ~amount of water mass in:
colllslon over the cylinder surface may be slgnlflcant The.
vpresent aﬁproach does not 1nclude the effect of 1mpact1ng :
1ce partlcles on. tTe dendrltlc ice crystal breakage/ex1t
‘ratlo A even though_fhls,ls‘pvobably a ve(§/:?gn1f1cant
,factor'(Gayet>VBain ahd Soulage; 1984). Instead, the
alrboroe 1g§ crystal content is assumed to be zero in the
experlmental tests, Therefoce the gresent approach assumes?

only supercooled water droplets,,although‘Gayet,”Baln and

Soulage (1984) demonstrate a 50% reduction“of accretion mass

. 4



due to' {ccret1on surface bombardment by a1rborne 1ce" ' l-r

.

crystals that result 1n surface breakage and exit for both
wet and dry 1o;ng (a 51m1Lar result is shown in Lozowski et
al., 1979), -° | AR . -

. ‘ . . .. : ’. ) ‘g'
The gravitational acceleration, g, is.included in the #

o

dimensfpnal‘analysls, as it may influence surface liquid
shedding. Gravitational acceleration intcombination with,
centrlpetal acceleration and surface shearing may accentuate
‘sheddlng at the bottom’of the cylinder. -
Macroscopic heat transfer is entrenched in the var1able
Mlq, (the mass growth flux of. ice)>which represents the
total p0551ble accumulatlon of ice crystalline’material. Mi%y

tends to larger values for larger surface liquid A

undercoolings, This 1mp11es a tendency to—greater dendr1t1c

morphology in the surface layer. Conversely, smaller values
of Mi, may imply smaller undercooling with a greater
tendency to basal plane morphology‘(Hallet 1964). »
_ Therefore, Ml. may also 1nfldence the ice crystal breagage
ratioc A. |

(Mu} -)Miq),represents_the liquid mass shed flux for

solid non-s%ongy ice growth where Mi, is the solid accretlon
mass“flux If (Mw, - Mi )Y 'is small, ice crystals’that have
broken may not be transported away from the surface- and:
shed. If (Mw—*-'M1 ) is. large, the surface llqu1d layer on a
1spon;“accretlon will tend to be elther thick or flow1ng ‘v'
fast Elther result may fac111tate more’ eff1c1ent ice

)

partlcle sheddlng



. . . o .

'; The cyllnder rotatlon rate, , wili Enfluence the
thermodynamlcs of growth through heat transfer as desoribed
in section 4.3. In ‘addition, the per}pheral velocity of‘thef
surface will affect the'relative’impact“veiooity between the —
droolets‘and the cylinder. Hence @ the cyllnder rotation
‘rate in radlans/second is 1ncluded in tha dlmen51onless
group analysis. _' ’ 5
| Arrangement of the chosen variables ((Mw1-M10)} Mw,,

Mln, v, @, D, g), into dlmen51onless groups results in a
parameterlzatlon for A, the ice crystal breakage/sheddlng

ratic. We have expressed'this as:

Mwy - Miu a Mw; - Miu.b ® d‘
A=C (—2 €5
( ML, ) - Ve ) ( o D) _

Vs

N . - ’ . ,

Equation 5.6 may be rewritten using the .freezing fraction

»

defined as,nf;MiQVMw1. The result is:
.

3 o

1 s a BV e g yd , | ‘
A c(f DA - 0 %0 ) | 5.7
: A
) .;.‘l{‘_' ~ / [
wheré/C a, b, ¢ and d are arbltary parameters whlch must be

o 8
solved)for as. the ba51s for the empﬁbﬁcal descrlptlon of A

Equatlon 5. 6 and 5.7 assumes a poWer law relatxonshlp L
between the dlmen51onless groups and A. The- ChOIQe of 51mplggj_#[
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power law relat1onsh1ps for the d1mensxonless groups is an .

'arbltrary choice not in keeplng with the general nature of

dimensional analysis, which ailows for a more general power

- series dependence on the varlables involved.

The first two\ratlos contain the ‘freezing fractlon nf )

whlch describes in a pr1m1t1ve way the effect of macroscopic

l

heat transfer on ice surface ‘growth morpholb@Y. as suggested

above, for Mlg. Nelther the third nor fourth ratlos have

»

clearly 1nterpretable influence on the ice crystal

v

'breakage/exlt ratio. leen the above parameterlzatlon for

the ice crystal breakage/ex1t ratio; the inherent eguations

and a55umptlons of the present approach .to modelllng

freshwater spongy spray 1c1ng follow,

5.3 The Equations and Assumptions ‘ .

Six equations, developed in Chaptersh4 and 5, can be

solved for freshwater spray icing sponginess on a rotating °

.cyllnder. The six varlables that must be solved for are Mlz,

Mw,, M13, Mwa, Mi, and A. The relevant equatlons that are

*suff1c1ent for determlnlng accretlon sponginess are

.3, 4.5,_5;5; and 5.7. These are -

repeated here.

T

~< v
(Miy + Mw1) = (Mi; + Mw,) + (Miz + Mws) ’ . 5.8
- q : v i
Mi, = f(Va LN 0,4 : ' : 5.9 .
d ? : - ) T £ \

..........
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Miy + Mi, = Mi + Mis >~ 10
My + A, = i o : . o 5.11
J”“’ M'iz + M ' ~ - T
p Ui ) pw . : .
“ry . l ‘% -3 .
@
a o~ MWy - Mi,a Mwl - Miy by V (¢ d ' ' 5 13\ |
A = € (@ 5 " :
Ve ) ‘u Mwy ) (n > G7p) . o
;!

where the mass flux of collected ice particles Mi,, the mass:

o

flux of'collected-water Mw,, the wind speed Va, the air

temperature Ta, the droplet temperature td’ theedrdplet.
iameter d, the cyllnder diameter D and’thé liquid water
content w, are required as input parameters in order to
determine‘spongineSS. |

For the purpose of the present thesis, Mi, is assumed
‘to be zero for lack of better 1nformat10n. Since Mw,
includes the influence o& the collectlon eff1c1ency E,

.accordlng to' : - S ‘ ¢

Mw; = EwD - : ' ‘» o ' + 5.14

the value of E must be known or estlmated For tHe p*esent

any S

prpOSL,.a parameterlzatlon of the Langmu1r and Blodget%

‘(1946) data is used on the basis of the medlan volume

~\ . . 7 s

droplet dlameterhid;f’ﬂ7ﬁv ; ' ’;Vfl”g | r??ﬁg?

. - . A %
‘--v‘_ - .
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" The present model depends on the following requzrements
and assumptlons in modelllng sponglness in freshwater spray
1c1ng on a rotatlng cyl1nder' (1) all the requisite 1nput ‘

parameters are known, including Mi,, Va, t d, D, w and

_ a’ td’
either Mw, or E; (2) heat;?ransfer from the surface ‘on the
basis of a non- rotatlng smooth cyllnder with a surfacs
‘lquId film at O “C; (3) no droplet bounc1ng or\spﬂashlng

L)
from the surface; (4) complete 11qu1d fllm m1x1ng bEfore

sheddlng, (5) equltable distribution of accretion on the g
. cyllnder, (6) the radlal growth veloc1ty for the spongy ice .
accretion 1is 1dent1cal to that for a SOlld lce accretion

" given the same heat transfer- (7) the volumetric flux of

shed ice partlcles that escape in the shed liquid flow is
replaced in the accreted ice by an equ1valent volumetric.
entrapment flux of lquld in order to malntaln condition 6;
(8) the surface layer hypothesis is assumed to describe the
accretlon/sheddlng mechanism (as discussed in section 4.2),
and (9) the empiricism inherent in equatlon 5. 13 ‘for
determ1n1ng the’lce crystal breakage/ex1t fractlon TQ< is
general enough to appiy to all 1nput condltlons.; ~1$\\m

Condltlons 6 and ;'are an 1nterpretatlon of equatlons e

hﬁS 11 and 5 12 Bgﬁatlon 5. 11 descrlbes the masc .ance of

"e partlcles in: the surface liquid and equation 5.12

/ ‘ -

- descrlbes the volﬁhntrlc accretion of the spongy growth inm
relatlon to a solid ice accretlon with the same ice growth

rate Mlq .



Since the parémeteriiations'oﬁ the ice crystal S

breakage/exit ratio, A, depends upon C, a, b, c, anded‘ 3

h i

these must be_ determined on the basis of experlmental data. N
A brief descrlptlon of the experimental approach used to

obtain a small data set 1s-presented in the next sectlon.
ThlS will be followed by a section on the data and the
detivation of the empir@cal‘constants. .

» s

5.4 The Experimental Method o S
0 ‘ . '- ) . |8 .
The experiments were run to. obtdin freshwater ice

sponginess as functlons of air temperature and w1nd speed
.The F.R.0.S.T. tunnel at the Unlver51ty of Alberta was used
for the experlmental runs. ThIS is a closed %bop ,

«

refrlgerated wind tunnel capable of producing spray ice

accretlonsunder control&ed cohdltmons.
The air temperature was. var1ed in three of the cases

studled while other 1mportant panameter (wvnd speed,

droplet size, cylinder dlameter and li uid water content)

remained constant Changlng the air tem erature is an

.~

_effectlve way to alter the thermodynamlc

¢ Q -

1c1ng process (prlmarlly the value&of nfc;n equatlon 5 7)

of the spongy

‘;Another set of data was produced by warylng the wlnd speed o

<

whlle holdlng the other parameters constant.

& *

The tunnel air temperature control was set at a

1
N

partlcular value_for each run, and the tunnel'was allowed toli&

come to thermal equilibrium.'The F.R.0.S:T. tunnel typlcally

experlences a cycllcal temperature varlatlon w1th a.
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™

peak- to- ~peak ampl1tude close to 1 0 'C at- temperatures close
to the freezing poinf, Therefore the air temperature was
averaged'over’the accretion time.- o X

' The;iiquid water content at the cylinder location was
measured before each run using a C.S.I.R. O. KING liquid
water content probe (Knollenberg,,T981) The waterflow to .
the upstream spray nozzles was turned off jugg prior to the
1nsert10n of the rotating plex1glass cyllnder into the
working section of the tunnel. This was done in ~order tof
allow the: cylinder temperature to reach equrllbrlum Wlth the
air. At temperatures close to the free21ng point, this
technlque would allow an immediate ice formatlon while a
cyllnder 1n1t1ally at room temperature mlght not produce an
accretlon. "The 5 0 cm plex1glass cylinder was oriented
horizontally ' across the tunnel cross sectlon “and was'
rotated at 0.5 Hz by~ a small d1rect current electrlc motor.
' Then the water was turned dn with the assumptlon that the
". liquid water content remained\unchanged from the presetting.
'This‘assumption was verified many times in the course of the
»experlmentatlon, as pressure and flow rate were observed to
control the llgUld water content well for each presettlng

The rotation rate of the cyllnder was malntalned at O 5

"Hz throughout the accretion- 1nterval The cyllnder and its
.accretlon were remoued from the tunnel after 10 to 75
'amlnutes, depqulng on the apparent size of the formatlon

Slnce ‘the calorlmetrlc method‘used for lquld fractlon

measurement requ;red a sample of ice close to 209, a longer
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growth tlme was-necessary at nigher temperatures.

, The calorimeter consisted of a vacuum flask embedded in
a styrofoam'shell The 11d fits 1nto the top of the vacuum
flask and a glass thermometer is 1nserted through the 1lid in
such,a way as to locate .the mercury bulb at the centre of
the vaccuum flask chamber. The thermometer mas ;ccurate to
fleSx'C. |

Initially, the flask is filled with hot tap water (45

'é 50“50 "C) and the lid replaced. Before the ice sampl- is

available, the initial hot water charge mass and temperature

are recorded Theh the ice sample is carefully lowered" 1nto

-

the hot water with the 1lid removed The 1id is replaced and
the operator may observe the temperature change while-gently
swirling the calorimeter; When the temperature stabilizes,
the final temperature of the mixture is recorded along with
the total mass of the calorimeter and contents.vFrom this
mass measurement, the ice sample mass can be calculated

since the calorimeter mass and hot wat@r charge mass are

known from prev1ous measurements.

Once these temperatures and masses are known, a simple

heatﬁbalance can be applied on the assumption oflnegligible

‘heat loss to the container. The Heat Balance equation is

then used to determine the sponginess of the ice sample.'In

;'this way~the lquId water fra tlon of the sample was:.

determ ned calorlmetrlcally w1th an estlmated absolute error

" of #10 %. This technique required careful operator

attentjon, and had to be comp&eted lmmediately after Zaking;

-3

[}
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the cyllnder and its. accreted 1ce out of the tunnel Speed'

 and care ‘were requ1red ‘betause the accretlon would begln to

dra1m liquid and to melt

,

Since the droplet 51ze was not measured 1t was -

1nfefred from data that was collected The method used is

. v

documented along w1th the assumptlons in Appendlx D.

Figures 5‘1 to 5 3 show the result1ng data as soyid
,c1rc1es. Flgure 5.4. shows the sen51t1v1ty of freshwater
sponglness to varlatlon 1n wind veloc1ty Examlnatzon of
.Flgures 5 t@ 5.4 shows that the error in determ1n1ng 1ce

i

sponglness as functlons of air temperature and veloc1ty may

A 2d

be. Iargely systematlc in nature.

5;5 The’Datajand Empirical:Constants 2
In order to use equat1on 5 13 in the set of equatlons

proposed in sectlon 3. 3 to mo -freshwater sporgy spray 1ce

formatlon on a rotatlng cyllnder the constants C \a,'b,‘c,

3,

and d should ‘be evaluated statlstlcally over a large and
accurate data .set, However -as thlS is only a prellmlnary

TStudy of a compllcated phenomenon w1th l1ttle ava1lable

h:
data, flve p01nts were selected from the 31x avallable data

sets and were used to solve for the f1ve constants. ThlS

.

method. cannot form -a rellable ba51s for a unlversal model of

freshwater spongy .spray 1c1ng on rotatlng cyllnders, but the

performance ot _he model may glve an 1nd1catlon of. the

Rl

potential for modelllng with damen51onal analy51s in the

“future, o : h

o
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Four data sets produced at the University of Albera are

shown in Figures 5.1 to 5.4. Two relevant data sets from
Lesin et al. (1980) are also used. ‘ *
Figuré 5.1 shows the experimentally determined ice .
fraction as a function of the air temperature and summarizes
the m%st»comprehensive data 'set presented. This &=bs
(représented as solid circles), was produced according to
th; méthod‘described in section 5.4 for a cylinder 5.0 cm in
diametefJ with rotatioqal frequency 0.5 Hz, in a 23 ms-' air
flow with freshwater‘spray, having a liquid water conténﬁbof
1.7 gm™°. The median.?volume diameter was calculated to be 16
um acéoréing to the method described in Appendix D, and the
droplet"%emperature was assumed to.eqﬁal the air |

 tempétature. It was also assumed that there were no ice N
‘particles coliected. On the basis of the dafa.cluster, a
.sinéle point (shown in Fig. 5.1'byvthe arrow) at:an air
temperature of -3.0 'C.and'ice fraction 84% (16% sponginesé)
_wasvchosen as one of five conditions necessary for .
dété}miAi@g the set of empirical constants from equation
V 5.13. Also shown in Figure 5.1 are three curves that

represent the performance of the model. These will bg“

discussed in section 5.6.

.
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"FIGURE 5.1 Ice fraction versus air temperature for spongy
ice dgrown oh a rotating cylinder over.an .air temperature
~range from 0.0 to -14.0 °C. The “experimental data (shown as

- solid circles) was obtairned with a Plexiglass cylinder of a -
diameter D=5,0 ¢m, a median volume drop.diameter-d=ﬁ6~um} an .
air ‘speed V=23 m/5, a liquid water: content w=1.7 gm-*, and & _
rotation rate 2=0.5 s-' The solid curve represents the fresh
water ‘icing model as described in section 5.3, with a liquid
water content w=1.7 gm~*, The chain-dashed curve is for the
model with w=5.0 gm-?,. and theschain-dot curve, for the o
. model with-w=10.0 gm-?, The arrow indicates the empirical

anchor point taken from this data. L o
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- FIGURE 5.2 Ice fraction versus air temperature for spongy
ice grown on.a rotating cylinder over an air temperature
~range from 0.0 to -14.0 'C. The experimental data (shown as
© solid circles) was obtained with a plexiglass-cylinder of.
‘diameter D=5.0 cm, a median volume drop diameter d=20 um, an
air speed V=28 m/s, a liquid water content w=T.7 gm™® and a
rotation rate £=0.5 s~ '. The sol§d curve represents the
freshwater icing model as described ‘in section 5.3 with a
liquid water ‘contént w=1.7 gm-°. The chain-dashed curve 1is
. ~for the model with w=5.0 gm™?®, and the chain-dot curve , for
the model with w=90.0 gm-°. .
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The data depicted in Figures 5.2 and 5.3 are the result
of the same. experimental prdcedUres as ghe data ghown in
Figure 5.1 an& described in section 5.4. The experimental
condltlons for each data set shown in Figures 5.2 and 5 3
were used to run the model The model perfo;mance is ihown.
Figure 5.2 also includes two sets of model output at
different liquid water contents. No data from Figure 5.2 was
used in determinihg the embirical;cbnstants of equégion
5313..However, one condition from Figure 5.3 (;qun by the
arrow) was used: the point at.an ice fraction of 57.4% .
(sbonginess 42.6%), and an air temperature of -2.0" ' .

The‘daté depicted»in Figure 5.4, shows the dependence
of ice 'sponginess on agrvvelogity while the air temperatdre
is kept at -5.0 "C. Two conditions were cﬁosen from this
data (as shown by the arrows) for determination of the
constants in the empirical eguation 5.13: an ice fractlo of
'52.7 % at an air veloc1ty of 20.0 m/s, and an ice fraction

of 63. 5 % at an air veloc1ty of 30.0 m/s.



100.0
p

/

P

80.0
L ]

L)

J

70.0

ICE FRACTION (%)
60.0

50.0

=}

o

~

o .

(]

™

Q

o
y N

-14.0 —12.0_'\_ -10.0 -8.0- -6.0 —-4.0 -2.0 0.0

N AIR TEMPERATURE (C)

FIGURE 5.3 Ice fraction versus air temperature for spongy
ice grown on a rotating cyllnder over an air temperature
range from 0.0 to -14.0 'C. The experimental data (shown as
solid circles) was obtained with a plexiglass cylinder of
diameter D=5.0 cm, a median volume drop diameter d=25 um, an
ai- speed V=20 m/s, a liquid water. content w=3.0 gm"?, and a
r::z:ion rate 2=0.5 s°' The solid curve represents the fresh

w: zer icing model as described in section 5.3 with a liguid

ter content w=3.0 gm~?. The arrow indicates the eqprrlcal

anchor point taken from this data
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FIGURE 5.4 Ice fraction versus air speed for spongy ice
grown on a rotating cylinder over an air velocity range from
0.0 to 45.0 m/s. The experimental data (shown as solid
circles) was obtained with a plexiglass cylinder of diameter
D=5.0 cm, a median volume drop diameter d = 25 um, an air -
temperature ty=-5.0 ‘C, a liquid water content w=4.4 gm-?, -
and a rotation rate £2=0.5 s-'. The solid curve represents
the freshwater icing model as described in section 5.3 as a
function of air speed for a liquid water ®ontent of 4.4 -
gm-** The arrows indicate the empiridal anchor ‘points taken
from this data.
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“rotation rate.

Figures'S,S.ahd 5.6 show data takeh‘frpm the
experimental work of Lesins et. al. (1980). This work was

performed in a'clqsed circuit &ind tunnel at the Uhiversity

‘;of Toronto, with a rotatlng cyllnder under ‘reshwater spray

"ic1ng condltlons. The- spong1ness of freshwzter accretlon was

measured’ u51w§ a centrlfuge and examlned &3 a -uhctlon of

liquid water content and rotatlon rate. The pr 1mary flndlng

of the investigation was the dependence of sponglness on the_

e
|

. . s
Figure 5.5 shows the experimental results of Lesins et

'd
-

al. (19807‘f0r>the varietion of ‘ice fractlon as a function

of llqu1d water content. The experlmental condltlons for the

- data set, are documented 1n the captlon The’ SOlld llne

represents ‘the data whlch was: taken over a range of air

i
temperatures (-4 C2ty2-16°C) and is therefore an average
curve produced to show thelvariatioh,bf ice'fraction with

liguid water content. This was done by Lesins et al. (1980)

because ice sponginess was aSSumed to be essentiélly

!constant over the temperature renge from -4 to -16 'C. One

condition used to determine the emplrlcal constants of

equatlén 5.13 was extracted on the\ba51s of Flgure 5.5: an

é‘ ‘ \\ /ﬁ

Mce fraction of /53% at liquid waterwcontent of 10 gm~*,

For calculatign purpos /s, the arr‘temperature was assumed te

Qbe.-ﬂo "C. Fig re 5.5 also,6 shows the performance of the

model for thre different air temperatures, k—4'C —10 C
-16°C), cover ng the spec1f1ed temperature range given by

Lesins et al. (1980). .-
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“FIGURE 5.5 Ice fraction versus liquid water content for
- spongy ice grown on a rotating cy inder over an air ‘

temperature range from -4 to -1§ JC. The experimental data

(represented as a solid-line) of esims et al. (1980) was
obtained with a cylinder diameter D=1.9 cm, a drop, diameter
d=90 am, an air speed V=18 m/s, and the rotation gﬁte 2=0.5
§°'. The solid curve represents the experimental data C
averaged for a range of air temperatures® from -4 - to -16 'C /
The chain-das

hed curve is the model (as déscribed in sectién
5.31 output for -16 °‘C,

The chain-dot curve represents the
model output for -10 'C

» and the dashed line shows model
output for -4 °C air temperature. The.arrow indicates the
empirical anchor point taken from this data.

-
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FIGURE 5.6 Ice fraction versus rotation rate for spongy ice
grown on a rotating cylinder. The experimental data of
Lesins et :al. (1980) (shown as. the chain-linked curve) was
obtained with a cylinder diameter D=1.9 cm, a median volume
drop diameter d=90 um, an air speed V=18 m/s, a liquig water
content w=5.0 gm™?®, and an air temperature ta==5.0 "C. The
solid curve shows the model (described in section 5.3) as a

function of the rotation rate for the above conditions.
- \ B 3
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F1gure 5.6 shows the exper1mental results of Lesins et
al. (1980) for the varlatlon of ice fraction as a functlon

of rotat1on rate. The experlmental conditions for this data

set are documented in the caption. The chain—dashed line
[0 . R

represents the data collected as a best fit curve. Flgure
5.6 also shows the performance of the model under the
conditions as spec1f1ed by Le51ns‘et;al._(1980).

The five conditions chosen from Figures 5.1, 5.3, 5.4,
and 5.5 (as indicated by the arrows)iwere used to solve for
the five. constants C, a,brc,dhfound in equation 5.13. The
resulting values fot these empirical constants are:

17.5 -

C =
a,= -0.99
b= .8
‘c1% -0.66
ld = 0.58

With the determination of these constants the

3 .
freshwater spongy icing model for rotating cyllnders is

capable of calculating empirically based values of
sponginess., Thedmodel performance results appear alogg with
the experimental data in Figures 5.1 to 5.6. A discussion of

these results follows, in Section 5.6.

5.6 Model'Performance\
‘Figure 5.1 shows the model performance - (as the solid

curve) with the conditions responsible for the experimental

/déGa as- 1nput The curve seems to model the data
g
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‘effectively; ‘his is to be expected, as the mbdel is
'ehpirically dependent onkg Eondg;ion extracted from ?igure
5.1. However, it should‘be kept iq miod that this condition
was based on only a single data point from the Figuref/The
main point here is not thar the ao'el'is proven correct, but
that the  inherent empiricism- appears capable of descrlblng
the available data. ’

Examination of Figure 5.1 also ehows an interesting
functional relationship between ice fraction and air
‘temperature. As temperature changes from -5 to 0 ‘C, the ice
fraction varies from 100% to a minimum of approximately 56%
and baok to 100% at the freezing temperature. In the case of
frgshﬁater accretion, the ice fraction may be expected to
approachlone at the dry ielng condition. This'will‘nOt be
strlctly true as even qulckly freezing droplets in rime.
1c1ng may ex1st in the liquid phase over a small time
perlod ‘Therefore, the model demonstrates ‘the reasonable
expectatlon of predlctlng an ice fractlon equal to cne at
low temperatures‘ The model performance has been included
(1n Flgure ‘5; 1) for 11qu1d water contents of 5.0 gm-* and 10
gm~?’ in order to show\that an 1ncrease in collected water
~will force the Ludl 11m1t (dry/wet 1c1ng tran51tlon point)
toward lower temperS%Ure

An 1nter§st1ng feature-of Figure 5.1 is that the ice
fraction dramarically increaaes to a value of one.close to:
the‘freezing point. Close-towthe freezing point, the ice
fraction (or sponginess).of an accretion ﬁay only be of

{
-
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theoretical interest as:(1) low adhesion strength of .ice may

Preclude any actual ice attachment to the rotating -
\ e .

cylindrical.surface, (2) the definition of what an ice

- accretion is may become uncertain when the cylinder has far

more liquid water on it than ice (as the author ‘has observed
in the F.R.0.S.T. tunnel at close to freezin many times),
and (3) the mass accretion r@tes will be very small and,for

such practical purposes as ice loading design, essentially

oo .
negligible. However these points aside, it is suggested

that as the air temperature approaqhes 0 °C,*the

supercpollng in_ the surface llqu1d fllm ‘must also approach a

small value. As the supercoollng becomes small, free
i

‘dendritic growth is suppressed in favor of basal plane.

-growth, which is more solld by nature than is dendritic

Structure. These accretions grown .under alr temperatures
close.to 0 'C wlll be small with respect to mass

acoumulation, but will be solid according to the present
sponginess;modei. This characteristic of the model may bei
partially substantiated by icicle studies done by Knight-*

(1980) and Laudise and Barns (1979). Icicles are very

» comparable to cyllnder icing, and may be thought of as

vertlcally oriented, non-rotating cylinders with a liquid
’ [
film moving axially»under:air temperatures oft very close
, \\
to the freezing point. Laudise and Barns (1979) report that
\ S . N

in all cases they’studled ‘the c-axis was not oriented in

the dlrectlon of the axis of the 1c1cle, and no sponginess

Ti found ThlS implies that the lce grow1ng under the



descending.léquid film was primarily growing solid in the
a-axis dlrectlon (implying growth parallel to basal plane)
This agrees with the present model at air temperatures close -
to the freezing point.

In their third conluding point, Lesins et al. (1980)

.
briefly discuss an apparent inconsistency in the1r

measurements of ice sponginess for a'

rotating cyllnde} in
freshwater spray icing conditions. The§ expected great
sponginess (a small ice fraction) at warm ai-. temperatures
(close to 0 °C) but instead, observed‘hard ice (ice fraction
close to one). Exadpination of Figures 5}1, 5.2 and 5;3 shows
that the present model of sponginess predicts ice fractions
approaching one for air temperatures approaching the
freezing point Therefore, these observe;ic1s of Lesins et
al. (1980) also corroborate the present model at leastlin
_thls respect

The data shown in Figure'5.2.appear'to fall along the
modél's prediction clurve (solid line).fModel performance éor
liquid-water contents of 5 gm~’ and 10 gm*? have been
included to once again show that the dry/net transition is
moVed to lower air temperatures as the ligquid water content
{$* increased. The model predicts the same minimum ice . 4
fraction value for each of the liquid water contents shown.
This is because alr temperature will affect only the: flrst

two terms in equation 5 13, causing the same’Blnlmum values

in A and\xf to be‘computed.
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BEREN .
Figure 5.3 shows a‘data set not independent of the

present model;s empiricism. One condition was derived from -
this figure, as stated in section 5.5. The model prediction
curve (solld) as in F1gure 5.1 abpears to follow the data
qu1te well with the largest datum to predicted error belng
9% (absolute error). Thé empiricism inherent in the
sponginess model appea.s capahle of describing the available
Hdata. o ) . g ‘

(Figure 5.4~shows aydata set'on which the spongy spray
icing model 1is strongly dependent. Two conditions were
extracted from this figure, and they are recorded in section
' 5.5. The model shows that as the wind speed drops the heat
transfer drops. In tgls case, an a1r velocity of 4 m/s
results in solid 1ce(growth (1ce fractlon of unlty) As the
a1r velocity increases above 4 m/s, dendrltlc surface '
crystal growth may be st1mulated byian increased surface
1{§§;d supercooling with an increaseuén sponginess as a

-possible consequence » However, such increasing sponginess

may begin to be suppressed at an air velocity of 10 m/s as a

®37

result of dendritic ice breakage and compactlon by .the wlnd..

Compaction is defined here as the process by whlch the
density of ice is 1ncreased by e1ther rearrangement of free
ice particles or by crushing of the structure. Tor the

present, this supposition, along with those of Chapter 5

.

concerning dendritic breakage'and'shedding, will remain
) LN
unsubstantlated The model does, however appear. capable of

»

modelllng variations in sponglness for the conditions

T
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.inhefent in Ezé,data set -represented in Figure 5.4.

Figure 5.5 shows the results of Lesins et al. (1980) _ ™
for ice fractionnversug-liquid water content for freshwater
spongy.spray icing on a r¢ta£ing cylinder, as specified in
the caption. Lesins avé;ages his sportgy resﬁlts for air
temperatures from -4 "C'to -16 "C on the basis-%f thé
assumptior that ice sponginess is independent of air L
temperature in that range, of temperatures. The presently
proposed model was run for air temperatures of -4 °C, -1Q C
and -16 'q,'iﬁ order tdjfécilitate;compériSOn with the |
Lesiné\sﬁ al. (5980) averaged data. Tﬂgée three model curves
are included ih the figure and are specified in the figure
caption. _.. ] ' : f

The model performance/shows the same general tendencies
aS-the‘experimenfal data; however, thié is to be expected as
one empirical condition was extracted from’Figuré\S.S{:The
modeiQCOula be considered to predict sponginess well,'up to
the 10 gm~* point, and after that the ice fraction predictéd
is too‘Targe, depending on which of the model curves is

v ,
compared. A <
. In;a-way that is similar to Figure 5.4, each of the
curves fﬁ“Figure 5.5 reaches 100% ice fraction. In addition,
thexkdo so before intercepﬁing the ice fraction axis. This
impli;s solid ice growth over a small range of liquid water
"~ contents 1in Figufé‘S;S and' from the three model curves it is

apparent that the solid ice growth range increases with

decreasing air temperature. This is reasonable as the rate
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of heat transfer fq?m the surface 1ncréases with lQ?er air
temperature and consequently the amount of lquld that may
potentially freeze also 1ubreases. This region of Flgure 5. 5
for spray icing ¢n a slowly rotating cyllnder may be assumed
to be similar to icicle growth. :\

For a given set of conditions (including air
tempefature) a number of icing regimes may. be postulated. on
the basis of variation of .liquid water content beglnnlng at
0 gm”?. Of course at 0 gm-? tKere is no accretlon but at the
first 1ncrement of alrborne liquid, the ice fractlonvls one,i
assuming an air temperature below the freezing point. The
dryvicing regime prevails until the Ludlam limit is reached.
With a further increase in liquid water content, aﬁsurface
liguid film develops ' in direct response. At lower liquid
water conteuts the liquid film is thin with a small thermal
mass, well mixed by droplet bombardment that eliminates
large thermal gradlents in the film. This condltlon produces
a strong supercoollng with dense and rapid gtowth;uAs the
liquid water cdntent is allowed to increase, the thickness
and thermal mass ef the film increases *while the macroscopic
heat flux.to the airstream and ice accumulation remain
unchanged. It is postulated that at some point:the conditioh
of the liquid film allows a-axis dendrltlc growth to become
much less densely packed with resultlng water 1nclu51on
This p01nt may be termed the sponglness limit and
,corresponds to -the intersections of the ice fraction curves

with ;he 100%'1ce fraction level in Figufe 5.5. With a
\
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further increase 1n llquld water content, the sponglness in -

the model and the spray icing data of Lesins et al. (1980)
show,a sharp\decrease in ice fraction possibly:
correspondlng‘io -a sharp 1ncrease in dendritic ice growth in
the liquid film. Knlght (1980) - gryes evidence that could be
"used to support this explanat1on, as he reports that
sponginess was often found assozlated with surface hollows
that showed characterlstlcally thick ligquid fllms A glaze
1ce growth reglme between the Ludlam limit and the
sponglness llmlti. help expla§n the data in Figure 5.1
The Eluster of dagaipoints between -6 and -4 C glves thej
impression' of an 1ce fractlon ‘that- 1s slowly converglng to
one w1th decrea51ng air temperature. The apparent decrease
‘1n spOnglness may not be a result of decrea51ng llQUlég'
1nclu51on but a decrease in surface llguld fllm mass, thus
.supportlng the: present hypothe51s. Thererore, as a general
tendency, sponglness may 1ncrease in response to thick
(iquid films that may result from higher llqu1d water 3
contents in freshwater spray 1c1ng condltlons as shown in

[

Flgure 5. 5 ‘ v o
Flgure 5.6 shaows the results of Le51nsbet al. (1980)

" for the dependence cf ice fraction on rotatrbn rate of a

cyllnder under901ng freshwater spray accretlon. Figure . 5 6

‘demonstrates no agreement whatever (except at high rotatlon

~rates) begween the'Lesins et al (1980) experlmental data,

and the present model of freshwater spongy spray ice .

formatlon. The.Lesins et al. (1980) data show a sharp
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decrease in ice fract1on w1th increase in rotatlon rate at
low rotatlon rates (O > 5 Hz), and an apparently asymptotlc'
approach to an ice fr- -ion of unity at high rotatlon rates.
The present model simply starts at the origin and
asymptotically approaches an’ice fraction of one. The fact
that t“ model will predict no ;ce formation at Q=0, implies
that the oresent model is incapable of reliably modelling
the influence of rotation on sponginess This feature of the
model performance is the result of ass mlng that the
dimensionless groups are related to the crystal |
-afeakage/ex1t ratio, A, by poyer law relationships.
Therefore, it is to be expected that as 9+0, Q, taken to a
particular power, will either be undetined or 0. In this
case, as Q+0, A»» and because all of the ice is assumed to
be shed, A=+1, which implies that there is no ice accretion
at all, On the other hand the approach.of ice fraction to
@pe as a result of increased rotation rates may be expected
as water is forced from the 1ce accretlon by centrlfugal
force. In fact, rotation has been used to determlne ,

)

sponginess by measurlng we1ghtvbefore and after '
centrifuging. |

| The reason for the‘large discrepancy between the curves
in Figure 5.6 1s probably due to the arbltrary choice of
power law relataonshlps in the dlmen51onal analysis.
However it may/also have to do with the formation of the

surface lobes and knobs as observed by Le51ns " The growth of

surface roughness would_alter the heat transferh
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significantly from the smooth cyliﬁder assumed in the model.
‘It would give the surface liquid film protection from wind
sheér, producing thicker liquid films behind and around
knobs and ridges, than on the éxposed tops. These variations
in heat transfer and liquid film thicknesses are not taken
into account in the model. Therefore, it may be difficult to
amend the model in such a way as to improve gﬁé prediction

+ of sponginess as a functioﬁ of rotation rate, until these

complexities can be taken into account with a more general

form of dimensional analysis.



6. CONCLUSIONS AND RECOMMENDATIONS
The abrlity to model sponginess in spray icing may help
in responding to some types of icing problems, .and the
fundamenrals of solidification are valuable in understanding

sponginess, especially the growth of.dendrktic structures
. T

capable of containing water. A

The Makkonen (1987) eea spréy-iting model and the
University of Alberta ship icing model apply conservation of
heat energy and mass to the spbngy spray ice growtﬁ)process.
These two principles were also applied in this thesis to
produce a new model which ineludee a set of hypotheses
concernlng the spongy growth process at the accret;?
surface. An emplrlcal descTription of this mechanism is
proposed, and examined in the iight of six data sets.

In freshwater Spongy  spray icing the heat transfer
direc;ioﬁ may result in unconstrained solidification. Where
supercooling is sufficient, the resulting growth~ma\ he
dendritic wlth subsequent entrappment of water in .
structure. In contrast, growth of sea ice demonstrates the\\
fgndamentally dlfferent process of constrained
solldlflcaf1on in which - .lute build-up at the interface,may
be mostly respon51ble for a grow1ng Structure that entraps
‘brine. The growth of sea ice typically appears as a platelet
structure,,whereas freshwater spongy spray ice may show a
fine dendritic substructure.

v

Mékkonen £1987) starts the development of a spongy

sbray icing mddel for a cylinder by assuming‘a salt balance

102
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for collected, accreted and shed brine. As a result, the
effective distribution coefficient (k=si/sw)‘is found to be
a function of the interfacial distribution coefficient
(k*=Si/Sb) and n, the accretion fraction of a épongy saling
spray ice accretion. K* is shown fo be equivalent to
'sponginess in sea'spray.icing, and avfirst working
hypothesis is presented that assumes k' =0.26. This
hypdthesis~is based on the results from a number of sea ice
growth investigations a;d an analogy between salt
entrappment 1n sed ice growth and sponglne;s in spray icing.
‘The cylinder 1c1ng model of Makkonen (1984) ;svused to
evaluate the accretion fraction, n, and the resulting model
predicts accretion rates and sponginess with an iterative
procedure. The details of this approach are examined in
section 3.1

~ Makkonen (1987) has given an interpretation for k*
which implies that the surface liquid salinity in sea spray
spongy ice accretion is the same as the salinity of the
entrapped brine. One physical interpretation of this result
is that surface liquid‘may flow more or less freely through
the internal ice structuré; this has been termed filtratior
accretion/shedding. Another interpretation_of k* is advanced
which depends upon the possibility of the surface liquid
having a different salinity than the permanently entrapped
brine. A‘characteristic implied by this interpretation is
that *“he growing surface layer is distinct from and sealed

off from the Jdeeper substructure. This has been termed
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surfaée.accretion/Shedding. If surface accretion/shedding is
assumed,,then two ice mass balances are possible—-one for
the liguid film and one for the whole‘surface‘
accretion/shedding layer. Adoption of‘these two mass
balances result.in two equations that along with the overall
mass and heat balance, result in a partial framegork for a
freshwater spongy spray icing model.

A surface growth assumption is made in such a way that

“

the radial growth velocity of an assumed solid ice accretlon

L]

equals the velocity of the progress of the spongy icing-: i ‘
surface. (This assumptlon is part of the model's empiricism;
it must be emphasized that the model predicts sponginess of
accretionsAonl§, and not mass accretion rates.) In additfon;
it is assumed that the rate of volumetric inclusion of
liquid into the structurq of the spongy ice equals the shed
ice particle -volumetric flux. Thus the volumetric flux of }
ioe particles controls the sponginess, kf, and is modelled»
empiricaily. -

| The empiricism chosen shows the feature that as the
solid ice freezing fractlon “5*1 or ng~0 the ice crystal
breakage/e%lu ratio A-0. Thus a freshwater spongy spray
icing‘model_has been described for rotating cylinders that )
was tuned/to‘five conditions from four data sets. The model
in this way has shown that it is capable’ of descrlblng
accretion sponglness on rotatlng cyllnders under varlatlons

of air temperature, air velocity "and llquld water content.

The model was found -o be very poor in descrlblng varlatlons
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in sponginess with the rate of cylinder rotation, probably
due to the assumption that @ is related to sponginess
throug> - simple pewer law relationship

Because power law relatlonshlps are monatonic, a)more
complex form of relat10nsh1p may be needed to model the
varlatlon of sponglness w1th.rotation ratei/The present

- study represents prellmlnary work and future approaches will

llkely benefit from a more rigorous use of dimensional

S
’\\l

analysis.

 The understanding of surface growtn processes Is
essenﬁial to modelling sponéiness. The present thesis
presents a model in which hypo;hetigal surface processes
were modelled.empirically. The development of a better
knowledge of these and other processeg may depend largely on
effective experimental work in the futurega

Recommendatlons for future 1nvest1gatlons include:

(1) To develop technlques to better measure the parameters

in spongy spray ice growth For 1nstance speedy and

efflflent measurement of sponginess and mass loads are
neededr Theﬂdralnage of liquid from a sample that is being
weighed for total mass will distort a subsequenr sponginess
test on that sample. P0551bly the, best would be a technique
that would“accompllsh both measurements at once, for example
a calorimetric procedure which measures the sample mass
produced by an.irfective and reliable sampling technique.
Another‘possibility.would be to use‘photographie or video

records of the accretion dimensions and once the average
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accretion sponginess is known, a total accretion mass may be

calculated.

Since the shed flux may relate d1rectly to processes on
or in the accretion that could influence sponglness .the
shed Flux should be examined. While the amount of water>
substance shed as well as the relative amounts of ice and
liqoid are important characteristics to measure, the
obstacles to such‘measurements appear cOnsiderable, For
example, identifying droplets that have formed’as a result
of shedding may be_difficult because thef may be
indistinguishable from droglets in the carrier air stream.
Furthermore, once identified 1t may be difficult to capture
only the shed droplets a. process further compllcated by the
need to meausure the fraction of ice in the shed droplets.
Determining the ice fraction of the shed flux may require a
technique that does not promote either droplet heat loss or
ﬁgucleatlon that could alter the ive fraction art1fuc1ally
However, one approach to the measurement of the sheddlng
flux might be to design a technique that gives a reliable
‘determination.of the collected fldx, which, with an accurate
measurement of the accretion rate, could be Qsed to -
'determine tﬁe shedding flux.

(2) To investigate the ice fraction of accretions grown in
spray conditions near the freezing point. This may help to
substantiate the hypothesis presented here, that the ice

fraction of Spongy‘sprayiice accretion tends towards unity’

\g . . ‘ . N \‘



- as the air temperatufe approaches the freezing point.
(})s o investigate the sponginess structure of aceretions in
order to determine if shedding is pfimarily a surface
phenomenon or whetheriliquid may flow‘thfough the ice
substructure before sheddlng An investigation 1iké# thlS
might reveal two distinctly dlfterent sheddlng mechanlsms,
as postulated in this thesis, which might.be‘responsible for -
distiﬁct and identifiable icing regimes for spongy\spray
icing.

4
(4) To investigate the ctystalloéraphic‘orientations of ice
cryStals in spongy spray ice accretions in order to relate
surface ice crystal growth to the sponginess of the
accretion. The accretion substructure may show evidence that
" ice dendrites have grown and broken off,'w1th subsequent
distribution and compaction onto the accretion surface. In

contrast, it may be found that ice dendrites grow without

1

breakage and that the nature of.their growth determines the
nature of the‘resulting sponginess. A greater knowledge of
the\micro—processes of.growth on the surfaces of spongy
spray'ice~formatiohs~§ill be of importance if better

physical models of~sponginessﬁare to be developed.
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S Appendix A
- ,

Am Examination of the Algebraic Meaning

~of the Interfacial Solute Distribution Coefficient k*

The following derivation will show that the interfacial

distribution coefficient k® may be a function of Ag the

sponginess and J, the ice fraction of..the shed flux.

,

First' define the overall salinity for

and the overaﬁl salinity for the shed flux

!

MSz .
Siz = Mi; + Mss + Mw, \ )
: Ms3
Sis = Mis + Ms, -

Mw 3

where the mass

Miz_— the mass flux of ice accreted.
Ms, - the mass flux of salt accreted.
o ; v.

Mw, - the mass flux of pure water accreted.

Mi, - the mass flux of ‘shed ice.
Ms; - the mess flux 6f shed salt mass.

Mw,; - the mass flux of shed pure water,

ux variablesg (in units of

the accretion si,

Si; as:
A.1
A.2

kgm-'s-') are:

The salinity of entrapped brine in the accretion sz

and the sallnlty of the shed brine S.. are

Sby = Ms,- . ,
Msz + Muw, v
- . . B i {
Shy = —MS3 _ Ch
’ 3 Ms; + Mwj - )
y\\\ \ e
. .
R

defined as:
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. ‘
. . — . cr C . x
The interfacial solute-distribution coefficient k  may

be defined as:

o

* . . ; |
ko o= 3i2 : o A.5
- Sij _ . .

Introducing Sb, into eguation A.5 gives: '

* _ (Sizy) Sk
K= DD A.6

' The ratio (Si,/Sb;) in eguation A.6 is a parameter that) we

1

can term the saline sponglness of the accretlon Ag; it can

be shown that

= Ms, + Mw, ) :
s Mi, + Ms, + Mo, \ o . | A7

Equation A.6 can therefore be rewritten as: i < .

kf= x(sb)‘ - , § | | .8 f\¥\

SS3

-

Equation A.8 shows the general nature of the present
Y

derivation 51nce ggh does not necessar1ly equal 513. sz,

the salinity of the entrapped brlne, may’be different from

]

the equilibrium salinity of the surface liquid Si,, which is
assumed to be the same as the saiinity of the shed brine.

Algebraic rearrangement of the ratio (Sb,/Si;) may be
¥ . . 4

written:

( ) = (MSZ) M13 + M33 + Mw;,
Sis Msz + sz
e

) -3 .

The. ratio of Ms, and Ms; describes the division of salt

. k e N -
mass between shedding and deposition by the icing process.

We have called this n, the salt mass diStribution

3
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coefficient. ' @

)

n = (’—;i% : ' A.10
- S3 . .

The right hand factor in equation A.9jcan be rearranged
in terms of J, and Jo. J, is called the llqu1d 1ncorporat10n
rat104 It describes the degree to whlch the avallable
surface brlne on a.spongy deposit is 1ncorporated into the
growing structure. Jo 1is the shed ice fraction. It is, the

mass fraction of ice in the shed flux. J, and J, are ‘given

by: )
- Ms; + Mw, ’

Jl B Msz + MWZ + MS3 + 'MWS A. 11

Jo = s t : | | | a2

Mi3z + Ms3 + Mwy °

Algebraic manipulation of equation,A.Q with the

parameters defined in A.10, A.11 and A 12, results in:

S b, _ '1—\‘]1 1 . ' .
(—.z—)j’ n( 1; ) (3 -Jo) - . A.13

The SUbStltUthﬂ of equation A, 13 into equatlon A. 8
'results in: ) |
_k*;:x nG— 1{%(1-;0—) | ” 4 \‘ A4
Thus, the inteffacial distribution coefficient. is
dependent upon the accretion géongiuess as weli es'three
other process-describing paremeters. k* is dependent on the
sponginess of the accretlch ksﬁand this Makkonen (1987) has

Eov g o
0
also suggested. However also depends upon n a parameter

that by its* deflnltlon descrlbes the distribution of salt
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for the spongy spraysicing process. n 13 probably:related to
S ,
the degree of solute build-up at the growing interface and
the effectiveness with which the soiute is transported away
:from the interface or into the accretion. k* is also related
to J, which is a parameter that reflects the tendency for
liquid to stay in the accretion and not exit from the
surface. k¥ is also a function of Jo which is defined as the
ice mass iraction of the shed flux. One source of‘shed ice
partlcles that might be assoc1ated with condltlons at the
1nterface of the accretion is dendritic ice crystal
breakage. Therefore, equation A.14 shows that k .depends
npon»the sait, pure wdater and ice crystal'distribution
N\*“mechaniSms_at work on the surface of sea spray spongy icen

\\-r
formation.

b

owever, it is of interest to examine the influence of
comple film mixing onbequation A.14, Complete mixing in
the llqu1d film may mean that the salinity of the shed water
equals the sallnlty of the initially 1ncorporated brlne (ie.
no solute bUlld up at the 1nterface) Thls‘ls can be - |

represented as:
Sby = Sby | e . . A.15

¥ ' Rearrangement of equatlon A.15 W1th the parameters as

deflned 1n eqguations A.10 and A.11 ylelds:

S b S ’ | | A
"t - . Ao
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Substigution of equation A,16 into A.14 results in a
. simplification of the k* equation. In this case k* depends
only on the sponginess XS, and the shed ice fréction Jo,
under the assumption of complete mixing. _
Y o ) .

T - J0) ' ' A7

¢

*
k =



Appendix B

Derivation of the

Ice Growth Flux Equation x

The mass .of ice grown at the surface of the cylinder
may be modelled by assuming a heat balance. The heat balance

.

is:

N

A

Q1 = Qs + Qs + Qu + Qs B.1

Q, is the latent heat of fusion which is released as
pure ice crystals grow. Q. is thé“heat lost from the surface
of the cylinder through convectivéAheatvtransfer. Qs is the
evaporative heat transfer‘compqngnt. Qs 1s the éensible>heat
’flux’assdciatedf&jth bringing the-impinging maés of ice-and
water to the equilibrium'temperaturetof Ehe icing surface.
Qs is the radiative heat flux éomponent directed from the
icing surface to the surrounding environm~nt, All the heat
coinponents (Q, to Q) are ir units of Jm" 's-',

Given Q,, the mass growth rate is determined according

to: ‘ - R ‘

= HiL, - ~ B.2
where Mi, is the mass of ice grown per second per meter of
cylinder length and Lg is the latent heat of fusion for pure

: -]
ice ;;Aoj Cﬂ
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Q; is defined as:

‘ /

Q2 = mDh(t - t ) o ' B.3
S a

T . J.

where D .is the diameter of. the cylinder, h.is the overall

heat transfer coefficient, ts is the surface,temperature of

the cylinder and t, the air temperature.

Q, isldefined as:

ELe

0-6
. Q3 Q‘mnh(gg) ( )(e - ea) ' v B.4.

where Pr is the Prahdtl,number, Sc is the Schmidt number,{e
is 0.622, Le is‘the latent heat of vaporization, Cp is the
specific heat of air at constant pressure, Py is the air
pressure, es is the saturation vapor pressure at the icing
surface and ea is the actual vapor pressure in the air.

. Qs is defined as: ' S
v , N\

Q= (Mi;Ci FMaC) (e k) o B.5

i

where Mi,
the spec1f1c heat, of ice, Mw, is the impinging mass of
water, Cw is the specific heat of water, tg is the surface
temperature (assumed equal to 0 'C)'ang-td is the droplet
temperature, '

Qs is defined asvr
Qs = mDoa(t - ¢ ) . : - . B.6

where o is the Stefan-Boltzmann constant and 'a' isg a

linearizing factor, tg is the surface temperature, and ta,

-

R

e 1mp1ng1ng mass flux of ice- partlcles, Cl is
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the air temperature, it taken to be the temperature of the
surroundings.-
Equationg B.2 through B.6 may‘be substituted into

equation B.1 and solved for Mi, to yield equation:

¢

. pr . 0°63 ELe
Mi, = — [(ts ~ ta) + (—S?) ( CpPa)(eS - ea)]

+ L7 [(Mire, + Mwic )(t_ -.t )] + L Y'nbDoa(t - t )
1 W %’S a S a

Mi, represents a maximum potential growth flux of ice to the
  growing surface. If the flux of collected liquid Mw, is
smaller than“Miu the icing is assumed tovbe dry and
consequently not a spongy formation. Under these
cifcumstances; the availability of liguid water wouid-
control the mass accretion rate. Eguation B.7 is thus used
to model the mass growth of pure'iée at the surface of the

spongy accretion. .



AN Appendix C

The program described here is ?esigned to calculate the
liquid water content for a freshwater spongy spray icing
model (on a rotating cylinder). The model equations are
given' in sectlon 5.3, First a flow chart is presented then

a Fortran program is listed and finally an output example

[
( Start ’

1

. - Initialize and
s define variables

Input variables:
wind velocity
air and drop temperature
liquid water content
cylinder and drop dlameter
rotation rate ‘

Calculate the
properties of air

Calculate the overall
collection efficiency, E

. N : .
-~ . .

P
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Calculate the'méss flux
of ice grown on the surface, Mi,

y

Calculate the ice
crystal breakage/exit ratio, A

:Calculate the~
mass flux of shed ice, Mi,

Calculate the mass flux
of ice accreted on the surface, Mi,

4

Calculate the mass flux
of water accreted on the surface, Mw,

Calculate the mass flux
of water mass shed from the surface, Mw,

)

S

Calculate the
liquid mass fraction, A

.Y
Output all
‘important variables
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‘A list of variables follows in. the order that they
o . -
first appear in the~following program. The proegram variable

is given first, followed by the variable name (in‘bradketﬁf

r

as given in the main text. This is followed by a brief
description of the varifble. <

MPI1 (Mi,) - the mass ux of pure ice particles collected
MPW1 (Mw,) - the mass/flux of pure water collected

MPI2 (Mi,;) - the mass\ flux of ice accreted

MPW2 (Mi.) - the mass flux of pure water

MPI3 (Mi,) - the mass flux of shed ice particles ‘

MPW3 (Mw,) - the mass flux of shed pure jwater :
MPIT (Mi,;) - the maximum potential accretion flux of ice
LV (Le) - the latent heat of evaporatio

LF (L) - the latent heat of fusion

NU (Nu) - the Nusselt number for the cylNnder
MU (u) - the dynamic viscosity of air
KAK¥k,) - the thermal conductivity of air

L,LWC (w) - the liquid water content

K,RO - the inertial parameter and the modified inertial
parameter (for collection efficiency calculation)
D0,D1,D2,D3,D4 - empirical constant for the saturation vapor
pressure of air ’ ’

TS (tg) - the temperature’ of the icing surface

PR (Pr) - the Prandtl number '

SC (Sc) - the Schmidt number v

PRES (Pa) - air pressure , o

CP (cp) ~ the specific heat of air at constant pressure

CW (Cw) - the specific heat .of water

CI (Ci) - the specific heat of ice

EPS (e¢) - the ratio of the molecular weight of water to that
of air : : :

RD (Rd) -~ the gas constant for dry air
SIGMA (¢) - the Stefan-Boltzmann constant
AS (a) - the linearized radiation constant
-RHOW - the density of water :
RHOI - the density of pure ice

PI (v) - w, -he cocnstant

VWIND (Va) - the air speed

TAIR (ty) - <he ai- temperature

TDROP (tg) - “he droplet temperature

DCYL (D) - the accretion diameter

‘OMEGA (2) - the rate of rotation (radians/second)

DDROP (d) - the median volume diameter of the droplets .
RO - the dénsity of gas E
RED - droplet Reynolds number : :

“EM - collection efficiency for a monodisperse droplet size
E (E) - collection efficiency for a median volume droplet
size ‘ :

‘RE (Re) - Reynolds number for the cylinder
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H ¢h) - overall heat transfer coeff1c1ent for a cylinder
PART1,PART2,PART3 - heat transfer factors for -he MPIT
equatlon
EAIR,ETS (ey,eg) - the saturation water vapour pressures
over water at the dew point and surface temperature,
respectively
FRALIQ (X_) - the freshwater liquid mass. fractlon
FN (nf) -"the freezing fraction

;R2,R3 - the total collected accreted and shed fluxes,
respectlvely. -

A

hS
i

C A FRESH\&ATER SPONGY ICING MODEL

REAL MPI1,MPW1, MPIZ MPW2,MPI3, MPW3 MPIT,
&LV,LF ,NU, MU KA, L LWC K KO

D0=6. 107799961 v

D1=4.436518521E-01 .
D2=1.428345805E-02 ‘ 3
D3=2.650648471E-04 :

D4=3.031240396E-06

'DEFINE CONSTANTS

OO0

. MPI1=0.0
TS=0.0
PR=0.711 \
SC=0.595" “
PRES=1,0E+05
LV=2.5E+06 |
LF=3.34E+05
CP=1005.0
CW=4270.0
CI=2070.0
EPS=0.6221 . - ,
RD=287. 04 : 4 } .
SIGMA=5.67E-08
AS=8.1E+07
RHOW=1000. 0

- RHOI=917.0 3
PI=3.1416 . :

4 CONTINUE*

PAd

INPUT PROMPTS

OnNOn

WRITE (6 5)

5 FORMAT ( /,' WIND SPEED (M/S)"
CALL FREAD (5, , VWIND)
WRITE (6,10) VWIND
WRITE (7,10) VWIND

10 FORMAT (' ', '"WIND SPEED— JF6.1)
WRITE (6 20)

;
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, & o
20 FORMAT ( /,'AIR AND DROP TEMPERATURE ( DEGREES c)?')
CALL FREAD (5,'2R:?,TAIR,TDROP)
WRITE (6, 30) TAIR TDROP
WRITE (7, 30) TAIR, TDROP
30 FORMAT (' , "AIR TEMP— /F6.1," DROP TEMP=' \F6.1)
" WRITE (6, 40) o :
40 FORMAT ( /,'LIQUID WATER CONTENT-GMS/CUBIC METER?')
CALL FREAD (5,'R:',L)
LWC=L/1000.0
WRITE (6,50) LWC
WRITE (7,50) LWC
50 FORMAT (' ','LIQUID WATER CONTENT="',F11.4,
&'KG/CUBIC METER' ) - f
WRITE (6, 60) ” ' . ?
60 FORMAT ( /,'CYL. DIA METERS AND ANGULAR VEL. Hz ')
CALL FREAD (5,'2R:',DCYL,OMEGA)
WRITE (6,70) DCYL OMEGA
WRITE (7,70) DCYL,OMEGA
70 FORMAT (' ' ’CYLINDER DIAMETER=",F9.4,' OMEGA=',bF6.3)
OMEGA= OMEGA*2.0*PI
WRITE (6, 80) ' )
80 FORMAT ( /, DROP DIAMETER MICROMETERS7')

CALL FREAD (5, ., DDROP)
DDROP=DDROP/ 1. 0E+06 F
. WRITE (6,90) DDROP ’ jf}

WRITE (7,90) DDROP
90 FORMAT (' ','DROP DIAMETER=" ,E1T.4)

CALCULATE FUNCTIONS OF AIR TEMPERATURE:

AIR DENSITY DYNAMIC VISCOSITY,CONDUCTIVITY

RO—PRES/(RD* (TAIR+273.16))

=1.718E-05+5, 1E-08*TAIR
.0243+,000073*TAIR

: . < ;
CALCULATION OF SURFACE FLUX . ﬂ
CALCULATE THE‘OVERALL COLLECTION EFFICIENCY
K= RHOW*VWIND*DDROP**Z/(9 O*MU*DCYL)
RED=VWIND*DDROP*RO /MU
K0=K/(0. 087*RED** (0 .76+RED**(-1,0%0. 027))+1, o)
EM=0.0 ,
IF (K0.GT.O. 125) EM=0. 5% (ALOG10(8. 0*KO))**1.6
IF (KO.GT.0.8) EM=KO**1.1/((KO**1.1)+ 1.426)
E=.69%EM** .67+ .3 1*EM*x%1.67
WRITE(6, 150) K,RED, KO,EM,E
WRITE(7,150) K,RED,KO, EM,E

150 FORMAT(' 'K— 311 4,' RED=',E11.4,' KO=',E11.4,
&' EM=',E11. 4 E=',E11. 4)

\
CALCULATE THE - COLLECTED LIQUID MASS FLUX

‘MPW1= E*VWIND*LWC*DCYL : -
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C

CALCULATE <THE HEAT FTRANSFER COEFFICIENT

RE=VWIND*DCYL*RO /MU

=,24xREx*(,

H=KA*NU/DCYL
' CALCULATE FACTORS FOR THE HEAT BALANCE
PARTl-PI*DCYL*H/LF i
PART2=(PR/SC) **0.,63*EPS*LV/(CP*PRES)
PART3=PI*DCYL*SIGMA*AS , :
EAIR=DO+TAIR* (D1+TAIR* (D2+TALR* (D3+TAIR*D4)))
EAIR=EAIRx*x100.0 '
ETS= DO+TS*(D1+TS*(D2+TS*(D3+TS*D4))),
ETS=ETS*100.0 :
CALCULATE THE ICE ACCRETION MASS FLUX
MPIT=PART 1* ( (TS-TAIR)+PART2* (ETS-EAIR) )"
" MPIT=MPIT+(1.0/LF)*(MPI 1%CI+MPW1%CW)#* (TS-TAIR)

MPIT=MPIT+( 1
DRY ICING DECISION
IF(MPIT.GE.MPW1i1) GO TO 800
OUTPUT COLLECTION AND THERMODYNAMIC COEFICIENTS

WRITE(6,220)RO,MU,KA,RE,NU,H,

&PART 1 , PART2Z, PARTB EAIR ETS MPIT

6

.0/LF)*PART3%(TS-TAIR)

WRITE(7 220)RO MU,
&PART 1, PART2 pART% EA R, ETS MPIT
220 FQRMAT%' o

&W RE="' E10.4,

&v
&l

CALCULATE THE SHED ICE MASS FLUX

PART ="' B
EAIR=',E10.

RE,NU,H,

RO=',E10.4.' MU="
' NU=',E10.4,' H
0.4,' PART2=',E]
4,' ETS=',E10.4,

MPI 3=A%*MPIT+MPI 1
CALCULATE THE ICE ACCRETION MASS FLUX
MPI 2=MPI 1+MPIT-MPI 3
CALCULATE THE WATER ACCRETION MASS FLUX
MPW2=(RHOW/RHOI ) * (MPIT-MPI2) ‘
CALCULATE THE SHED WATER MASS FLUX
MPW3=(MPI 1+MPW1) - (MPI 2+MPW2 ) ~-MPI 3 :
CALCULATE THE LIQUID FRACTION OF THE ACCRETION
FRALIF=100. O*MPWZ/(MPIZ+MPW2)
R1=MPI 1+MPW1
R2=MPI 2+MPW2 .
R3=MP] 3+MPW3
FN=MPIT/MPW 1
. WRITE(6,720)A,FRA IF MPIT,FN,MPI1,MPW1,
&R1 ,MPI2, 6MPW2, R2 MP}3,MPW3,R3
WRITB(7 720)A FRALIF 'MPIT,FN,MPI1,MPW1,
&R1,MPI2,6MPW2, R2 MPI}'MPW3 R3
720 FORMAT( A="'

&'

n_

F7.4 /

E1O 4,

S

L.F,

&

E1

0 4,

0.4,' KA=' ,E10.4,/,

,E10.4,/,
'PART3="

! MPIT- 510
CALCULATE THE ICE CRYSTAL BREAKAGE/EXIT RATIO
A=17.514x%( MPIT/(MPW1—MPIT))**O 9879x%
&((MPW1 -MPIT)/MPW1)*%3,800%

& (OMEGA*DCYL/VWIND) **0.6602%
&(9.81/(OMEGA**2*DCYL))**0.5778

,F7.3,

'% MPLT="

't

JE10.4,/,

4,/)

A}

,E10.4,

125
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&

&' Mp11=',E1o.4+1Mpw1='6a+0//~7“\7e',310.
E

4,/,
&, MPI2=',E10.4,' MPW2='/E}0.4," R2=',E10.4,/,
&' MPI3=' E10.4,' MPW3='|E10.4," R3=',E10.4,//)
GO TO 820 :
800 CONTINUE :
WRITE(6,810)
WRITE(7,810) )

810 FORMAT(' ', ' DRY ICING: MPIT>MPW1',//)
820 CONTINUE . :
WRITE(6,830) ‘
830 FORMAT(' ','ENTER 1.0 TO RERUN') : -
CALL FREAD(5, 'R:',DECIS)
IF(DECIS.EQ.1.0) GO TO 4
STOP . v
END -

An Example of Output

WIND SPEED= 23.0 '

AIR TEMP= -3.0 DROP TEMP=" -3.0"

LIQUID WATER CONTENT= 0.0017KG/CUBIC METER

CYLINDER DIAMETER= 0.0500 OMEGA= 0.500

DROP DIAMETER= 0.1600E-04 ‘ .

K= 0.7685E+00 RED= 0.2787E+02 KO= 0.4092E+00 EM= 0.1729E+00
E= 0.2295E+00 -

RO=0.1290E+01 MU=Q.1703E-04 KA=0.2408E-0 1
RE=0.8710E+05 NU=0.2209E+03 H=0.1064E+03 :
PART1=0.5Q04E-04 PART2=0.1731E-01 PART3=0.7214E+00
EAIR=0.489SE+03 ETS=0.6108E+03 MPIT=0.2785E-03

A=0.1496E+00 L.F.= 16.092% MPIT=0.2785E-03 n= 0.6208 \
MP11=0.0 MPW1=0.4486E-03 R1=0,4486E-03 . ‘
MP12=0.2369E-03 MPW2=0.4543E-04 R2=0.2823E-03 |

MPI3=0.4166E-04 MPW3=0.1246E-03 R3=0.1663E-03
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in the same way as that from Figures 5,

"~ icing transition point). Figures 5.1

T

! ) o ) ‘ . ‘ s
: ‘ ~ Appendix D '

<

¥
The experimental method described in section 5.4 4did
not allow fer direct measurement of the droplet diameter.
The method uséd_to ﬁnfer a median volumetric drop diameter .
is presented here along with the resulting droplet sizes for
the data shown in Fig. 5.1,.Fig. 5.2, and Fig. 5,3. The
median v%lumetrlc d1am€€2r for the data in Fig. 5\ 4 could
not be estlmated in the Same manner, so 1t was assumed to be
25 um, the same as in Flg.'5.3.*This reprgéents’an B
arbitrary, butboerhaps not'unreasonable choice, since'the
same.spray nOZ;le was used in each case.
The reason.that the data 'in Fig. 5.4 couldvnot‘be nsed
1, 5.2 and 5.3, is
that there was no data close to the Ludlam limit (wet/dry
, 5.2 and 5.3 show the
varlatlon cf sponginess as-a functlon of air temperature and

consequently in each case, the tran51tlon from wet 1c1ng to

dry icing is shown. It is at the Ludlam limit that alr of

the collected water mass flux Mw,—Mln, the max1mum potentlal

ice growthvflux.

The Ludlam limit offers a conven@ent:thermodynamic

conditipn for determining the median volumetric diameter, d.
‘u ' ~

. N _
It is assumed that there is no liguid shed from the surface

(ie: all collected water is'solidified on the surface), and

~that the surface temperature is 0 'C for freshwater icing.

Becaus: re is no liquid shedding, the collected water

mass flux may :e modelled assuming no boyncing or splashing

127 o
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that may be present with shedding water films. Also, the
heat transfer can be determ1ned on the basis of an assumed 0

"C surface temperature . w1th less concern for the p0551b111ty
of incomplete surface water film mixing before sheddlng
inherent in wet icing.

The present appréach assumes heat transfer from a
non—rotatinﬂ smooth cylinder (Zukauskas, 1972),>and
.collection mechauics based on the Langmuir and Bledgett o
(1949) data. The median volume drop diameter equation for
overall collection efficiency of Bain and Gayet (19&%) is
~ used, along with the improved correlation:for the overall
‘median volume diameter droplet collection efficiency of
Cansdale and‘MqNaughton (1977). "

The method aseumes that there is a'unique droplet size
which will yield a collectidn efficiency such that the
collected water mass flux w1ll be completely SOlldlfled and
~ stay on the cylinder. At the Ludlam limit, the cylinder
cooling must just edual‘the latent heat released on the
‘surface of ‘the cyllnder by SOlldlleng water._The surface
coollng depends ‘on the temperature of the icing surface
(assumed to be 0 “C) and the temperature of the surroundlngs
f(the air, droplets and surroundlngs are assumed to have the
same temperature) For a glven«setrof env1ronmental
condltlons the - temperature of the surroundings at wh1ch all
the collected vater is juc solidified, is here called the
Ludlam,llmlt temr 2rature. TheJ?udlam limit temperature'ia

 assumed to be th .emperature at which an accretion contains
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no liquid water (kf=0; not spongy), and the surﬁace is still
assumed (in freshwater spray icing), to be at the
equilibrium freezing temperature, with no liguid film. Using
these criterion, the Ludlam limit tem?ggggure for figures
5.1, 5.2 and 5.3 were chosen as'—4.6l'é, -8.0"C, and -13.5
"C. The environmental temperature at which the surface
liquid film; inherént in wet icing, and the inclusion of
liquid water, inherent in spongyﬁicing; are hQ longer
apparent is the temperature required to find ﬁhe median
volume droplet diameter. o

The median volume diameter is solved with the algorithm’
shown in the following flow chart. Initialiy, the |
environmentai‘cohditions are*inpuf a.cng with the Ludlam
limit temperature énd a first guess at d,.the median volume
diameter. The properties of the air, and Ehe heat transfér
paraméters are calculated on the basis of gﬁé enviro?méntal
cénditions. Next, the first iterative value of the drop
diamefer is used to caléulaté the collection efficiéncy, E.
Once E ié khown( both the collecfed water, Mw,, and the
solidification flux Mi, a;e'calculated. The solid growth
freezing fraction is calculated as a result. If it is
sufficiently close to one,,the initiél drop diameter gh%ss
is accepted. However, much more likely is that ng will ggt
be Sufficieptly close to 1.0 and a new value Sf drop
diameter is subsequently assigned. The new vélue of arop

iy an
N ~-'\l'£‘,‘">

diameter is assigned as a result offmuitiﬁfying the old

-

3

~value by the freezing fraction, nf, (dpew= do1gng). This new
- . -‘.‘(‘ .
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value of-dropAdiamerer is used to calculate a new collection
efficiency, collection flux, solidification flux, .and ng.
The 1terat10n is termlnated when ng 1s sufficiently close to
unity, and then the acceptable median volume diameter is
output. ' | |

This method was found to converge in all the cases that
had a Ludlam limit. However the reader is warned that if
the environmeﬁ%al'condltlons are speclfled in such a way
that only dry icing is possible, then the search for a
hedien Qolume droplet diameter will result in an unstable
numericai solution, | ,

*hls method of determlnlng median volume drop dlameter

,‘depends on the following assumptions: (1) availability of

b°

sufficiend data around the Ludlam limit condition; (2) an‘

accurate colNection mechanics assumption: (3) accurately
modelled heat Xransfer, and (4) that the spray system -
delivers droplet aize independent of variations in the

tunnel conditions, such as air temperature or air speed.



P

| Initialize and

defdine variables n

Input variables:
‘ . wind -speed
‘Ludlam limit temperature target

(same as droplet and air temperature)

. g

liquid water content
cylinder diameter

an injytial drop diameter guess ¢ J”

Calculate o
the properties
of the air

\
. Calculate

the heat transfer parameters

{assuming a smooth cylinder)

i |
- Calculate
, "~ the overall
collection efficiency, E
o ag a function of
e drop -diameter

[

Calculate the collected
water mass flux, Mw,

L
S

131



132

Calculate the maximum
potential ice flux, Mi,

‘o

, Calculate o ‘
the freezing fraction

ng

[

If
ng is
within the iterative
error limit

NOp YES

Y

Calculate

°//////“\a new droplet diameter
: dnew=do13*n¢
|

Y
Output all
important variables,
including 4, the median
volume diameter that satisfies
the Ludlam limit condition ng=1.0

. Most of the variables in the following program are

listed in-the parameter list of Appendix C. Those that are

inrthis program, but not in the above list, are\noted\begow. o

N
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NF,NFNEW (n_) - variables that contain iterative values of
the freezing fraction

KOUNT - parameter used to report the number of 1terat10ns
used before the error tolerance is satisfied

TDROP, PAIR - the Ludlam limit temperature is egual to both
the. droplet temperature and the air temperature (thermal
equilibrium is assumed between the a1r and water droplets)

A PROGRAM T% FIND THE DROPLET DIAMETER gg
.., FOR A SPECIFIED LUDLAM LIMIT TEMRERATURE

REAL MPW1,MPIT,NF, NFNEW,LV,LF, NU MU,KA,L,LWC,K,KO
D0=6.10779996 1
D1=4.436518521E-01
D2=1.428945805E-02
D3=2.650648471E-04
D4=3.031240396E~06
C DEFINE CONSTANTS
NF=1.0
TS=0.0
PR=0.711
SC=0.595
PRES=1,0E+05
LV=2.5E+06
LF=3.34E+05
CP=1005.0
CW=4270.0
CI=2070.0
EPS=0.6221
© RD=287.04
SIGMA=5.67E-08
AS=8., 1E+07
. RHOW=1000.0 . ,
RHOI=917.0 . _ | o
PI=3.1416 i
KOUNT=0
INPUT PROMPTS
WRITE (6, 5)
5 FORMAT ( /, D SPEED (M/S)?')
CALL FREAD 5 'R:',VWIND)
WRITE (6,10) VWIND
WRITE (7,10) VWIND /
10 FORMAT (' ','WIND SPEED=',F6.1,' m/s')
WRITE (6, 20)
20 FORMAT ( /,'ENTER THE LUDLAM LIMIT TEMPERATURE (deg
r/ kY
» (ASSUMED EQUAL TO BOTH THE AIR AND DROP
’TEMPERATURES) )
CALL FREAD (5,'2R:',TAIR,TDROP)
WRITE (6,30) TAIR,TDROP
WRITE (7,30) TAIR,TDROP :
30 FORMAT (' !,'AIR TEMP=',(F6.1,' deg C',



N

40

50
60

70
-80

¢

N . ﬁ;\{c: ' . .
&' DROP+TEMP=',F6.1,' deg
WRITE (6;40)
FORMAT ( /,fLIQUID WATER
CALL FREAD (5;'R:',L)
LWC=L/1000.0 )
WRITE (6,50) LWC ,
.WRITE (7,50) LWC
FORMAT (' ','LIQUID WATER
WRITE (6,60) . ‘
FORMAT (./,'CYL.DIA. METE
CALL, FREAD: (\5, }R: ' ,DCYL)
WRITE (6,70)\DCYL
WRITE (7,70) DCYL

134

c')

CONTENT-GMS/CUBIC METER?')

wr o )
S :

CONTENT=',F11.4,' Kg/m"3')
RS') '

FORMAT (' ', 'CYLINDER DIAMETER=',F9.4,"' m')

WRITE (6,80) . :
FORMAT ( /,'INITIAL DROP
CALL ‘FREAD (5,'R:',DDROP)
DDROP=DDROP/1.0E+06
WRITE (6,90) DDROP

. WRITE (7,90) DDROP

30

FORMAT (' ','DROP DIAMETE
CALCULATE FUNCTIONS OF AT
AIR DENSITY,DYNAMIC VISCO
RO=PRES/(RD* (TAIR+273.16)
MU=1.718E-05+5, 1E-08*TAIR
KA=,0243+,000073%TAIR
CALCULATE THE HEAT TRANSF
RE=VWIND*DCYL#*RO /MU
NU=.24*RE*%0,6
H=KA*NU/DCYL
CALCULATE FACTORS FOR THE
PART 1=PI*DCYL*H/LF
PART2=(PR/SC)**0.63%EPS*L
PART3=PI*#DCYL*SIGMA*AS
EAIR=DO+TAIR*(D1+TAIR* (D2
EAIR=EAIR*100.0
ETS=D0+TS* (D 1+TS* (D2+TS* (
ETS=ETS*100.0

OUTPUT COLLECTION AND THE

- WRITE(6,95)RO,MU,KA,RE,NU

95

100

WRITE(7,95)RO,MU,KA,RE,NU
FORMAT(' ','RO=',E10.4,"
&' RE=',E10.4,' NU=',E10.4
&' PART1=',E10.4,' PART2='
&' EAIR=',E10.4,' EVS ' ,E1
CALCULATE THE OVERALL COL
CONTINUE :
K=RHOW*VWIND*DDROP**2/(9,

~ RED=VWIND*DDROP#*RO /MU

K0=K/(0.087*RED*% (0 .76%RE
EM=0.0 .

IF (KO.GT.0.125) EM=0.5%(
IF (KO.GT.0.8) EM=KO#*%1. 1
E=,69%EM*%*,67+,31*EM** 1.6

DIAMETER GUESS-MICROMETERS?')

&

R=',E11.4,' m')

R TEMPERATURE : .
SITY,CONDUCTIVITY

) .

ER COEFFICIENT

v
S

244

HEAT BALANCE
V/(CP*PRES)
+TAIR*(D3+TAIR#D4)))
D3+Ts*D4)5)

RMODYNAMIC COEFICIENTS
,H,PART1,PARTZ,PART3,EAIR,ETS
,H,PART1,PART2,PART3,EAIR,ETS
MU="',E104,4,"' RA=',E10.4,/,

r' H='1E ;_541/1

,ET10.4," PART3=',E10.4,/,
0.4,/ . P
LECTION EFFICIENCY :éi’ﬁ

0*MU*DCYL)
D¥* (=1.0%0.027))+1.0)

ALOG10(8.0%K0))*%1.6
/((KO%x%1,1)+1.426)
7

.7

1
£
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OO0O0O0

c

0O aannaq.

WRITE(6,150) K,RED,KO
WRITE(7,150) K,RED,KO
150 FORMAT(' ','K='
&' EM=',6E11.4,'
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EM, E
,EM,E
,E11.4,

+yET e d)

RED=',E11.4,' KO0=',E11.4

CALCULATE THE Q@ LECTED LIQUID MASS FLUX

MPW1=E*VWIND*LWC*DCYL

CALCULATE THE ICE ACCRETION MASS FLUX
MPIT=PART 1* ( (TS-TAIR) +PART2* (ETS-EAIR))
MPIT=MPIT+(1.0/LF)* (MPW1%CW)#* (TS-TAIR)
MPIT=MPIT+(1.0/LF)*PART3*(TS-TAIR)

CALCULATE FREEZING FRACTION NF
NFNEW=MPIT/MPW 1
OUTPUT /
WRITE(6,210)MPIT,MPW!,NFNEW,DDROP,E

210 FORMAT(' ',' MPIT=',E10 4,' MPWi=' E10 4
&' NFNEW=',E10.4,/,' DROP DIA=', 0. 4 E10 4)
ITERATIVE DECISION ég? :

F(ABS(1.0-NFNEW/NF).I.0.0001) %0 TO 500 >

KOUNT=KOUNT+1 ,
DDROP=DDROP*NFNEW
NF=NFNEW
GO TO 100

500 CONTINUE
JFINAL OUTPUT.
WRITE(7,550)MPIT,MPW1,

NF' ,NFNEW,E,DDROP, TAIR, KOUNT

550 FORMAT(' ', 'MPIT=' ,E10.4, ' MPW1=',E10.4,
&' BOTH IN Kg/w.)' /,
- &' NF=',6E10.4, JQFNEW=',E10.4,' E=',E10.4,/,
&' THE LUDLAM LTMIT DROP DIAMETER— ,E10.4," m',/,
&' FOR A LUDLAM .LIMIT TEMPERATURE=',6F7.2,' deg C',/,
&' ITERATIONS REQUIRED ',I4)
STOP

END

L
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Thi following trials were*run to establish the
characteristic droplet diameter for each of the first three
daﬁa sets. Upon the basis of.éhese runs the median
volumetric diameters were selegted for Figures 5.1 to 5.3.
TRIALgH -(FIGURE 5.1) ?

WIND SPEED= 23 &m/s

AIR TEMRS -4 7xdedf

. ~
o

LTEMP= -2.7 deg C

. P 7 KgAmA3
YLINDER DIAMETER= 0.Q588 W *' lm
DROP‘DIAM§g3R= 0.2000E-D4 m." " w&gely
RO=0.1298E+01 MU=0.1694E-04 KA=0:&I96E-01
RE=0.8810E+05 NU=0,2224E+03 H=0.1066E+03

.PART1=0.5012E-04 PART2=0.1731E-0] PART3=0.7214E+00

EAIR=0.4312E+03 ETS=0.6108E+03

MPIT=0.4272E-03 MR 1=0.4272E-03 BOTH -IN (Kg/ms)

" NF=0.1000E+01 NFNEW=0.1000E+0 1 E=0.2185E+00

THE LUDLAM LIMIT DROP DIAMETER=0.1554E-04 m
FOR- A LUDLAM LIMIT TEMPERATURE= -4.70 deg C
ITERATIONS REQUIRED 22 @ B

TRIAL 2 (FIGURE 5.2)

WIND SPEED= 28.0 m/s’

AIR TEMP= -8.0 deg C DROP TEMP= -8.0 deg C
LIQUID WATER CONTENT= 0.0017 Kg/m"3 : | .
CYLINDER DIAMETER= 0.0500 m

DROP DIAMETER= 0,2500E-04 m

RO=0,1314E+01 MU=0.1677E-04 KA=0.2372E-0]1
RE=0.1097E+06 NU=0,2537E+03 H=0. 120'3E+03 :
PART1=0.5659E-04 PART2=0.1731E-01 PART3=0.7214E+Q0
EAIR=0.3350E+03 ETS=0.6108E+03"

MPIT=0.8245E-03 MPW1=0,.8245E-03 BOTH IN (Kg/ms)
NF=0.1000E+01 NFNEW=0.1000E+01 E=0.3464E+00
THE LUDLAM LIMIT DROP DIAMETER=0.1953E-04 m
FOR A LUDLAM LIMIT TEMPERATURE= -8.00 deg C
ITERATIONS REQUIRED 5 o

~

TRIAL 3 (FIGURE 5.3)

WIND SPEED= 20.0 m/s “

AIR TEMP= -13.5 deg C DROP TEMP= -13,5 deg C
LIQUID.WATER CONTENT= 0.0030 Kg/m"3 )

CYLINDER DIAMETER= 0.0500 m

DROP DIAMETER= 0,.2000E-04 m “
RO=0.1342E+01 MU=0.1649E-04 KA=0.2331E-01
RE=0,8136E+05 NU=0.2121E+03 H=0,9888E+(2 :
PART1=0.4650E-04 PART2=0.1731E-01 PART3=0.7214E+00
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EAIR=O .217 1E+03 ETS=0.6108E+03

MPIT=0.1177E-02 MPW1=0.1177E-02 BOTH IN (Kg/ms)
NF=0.1000E+01 NFNEW=0.1000E+01 E=0.3923E+00 i
. THE LUDLAM LIMIT DROP DIAMETER=0.2469E-04 m B
FOR A LUDLAM LIMIT TEMPERATURE= -13.50 deg C
ITERATIONS REQUIRED 4 ‘

i
Ty



Appendix E

The experimental data which were presented in the
i . g .
graphs in Chapter 5 are documented here. Trial 1 through

Trial 4 correspond to Figure 5.1 through Figure 5.4,
respectively. All of these trials were carried out  during
the sﬁmmer of 1986 in the F.R.0.S.T. facility at tbé
University of Alberta.

TRIAL ONE N

Wind speed: 23 m/s )

Liquid water content: ,1.7 gm-?

Cylinder diameter: 5 ¢m

Rate of rotation: 0.5 Hz ,
Drop Diameter: 16 um

Air Temperature (°C) Ice Fraction
-14.,(C 100.0
-10.0 100.0
-8.2 v 100.0
~-7.0 100.0
-5.8 X 100.0
-4.8 98.0
-3.4 . ‘ 82.0
#3.2 83.0 . )
-2.2 78.0 B
-4.,2 99.0
-3.6 ' 88.0 -
-2.5 . S 77.0
- =2.0 69 .4
-4.6 ' . -100.0
-3.0 . 89.0
-2.7 ' 84.0 -
-4.,1 b o P 898.0
-3.0 ‘ _86.0
-2.7 81.0
-3.5 88.0
-3.6 .80.0
-3.7 - © 89.0
-5.9 : 958.0 -
-5.4 « g 99.0
-4.9 . 96.0
-4.5 g98.0
-4.1 . .100.0
-3.7 : 91.0
-3.5 ' : 87.0

-2.0 ' - 67.0
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"TRIAL TWO

Wind speed: 28 m/s
Liquid water content:1.7 gm.,

Cylinder diameter: 5 cm
Rate of rotation: 0.5 Hz
Drop diameter: 20 um

Air Temperature (°C)
-14.0
-13.2

=11.8

\\

-10.2

9.0

-Rate of rotation:

8.0
6.8
-4.6
-3.6
-2.6
~4.0 5

TRIAL THREE

Wind speed: 20 m/s
Liguid water content:
Cylinder diameter: 5 cm
0.5 Hz
Drop diameter: 25 um

Air Temperature (°C)
-5.9 - :

-5.1

-3.6

3.0 gm-;l

0
0
60.0
0
0
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Ice Fraction

.100.0

100.0

100.0 ¢

100.0
100.0
99.0
99.0
93.0
68.0 .
72.0
78.0 .

~Ice Fraction

66.
64.



TRIAL FOUR

Air temperature: -5.0°C .

Liquid water content: 4.4 gm. ,
Cylinder diameter: 5 cm '
Rate of rotation: 0.5 Hz -

Drop diameter: 2%.um

Air Velocity (m/s) Ice Frdction
41,6 ' 74.0
38.1 - , 73.0
33.9 < 7w 69.0
30.8 : 67.0.
27.7 ' ' . 57.0
25 /6 ' ’ : ' 53.0
22.1 - 50.0
19.3._ | - . . 48.0
15.3 44,0
8.4 ' ' 48.0

4
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