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ABSTRACI‘ | \

Marine icing xs hazardous and tnconvement for many types of - marrtime vessels and
' structures Atmosphenc ice accretion on® wires is one of the major problems in planning and
‘_ constructmg power transmrssion lmes and commumention networks: m regrons where freezing
temperatures occur frequently ‘Apart from these overall dynamic effects Jice accretion' can
‘alsobeahazardmnumerousotherways S R ' ) ,‘ o '

An exploration of  various aspects of ice accretron usmg the simple cylinder icing
.model was made ’l’he sensrtrvttres of vanous physieal and envrronmentai parameters were
examined with the model Calculatrons were presented of the relative contnbutlonsmof heat -
‘ exclnnge by conductron and convectron by evaporatron and by the supercoohng of accreted
ice to the total heat exchange of growing cylindrical ice deposits They revealed the regions of
dormnance of the, different ratros f or various icmg condmons in rce accretron B -
In this 1c1ng model a potentral atrflow was assumed and the droplet trajectones were Y
' calculated in order to. determme the oolhsron effrcrency of the rcrng .object. A heat balance ‘
_iequatron for the aocreted rce surface was solved to ohtarn the freezing fractron Frnally. the

wind velocrty and liquid water content, berng a function of herght in the marine: boundary ,

te the 1ce accretron on a manne structure A wmd drrection of 45"

e

layer, were used to sim ‘
to the i rcmg cylmder was ast ed and various physrcal parameters of-ice accretion durmg icrng;i
were used.” The model results showed that under icmg condrtrons. 7 metres above the sea B
surface, the 1crng proeesses are in the wet- growth regrme The 1ctng intensities at heights lower -
than 7m decrease- drastrcally at the begrnnrng of - the remg proeess because of the rapid \
mcrease mrce deposrt drameters ’l'he freezu‘ig fracuon decreases .a little at first then mcreases

. agam The 1cmg rate 1s very sensmve to the hqurd water content 'I'he icing rates always

: increase dunng the rcmg proeesses under severe rcrng co dition§ In' the case study. the

- eoljrsron effrcre'ncy of the 1c1ng object was always hrgh The densrty of the ice: deposit was

lilsh andconstant e s N . !,’
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‘ Chapter 1
, INTRODUCI‘ION

1. 1 THE NATURE OF THE ICING PROBLEM
Icmg is a natural phenomenon that sometrmes JeOpardrzes human hves Ltke ﬂoods -

| and tomados it is one of. the unavordable phenomena of nature However m the: hlﬁtory of

mankmd s struggle wnth nature 1cmg and its effects have been - recogmzed and accepted as a

'

natural phenomenon Tlus study is axmed at gammg knowledge of icing and at' analyung the

t
N

~ physics of this phenomenon B R
" " " " . . . .‘ i

Icmg can be .of hazard in varlous ways The most hazardous* rcmg may be marine
structure icing. The followrng are 'true stories: On, 26th January 1955, the Enghsh trawlers
Lorella and Rodengo overtumed north-east of the Northen Cape of lceland in ‘freezmg

condltrons dunng a storm in Whrch 40 men died.! On 8th Februaly 1959 the Icelandic steam.
tnrwler Fult was lost wrth her enttre crew on the Newfoundland Banks because of icing. At
" the same time' a. Canadlan frshrng vessel was lost off Newfoundlland The Icelandrc st%:am t

trawler Thorkell Mani was within a hau s breadth of capsmng\ and a number of other 3
trawlers mcludmg several German ones struggled agamst the’ storm dnftmg ice and above K
| all; heavy ice on board (Mertms 1968) | ‘ ' '.‘ 4 |
| demon to the above drsasters rcmg on towers buoys automatrc meteorological . |

' lmstruments hehcopter platforms and other structures eauses many safety nsks and
mconvenrences Manne tctng has been recogmned as a senous problem for a long nme and has | ,_i f
been drscussed m the screntrfxc literature f‘or more than one hundred years (Nature. 1881)
Durmg the past decade the need for deeper understandmg of atmosphenc tctng m the marme

envxronment has mcreased consrderably as human acttvrtles such as safety criterta and

structural destgn required knowledge of the hazards caused by the arcuc envrronment More
| l1 I-Iay R F M Meteorologreal aspects of the loss of Lorella and Roderlga Mar
<0bsr., Landon,26 ‘No.172, 1956, pp.. 89-94..

2, Rodewald; M..O. The. end’ of. Rogerlgo and Lorella Wetzerlom, Hamburg. No
84/85 March 1955.pp 56 66: e N 4 | X
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. recently, Minsk(1977) Stallabrass( 1980) Horjen(1981), Makkonen(l984) Jessup(1985).
' Lozowski and Gates(l985) Brown and Roebber(1985) have all rev:ewed vanous aspects of

»

| this subject as ‘well.
Ice can be built up because of supercooled fog, freezing rain or drizzle. falling snow,
and spindrift. However. the pringipal and most serious cause of icing' ns dlhe ‘sea si)ray
.» -generated by the passz:ge of a vessel through héavy seas 'when the air and sea surface
temperatures are low, When ice builds up on tl;e sup’erslruclture df a ship, the added mass of
the accretion can lower the freeboard and raise the centre of gravity. This can be '\"ery‘
dangerous and sdmetimcs a ship becomes even unstable because of icing, to the extent that she
capsizes t00 quickly to leave any survivors who could report on the catastrophe,
In addition, Makkonen(1984) reviewed the\ icing problems and pointed om‘ that
~ atmospheric ice accrﬁion on wires is also a ma jd; problem in planning and constructing power
transmission lines and communications networks in regfons where freezing temperatures occur
frequently. Damage ‘to structures by ice loads causes huge‘ economic losses and operational
difficulties in the power industry. |
An extreme icing episode has been reported by Bendel and Paton (1981) A severe ice
storm devastated 23 counties in soumem Wisconsin in March 1976. The deposlted ice
accumulations of more than 10 cm m some areas. Direct cost pertammg to damage directly
attnbutable to ice accumulation, such as damage to lines caused by the fa]lmg of ice-laden
tree limbs and to support structures of ‘the $50. 4 uulhon in damages in the 23-county area,
| the elecmc unlmes suffered losses of $13 7 mxlhon for equlpment repair and darnages
Not mvo’lvmg directly the aforemenuoned dynarmc effects, Lozowski and Gates(1986)
have reviewed some ‘other aspects ot‘ xcmg hazm‘ds A coating of ice may unmobnhze unportant '
eqmpment ‘such as doors lifeboats, control devices and fire fxghnng eqmpment Ice accreuon
on’ antsgmas and ‘radomes can interfere thh navxgauon and communication. Also, ice

4 accrcuon can represem a hazard for hehcopter workboat and supply vessel operanons in the

vicinny- of marine structures.

~
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As described by Loz\owski et al, k1983), there is a need for models of the ice accretion g
process in several fields. The understanding and prediction of hail formation, power line ioing.
aircraft and marine fcing are e'nhance(i, if models are available to help analyze and organize
the physics, and to assist with the pfactical estimation of icing effects. In other fields, the
phenomenology of icing rx{ay be quite different because of differences in the geometry of the
icing substrate, the sizes and chemical composition of the supercooled water droplets, ice
crystals or show, the ranges of liquid water content,.air speed and the temperauirc invo\lved.
It is at present incorg;\'rable that a single icing model oould span the entire' range of
applications, | ’ \’ ’

Models are used to investigate accreted ice in several fields of research for a number

of specific purposes. The approach of present-day research is often directed towards practical

.

a.pplications, but also at times towards the basic interpretation of the physical properties of a
material obtained in such a pax_’ticulaf way as the impingemeht and freezing of supercooled
water droplets. The goal of building ioing models is to get the overall picture of the icing
phenomena. It is, therefore, particularly challenging, beé:ause of the variety of purposes and

the wide range of environmental conditions characterizing the different accretion processes.

\
V

1.2 ICING MODELS
According to Lozowski(1986), we may consider an icing model to be a mathematical
device which allows us to predict ice accretion or to study the details of its occurrence..

without having to perform experiments or to make the écmal measurements. Icing models are
-used for variou§ r';-;urposes,b.such as the real-time forecasting of icing, _the ‘calculation of
extreme-value statistics for regulatory purposeé. for improving the design of mérifle structures
to limit icing effects, and for research into the details of the icing process. | .

There are two kinds of icing models: empirical inodels and physical models. The
empirical models are those in which ene observes a léxge 'numpej_"o_f iqing events as wcll‘ as

 their previous conditions, using statistical analysis to find out the most significant parameters

for icing. The physical models are those in which a theoretical mathematical model is built, so



that one can simulate" the intermediate steps, and understand the causal relationships between
the input conditions and ihe output predictions.

- There are a number of icing models which havé been built.and designed for t'hc‘
specific physical regimes of marine, transmission line and aircraft icing. For simplicity, most

models ‘have'assumed cylindrical shapes. The reasons/ are threefold: first of all, cylindrical

icing represents a simple, well-defined icing problem for which a solution can be used to help .

understand anq predict icing in more complex situations; secondly, abundant knowledge of
fluid dynamics for the flow around aﬁ cylinder already exists; and thirdly, it is eésier to make
comparisons among models, Models‘of a horizonal circular cylinder in a uniform cross-flow
have been built by Makkonen (1584), Egelhofer et al. (1984), Horjen (1983), ngowski_
Stallabrass and Hearty (1983). McComber and Touzot (1981) and Macklin and Payne (1967).
In the physical model category, the more difficult pro_blém of amreﬁdn on airfoils has been
treated by Gcn;. and Cansdale (1985), MacArthur et al. (1982) and Oleskiw (1982). Some
examples of cfnpirical models in use are those developed by Mertins (1968). Comiskey et al.
(1984) and ltagaki (1984) § | |

All the modelers tried to cope with the urncertainties of the icing phenomenon under

more or less the same physical assumptions, except for three aspects. They are: A. calculation

of the collision efficiency as local or overall collision efficiency; B. treatment of the water

I

film on the ice surface as a single or double interface; and C. predietion of the total ice or the -

detailed ice shape.

\
1.3 THE TASK OF AN ICING MODEL . o
Although iciné models are diffe;ent in many ways, the tasks of icing models are the
same. Lozowski and Gates (1986) have reviewed A§arions aspects of icing models and pointed
out the three essential tasks for allicing simulation models. They are used to simﬂate: A. the

amoui;t of water.'Whicli hits the icing object; B. the amount of water which freezes on the
. \

icing object; and C, the growth of the ice 'deposit.fLet us consider each of these in turn.-

f B

.



A. The Mm Which Impact} on The Icing Target: . To.f ind the answer, Lozowsk_i and
- Gates (1986)‘ suggested that we charactegie’the droplet size and the liquid waiqr content by

considering the physics of mé drop generation pfooesses and then calculate the flux density of
¥ the water, : | .

- The dr0plets movmg in the airstream' are constramed by viscous drag forces, whlch
‘make them tend to follow streamlmes around the lcing object. However the inena of lhe “
droplets causes their trajectories to deviate from the streamlioes. Thus some o{- them strike
the surface of the icing object. Therefore, one may ask how many droplets stri\k\e the \icing
target, or what the colhsxon efficiency wxll be. | \

The water impingement rate is the product of ‘the liquid water flux 'density and the
cross-sectional area of the target. Lozowski and Gates (1986) deflo’ed. the product of the ﬂux
density and. the cross-sectional ared as ;he potential impingement raie, and the ratio of the
actual impingement rate to the potential impingement rate is known as the collision eff iciency.

One can either calculate the local and the total collision efficiencies. The difference-between

inder or the impingement rate on the whole cylinder.

A

" ‘__,two collision efficiencies is that the impingement rate used is at a particular location on the -

In icing models a numerical calculation of the diolensionless equation of motion of a

vdroplet in the alrﬂow is usually made so that the trajectory of the droplet is oblamed Based

© on this, the colhsxon efficiency is calculated, which enables us to determine how much- water
1mpacts on the icing object. This has been done 'b)_( Langmuir and Blodgett (19?6) for droplets |

which are stationary with respect to the airstream far 'upstream of the accretion and for'

simple target geometries such as cylinders and plates placed normal to the airstream.

.

B. The Amount Which Freezes: The amount ‘of water which freczes is determined by the
rate at which the latent heat of freezing mo be removed from the lfre,ezin\g,inte_rface. In most
models this problem is addressed 'by considering the pfocess 10 be stationar'y and'formulating a
heat flux balanoe (Loz.owsln et al. 1986). This balance includes the latent heat of freezmg, the.

sensible heat of the 1mpmgmg droplets which stxck and of the shed water, convective sensible

———
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and latent (evaporative) heat transfer wrth the airstream, and mtemal conduction. Although
other heat transfer terms could be added to the list, the aforementtoned are generally
dommant terms (Lozowski, 1986) The solution of the stationary heat balance equation allows
us to solve for the. fractton of: the impinging water which freezes (the freeung fraction). If
the accretion is dry (the heat losses allow all of the unptngrng ter to f reeze), then the heat
balance equation permits the deterrmnatron of the deposit temperatfire. Non- -stationary effects .
due to initial transients, spray pulsation, and varying environm ntal parameters either on

short (turbulence) or long (synopttc) trme scales are generally rgnored (Lozowski et al 1986) .
- 9

C. The Growth of the Ice Deposit: 1t is an important application in an icing model to

determine the ice accumulation over a long period of time. During the process of ice accretion A
on a structure, the dimensions of the ice deposit change with respect to time. The size change

of an icing target induces other processes First, the changed shape of the ice deposit affects .

the airflow, changes the collection area and, consequently the arnount of water Whlch hits the

lcing target. Secondly. the increased size of the ice deposit changes the heat exchange and the,

amount of water whtch freezes. : -

The above-menuoned feedback effects can lead to conttnuous changes "in various
parameters, such as the collision efficiency, heat transfer and the density of the accreted ice
(Lozowski, 1986). On this account, ‘the numerical model integration must -proceed in a

stepwise fashion with respect to time.

2



- Chapter 2 -~ |
DESCRIPTION OF THE ICING MODEL o S

The ﬁtodel to be’ descnbed in thnsthesxs simulates aecretion of supercooled water -

droplets onto a smgle slowly rotatmg, ctrcular cylinder. It is based on_ Makkonen 8 (W’

icing model, The Makkonen model has been nhproved m th Wa)’S fu'st unlike any other
icing models, it is assumed that the accreting cylinder is arbltranly onented in the wind f 1eld
second, vertical changes of wind speed and liquid water content have been taken into account.

An’exploration of 'various aspects of ice accretion using the simple cylinder icing.

!

model is made. The sensitivities of the collision efﬁcxency and the tcmg intensity to, -

.atmospheric parameters are exammed Calculatnons are presented of hhe relative contnbuuons,

of heat exchange by conduction,,convection and evaporation to the'mtal heat exchimge of the
growing cylindrical ice deposit. Theéy reveal the regions of dominance of the different heat

transfer components for various icing conditions.

2.1 CALCULA’I,'ION OF THE ICING INTENSITY

Based on Makkonen s (1984) model, the icing intensity on a cylindrical object may be

)

%

\

.-

Ta

" defined as the rate of increase in the mass of ice cetvded by the sufface area of the ice deposit o

that faces the wind. If we assume that the wmd blows in a direction normal to the cyhnder ’

axis, the '1cmg intensity can,be calculated from:

o ‘ ‘ . ' : . eéa

I'T—-%—Envw-.- ‘ . w_(v2.1)“

f

where E.is the overall collision efficxency. n is the freezmg fractxon (the ratio of the -

xcmg mtensxty to the mass flow of the mpxngmg water droplets) v is the wind speed and wis

' the hqmd water content of the a1r

If the wmd dn'ectxon is not normal to the cylinder a wmd dxrection of angle 6 to the

~.1c1ng cylinder axxs is assumed Then the xcmg mtensity is (Makkonen. pri,vate o

. i



communication ) :

. I1=I'siné . . (2.2)
}We define the 6 'afngle as the angle between wind direction and the direction of “the,

cylinder axis ( Fig.2.2).

wind direction

'Fig.2.l Thé.angle between the wind speed and the cyvlinder axis.’ l -

N S ' o

The quanuues IE and n in Eq. (2 1) are the overall values for the xcmg object In
the model the ice deposu is assumed to mamtam a cyhndrml form dunng the 1c1ng prooess
/due to. the rotatxon ora slow changc of the wmd dxrectxon Thxs assumpuon sxmphfxes the '

problem cons:derably The actual aocreted lce depos:r.s on wxm sometimes have ad elhpncqf

Lo L



‘form‘(Makk'onen" 1984) . wae#er the d'cviau'oh‘from a circular Shipe is not largé for real -

LW

1cmg cases, cspecnally for tfansmxssnon hne icing. Observauons on Moum Washmgton New

' Hampshxre (Howe— 1982), and from the USSR (Dranevnc 1971) show tha( the average rauo '

of the minor axis to major-axis on actual 'power lme‘conductors is 0.88 f or glaze and 0.82 for

rime.’
‘\"!m‘

e

2.2 "l{i:\NGLE BETWEEN THE WlND DIRECTION AND THE CYLINDER AXIS

we menuoned at the begmmng of lhe chaplcr in this model we assume ‘that the

accreting cylmder‘xs'arb jarily oriented in_the wind field. In view of the angle 8 between lhgb

wind direction and’ghe cylinder axis, the icing intensity ~:§s assumed io be reduced by siné,

compared with the icing intensity for the wind n@rmal to the cylinder axis.

/
4z |

-
t1(x1,Y1,21)

-
T2(%2,¥2,25)

Fig.2.2 The angle ‘be!_tvyeevb' two vectors with a common point.
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To mlculate smO we may find the angle between two hnes wrth a common pomt
f),[st Let the common pomt be the ongm and establrsh vectors T _(x,, Yi. z,) and r2 =
(x,,y,.z,) on the two lines (Fig.2. 2) |

Then r r} | rr Icoso

‘ Hen'oe

et R e a2D)
ek ‘Now, we apply tbrs to an arbitrarily onented cylinder (Fig.2 2) ‘ ! :

Movmg the ongm in Fig.2.2 to (x,.y,,z,) the vector along the cylinder axns is [(x, X1,
y,-y,.z,-z,)}, Witbout loss ,°f generalrty. the wind vector can be assumed to Je along the
Srfaxis So that a unit v‘ector in thrs dir_‘ecltionbis (0’1',0,)' Using the above result %:ls: —_

‘v.o

‘ L l. | cos= [(x,-x,) +rz Yr) +(7-z Zr 2]1”

[ . ’
. . . v N .
. .
' . \ . )
. . . ' .
: , . : SR '
) . C 4 ' "
> . \ .

By, ‘%sing the relationship between sin6 and cosd , we can easﬂj calculate siné.

2 3 COLLlSION EFFICIENCY

A water droplet movmg in the alrstream towards an 1c1ng obJect may follow
' streamlines around the icing object, or deviate from the austream then stnke the rcrng
object Therefore. for the purpose of calculatmg ‘the collrsron effrcrency. we must: oalculate :

the droplet traJectones Tradmonally. a potenttal flow approxrmatron for the arrflow around‘ ) ‘

the accretmg object is assumed and then the drfferentral equatron for the velocrty potentral 1s, :

-

solved numeﬂcally : 4'

-

Thrs has been /done by Langmuu and Blodgett (1946) for droplets whrch are;

stationary with respect to the arrstream far upstream of the aecretrou and for smple target "
geometnes Such as- cylmders and plates plaoed normal to the arrstream The drmensronless -

[

equation.nf.motron for sphencal droplets around a cylmder is , aooordmg to Langmurr and“ R



~ Blodgett (1946)

. , dv"'d cdRe" o ‘ :
B
where K =inertia parameter.‘K'=d‘pw/9pD. i"
r =time 2 . .:(”‘\‘

= drag coefficient | \ |
‘Re —droplet Reyﬁolds number based on the droplet s velocrty relauve to the air |
(Re,=dp |vo-v, l/,.) | | " \ . |
= démension‘lessl air velocity vector v 'a= A »a/‘v 3
d

v' = dimensionless droplet velocity vector v ' =v Y

v _=air velocity vector. -

v ,= droplet velocity vector. b -
‘d = droplet diameter. €
: ow=water densi.tyr
m =‘_absolute \risoosriy of air. C
,v D = cylinder diameter. o
) , : ,
p—airdensity e ) Lo ' R o __

—— "

Calculatmg droplet trajectones reqmres numerrcal mtegr_uon whrch mvolvcs

-

. consrderable computanon trme However ‘the solution for E for a crrcular cylmder can be
presented convemently as a f unctxon of two drmensronless parameters K and $, where o= 90

Dvio. -t

. _’The drmensronless time T is expressed in terms of c/v as the unit of time (c is
* the’ radms ‘of. the icing cylinder). This is the time ‘that takes a particle to move a
) '.drstanoe equal ‘to the cylinder radius c, if - trave]hng with - the velocity v.. = .
’The air moves wrth umform velocrty Ve at a large dnstanoe from the cylmder

SURC I
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Fig.2.3 Drop‘lel trajectorics in front of a cylindcr in an airstream,

e )

p -
-

Langmuxr and “*nodgett s ( 1946) calculatton is one of ‘the frrst publrshcd worlts for
‘calc‘hlaung\ the collision efﬁcrency and has long been the standard rel‘erence Fmstad (1986)
' ‘challenged Langmurr and Blodgett s work lnstead of usmg the pnmmve analog computer she
| used a digital computer 10 mtegrate the equatton ol‘ motron She replaced the drag coefl' tcrent'

formulatron used by Langmutr and Blodgett (1946) wrth a more recent one thatof Beard and

‘Pruppacher ( 1 ) She has presented a mew set of more accurate data to replaee those ol‘ |

| Langmurr and Blodgett and has suggested the use of thrs more accurate data in future icing

f r

‘ models However for consrstency wrth the work of Makkonen (1984) we wrll contmue to use-' |
i ;. e« A

1

- the Langmutr and Blodgett S results

"r

The water droplet spectrum in the atmosphere and abdve the sea surface is not "

' ‘monodrsperse but has a certam droplet srze drstnbutton Instead of calculaung the collrsnon -

: effxcrency for. each droplet srze we ean calculate the volume welghted mean value for rt The‘ o

sk of cdmputmg volume werghted average collrsron effrcrency for a droplet srze spéctrum ls_ § |

1 often srmpllfxed by substxtutmg a monodtsperse srze spectrum at the median volume drametcr | S

) ,‘of the drstnbutron The collrston effxcrency of this monodrspersc spectrum E can thcn be o
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corrected‘using thefollmving' empiri'cal equation (Makltonen, -1984): S L
i / . ’
E = 0.69E 9¢74+0.31E 167 o - (2.6)
; ' m " ' m ' ot ' o . ‘ T

Thts formula grves a good esttmate of the actual volume wetghted colhston efftmency for a_

‘numher of typtml" cloud droplet size spectra
. The formulae for calculattng the overall colhston efftctency E are based on the R
“tabulated results of Langmuir and Blodgett (1946) The followmg f tts to thetr numencal data

used in this model (Makkonen 1984) are:

| . E.m= 0'5[ 19810(8 K(t‘)]I'6 | for K,S0.8 : o 2

o B =KJM(KMM +1426)7 forKg>08 ¢ . (238)
e . . ' 0027 N :
Cowhere K,—K[O 087Re (°76R° Mgt (2 9)‘ ‘

‘ Eq (2. 9) is taken from Cansdale and McNaughtan (1977) Here K is the mertxa
Tparameter defmed m Eq (2 5) and Re the droplet Reynolds number based on the ‘
free- stream velocrtyalsodefmed‘mBq(ZS) R o

-

‘,24FREEZINGFRACI'ION f B

]

Freez.mg fractton n which appeared in the previous sectron ts the ratto of the xcmg

.

. mtensity to the mass flux of the nnpmgmg water droplets Iee growth xs constdered wet m thes

L ,tnodel when n<1 whrch means that there 1s some mnoff from the 1ee dePOSIt as a whole

o



Ke)

Tlnsl runoff water rs consrdered to be shed into the wmd at the edges of the cyltnder In dry" .
wlﬁrrl) there is no runoff from the deposit -

"] . lt has been explarned in Chapter 1 that the f reeung fraction can be calculated from

\

| the heat balanoe equatron Takmg only the pnmary heat transfer prooesses actmg on the tcing

\

; surface mto consnderanon and assuming that' the ice formatton is a contmuous steady ~state

prooess an . equrhbnum heat balance at the 1oe surface may be formulated .as follows A

(Makkonen 1984)

v v
-

q;+4,+q, +Q,=q +q_+q, +q+q . o (2-‘10)

where ° g, = latent heat released during f'reezing,
( - g, = frrcuonal heatmg of air.

kinetic energy of ‘the unpmgrng water ' k
q, = heat released in’ cdolmg the ice from 1ts freez.lng temperature (0°C) to the .

A

surf: ace temperature t
, Q= loss of sensrble heat to the airstream by f orced convection.
| ‘qe ‘-‘- evaporauve heat loss to the austream } .
| "q = heat foss in warming the unpmgmg water to 0°C ‘. . "
q = heat loss due o radratlon

‘q = heat loss from the accreuon due to mternal conductron withm the ’

1cmgobject R



(2.11)

o

“where 1 is the mtensity of ice accreuon (ice mass accretcd per unit time and unit area) and l

s the specific lalem heal of fusion. For the frictional hcaung of air;

i

;e '?"»q;'=(hrv2)/(2cp> (2.12)

2

-
v : i}

where hcq,t pnsf er coef frcrem

I = récovery f actor for viscous hcaung

v=wmdspeed o

o .

$.a
f “ ‘
o= s‘pecif ic heat of air at constant pressure,
The heat capacity of ice term is given by: ,"h
| q, = Ic (0°C-1) (2.13).
s 3\; Vo 4 .
where C, 1s'ih‘e average ‘specific hcat of ice between 0°C and L. and L is tWrature of the
. Tat
surface. ’ . o

o .
a

* The kmeuc energy of the droplet q, can safely be neglected on' stauona,ry objects

under natural atmospheric conditions (Makkonen 1984). For forced convection of sensible

heat to the air:

Lo g =h(-y) — o (2.14)

where t is the surface tempcrature (°C) and t is the air temperature (°C). For the

\

- evaporatxvc heat loss

! L, | o .
e - g, =hkl (e -e)(cp) (2.15)
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.lc = latent heat of evaporation

e and e, = saturation vapor pressure over water at t;aﬂé.ea actual
. vapor pressure in the air at [ respectively,

P, = free atmospheric pressure.

The heat transfer coefITﬂciem can be expressed in térms of the Nusselt number as h
= ’(Ka Nu)/D. For the front half of the cylinder,_ ‘Makkonen (1984) suggests the
relation N = 0.032R_ 0.85

| As Lozowskx and Gates (1986) described, there are scveral items worthy of note,
First, }f the accretion is dry (ts<0‘.’C), the use qf lateny/heat of sublimation ls (instead of lc)
might be more appropriate, But in most of the marine icing cases, a film of water may exist
on the accre'tioﬁ surface because .of the finite time required for the impinging water to freeze -
. éompl_etcly . In this case, ls is used ax‘ld e will therefore be the saturation vapbr pressure with
respect to the water. In addition, e may Or rhay not be the saturation‘vapor pressu}e at the
ambient air temperature l‘ For in cloud or in-fog icing we may safely make the assumption
that the airstree;.m is’ saturated ._But for marine sb}ay icing this may not be the case, although
the most seve‘re cases are likely to occur with a very large temperature differential between the
air and the sea surface, in which case fdg (Arctic smoke) may be formed.

For the heat loss in warming thg impipging water to (°C:

2 .
q = '17E v w siné <, (o°C- ta) R (2.1‘6)

[

-
———

where c, is the specific heat of water, and it is assumed that the tempezature of the droplets

in _the frec stream is the same as that of air. *

‘The ‘@/x" is included, the water is mtercepted by the cylmder cross-section, and
then is assumed to be spread uniformly over the front face of the: cylinder 'for—the
purpose of calculating the heat balance. Hence thg ratio 2D/#D, or 2/ is obtained.
Once I .has been calculated this way, however, the ice is assumed to be spread over
the entire cxrcumference of the cylinder.




‘difference in the emitted radiation @f the icing surface, we obtain:

—_ " 18

' The ‘radiation budget at the surface can be estimated, as a first approximation, by

: neglecﬁng the short-wave radiation and assuming that the emissivity of the salinity in the

horizonal - direction approaches one (Herman, 1980). Linearizing the equation for the

q=o0a (ts~ta) (217) -

‘ where o is the Stefan-Boltzmann constant and a = 8.1 x 107 K3, assuming that the surface .

emissivity equals 1.

The conductive term q is difficult to parameterize, since it depends ap the

thermodynamic properties of the object undergoing 'icing. The treatment here(Makkonen,

~1984) is limited to the case where the conductivity of the structure is low, and the case where

icing has been prdceeding for a sufficient time for an icing deposit several centimeters thick to

“'develop. In another words the heat conducnvxty of ice is sufficiently low that q on a

cylindrical ice deposit can be neglected, except in the initial stage: of icing where the thickness °
of the ice layer is only a few millimeters.
The relative magnitudes of the heat balance terms largely depend on the enviroumen;a_l

conditions. In general q; is the major heat source term, and q and q, are the dominant heat

* loss terms. However, q becomes more important with‘ increasing liquid water content, an'd q

with decreasmg wind speed. The term q can beé neglected except when the wind spwd is very "

-

 high and the air temperature is close to 0°C ' _ : é‘é

Assuming’ge ice g!owth is wet, i.e. t =0 and e=e, . and putting all of the heat.

balance terms into the heat balance equanon (Eq 2. 10) we can solve for the i icing intensity:

rv? 5, ,
(e -e)- 7—] 1-1(—1-:vwsmec +oa)t  (218)

= h1-lr.
_I--hlf [ta+
L .o pa



Once we have solved for 1 from (2.18), we can simply use Eq.(2.2):

-  n=1/(EEvwsne) (2.19)

2.5 WIND SPEED i
L3

. The logarithmic wind profile in the lowest 4-20m, fully turbulent, constant flux layer

of the atmosphere is given by the Monin-Obukhov similarity analysis. Its integral form is:

(2.20)l

- where Uo is the value of U at Zo. Zo is called rouéhness length of the surface. In general it-
is a fd’netion ‘of the geometry of the surface and of the length' »/U,, where » is the kinematic

\ viscosity of che' air, x is the Von Karman constdxif(x:O 4) dnd U, is the friction velocity.
'To compute the. wmd smds for the various alutudcs it is convement 1 refer all wmd

speed meaSUfemems to the level of 10m above the mean water level (Zakrzewskl 1986)

Then
-— N | U, . o
, .- U U + ——lnm | -(2_‘.21)
\ - The friction velocxty can be formulated as: -
U,= Um (C )'2’ : : ' ® (2.22) .-

where C lS the aerodynamxc fnc’uon eoeffncnem\ at a hexght “of 10m. This vanable _

depends on the 10m wmd speed as was found by Smith (1980) who fltted pls data with the. |

)

followmg stmght line: g o - L

("7

B o L '
\ L. ¢ '
/ . :
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10°C =061 +0063U - - . @n)

The wind speed profile is plotted in Fig.2.4 A
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Fig.2.4 Venical”distrfbﬁlion of the wind speed over the sea svurfacqf'l'he,ﬁ_win,d speeds at each

~ height are referred to the igvel of 10m above the mean sea level.



As we can see, the wind speed changes very ltttle wnth respect to hetght above 3m '
Therefore. for the § e of conventence a constant wind speed will be used in the model in
order to save computing trme For a wmd speed lower than 5 meters or for rough seas, the
logartthrmc wind profile wnll be tnappropnate (thson 1987 prtvate commumcatton) In such

a case the results in this layer nwd to be further verif 1ed

- 2.6 LIQI‘HD WATER CONTENT | .
I the model applieatron we will assume that w'is a function of - hetght m‘ the marine |
boundary layer Vanous people have tried to esnmate the vertrcal drstnbutron of the hqurd:
water content above. the sea surfaoe with dtfferent degrees of sophtsttcatmn(H /rjen 1983a‘ ‘
Preobrazhenskti 1973 Jessup 1985 Itagaki 1984 and Stallabrass 1980) Lozowskr et al (1986)
and Zakrzewskt (1986) pointed out that of the two water sources: wmd generated spray and |
wave generated spray. the latter i is more 1mportant for manne structure ictng “Thus, the hqurd
water content used in the model applicatton for marine structure is based on. the fxeld
experunental data gathered tn the Sea of Japan by Bonsenkov et al (1975) Zakrzewskt,
(1986) used the. data and. sxmulated the verucal proftle of the wave- generated spray as

follows:

| w 6 1457 x 10 5’H v exp(‘O'SS(z -3. 01)) (kg/m3) o | (2 24)

. Where ‘H and v are respecttvely the wave hetght and shtp spwd relauve to the wave, z . '

1s hetght above the mean sea level. Zakrzewskt (1986) has suggested that H is deterrmned by ‘
’ th I(ngtch and wmd spwd at the 10m level He gtves the followmg empmcal expresston forl :

MY

2 3 4 s 'f
P H(U ) B +B1U10 +B Uw +B U +B4Um +B5U10 5 (2 25)!
L where the constants B B B, B B, B are- functtons of fetch and are hsted in
Table 1 (Zakrzewskt 1986) The oomponent of shlp speed perpendtcular to an oncomtng wave'v .

tsgivenbytheformula ST
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-

v~c-vcosa (m/s)” (226)

There are two terms . mvolved in the expression for the ship speed relative to an

- oncoming wave: the phase speed of the wave C and the component of the ship speed along

the normal to the wave, where \ is the shlp spwd and a is the heading angle. °* In lhis

‘ model we have the mtenuon to use this formula for a stanonary structure and SO we assume

the wcond term of the formula is zero. -‘ | N

The change of the liquid water oontent thh henght 1s shown in Fxg 2.5. It is seen thal ‘. |
: the change of the liquid water with hexght is dramauc especnally at helghts lower than 7 s
meters. =~ BRI ‘ ‘." P N A
It is plausible to stop the ship at sea, treat ‘it as a stationa‘ry 'sifueture and uae |

Zakrzewskl s hquld water “content fermula (1986) Howeyer the mechanics of the wave- ship

2
xmpacuon and wave structure 1mpacuon are totally different.

’The headmg angle is the angle between the ’Shiﬁ,.heading direction . and the wind <
\;duectmn T e e

' B
(I
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t'Height Above m.s.1.
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 Fig.2.5 Example of the vertical distribution of liquid water content over the sea. . -
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Chapter 3
‘MODEL RESULTS
= o —t

3.1 HEAT TRANSFER RATIOS
3 1.1 DEFINING OF THE HEAT TRANSFER RATIOS
One of the apphcatrons of the heat balance equatnon 1s 0 test the dormnant heat
‘transfer ratios. We defme the heat transfer ratio as the ratro of mdtvrdual heat exchange by a
" certain physrcal process to the total heat transfered It represents the dtfferent contnbuttons"
to the total heat exchange The relattve magmtudes of the heat balance terms largely depend
- on the envrronmental condmons In general, the latent heat released dunng freezmg is the
major heat gain term and the forwd convecuve loss of sensrble .heat to the air and
evaporatlve heat loss are the dommant heat loss terms. However the heat requrred to warm o

: the mass of water that freezes to 0°C becomes relatively more 1mportant wrth mcreasmg hqmd

C water content (Makkonen 1984) Also . heat’ loss due to radtatxon mcreases m relatrve

i ) 1mportance with decreasmg speed Fnctronal heatmg by the arr can be neglected except when'
the wind speed is very lugh and the air. temperature is close to 0°C ) ‘ |
.' Y 'l‘heoretreal calculanons by Schuman (1938) and Ludlam (1958) assumed, and
expenments by Lrst (1960) conftrmed m pnnclple. that only three of these heat transfer .

components have to be consxdered for the descnptron of* the total heat exchange of a growmg

‘ hmlstone In the same way, We wrll assume the total heat exchange of the growmg 1ce depostt ‘

ean be descnbed by these three terms They are 1) eonductron and convectron 2) evaporatron' AR

“or subllmatlon, and 3) the. heat reqmred to warm (or cool) the lmpmsms Watef ﬂux and cool |

4

{fthe resulung ree to the fmal surfaee temperature BRI
Let us consrder a: cylmdrlcal growmg ree deposrt wrth a dlameter D and surfaee 3

| drameter ‘El wmd speed v. and hquxd water content w R

"';'.;é_v'temperature t, under the amb:ent condmons. a:r temperature t 1mpmgmg water droplet_' L
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‘ The-heatt exchange hy conduction and convection is given by:-
S ‘qcczh‘(tsfla‘)‘ L L S B
with h, the convective heat transfer coefficient. — : D :
‘ The heat exchange by evaporation or sublimation is given by:
Qg = h e p (es - ea)‘ : - (3.2
. The heat exchange due to warmrng the supercooled water and coolmg the ice is:

O S A L T
' | o

‘Whete the t and t must be expressed in °C.
'Ihe sum of the components q q and q represents the total. heat q transfered
from the ice deposrt surfaoe per time unit. Under equihbrrum condxttons this value equals the

: ) latent heat q, released by the partial or complete freezmg of the aecreted rce depqswglven by: .

s

L R qf.—‘v-;Ev.wlf.nw T ,,.4‘(3.{1)‘.

o

| ""where 1 1s the specrflc latent heat of fusron at 0°C nis freeung fractron

Thus under eqmlrbnum condrtrons we get

SOt T o= B8




‘DiViding by qr leads to:
‘qw qcs I ‘qC 1 . ! ) .
<t te- " | 36)
% % Y \ o Be
or: IR r | Rcc/‘r + RWr + ch/r.=l ; | - (3.7)

8

where R stands for q /qr and so forth
o These three ratio represent the different contnbuuons to the total heat cxchange

Thetr values are
;_ a «;"-v ‘ ) “ ‘
Reert S 2xEvwin - o (3'8)

R K l':/cp p)(e -¢)
essf ~  (2/w)Evw lf n

(c”t—'net) I ‘ i

'R (3.10)

S cp/fv_ 1 o :
Only two of three rauos can be assumed to be mdependent “the thu'd always bemg? -

deterntinedbyEq(S?) o ‘_ L

SIZSOMERESUL'IS B , { ‘ P

_ 'I'hese three heat exchange rauos are dtsplayed m Fxg 3 1 for a typml set of,:
. conditions. We can clearly see that the graph 1s dmded mto two parts by a depos1t. ,
N temperature of 0°C and an 1oe content of n 1 Spongy ice 1s growmg toathe upper nght of E
this Iine whereas a nme 1ee deposxt 1s formed under the oondmons in the lower left part of

———

thxs boundary 'I'he fme background lmes are the 1ce deposxt surfaee temperature t ‘I'hey are ;‘ L ::




.':'ery close to the alr temperature when the wrnd ’Speed‘is low. Superposed are the A‘raties R\‘
'ande where the values ef\R o can be obtamed for each point from Eq. (3 7) In th 31, |
" the quurd water content used was 0 8g/m?, the droplet size d was 20um and the drameter of ;‘ |
the icing target was Scm. Stnce there are three heat exchange rauos 'if in the*region where the '
value of a heat exchange ratto is greater than 0 33, .we say. that thts heat exchange rauo is
‘ dommant in that regron It is clearly shown in Fig3.1 that in the given condttrons the heat - 3
| exchange hy conducuon and convecuon is dominant in most of. the regtons on the plot When
the  air temperature chreases. the heat exchanges by conductron/convection and"
evaporatr;)n/sublrmanon decrease’ ‘and increase respecttvely The wmd spwd has stronger .
influences u upon the heat exchange by conductton/convectron when deposrt temperature is low'_
When the dif" ferentlal between the atr temperature and depostt temperature mcreases the heat'v

exchange by conduction/convectton increases; whereas for the same reason the arff erential of ‘

the vapor: pressures (e and € ) mcrea;es thus the heat exchange by evaporatlon/subllmauon‘

[
N . ' e

' mcreases.‘ |
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3.2 TESTING THE SENSITIVITY OF THE COLLISION EFFICIENCY TO DROPLET
AND CYLINDER DIAMETERS - . R
The sensitivity of the collision efficiency to both droplet diameter and-the icing object

diameter is shown in Fig.3.2, The behavior of the collision efficiency in Fig.3.2 shows it is a

function of both droplet diameter and the icing object diameter, In Fig_.3’.’2 the droplet sizes

_range from lpm to 1000um, inclifling large droplet spectrum sizes. Logari‘thmic axes are used

in order to include a broad range of both droplet diameters and icing obje(i}} diamercrs_ the
latter ranging from lcm to 10m. It is seen from Fig.3.2 that the collision efficiencies decrease
with increasing cylinder diameler, and increase with ‘increasing droplet diameter. The
conditions used to plot the graph are air tempcrature L= ~10°C, wind speed v=5m/s;

- It may be worth mentioning that the collision efficiency is not only a function of the
two diameters, but also a function of wind speed. Makkonen (1984) showed that the collision

efficiency increases with wind speed. In particular, it increases rapidly with the wind when the

\ralue of E is small. )

3.3 TESTING THE SENSITIVITY OF ICING INTENSITY TO THE WIND SPEE‘D
AND AIR TEMPERATURE
- Icing intensity, being a func_tien of air- temperature and wind speed, has been
calculated for air temperatures ranging from 0°C to -20°C, .and for wirrd speeds rarrgmg from

Sm/s to 30m/s. The calculation was made for a S5cm-diameter cylinder, a liquid water content

of C 2a/m’, and a droplet srze of 25um Their relation is presented in Fig.3.3 It is seen that

¢

' ' icing mtensny increases wrth mcreasmg wind speed and decreasing air temperature When the

il

- air temperature is close to 0°C.« 1c1ng intensity changes very little with respect to the wind

speed; whereas at very low air temperarure. the icing intensity seems to have closer correlation
wrth wind speed. On the basrs of sensmvrty analysrs Lozowskr and Gales ( 1986) suggcsted

that we may follow in the footsteps of Stallabrass (1980) and Launiainen et al. (1983) and

proposed a simple formula whrch incorporates srmply the air temperature and wmd spwdp
Such a relation might takg the form:’



Icing intensity = - C L

. s_v_hcxf C is a constant. Brown and Roebber (1985) Ihave shdwri ‘that, surprisingiy, such a
‘ simple relation actually correlates slightly better with Canadian East Coa'sl‘ trawler icing-data
than either the Stallabrass (1980)‘ or Kachurin. et al. (1974) model.

lcmg intensity is also funcuon of other atmOSphenc parameters. lt increases wnh
increasing droplet diameter and decreasmg icing target size because of the changes of the -
colhsxon efficiency. Icing intensity may be affected ‘by the liquid water content in the
airstream, and by the angle of wind direction. Also, icing mlensny can be affected by.other
physwal parameters. In addition, Makkonen (1984) pomted out that two possxble mechamsms
may affect icing mtensxty First, ig marine icing conditions, some of fh?exoess water on the
deposit surface, instead of being shed, may be -incorporated: into the ice structure, giving a
‘spongy ice dep(;sit. Second, in atmosphenc _icing, conditions, ice cfystals mixed = with
supercooled water d;oblets may affect 1. »

In addiu‘og, Prodi et al. (1:986) pfoposed a two-stage 'ice accretion hypothesis. By ‘
obtgining artificial accretions oﬁ rotating cylinders in a wind tunnel, in controlled laboratorf
condi;ioné. it'is ob§erved that the ice deposit grows' in two stages by the ‘svoakiwng and
. refreezing of a previoﬁsly formed porous structuré The evidence that two-stage growth mﬁy

be a frequent occurence is chan%xg the criteria of ice accretion mterpretanon it mtroduces

new criteria based on specif:c caIculanon of physxcal parameters and suggests vanous

’-modlf ications of the criteria currently adopted.



33

S/AWG=A ‘D0[-=1 3am pIsn siatawered YL “1a3wep 193(q0 Bumdy ap pue
 1stswreip 13idozp 341 ut uorieteA 01 U JJ3 UOISHIOD IIPUNAD Y JO SNANISUIS 76" Big

(wr) uwuoamma 39tdoaq

01 01 - Ol - .01
o (68L’ ) : ' : o

LIRS

01

(wd) :a;amg§0»zapp;t£3

01



QTR TEMPERATURE(®(;

0 ) 1 3 T i

'S . .10 15 20 . " 25 30

WIND SPEED(M/S)

- Fig.3.3 The test of sensitivity of the icing intensity to the wind speed and the air-

~ temperature..The parameters used were d=25um, D=5cm and w=0.2g/m’.
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34 AN APPLlCAT]ON OF THE CYLlNDER ICING MODEL TO MARINE STRUCT URES
A simple apphcatnon of the smgle cylmder icing model 0a mannc structure is made.
An example of lhe,t;ne-evoluuon of the quanuues relevam to the lcéng process as simulated
) by the model is shown in Fig.3.5 - Fig.3.12. ln this example, an angle of 4S° bclwccn the‘
" wind direction and the cylmder axis is uscd (Fig.3. 4) Other angles can be cmploycd in the

model

. | ' wind direction .
mm N it =
helght above mean sea. level

T S,

sea surface

. ) . kN .
Fig.3.4 An application of the simple cylinder icing model on a cylindrical marine

structure which is at a 45° angle to the wind direction.

/
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We chose a cylinder to be the icing target beeause most of the marme structures are
cylmdneal objects such as oil ngs superstructures on shrps and the hke And we assumed the
cylmder is much longer than the dtstanee that the sea spray can ever reach However only ice
accretion on the cylmder due to sea spray was taken tnto account. ‘For the purpose of testing'
the sensitivity to parameter vanattons of the 1ce aocretron the tcmg object was dmded mto -
' ‘sectrons each one meter in length. The center pomt height. of each secuon above the mean sea

‘ surfaoe is assumed to be the height of that section in the model. The stmulauon of time
: dependence in ﬂte model is explatned in appendtx A. | '
‘Input parameters correspondmg to rather severe: icing -condmon were used in’ the
‘s1mulaﬁ0n All calculations. were made for the parameters listed ‘in Table 2. The ttme step
used- Nere is one hour. The 1ee load M has been plotted wrth hetght fram .3 meters to 16

meters in Fig.3.5. The six curves mdrcate 60- hour ice load situatrons Each curve is drawn |

after ten hours icing. The tee deposnt drameters have also been plotted for every 10 hours in.

_‘ Frg 3.6. The 1c1ng intensity decreases raprdly thh ttme (Fig.3.8), espectally in the begtnmng . .

: of the 1c1ng process in the lower several meters of the cyhndncal structure, due to the raptd .

relattve inérease in the deposrt dxameter and large liquid water content in the a1r It shows that .

. the ice growth is always in ‘the wet regrme below 7 meters The freezmg fractton n, changed o -

very httle with time at each hexght lt decreases at_first thh ttme and mcreases agam ‘

reachmglwhen theherght ofthesecuon reachesh 7m. .. ) o ‘, B j

Under such severe rcmg condtttous ‘the 1ce load on the cylmdncal structure exceeds - o

Okg/m after 10 hours of 1c1ng at a. helght of 3 meters The thxckness of the 1ce depostt is' . o

about 15cm and the ice depos:t density is 920kg/m’ It is. cile lated that the ice deposrt S
B denstty in thts case 1s not only hrgh but also a constant ( p= 920k§1\

- oof i 1c1ng It mrght be caused by the large droplet size and the large tmpact velocrty

%) even after 100 hours o

The 1ce load growth rates are shown as functrons of time in’ th 3. 7 The stx curves R

i -represent six drfferent he:ghts on the cyhnder It 1s apparent that the 1c1ng rate is hlgher on_ )

- the lower part of the cylmder On the other hand lt 1s obvrous that at 7m the 1c1ng proeesses: i

. 'change from wet to dry Correspondmgly. the 1c1ng rates have a drastrc change in slope at 7m:~.,';!_'

—r

;.
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‘ as well lt 1s seen that af ter 60 hours 1cing, roe ‘mass strll accumulates |
‘ Curves of the fce: load for drfferent values of the atmospherrc parameters‘are shown in
Frg 3.10 - Fig 3. 12 Flg 3 10 shows that the ice loads are sensitive to the air temperature at
| “ ‘wet growth eondrtron (lower than 'lm) The sensmyrty of 1ce load to the medran droplet
‘ drameter d in Flg 3.11 rs hlgh for both dry and wet growth processes The strong mﬂuence of o
* "‘wmd spwd on the roe load in both wet and dry growth condrtrons is' shown in th 3.12. Thc_
figure shows that the 1ce load is sensmve to the wrnd spwd m both dry and wet growth
conditions. | | | o ~
‘ | " The calculatron shows that the ice load change with the angle 6; at any herght has rts :
largest value for_the wrnd blowmg directly along the cylmdrrml structure normal and drops
- by 23% and 71% for the wind drrectton 300 and 60° respectrvely, away from the cylinder axis.

a
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Chapter 4
DISCUSSION OF RESULTS

4.1 THE HEAT EXCHANGE RATIOS L .
\Theoret.iml eal-c—u-laqons have been made for the three dominant heat exchange ratios
at the ice deposit surface. ‘ These dominant exchange ratios are determined as a f unction of
wmd spwd and air temperature of icing condition. The three heat transf er rattos are dtsplayedn
in Fig.2.5. It is obvr\ous that: the contnbutton of the heat exchange. by’ conductlon and
convection is steadrly mcreasmg with increasing wind speed; the influence of etraporation is.‘
" increasing with increasing ice deposit surfaoe~tempe rature, and has its htghest value at a
température near 0°C; the mﬂuenoe of the heat exchange by conductron and convection plays
an important role when the ice deposrt temperature is low. Also, all curves of equal ratios
change their slope on passing through the zero-degree surface temperature.

From the testing results, only heat exehanges due to convection/conduction and
sublimation/evaporation respectively, seemed irnportaht' but in the light of ieing con‘ditions
1t is possible that the heat exchange due to temperature dif f erenoes between the impact droplet
and the ice deposit surface is dominant in the 1mportant region where spongy 1ce is formed
with- relauvely big droplets |

r These heat exchange rattos are also considered to represent new parameters for further .
‘ study about the relauonslup between rcrng condtuons and the resultmg ice deposit. ‘Under the ‘
guidance of the theoretical calculation, the domtnant heat transfer ratios can be simulated in
icing experirnents. Instead of using liquid' water. content, nvind speed, c“ollision efficiency, and

' rcmg intensity etc the use of the heat transfer ratios as a new set of parameters to describe

the icing condruons may be more sattsfactory

a7




4.2 THE COLLISION EFFIC]ENCY
ln Chapter 3 wehave seen the dependence of collision efftctency on the droplet srze

. - the dlarpeter of the tqng object and the wind speed In fact, the air temperature also has an’
effect on oolhsron effictenctes because a1r densrty and the absolute Vts'cosrty of air depend on
the air tem;erature, but this effect is negligible in practtcal apphmnons (Makkonen 1984).
Whether the water drOplets flying in the airstream will impact on the icing‘ object or not
depends upon ihe valuesﬂol the viscous drag forces and the ‘inertia of the droplets. Having .
more inertia, when the bigger siae'droplets tend to deviate from the airstream, they are
already in_the 'immediate vicinity of | the collecting object. Thus they have more chance to
strike the collecttng object. On the other hand, the acceleration of a‘waterr_dro'plet is inversely
‘proportional to the inertia parameter K‘(Eq.2.5). or in other words, it ls proportional to the.
diamet_e'r of thesicing object. So that for larger icing cylinders the “droplets have mbr’e chance
to get away from the ’icing object/,'»the collision efficiencies -decrease with respect to larger"
iclng object. ‘ | ‘ | .
‘ Langmurr and Blodgett (1946) . showed that when the mtena parameter K 1/8, the
corresponding collision effxctency E= 0 We have used thts in’ the model, but Makkonen
.(1984) has pomted out that E= 0 may not be fully applrmble to the real world, where the .
-~ airflow is turbulent and the droplets are not of umform drameter Also since. E is sensmve to
the object dtmensions |ee may sometrmes aecrete locally on the 1c1ng object and form rime
features. ,even though E 0 for ‘the object asa whole |
4.3 MODEL APPLICATION TO PREDICT ICE LOAD ON MARINE STRUCTURE

- "‘4 31 THE FREEZING FRACI‘ION ; |
R The parameters of axr temperature wmd speed and hquxd water oontent used m thxs
; example make the rcmg prooess a wet: growth one for the hetght below 7m (th 3 9) The ’
' \. .'freeung t‘t‘action is lees then umty below 7m It decreases at fust with respect to txme. then .
. lncrea)es agam From the model ealculattons it appears that at the bégmmng of thﬂcmg | "




-
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. prooess the collrsion efficiency is high, and it decreases more slowly than the convective heat
: transfer coeffrcient h (Eq (2.19)). Correspondtngly. n decreases shghtly After a period of
time, the value of the collision effrciency drops raptdly decreasmg faster than h.

| Consequently, value of n increases again.

4.3.2 THE DENSITY OF ACCRETED ICE
The density of the glaze ice deposit is constant and always high (pl£920kg/m). It
might be produced due to high surface temperatureand large drop sizes. Theimpingement of
huge amounts of sea spray leads to slow7reeung with ‘significant spreadtng or ﬂattenmg of
the drops Laboratory tests. (Prodr et ai 1986) showed this kmd of ice deposrt usually have
'hrgh density and no large gaps in the ice structure . ‘
| From the model calculatton of the air temperature -8°C, the surface temperature of |
the ice deposit is always 0°C below Tm. ¢ That is because rn the lower part of the cylindrical |
structure the hqurd ‘water content is so high that ‘the contnbutron of the latent heat of

freezrng rncreases and thrs is only partly made up by a compensatrng rncrease in the sensrble

" heat required to warm the accreted water to surface temperature As a result the deposit . .-

surfaoe temperature rises When the surface temperature is near 0°C tt has been ob'gled in

' the wind tunnel expenment (Lozowski et al., 1983) that the appearance of the deposrt is very '

“*clear, and the unfrozen water started 1o run along the 1cing surface or was shed. In addmon

~ under such a wet growth eondrtton the ice deposit can be spongy and the accrettons could S

contarn up to 30% of unfrozen hqurd water (Lozowskr et al., 1986) Thrs factor whtch may .

srgnrf reantly enhance theeaeeretron mass, is not taken into aecount rn the present modél due toi -
| , the diff) rculttes in theoretrcal esttmatron of the water mcorporated rnto the xee latttcc.

On the other hand the run down or shed unfrozen water may take some amount of .

: heat with 1t If the unfrozen water 1s shed to the atr. tt isa smk of heat in the heat balanee

equatron Accordmg to the two stage growth hypothesrs laboratory expenment (Prodr et al

_'1986a) mdreated that after penetratron frrst-stage deposrts of hrgh density reached a frnal‘ )

- | ‘Only under the standard condtttons of Table 2 with different temperatures this
.heightchanges R . ,._,\S Lo
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density lower than that reached by other grown at lower fi 1rst stage density It may be because
| " the latter have better protected atr enclosures hmdertng water penetrauon consequently. these
droplets undergo only a minor increase in density due to the melting or penetratxon -of the
) second stage 'l'herefore. 1f the two-stage . growth hypothesrs is applied to this case, the ice .
“deposit density calculated here may still be vahd Even though the 1ee deposit surface‘
“ temperature may reach 0°C and there. is unfrozen water on the deposrt surface, the ice density
| ~of the first stage of growth ts already htgh | |
4331‘HEIC1NGINTENSI’I‘Y ' o _' _‘
. The model results show the tcmg mtensmes decrease wrth time at the begmmng of the
‘ tcing _process in the wet growth regxme beeause of the decrease in the heat exchange, ]
coeffrcxent h and the freezmg fractton The Nussclt number N (= hD/k ) and the Reynolds,' .
i‘ number R (= VDP/u) ina flow around a. smoqth cylinder are related at the stagnatton pomt '
oy Schlichting (1979) | P |

N =R7 o . (4] &

[

- Usmg this reSult the local heat exchange coefficient h can be expressed as:

& _where k is molecular thermal eonductxvrty Eq (4 2) shows that at the begmmng of the tcmg - e

o ,prowss the ice deposit dtameter has a drasttc mcrease so that the heat exchange eoefﬁctent h =

0,

: decreases correspondmgly




4.34 THE SENSITIVITY OF ICE LOAD TO A’I'MOSPHERIC PARAMETERS
The model result shows that M is sensitrve to t m the wet growth regtme but not in

| the dry growth regune (upper part of Fig. 3 10) This can be explatned qualitauvely as

follows In wet growth the rcmg mtensrty Iis related to the heat flux from the xctng surface -

'1

: and thrs heat flux increases wrth decreasmg t On the other hand in dry growth t has no

" effect on 1. S

In the model results, the sensmvrty of the ice load to various atmosphenc parameters‘

-is shown. The sensrtmty of M to the droplet diameter in Fig.3.11 is hrgh Whether the growth

is dry (hergher than 7m) or wet (lower than Tm), M is sensitive to d: In pracuce the droplet -

‘srze rs drfflcult to measure Therefore we are unable to predtct the mass load by means of the

: ~droplet size even though Mis sensrtbve to the droplet drameter

The model results in Frg 3.12 shows the jce -Joad growth for*three different"\vind's-‘ .

spwds after 20 and 4D hours, respectively lt is seen that the 1ee load growth in erther dry

' and wet growth condruon is sensmve to the wmd spwd Thls may be explamed that at low air -

i

temperature the rcmg mtensrty changes lmearly with wrnd speed (Lozowskr personal 2

‘commumcatlon 1987), whereas the lce lbad is proporuonal to the rcmg 1ntensrty (Eq (2) in

.Appendxx) | - . R

4 3 5 THE ASSUMPTIONS IN THIS MODEL

Fmstad (1986) has pomt out that the colhsron effrcrency work of Langmutr and B

) iBlodgett (1946) assumed that the a1r 1s in potenual flow about the collecttng cyhnder thatf o

: only a steady state drag force is exerted on the water droplets by the flow and that the l'low‘ o

o rtself remams unaffected by the ° presenee of the droplets Also use of Langmutr and -A e R
| Blodgett s steady state viscous drag coeffrcrent 1gnores buoyancy and gravrtatiOnal forces The__; e 4.
;'_'l’{__assumptrons are’ probably reasonable for the small liqmd water content typical of cloud'f'f;:f
| (<5g/m’ Fmstad 1986) In the case of heavy spray wrth large gravitatronal drift over the sea

‘ ;"surfaee hke the condmon presented here however. the assumpuon ts debatable Prellmlnary

fnumeneal calculattons by Szrlder (personal commummtton. 1986) indrcate -that there ts




[

‘ nevertheless a very small effect of gravrtatronal dnft on the eolhsron efflcrency This . ts au- T
: question which should be’ tnvesugated further ln the example presented here ‘we assume” the o o
- results are valid bemuse the droplets in, the spray are qurte large and hence have colhsron P
efftcienctes near one | ‘ ‘ ‘ . o
‘ ’l'he assumptton in this model that the spray droplets ag in thermal equrlibnum wrth,
‘the air may also be false Sinee the drops ﬂymgm the air begin with the temperature of the.' :
' ooean surfaoe the final temperature at 1mpact is one of the comphcatmg factors whrch has so
far been tgnored Stallabrass (1980) has developed a heat transfer model for the spray . .
.*droplets which grves the fmal temperature at rmpact in terms of the ﬂtght time or traJectory "
' ‘length However Lozowskt et al. (1986) ’have pomted out that because a rather arbitrary '
" "'assumption about the trajectory length rs made in'the model the usemlness of the model s -
i, N R
, In the model we have assumed that thé' droplet sizes are the same for each height
' ‘.l"‘However the relatronshrp among droplet diameter the quurd water content and wmd speed :
‘for marme 1cmg condttion is poorly known quantrtatrvely Qualitatrve observation ‘made m e
mountain fogs (Drem 1956) and in strauform clouds (Makkonen 1984) have rndrcated that d“ o )
' lncreases with mcreasmg w. Also the quurd water content may decrease when the wmd speed .‘1
increases In the model test we 1gnored any pOSSlble droplet stze change wrth herght because
o of the: drasttc decrease in liqurd Water content Thrs could however result in an overesumate -

B

: .-',‘"of 1ce load for the upper part of the cylmdncal structure

It 1s assumed m all of the prevrous models of cylmder 1c1ng that the wmd drrectJon ‘S‘:' ‘:':f‘f L
‘ rpendicular to the tcmg cylinderrso that the angle 6 between the wmd vector and the 1cmg :f"~_‘»
' -cylmder axrs ts 90° An attempt has been made m tlus model to take mto account the effect of P |

o the angle 6. ’l'he change of the angle 0 1s equrvalent to that of the hqurd water content or’ the C

N 4 ‘ .

”:_'L:dropsrze.whtchkeepmg9‘— 90° . T T e o
BT Other probable souroes of error m the numerrcal model results arrse mamly from the

possible irregulanty of the iee deposit surface. Small deviatrons of the aecretrons from‘ cularf
form ts unlikely to cause large errors beeause the colhsron effrcrency (McComber and 'I‘ouzot "




1981) and heat transfer (Smtth et al 1983) are not very sensmve to thls However
';‘ vanatrons rn the roughness of the ice deposit surfaoe may cause large errors parttcularly m'
the wet growth Thrs factor tnfluences the heat transfer coeff icient h consrderably lncreasmg "
"surfact. roughness moves the transmon pomt from larmnar to turbulent flow upstream ,"
l"‘, T{. | leadmg to. mcreased h;at transfer Expenments have been madé to examme the heat transfer E

| from rough surfaees (Achenbach 1977 Smrth et al 1983) but it is not known how to

Lcharacterrze the roughness of the true accretron surface under dtfferent condruons LOZOWSklI “

; ‘ et al ( 1979) attempted to account for the effect of roughness on the heat transfer coef fi 1c1ent
. h in thetr 1ctng model by applymg Achenbach s data for the roughest cyltnder tested Based :

' 'upon thrs study. 1t is strongly suggested that more expenmental anLd theorettcal work is nwded

: | to reveal the effect of the surface roughness charactensttes on thé heat transfer from the ‘

© P \ P

‘cyhnder surface and to determme the relauonshxp between the degree of surface roughness

| o and the ice growth condmons | ‘ | | T
’I'he authbr would have taken- mto account the effect of salmity. if the time had been }‘ |
".a'varlable In fact ‘in the wet growth process as srmulated in thts model the surface -

temperature should be the equthhnurn freezmg temperature of water of ‘the approprrate
| salrmty As the tce forms salt is reJected and the. salmlty of the surface layer increases. aboveo v‘ | :
"f;that of the sp\ay (Lozowskr et al 1986) \Stallabrass (1980) used the data of Tabata (1968)

"J‘ém hts model to establtsh a relatronshrp among the surface temperature freeung fractron and

. the freezmg temperature of the spray. and mcorporated these faetors into the heat balance

B ‘. "equation —However both the mesh expenments (Laumatnen et al 1983) and more recent s | 1,'

:"-:J.experrments at r.he Umversrty of Alberta (Lozowskx and( Nowak 1985) have shown that the

‘ .effect of sahmty on the growth rate is uot a very large one. Thus, the model~ results may not

L ‘be srgmfrcantly affected by the sahnrty ' L )




'either cylindncal in shape or can be approxtmated as such it is posstble to conStder every’part

¥
. o

‘ of the manne structure to be an arbitrarily onented cylinder One can then use the model for

'y

" each of them and sum the resulting ice load over all of the cylmders of oourse tt is difftcult

to take into account the result of mteractions among the vanous elements (Lozowskr etal,

1986) such as shadowmg. transport of shed, or surfaoe water, even the eat exchage a ong"

. ‘thcm (tf any) Nevertheless 1f the dtmensrons of the structures are’ not vary large co pared

[

—_ )

, Gates ( 1986) have shown the influence of the major vanables on the 1cing Tate, and made‘

‘wrth the dtstances between them pcrhaps these factors can be 1gnored

There are various 1mportant physml and envrronmental parameters idh n

constdered tn an 1cmg model From the prevrous dtseussnon we have seen that ice mass

.compansons among four models They pomted out that . among the six 1mportant

7 a—

: envrronmental parameters it is fatrly clear that the two most rmportant factors are the air

. temperature and the wmd smd Fortunately. these two factors are . routtnely measured E

3

meteorological parameters whrch bnngs us more convemence in aeterrmnmg ice growth rate.

, accreuon is very senstuve to the air temperature and wmd speed Similarly, Lozowski - and

N
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Chapter 5 N

*___ o L CONCLUSIONS S

The mvest1gauon on cylmdrical 1oe deposit for the relatrve contrtbuuons ol' the

mdmdual component to the total heat exchange was made "The. understandmg of the'

dommant transfer rattos can be so srgmflmnt that it lS possrble to sunulate the heat exchange»

r

: rattos in. laboratory expenments thereby leadmg to the understandmg the physrcs of the tce"

aocretton ln addttton these factors represent a set of new vanables with ‘which the structure'

of ice deposrts mrght be correlated more sattsfactonly t’han wnth 1cmg parameters 'such, as air

: temperature droplet temperature quutd water content and the droplet size.. R : ‘, o

The contours of the collectron effrcrency and the tcmg?tensnty are plotted to

demonstrate the sensmvmes of these parameters to different atmosphenc condmons “The B

change of the collectron effrcrency wrth droplet drameter or the cylmder dtameter can' be very

complmted It is not a lmear functron of erther of the parameters Moreover the change «of '

1cmg mtensrty can be very drffrcult to predrct if ‘the wmd speed and arr tempetature change 'at o

l

the same trme These plots can. give us a general 1dea of the E and 'l values and they can be

also used to vrsuahze E and I w1thout havmg to do the mlculauon
. The appheatron ol' the smgle cyhnder rcmg model on a marine structure §hows

&
features of the ice acg'etron prooess and the trme evolutton at dtffergnt herght above the sea

e

o

surfaoe Some results obtamed by the model have not been revealed by, prevrous X\theoretrcal

descnptxons of u:mg, For example m th 3 9 the result shows that the freezmg fractnon m the "
ey ‘-]" g B

wet growth m'&crease at the begmmng of 1m& then mcrease agam af;er some txme Even
at 8m herght the 1ce growth regrme changes t.‘rom dry to wet growth and then changes hack

T )
: o

igam under the same atmosphenc condrtron

ey

The mprovements of thrs model make it possrble to descrtbe the 1ctng on marme

¢

structure at dlff erent henghts above sea surl‘ace The model enables us not oply to estunate the

tota} xee load on the marme structure but also the details of 1c1ng processes wrth helght

Takmg ““0 a°°°lmt the angle of wmd direcuon enables us to constder mass load M as a f_

functron of 8 angle. and relates‘ the functron M(G) to the growth condmons. Also we are




‘ 'able to treat the“function M(O) differently in dry and wet growth regtme By usmg this
| .model the real manne structure icmg predlcnon can be aoeomplished It is the author s .

opmxon that f urther studm on the followmg aspects would be urgently nwded

s

R

1) Further mvesngauon on the hqmd water content proflle over sea surfaoe
'2) lmprovements in stmulatmg the heat transfer coeffxctent for rough surfaces and study of
“the influenee of the gravrtauonal draft over sea surface. D I

3) The densnty parameter (Mackhn 1962) may be further Jusufxed by tntroducmg the second

stage of ice accretlon
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. ,"Appenclix A
TIME DEPENDENCE IN THE MODEL
Dunng the proocss of ice accrcuon on a structure, the dlmcnsmns of the ice

deposxl change When the time dependenoe of D in Eq (1 2) lS taken into account for

unchanged atmosphenc condmons Lhen ( Makkonen 1984)

10 =2EQa@Qvwsne O

the ice load M, per unit length of the cylinder at time t, is:

S ‘ T '
. i . . ' 1
M, =I 1) 5 D@ dt = vw S“?"I E(1) n(t) D(1) dt 2
'0 : ' . = O K . .
‘ ‘ “'}‘ The’ calculauon of the ice load M (kg m l) is made in a stepwnse manner as
follows R | : o |
P | ". LA ‘ ¢ T : “‘h | ‘ '
M, = M;-‘l,‘»*"li-l'f D, & o ()
s . -
" and the ice deposit diameter D, is obtained from:
" R 4(M M ) _ l)s R
— ____________ 3 Lo
:1‘)‘ ='( Th * D D . (4)

Sl L
SR

For each ume step i the we load M the wmg mtensnty I the we deposxt dlameter




parecalculated and grven as output parameters Co o
The densny of ice P, in Eq.(4) aocreted durmg one tlme step is calculated usmg

Macklin's (1962) densxty parameter

‘Vo d

-

* where d is the droplet size in m, t is the surfaoe temperature of the ice deposxt in. °C o

and v, is the 1mpact speed of the droplets (m/s) gwen by

Vo = v (-0.174 + 1.464K, - . 16K} ) ~ for K,S0.55

B
Vo = v (0.56 + 0.592l0gK, - 0.26(logK,)*)  for Ko>0.55 .. (6)
>where K., is determined from Eq.(1.9). o/

The ice densrty P (g cm 3) is determmed from (7) (Makkonen 1984) whnch is
based on Macklm (1962) and the measurements thh ar tatmg cylmder in natural lcmg '

condmons by Bain and Gayet (1982)

. p—ouk‘”6 " forRS0, .
L :>—R(R+561)1  for10<RSE (D)
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Sc CONSTANT VALUES Lo e v
¢ . ‘ : ‘ A

‘ _'f PI=3. i41593 S R ‘e
‘W' ' DA=1,2923 s ’ B
DW= 1000 .
LF=3.34E5
LE=2,8E6 - T ‘
CP=1004", SR Ce o , !
. . KL=0'69 o L - S
e A=8_ TE7 . B
T EO=6, 1182 R e ‘ ‘
.- CW=4270. 44 o I o L.
-PA¥101300 . S o ‘ '
SIGMA=5,67E-8 ° oo , . Co
CI=2106. ‘ ' ‘ o
v LS=(677, 0/2: 38844)‘1 oeoa L e
0=50.€-5 , . L R
. TAs-g. o KRR ooy C
T UA=t . TABE-05+5, 1E- OS‘TA o SR C
KA=0,0243+0,000073*TA" )

" ¢ EA=(((.000258*TA+.027487)*TA+1. 4472 Ta+4a, 26)'TA7609 9
- READ(5.*)UT0,U0.BO,B1.682.B3,84.85, FAL, e

READ(5,%)CO. C1, €2, €3. C4, C5 S
"' DRC=3, 14159265/180 ' o
H3=BO+B1'U10+82‘U10"2*83'U10°—3084'U10°°4¢BS'U|O°'5

B .Pw¥C0¢C1'U10*C2‘U10"2+CS‘U10"3*C4‘U10"4*C5'Uto"5

VR=1.559%PW . o

CALCULATION of THE sxns FUNCTION of THE ANGLE THETA
-

READ(S,*)X1. Y1, 21 X2.v2,22",

IF(((X! X2)"2+(Y1 V2)°°24(21 22)"2) EO O ) THEN .

, SISiTA=10 £-9. o . ‘vg‘,g.-.

-

ELSE"
7 cosita- (COS(FAI‘DRC) (v2- v1)+SIN(FA1‘DRC) (x2- x!))/
$ o ((X25x1)4e24(Y2-Y 1) %024 (22- z1)++2)+-0.5
Co SISITA=(1- COSITA“2)"O 5 P
‘E-.”END IE .y R
N IF(SISITA EQ o ) S!SITA=1O E- 9 S

DO LOOP STAR’T HERE FOR DIFFERENT HEIGHT Q
N ‘ @ ‘ . o

s v= 15. 7%, . ‘ ,
DO’ 1600. z=3 16 - ‘ ’ ‘ R
L W=6. 1457E- 5'H3‘VR'VR'EXP( o 55-(2 3, )) @_ i

’V*DC(t)-o o1 o e g
M(1)=0., . ’; Lo Lk

P

O.LOOP FOR TIME EVOLUT

oo6
R

oo 1200 us1, '100. »'”"

KO' K/(' OB?'RED“(O T6*RE ( O 027))*1 )
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[ v
c CALCULATE THE COLLISION EFFICIENCV ‘ ‘ "
C ! ‘ o ' N .
S ‘~ . xr(xo GT.0. 8) GOTO 200 ' ‘ .
= " IF(KO.GT..125)GOTO 250 : o "
B EM=0.0 - ‘ - :
. o . . GOTO 300 Cot o
200 . ! EM=(KO*=1.1)/((KO**1, 1)+1, 426)
g C | . 'GOTO 300
250‘ o o EM=Q .5 (ALOGio(B‘KO))°‘1 6
300 ‘ ‘ ‘ E(d)=0 69°EM**0 67+0. 91'EM“1 .67

| C - CALCULATE THE ICE INTENSITY
pOl .

) RE=04'QC(J)-V/UA
NUY=0.032*RE**0,85
H'(KA‘NU)/DC(J) . ‘
N(J)=((PI=H)/(2. *E(J)*VewsSISITA LF)) (( TA)
- ‘((KL‘LE‘(EO €EA))/(CP*PA))-((O, 79-v-v)/
(2%CP)) ) - (TA*(CW+{(P1+SIGMA*A)
/(2‘E(d)‘V‘W‘SISITA))))/LF R
R IF(N(J).GT. 1) N(J)=1 o
——— l(d) (2 /PI)‘E(d)'N(d)‘V‘w‘SISlTA
C .
c CALCULATE*THE SURFACE TEMPERATURE
c ‘ .o
S : Tss0
650 " ¢ CES=(((. 000259-75* 027487)‘TS01 4472)+ Ts&aq 26)
B T . *TS+609. 92
L F=(2./P1)*E ‘V‘V'SISITA'(LF#CW TA-CI*TS)-H*((TS-TA)
s . +((0:62°LS)/(CP*PA))*(ES-EA)- ((o 19+ v-v)/(2'CP)
- $ ~ 7)) -(SIGMA=A) = (TS-=Ta)"
‘ © ES1=4.+.0002592TS**3+3%.027 87‘TS"2+2 1.4472+TS+44 .2
Co e F1s(2, /PI)'E(J)'V‘V‘SISITA‘CI‘(-1) ~H-((H*0.624LS)/
s "~ (CP*PA))*ES1-(SIGMA*A) . i - ‘
: TS1NEW-( 1) (F/F1)+Ts

L 28 ")

IF(ABS(TS!NEV Ts). LT 01) THEN
. TS'TSINEw :

TS~TSiNEw o N ce
GOTO 650 ..f. R

L [‘ xr(rs GE.0) TS=-1 E 6
CALCULATE TCE LOAD M(J+1)

' [

‘ M(d*i)*u(d)+l(d)‘(PI/2 )-uc(u)~r Lo

CALCULATE MASS GROVTH RATE

' .'-jkq'(-u)j-(m_aés, .‘.m‘u'):)-; i { SR

CALCULATE IMPACT VELOCITY VO

.ﬁdn 0dq.6on'd

‘HixF(xo ELo'ss) vo-v'(-o 174+1 464‘KO “0. BIG‘KO'KO)
le(KO GT.0.55) VO=V*(0,.561+0. 592'(AL0610(K0))-0 26‘
: W «(ALocio(KO))tALosto(KO)) SRS

CALCULATE‘DENS!TY OF ACCRETING ICE 4 DE(J+1)

en

o



" R=~(V0*D*1000000)/(2°T5S) ! ‘ “
IF(R,Li.0,9) 05(041) 0.1 "
IF((R.GE.0.9),AND.(R.LE.10.)) 05(041)-0 11*(R**0,76) .
IF((R,GT,10.) .AND. (R .LE. 60,)) DE(J‘i) Re(1/(R+5, 61))
IF(R.GT, eo ) oe(u*1)=o 92 ‘ i

b ' 05(041)=o£(u~1)-1ooo
g CALCULATE ICE DEPOJIT DIAMETER: oc<6~¥)
F 0C(d41) SQRT((4 ‘(M(d*i) M(J))/(PI’DE(J*i)))*DC(J)‘DC(J))
gﬂ CALCULATE THE TOTAL ICE DEPASIT DENSITY: TlDD ‘ 1
c

Txoo(a~1)=4 ‘M(d¢1)/(PI (00(041)'DC(J*1) 0C(1) oc(i))) ‘
Txrv=r/so i .

C
c CALCULATE THE‘HEAT‘EXCHANGEARATIOS Ce
C . ‘ |
OF(d) (2/P1)*E(J)*V*W*N(U)*LF .
"QCP(u) = (2/PI)‘E(U)‘V WeN(J) = (CW‘TA CI‘TS)
QCC(JU)=H*(TS-TA)
QSE(JY)= (H‘O 69°LS*(ES-EA))/(CP*PA)

1200 CONTINUE
i C . ' 1
. C  PRINT OUuT THE RESULT
C

WRITE(G, GGGB)RA(10) RA(20) RA(40) RA(60), RA(BO) RA( 100)
' 6668 FORMAT(2X 6F9.4) |

c ‘ ‘

C RA(J) CAN BE CHANGED INTO ANY OTHEh PARAMETER SUCH AS

C Y

C WRITE(S, 6669)0CC(2) OCC(4) QCcc(6).Qcc(8), OCC(10) 0CC(20)
. c # ‘ QCC(40). occ(eo) QCcc(80).QCC(100)

C6669 FORMAT(2X 10(# )) L

.C .\

C © WHEN YOU NEED THE annreo RESULT TO BE ru~c710~ OF TIME

c SUE THE . FOLLOWING DO LOOP :

c .

c o0 7001 1IN=1,5

€ : ! .- X(TIN+S, z+1)=~(xxnozo\

C7001 co~rx~ue v

c : Co ,“ . S ‘

- $600 CONTINUE . ‘ 8

c. ‘D0 7002 TiN=1, 10

C L. WRITE(S, 7005) (X(IIN u) J-i 14) L y o
' C7002 ' * 'CONTINUE I : [
Mc7oos o FORMAT (1x.14(ra.3.2x)) o ,‘w“ I R
. C .y L L - S

c . A‘.‘ S , —

' C'ALL THE DO LOOPS END UP HERE
S
stop < L e

69



