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ICE ACCUMU LATI ON ON OCEAN ST RUC TURES

L. David Mirisk

INTRODUCTION Table I. Organizations involved with ship icing (pro-
visional).

An extensive search of references from Russian ,
Japanese , British , American , Canadian , ,ind Ice landic Intergovernmenta l Maritime Consultative Organiiation , Ion.
sources was made for material pertaining to the don , England (b)

mechanism , extent , and frequency of icing of sea U.S. National Oceanic and Atmosp heric Administration Ic )
Meteorological Institute , Norwa~ (c)structures , the conditions conducive to icing m ci- U.S. Navy Oceanographic Of f i ce  (a)

dence , and methods for control. Most references National Research Council , Canada (a , b, c)
found discuss only ice on ships, since this is the most Meteorological Service , Argentina (c)
serious hazard to an extensive economic activity. Meteorological Service , Fe deral Republic of Germa n y (a , c)

Many of these refcrcnces are further limited to a dis- Meteorological Service , Icelan d (c)
Meteorological Service , lapan (a , b, c )cussion of the effects of the ice burden on stability. .Meteorological Office , United Kingdom Is , b, c)

Ship icing research is relatively recent. It received Meteorological Service . S weden  (a , if
its initial stimulus when the British Shipbuilding Re- Meteorological Service , USSR (a , h i)

search Association sponsored coldroom model tests a — conducts research
in (9 55 (Polar Record 1958), fo llowing the loss of b obtains ship ice reports
the British traw lers Lore/la and Roderigo. Increased C - issues warnings or for ’ i.asts ice accret ion

fishing activity in northern waters , and the increasing
loss of trawlers from ice accretion , has led a number ic ing reports and the few controlled experiments are
of other countries to investigate the problem, and to spec ific for ship type. The factors of shi p geometry
attempt to forecast ice accumulation conditions and freeboard, amount of ri gging and other ice-collecting
their sever ity. The German fishing industry, for cx- surfaces above the dec k, ship direction relative to the
ample, has been provided with meteorological ships wind , and wave action . all contribute to icing severity.
in their fishing grounds (Mertins 1968). In 1969 the Sea spray is a source of icing only to a height nf
Intergovernmental Maritime Consultative Organiza- about 50 ft above peak water level. Both fixed and
lion (IMCO), headquartered in London, established floating ocean structures reac h many times this height ,
a Subcommittee on Safety of Fishing Vessels , which and therefore it is necessary to consider accumulation
has served as a central clearing house for ship icing that can occur from supercooled clouds or freezing
reports from world-wide fishing fleets. The Corn- rain. Data on accumulat ion from atmospheric sources
miss ion for Marine Meteorology (CMM) of the World are reported in the Russian literature for continental
Meteorological Organization (WMO) has cooperated locations to a height of 300 m near Moscow. Al though
with IMCO in study ing the meteorological aspects of one of the principal factors involved in icing intensity
ship ic ing, and the most recent and comprehensive is liquid water content (LWC ) of the supercooled cloud ,
rev iew of this problem has been prepared by the which varies over rather narrow limits regardless of lo-
Rapporteur of the CMM (Shellard 1974). A list of cation , it is still somewhat risky to infer marit ime icing
organizati ons involved in icing problems is included from continental data. Droplet size , extent of supply,
in Table I. and wind speed also have a bearing in differentiating

It is difficult to extract general engineering data the two environments. However , no re liable quantita-
from the literature for predicting ice accumulation tive data have been reported on atmospheric icing
rate, exten t, and frequency for a structure , since most over large bodies of water.
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Figure 1. Phase relations for s tandard sea ice (Assur 1958).

Impress ions from the literature include the great an ice crystal, or impurit ies on the walls of a vessel
redundancy of the Russian sources and the perpetua- containing the water.
tion of errors which makes critical evaluation essential. Water with dissolved impurities will freeze at a
For example, it is ofte n repeated that superstructure temperature below that of pure water , the depression
icing will not occur at temperatures below —18 °C be- being re lated to the amount of impurity. “Standard”
cause the water striking the ship will be in the form sea wate r, for instance, has a salinity of 34°Ioo (parts
of small , dry ice crystals which will not adhere. per thousand) and will commence to freeze at approxi-
Actual shipboard observations, however , have re- mately —1 .9°C. The freezing front rejects the salts
ported that icing can occur at temperatures as low as in the sea water and pure ice remains in the solid phase.
—29°C. This erroneous conclusion apparently stemmed If the concentrated brine that results cannot drain
from the British Shipbuilding Research Association ex- away, br ine pockets form which have a lowe r freezing
periments . point. The incorporation of brine pockets weakens

the ice structure. Sea water freezing on vertical sur~
faces generally forms a conically.shaped ice mass,

ThE FREEZING PROCESS larger at the bottom, because the droplets freezing at
the top reject the brine which then drains to the

Ice will form when a supply of water is exposed to lower part of the surface prior to freezing. The ice
some process which extracts thermal energy to a point on the lower part of a structure will have a higher
where crystallization is initiated. The transition from brine content and therefore will be weaker and may
the disordered water structure to the highly ordered adhere less strongly to the surface. About 75% of the
ice structure requires some stimulus to trigger it; in water in sea water will become ice before the second
the absence of any stimulus , fre sh water can be super- salt (Na2 SO4 IOH2 O) crystal lizes from the resulting
cooled to between —30° and —40°C before it will brine at —8.2°C. The concentrations of six major ions
spontaneously freeze. The freezing process can be increase until this tempera ture is reached. A phase
initiated by a mechanical stimulus such as vibration, diagram for sea water is presented in Figure 1.
or by the presence of nucleating centers such as dust

, 2



Ice form ing on structural surfaces above or close droplets range in size from 5-100 pm with a median
to a body of water arises principally from sea spray, of 20 pm , and spray from wave crests has a size range
with lesser sources from atmosp heric precipitation of 60 pm-i mm (see Table II).
(freezing rain and wet snow) or fog (arctic sea smoke , British and Netherlands weat her ships have found

white frost , black frost). Sea spray , the mos t danger- that a rain gauge located at a level above 16 m col-
ous source of icing, is produced by breaking of waves lected insignificant amounts of sea spray (Commission
against obstacles such as ship hulls , other floating for Mar itime Meteorology 1962).
objects , or shore structure s , and by several different Ice formed from atmosp heric sources is generall y
mechanisms not yet comp letel y understood. These free of brine inclusions. Three principal types of ice
latter mechanisms include direct shearing of droplets can accre te depending on wind speed and air tempe ra-
from wave crests , the bursting of bubbles produced ture : glaze , hard rime , and soft rivie. Their properties
by breaking waves , and the aerodynamic suction of and occurrence are summ arized in Table Ill , and data
droplets from the crests of capillary waves (Lai and from ice accumulation in a Japanese mountain environ-
Shemdin 1974). The diameter of droplets generated ment are graphed in Figure 2. In addition , mixtures of
by waves breaking against a shi p ranges from 1.0- glaze-hard rime , glaze-wet snow , hard and soft rime,

3.5 mm, with an avera.~&- of 2.4 mm (Boriscnkov and and glaze-soft rime can occur . Their properties will
Panov 1972). In contrast , atmosp heric water (cloud) vary within the ranges of their components.

Table II. Character istics of icing sources.

Droplet diameter Mean droplet Liquid water Droplet
ranqe diam eter content concentration
(ian, ) (Mm ) (g/m ’) per cm ’ Reference

Sea spray
Breaking waves 1000-3500 2400 4600 Borusenkov and Panov (1972 )

Wave crests 60- 1000 Borisenkov and Panov 119721

I og
A dvection 6-64 20 0.17 40 Kocmond ci al . 11971)
Radiation 4.36 10 0. 11 200 Kocmond et al . (197 1)

“Sea fog ” ?-l20 46 0.13 Houghton and Radford (1938)

Clou d
Stratus 1 .5-4 3 4 .9 (0.05-0.251 Pi~ié and Kocmond (1967)

(Borov ikov et al . 1961)

Cumulus
)cumu lon imbus) 4-200 40 23 72 Weickmann and aufm Kampe (1953)

Table Ill. Types of ice from atmospheric sources.

Density
Type of ice Appeqeance (g/cm ’)  Conditions of form ation

Glaze A hard , wel l-bonded , generally 0.7-0.9 Supercooled Wate r droplets at
cle a r homogeneous ice a temper atu re close to f ree zing

(0° to —3° C) and wind speeds
of 1-20 rn/s

Hard rime A hard , granular white or 0.1 .0.6 Supercooled water droplets at
translucent ice growing in the a temperature of —3 to —8°C,
direction of the wind wind speeds generally 5-10

rn/s

Soft rime A wh ite , opaque, granular Ice 0.01-0.08 Supercooled water droplets at
with delicate Structure only a temperature of —5 ° to — 25°C
loosely bonded, growing in and low wind speed (1-5 rn/sf
the direction of the wind

3
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the principal cause of icing is spray Irom ocean water

- 
(Mi ) (he comhined sources of spray and fog , rain ,

-~ 
. 

-~ / or drizzle accounted for oniy 6 .4~ . of the cases , and
water spr i’, and snow only 1. 1 / .  The cases of icing
attributable onl y to fog, rain or drizzle account for

- , / ‘ ‘ 2 .7°~. Tables IV and V (from Borisenkov and Pche lko
° / ...- 

- 
cc’; r 1972) chow the distribution of icing occurrences for

~~ 

A a a various rigions as a function of air and water tempera
z ~~~~~~~~ ~~~~~~~~ _~ ~_. tures , wind speed and dircction , and wav i height .

TrMc . , ~~~~~~~~~ .c Icing rarely occurs at air temperatures above 6 C,
2 - - — -, and has been recorded at temperatures below — 2 5 C.

Shekhtman (1968) has related ice accretion rate with
figure 2. RelationshIp between mete- wind speed; his analysis is summarized irs Table V I.
oro/oqic cii c ondition5 and type of ic ing Japanese work (Tabat.a et a) . 1963) has also related
(fr-~iirooscj / i)o .~) icing severit y with air temperature and wind speed

(F i g. 3). Three classes of icing - none , significant , and
heavy correspond to the Russian growth rate classifi-

f looding of horizontal surfaces by wave action (e.g. cation of Table VI . In general , the lower the air
ship decks ) usual) ’, is not a sour ce r ,t ice. An ice mass pecature and the higher the wind speed , the more
may result if the water cannot fred ’, drain and becomes likel y icing w ill occur and the greater the severity.
ponded , but very often the flushing action of huge Ice thickness reached 20 cm in 50% of the cases.
volumes of water will wash away ice which has not yet Deck accumulation from spray and snowfall reached
become firmly bonded to an’, surface. The subject of a maximum of iOO cm.
Irc i / ing  w.stcr on wooden shi p decks is discussed by Russian experiments and observations over three
Kliuchnikos a (1 ’ ) 7 i ) .  winters on ships in the Sea of Japan , Barents Sea and

Baltic Sea established ranges of icing activity
(Borisenkov and Pchelko 1972). Air temperatures

ICING OBSERVATIONS down to —3 °C were not accompanied by significant
icing. At relatively low wind speeds (7—10 m/s) and

Ship ic ing air temperatures below —3 °C the bow part of the shi p
Statistical analysis (l3orisenkov and Panov 1972) becomes iced (for examp le, see cover photograp h) .

of more than 3000 cases of ship icing indicates that The rema ining parts of the ship accrete only slight

Table IV. Distribution of ice incidence (%) for Russian ships in various seas as related
to air and water temperatures (Borisenkov and Pchelko 1972).

Air temperature (° C) It’uter tr ’mper ati l re (°C)

I )  No . \u .

of
Seu 0.00-4 .0 —# 1- 10 .0 —1 0. 1. 75.0 — 15.1 .20 . 0 cases —2. 0- 1. 1 —1.0-0 .0 0.1+3.0 3.0+6.0 +6.0 cases

Beru ng Sea 15 60 23 2 560 6 6 78 10 517

Sea of Okhot sk 19 64 12 5 40 20 26 50 4 297
Sea of lapan and

1 at a r sk iy Stra i t  13 54 27 6 201 15 14 52 4 4 ‘12

Western Pacific Ocean 27 63 10 251  16 19 55 10 239

Ba rents Sea ,
Norwegian Sea 11 72 16 1 663 2 3 45 49 1 573

Balt ic Sea 56 33 11 46 II 89 36

Labrad o r region 21 55 18 6 90 I i  32 49 8 82

Bl~~k Sea and
Sea of Az oy 23  36 4 1 22 24 48 28 21

4
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Table V . L) istribution of icing iriddence (%) for Russian ships in various seas as related to
wind diree t int S and wave ’ height (Borisenkov and Pchelko 1972).
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su rf ace s ,,f I ‘nn ip he ‘. con h igura l  iii h i r i s t ru i rn e nts  ,ord whe n ,i ship is ht’.idir rg r i te ,  th e wi n d it .ini anglc’ he-
equ ipnienl ), ,irie l f t U) eo n r h ’  round curf , rct ’ s  such as t w e c ’ r i IS  and ) ‘ ~ ( I ig. .1 and SI  \ ‘.c Hu nc h i,,t I ic ing
r n , ~ ’ , cp. ’ c , and rrgg rnig . I n t he’ p r e s e n c e  ‘ i t  spray , c t ’  i,c c i i i ’, tinder thi s c , i r rch it i i in , cc iii the 2 r e , I l c ’u ,ic ,.uniiui l,i-

r I , ’ ni , ‘ ‘ r r ( r n i l t l c e s  i rnr n ied i~ile l’, at t t ’ n ns f te r , i t l i r i c  Ii,’ t i  0 i i i  the’ se i r r e lsc . i t d  si c l c . I i’sst n ic ing ‘c c O r cc i t l i
loss I no t i n e  meta l surt ,i , n -s of t he ship .iinf ciii ship itt ’,tde’el , h i r e e  t i’, t i n , ’  t i re ’ cc cut , , ‘ I , .f then ,iccumola-
, ,inv,is c’quipnilcr it co vers.  I h , .w e vt r , icr d i e s ro i l  loin s h, ri lends to lie un it , r r m , \ t  w i n d s p r e d s  op i.
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20—2 S inn i c e ’ ,ceeuniu hati on ci c e ut s nrain l’, sn the ’ t i n  it the’ s.rnie’ hinilt tha n r u ,  iii t c ’ r r i pc r , ttu ne - , m d  bu n , ’
sc, in ,) half of t in . ’ s e c s e ’l , inc luding thi,’ f r o n t  j nd sick I n c  th e t r -n np t ’ n ,m tu re ’ , . 1 most e’\ t ’ . isc’d sur f a c e ’ s , is he.
sc.i hIs if the’ c t ipe rs t r l le t u i n .  ,mn~l hnn ilgt ’  seu r i gc h i t -s e ’ l .cw lire t nc ’ i.’,irig point i i)  se- i w i r e ’ j he lni ’~’,ing point
,, hnsi ’r, t h o r/ s w e l l ’ nn.mde t in me ’e hium s i , c— d fishing wi l l  c a r ’ , t i m  a h i t l l e  h~l’ cc (I ( f i~~ in)’, c l ightis saline ’
t ra w le rs. wa t e rs  to — 1 .‘~ ( f i n  t ic can water .  -\ cni,c l I vessel s

De’t ,rils it Ih ie ’ ,i l isc ’rc , e t i , ’ u u s  i nn ’  n i l  ‘.7 c c -r i in l ,kel ~ t o  h,’ g i r n  ge ’ n n c ’ r , i t i n i g  s pra~ in a c&’ J c , nn , ’s piu ncj ing

hh’,.ubh , i c hc ’c et ,il. l ’ 1 7 2b . at id it  is not inirnnreeli ,mn e ’ l ’ ,  c c i  l’i t , s n c t ’ S 1 7 - 2 1  k f l u ’ t s ( ,  ,jrtd .11 force 6 122-27 knots ,
dent wh s low w as e hei ght s  so Il i es c i lt in t h e  great est wnth  w ise hc-ig hts e i f 3 m ’  ii Or r e t  mi st small c. ’ssc ’ ls

cpra’ , ins ten s it’, (I ig . 4). It is like’)’ , , however , th iat t he- n ine rrug ,ig, i n isi  t bit is i c c  w i l l  hi,’ sh we-re’ d inn s p r i ’,

hull i t t  a ship is small ,tnd w i th  as low freeboard ,n~ Spr.n~ hii iwnn f rom w i s e  lops is not l ikel y ho he’ce ime
tine SR I w it I hi ih cci lb tire ’ hig her se- ic c’s and ni it crash .i serious Source’ ‘1 ‘ c i  nrg , it ’  we ’s c r , unit 1 much higher

nt.’ t hem . The’ reh ,nti , insh ip bet wc’cnu cpu is in tensI t~ win d ~pec’ ds ant ’ I cach e- cl , be c a u s e  suc h spra’ , is patchy
,tnud ship speed is c lea rer .n greater beam heading if and at a low level when 1 hegois to appear .11 17-27
was i’s is iie cess,Ir ‘, it b r i gher spe’eds for waves Iii break , knots. . “is a consequence , it will not liker l’, hi’ blown
,inel then their grea ter  impact results in greate ’n pro- in I.u ge amounts I, i dc’ck level until at least f o rce 9
cluctii .in of spr,l’, (Fi g. 5). ( 41 —47  kni ts )  is reached , i .e. at t he point where ’ v i s i ’

The Br i t ish Shi phui lcl inig Re.sea rch As s ociat ion biht ’ , begins h’ he at fected. These u ‘hs i’ rsati i i ns can
modei tests also showc ’d Ihe influence of wind beaching be app lied to f i xed  instal lat ions w hich m,1’, not

m e  ic ing ces i.’r i t\  . The quant i tat ive nesu lt s and icing generate q itanti t ics of hhe large r drople ts br im impact-
rate ire ’ suhiec t to question , hut the relative degree of ing waves.
ic ing is cre dible. The model was fll.).nted in water whose’ Woodcock ) Ic) 5~~ r e p .  in Is hfia I fo,im patch es result-
te niperat ure was kept  at 1 , 1 (.  and the air temperature ing from white caps at tire sea s urface remained visible
was kept ,It — 10 L to —6 ( - T he wind speed simulated f ront ani a i r c r a f t  for metre than lcd ’ minutes in a f o r e c ’

.25 - 5 5 kn re i ts . ~ p r a s was cre ated bc in lc ’ctt ng (fresh ) S wind in the ’ I i .iwanr,mn arc ’a , cc loch supports She l l ard ’ s
s e e r  ,n into the ru i’ ,ni h’5 ci irr itu nesseeh iii inch c u r  as niif - comment regarding the initiation if spra~ icing at t hat
iles I est s we l t ’ c ar ned  out wi t h the ’ model in thre’ e’ wind speed.
pi is i T i .  n rc , f irst w i th  nit rm,nl ri ggn rig then with ~ t rtpi cc l Russian se sun c es (Be r sen Los and i’c helLo 1972 ,
‘ri ms t - I he resol Cs we nt ’ .n’, 1 , 1  lows : Bonisen rku ‘e and Panos 1972) descr nbc’ three classes of

I - I lead to se , nnd .  f l u ,  nnu ,c le l i ce , l  ste ,idi l’ , until 1 ic in ig  Ion mc ’Jt ij m-si/e’ hshin’4 t n a w l e r s  ( t s pe  SRI , 311—4 ( 1

La psi /e ’cl. f l u ,  ‘ . ‘ t c ’ ,it. s I w e i g h t of ice it cn i iilch c , i rnc  and m long, 300—500 t o n / rue s e his p ha e’menl , 2 3-2 ) .  man e n e w 1

r i n r i i l n  upri g bnt in c , i h ini  c c a t c ’r s e t s  c-quiv .i lent t u .  ,t hotct These are:
1 2  tons tin lii, 1 5 ( 4  Ih ’ I ic ni u n ‘ 10 .5 f t -b e am hul l - s c a le I. Gra dual icing ,i c c n etiorr rate ’ is not more ’ t han

ship (1 . 1 I S t int  displacement). lire rate of loss of 1 . 5 ht i nn e s ii In , .e curs during sea s pu .ic or ann iosphc’r u c

metacc ’n lr ic lnc ’ ig ht w i t bn normal n iggi r ig  was rooghl~ precipitation (i on , tog, fr i is l  s nierke I , at an’, w in d spee d

loi e ’ ,nr fo r t he ’ t urst  I l /u t  r u i rns if .me c rc  rnul,ited ice on Ih~ w hen air tenr pera t ures ~~rige f rum — I r u  —3 ( , and .11

fu l l -s ca le ship . Th us tel l  u h f  and rcach ic ’d ,i maximum wind speeds of 0— 9 ru s with air temperatures below
los s of 1 7 i rn , s e m e n  1 ‘ 54 1  m m d  was dc’pos ite -c l . (lie “ 3
me’ Iaeentr n h e i g h t  se, ic 2 (4 in. without ice ’ , With ,i tn 2. Rapid ien ng i c r t r g  r i l e ’ is 1 . 5 — I  tin/nc’ s ii . II
p it ) mast t he’ Ii .ss I ni un / c ’! mc e r r  Ir rc hei g u t was on’ ,  ~/ i occ e n 5 at cc rid speeds cit 9 — I S  n/ i s and air temper atures
t u e  loss w ith nriirmal rigging for a g i sen r  lee w e n g ir n and ‘I — 3  to —S ( -

the’ center of gr as i t s  was ,thmiut 5 ft lower, 1. \‘ e’n’ , rapi d icing te .ig rate is rn,rn c than 4
2. Stern to wind. The-re was bnc ’ .is’~ ice ’ buildup af t , tonnes/ h. It occurs at cs .1 speeds above 1 5 rn/s w he n

and ve’ n~ l i t t le  forward , it t ire’ bridge. 1 tie loss of the air temperature is below — 3 ’ ( iii at win d speeds ,if

metacentr ie bie ’ng ht was half th ,tt which occurred head 9-1 S ni ’s w hen the dir temperature ’ rs below —8°C.
tcn w ind he ’c , imi se - of the s i rel t e r ing of the’ foremast hr~ Mertins (1968) anahyied 400 cshse ’ rv at i i i n r s of ship
the’ supe’rst ruc tu re ie h g  due to c c i  spn a’ , in the se ,ms around Iceland, Green-

3. rhui~ ,fe g te e ’s f i, tire wind. Ice accumulated mm land, t,af ,rador , and northwestern Russia , and related
the windward sick arid c,tused heeIin~t In to the wind, the severity of cc ’ accumulation hi ’  wnnd speed , air
This resu lted in increased aecumulition in the upper tempe tature and sea water ti.’mpe’rature’ (the oceans
rigging, and the model capsiied, carrying less than half invt ifvcd .ill have salinity of 3(I~ 14 0 ,~so w ith inItiation
the’ ice’ borden it the h ead to wind position. of f ree/ ing at — I ,9”( ) . He translated these ’ rel a tion

Shet lard (1974) summari/es conditions for icing due shi ps into the graphs given in Figure 6.
to se ,, w ater ,  IIrn ’se ’ occur whenever sea spray is present

7
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Table VII. Occurrence (%) of type of ice by height on meteor-
ological tower in Obninsk, U.S.S.R. (Glukhov 1972).

rype of ice
Height range (m) Soft rime Glaze Fiord rime Mir ture

0.100 23 5 5 2

100-200 29 31 25 23

200.300 48 64 70 75

No. of case s 227 237 633 396

I

024 - 
0 0

)0.
F6 :~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

___
0.08 

100 
I ~~ -J 

S - ‘ — 8 — 12 — f ’6t

Height (m l Temper ature (° CI

Figure & Variation of density of ice accumulation Figure 9. Dependence of density of ice deposit
(1 -‘ mixture, 2 — hard rime) with height on mete- (1 — mixture, 2 -- hard rime) on air tempera-
orological tower at Obnisk , U.S.S.R. (Glukhov ture on meteorological tower at Obninsk , U. S, 5. R.
1972). (Glukhov 1972).

Atmospheric icing masses in the autumn , winter , and spring (Table V III) .
Detailed observations of icing occurring up to a This usually occurs in the rear of low-pressure areas with

height of 300 m on a meteorological tower at Obninsk , north, northwest and west winds; it occurs less fre-
near Moscow, have been made and are reported in the quently in the forwar d part of a low during northeast
literature (Glukhov 1972). The type of icing that or east winds (Table IX). The advection of cold air into
occurred in three height zones is given in Table V II. the back edge of a low accompanied by relatively strong
Up to a height of 100 m soft rime predominated. The winds is one of the typical conditions during icing m ci-
thickness of the accumulation, and the we ight observed dents. The icing zone at the rear of a low does not start
are plotted in Figure 7 as a function of height for the immediately afte r passage of the cold front because the
four types of icing. The densities of the two types of air temperature directly behind the front has not yet
ice which accumulate most heavily, the mixed ice and reached the low values necessary for icing. In addition,
the hard rime , are plotted as a function of height in following the passage of a cold front, a change of wind
Figure 8 and as a function of air temperature in Figure direction and speed generally occurs which leads to a

9, weakening of the wave action (lower swell).

GEOGRAPHICAL DISTRIBUTION OF ICING AND Extre me icing conditions
CONTRIBUTI NG METEOROLOGICAL CONDITIONS

The most extreme cases of superstructure icing re-
As a rule , ic ing of ships in the northe rn temperate ported in the Russian lite rature have taken place during

latitudes takes place during the intr usion of cold air February in the Barents Sea betwee n Norway and

9
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Table VIII. Period and frequency of Soviet ship icing
(Borisenkov and Pchelko 1972).

No. of Perio d of Frequency
Region cases icing (X)

NW part of At iant ic 85 15 Dec—15 Mar 92
Norwegian and Greenland Seas 109 15 Dec—31 Mar 77
Northern part of At lant ic 63 15 Dec—15 Apr 92
Barent s Sea 390 1 J an— 15 Mar 78
Bal ti c Sea 2 1 15 Dec—29 Feb 85
B aff in  Sea, Hudson Bay 7 1 Dec—31 Mar 96
Newfoundland region 15 1 j a n—15 Mar 79
Bering Sea 185 1 Dec—31 Mar 70
Sea of Okhot s k 337 1 Dec—31 Mar 70
Sea of japan 226 1 Dec—29 Feb 85
NW part of Pacific 183 15 Dec—31 Mar 79
Arct ic seas (Kara , Laptev ,

East Siberian and Chukc hi) 71 15 J un—15 Nov 100

Table IX , Synopt ic conditions at time of ship icing (Russian observations
1967.69), from Borisenkov and Pchelko (1972).

Rear of Forward
low-pressure part of Other

areo low conditions No, of
Sea (%) (%) (%) cases

Bering Sea 57 32 11 442
Sea of Okho ts k 70 23 7 312
Sea of Japan , Tatar ski y Strait 93 3 4 140
Western Pacific Ocean 75 19 6 182
Barent s and Norwegian Seas 40 50 10 596
Baltic Sea 4 66 30 44
Black Sea and Sea of Azo v 79 16 5 18

Spitzbergen (the region of 74°35’N, 19°40’E). Twenty . were measured . During icing the ships were on the
eight of 48 reported icings with thickness greate r than western side of the cold air wedge, in a region of in-
10c m and 8 of 10 cases with thickness greater than 20 creasing horizontal air temp erature differences.
cm occurred in February (Kap lina et al. 1972). The
February weather in this region is characterized by
great temperature contrasts in the surface sea tempera- Extre mes of ice accumulation
ture and in the lower layers of the atmosphere. A
vast cyc lonic region occupies the space between the A glaze stor m on 27.29 January 1940 struck Great
sou thern tip of Greenland and the Kara Sea, and the Br itain and resulted ir some of the greatest accumu la-
influence of this zone extends to the North Pole and tions of ice ever recorded : 6 in. of ice on an auto-
the Laptev Sea. The periphery of depressions is gen- mobile and 4 in . on twigs in Worcestersn ire, and 2.4-
era lly characterized by large horizon tal pressure gra- in. .diam accumulation on a telegraph wire in Wiltshire.
dients and high winds. Detailed examination of four The maximum thickness reported in a series of observa-
cases of intense ship icing (ice thickness 20-40 cm) lions in Russia in the 1920’s was a diameter of 114 mm
reveal ed a general pattern: all the ships were on the on a 5-mm wire in Tokma k in the Kirg hiz (Bennett
northern edge of a vast mult icentr ic dep ression; in 1959). Ice that accumulated to a diameter of 25 cm
three cases the ships were In a warm front , and only on guy wires of a tower in Newfoundland was esti.
one In a cold front. Significant horizon ta l temperature mated to have weig hed over 40 kg/rn (Boyd and
gradients, sometimes reaching 7-8°C/degree latitude , Williams 1968).

10
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Prediction of icing occurrences and the frequencies of free i ing surface air tempera-
tures (Fig. A9).

A summary of Russian experience would incorpo-
rate the following factors for the prediction of icing
occurrences: PREDICTION OF ICING INTENSITY

1. The greatest threat exists in the rear of a low AND RATE
pressure system and to a lesser extent in the forward
part. (In both cases , it is recommended that the active A Russian analysis for predicting icing intensity on
ads’c’ction of cold air at heights of 1.5-3 km be recorded ships s based on a heat balance equation of the surface
during periods of strong winds and negative air tempera- subje ,ted to the icing (Borisenkov and Pchelko 1972).
tures.) Icing occurs relatively less often in lows during The intensity I (g/cm 2 h) of ice accretion on a 1-cm2
east , southeast , and south winds , surface normal to the spray flow is computed from

2. Sea spray icing conditions require a strong wind,
blowing for a relatively extended period (3-6 h or T~, — + 2.6(L 1/ p) (E 1 — E 1
more) in one direction. Floating i~e will prevent the I = a 

+ c2 (T
~ 

— T~) + Cw (T~ 
— 7)

development of waves and eliminate spray as a source
of icing. During an offshore wind , icing of ships will
not occur within a distance of 1-3 miles from shore , where a = heat transfer coefficient dependent on wind
depending upon the height of the shore, speed and configuration of icing surface

3. The icing zone at the rear of a low usually does (Fig. B i )
not begin immediately, but at some distance behind L,, L 1 = heat of fusion and vaporization of ice ,
the cold front , respectivel y (Tab le Bl)

4 . A zone of very rap id icing of ships develops in C~, C~ = specific heat capacities of ice and water ,
the vicinity of a cold trough at the 850-mbar level , respectively (Table BIll)
particularly when the temperature at that level reac hes T5 = air temperature
—18 °C and is dropping. = temperature of water droplets in a fresh-

5. In the northern part of the Atlantic Ocean and water or sea spray cloud (Tables BIV and
in the Barents Sea, which are influenced by the Gulf By)
Stream , it is necessary to take into account the tern- T~ = tem perature of the ice during the ice forma-
perature of the surface water layer if it is higher than tion process
2°C. , E T = water vapor pressure above water surface at

The Russian literature presents a confusing picture temperature Ta (Table BVI ), and above ice
regarding the probabilit ies associated with occurrence at temperature T~ (Table BVII)
of icing. Locations of reported icing inc idents are p = atmospheric pressure.
less questionable, as is shown in Appendix A for the
North Pacific Ocean and Far East waters. Other in- The equation is used for calculating both sea spray
dicators of probabilities are less precise and sometimes and fresh water ice accretion. In the case of sea spray,
contradictory. This probably results from observa- it is necessary to compute the T, value as a funct ion of
tions made on different types of vessels with differing the droplet size , time of flight , and temperature of the
sail areas and therefore varying total ice accumulations ambient air (Table BII). It is assumed in the case of
and rates. The Russians have attempted to develop freshwater (atmospheric) icing that the droplets will
emp irica l factors to relate calculated parameters to ob- acquire the temperature of the ambient air ,
served icing accumulation, Graphs of ice accumulation rate (g/cm2 hr ) resulting

The maps in Appendix A, whic h have appeared in from various combinations of parameters are presented
the literature , show icing probabilities for various in Appendix Figures B2-B8 (Borisenko v et al . 1971).
regions and climatological conditions. Other sources of The use of these graphs for predicting ice burdens is
icing charts are published by the U.S. Navy (1958 , explained more fully in App endix C.
1963) and the National Aeronautics and Space Admin- Another approach to ship icing prediction and cal-
istration (1968), culation is based on the icing of an infinitely long

The occurrence of supercooled fogs is an indication cylinder in the flow of supercooled water droplets, in
of probable rime ice forma tion on exposed elevated which icing intensity is related to the propagation of
structures. Charts have been prepared (Guttman 1971) a freezing front. In this model the ice is assumed to
that are based on the frequencies of fog in any form build up under a film of water (“wet growth”). The
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solution has a simple form: R = the radius of the cylinder
V = the wind velocity

H = A w = the liquid water content in the air stream
B-. C E = the collection efficiency, with a value be-

tween 0 and 1.
where A = a function of average wind speed and T2 — Ta

B = the latent heat of vaporization of ice The collection efficiency (or collision coefficient) C
C = a function of the difference between the is defined as the ratio of the mass of water droplets

freez ing point of water and the air tempera- striking the surface in unit time ~o the mass of droplets
ture and water temperature. which would have struck the surface if they had not

been deflected (see Fig. 10). According to Langmuir
H characterizes the intensity of icing of a cy linder and Blodgett (1946), E is a function of two factors K

of a certain size. To convert to the case of general ic ing and 0:
of a ship sailing on a heading of 0-40° under the same
hydrometeorological conditions, a graph is constructed. 

K = 1 29 ~ ~~ 
Vr2

Accord ing to Russian opinion, this empirical approach
is apparently the most suitable method for tying to-
gether the theoretical calculations and field observa- and
tions.

A third approach considers the water droplet flux = 0.175 VR
and the fraction of drop lets which will strike a surface
and freeze. Drop lets approaching a cylinder may where r = droplet radius (cm)
strike the surface or may be deflected. If the diameter V = wind speed (cm /s)
of the droplets is small , they wil l be carried with the R = cylinder radius (cm).
air stream around the cylinder and wil l not form an
ice deposit. As droplet diameters increase so does A graphical solution for C once K and 0 are cal-
their momentum. Their paths will deviate from the culated is given in Figure 11. If K ~ 1/8 , C = 0 for
air stream , and they will impinge on the cylinder to any 0. Manipulation of these equations can give the
form an ice deposit. The amount of ice deposited per critical radius of a cylinder above which icing theoret-
unit time and length of cy linder is given by Kuroiwa ically will not take place. A graphical solution is given
(1965) as in Figure 12. The actual size of cy linde r wi ll vary de-

pending upon turbu lence. The relationship has been

= 2CR Vw deve loped for small (atmospheric) water droplets.
Russian observations of icing of a 1 5-mm-diam

circular cylinder have resulted in the data graphed in
where M = the mass of supercooled water droplets Figure 1 3, w here the collection efficiency C is given

wh ich cause icing in time t as a function of droplet diameter and wind speed.

Figure 10. CoIIecri wi efficiency of a cylinder.
Water droplets following trajectories off the
center line approach will be deflected and, at
a certain distance from the axis, will not im-

______ 

pinge on the cylinder. Collection efficiency

I ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

is the ratio of the mass of droplets striking
the cylinder to the total mass that would im-
pinge if they were not deflec ted. If a constant
moss flux is assumed, this can be represented

ttROpTRAJEcT oR~~S~~~~~~~~~~~~~~~~~

in terms of the linear measures S and U, so
that E = S/D (Stollabr ~ s and Hearty 1967).

STREAMLINES
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Figure 14. Icing efficiency, i.e. the fraction of water droplets
that could s trike a cy linder if not deflected and which will
freeze on the surface, as related to air temperature and diame-
ter of cy linder. Small cylinders, below 3 In. in these experi-
mental results, will form ice exceeding the original diameter
of the cylinder when temperatures ore low enough (Stallabrass
and Hearty 1967).

This shows the sizes of droplets that will in pas. t on a Wind speed influences not only the collection ef-
cyl inder at a given wind speed. ficiency but also the freezing fraction. Wi th increasing

Not all the droplets striking the obs tacle , whether wind speed the icing efficiency (or capture coefficient
supercooled or not, will freeze and be retained on the as it is called in the Russian literature) increases to a
obstacle. Stallabrass and Hearty (1967) define an maximum and then drops off gradually. The trend,
“icing efficiency ” as the product of the collection plotted from Russian observations and shown in
eff iciency and the freezing fract ion. They conducted Figure 1 5, results not from a reduction in the collection
ice accumulation tests in an icing wind tunnel and efficiency but from change in the freezing fraction. (In
measured a one-hour average icing efficiency. Their fac t, as is evident from Figure 11 , collection efficiency
results, some of which are shown in Figure 14, graphi- E approaches 1 as K increases , and K is a linearly in-
cally depict the great influences of cylinder diameter creasing function of wind speed.) ist low wind speeds
a,’d temperature upon ice accretion. (Test conditions nearly all the droplets which collide with the surface
were: air speed 50 mile/h, air temperature between will freeze because the heat of fusion can be dissipated
—16° and -5°C, wa ter conce ntration 3.2 g/m3 , and to the surroundings. As more an d more droplets strike
median droplet diameter 200 ~lm.) the surface with increasing wind speed, however,-the
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flqure 15. Dependence of ic ing efficiency (or capture coefficient) on
ss~’nd speed for various liquid water contents is (Glukhov 1971), where
1 ) i s = a 1 2_ Q 1 6 g / m 3 , 2) w O.1 7_ Q2 1 q/ m ’t , 3) w 0, 22_ 026
q/m ~~.

he.s t iii tusion LJnn,)t he dissipated rapidly enough . Stal labr ass (1970) insest igated a num her of method’,
Some droplets will remain in the liquid state and flow ol reducing ac cr e t ion  of ice on shi ps, I he methods
to t he outer surface , there to be entrained by the air utilized , in order of their deicing cf fect is ’ness or Case

flow and carried away - of ice ri-mova l , were :

- Pncum,sttc deicer
2. Freezing point depressant (ethylene gly c l ) l )

CONTROL METHODS 3, Rubber-surfaced plastic foam on ‘,tet ’) pane l
4 , Gray deck paint on wooden panel

No c imp letel~ e f f e c t ive methods of ice accretion S . Spar ‘,i ;riish on wooden panel
co ntro l 1) 1 i’nloval have been found , Mechanical 6, Bare polyethylene foam on steel panel
impaction) met hods arc the most common techniques , 7 , Black rust-preventive paint on ‘,ti’eI p ane l

hut es.pi’ rlnients h ivu been conducted on heated sur- 8, Gray dec k paint on steel panel ,
f a ~~’s , icephohic surfaces , deformable surfaces , and The tests were made in an i c ing wind tunnel and ‘n
treci ing point depressants. Also , no device for Un- outdoor (land) test sites , and were ver~ qua l i tat iv i - . In
equis ical remote measurement of ice accumu lation .iddition , a pol’,ethv lenc-s hcathed parallel fi lament rope
rate is avai lable , though some techni ques are available was compare d with a steel cable for ci’ a ccre t io n and re-
for suc h measurements under experimental conditions, moval. Because of the lower torsional s t i f fness  of the
In cr itical areas , where no ice accumulation can be rope , it tended to twist during the icing event and to
accepted , or where accumulation beyond a certain accrete around the entire circumference , in cont ast t i

point may lead to catastrophic f.i i)ure , active control the steel cable which presented a constant face to the
met hods must be used, Application of heat is the most airborne droplets and therefore built up as~’mmetr ic a lJs .
dependable hut not necessarily the most convenient , Little dif ference was noted in the case of remosal of
practicable , or cost-effective method , because irregu lar iC1~ from the polyethy lene-sheathed rope compared to
surfaces , surfaces exposed to very high heat losses, and the steel cable , because of the encapsulation of the
extensive areas all present problems. Therefore , heating pl,Istic.
can he considered for use onJy in certain areas. The 4- x 3-ft pneumatic deicer worked e f fe c t tveL ’~

Methods of removal of ice accumulations reported when attached to both a 1 -ft -diam cylindrical fo rm
in the literature are conventional : t-’’seball bats, sledge simulating a mast and when spread flat on a panel.
hammers , axes, hammers , picks , and other impact According to Bates (1973), Santomell 990.CR (an
instruments are frequent ly mentioned as the only tools organic freezing point depressant manufactur ed h~
availab le, but icephobic coatings and heated surfaces Monsanto Co.) was used very eff cctive l~ on the USCGC
have been exper imented with . By itself , an icephobic Burton Island to keep the fligh t deck , turnbuckles ,
or low-energy surface may be insufficient to reduce ice shackles , and lines clear of ice.
accumulat ion.
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An item in a popular Russian publication (Soviet 5. Storm rails should be fastened.
Life 1975) reports that their scientists have suggested 6. Grating should be removed from scuppers , and
the use of an anti-icing “shirt ” for protection against all objects that might prevent water drainage from the
ship icing, and that tests have proved the effectiveness deck should be moved,
of the method, It is quite likely that this is merely 7. The ship should be made as waterti ght as possible.
a flexible plastic sheeting covering portions of the 8. If freeboard is high enough, all empty bottom
superstructure. tanks containing ballast piping can be f illed with sea-

Ice and snow accumulation on power line towers water.
in Norway has been reduced by enclosing monolithic 9. Reliable two-way radio communication should
concrete structures as we ll as open-lattice steel towers be established either with a shore station or another
with sheets of solid, corrugated plastic. This technique ship.
may he applicable to ocean installations.

Since sea spray is the principal source of icing, re-
duction of the suppl y of spray from breaking waves MEASUREMENT OF ICING RATE
is an obvious control strategy. Wave damping would
be required for the maximum distance that a droplet Laboratory measurement of icing rates has generally
would travel . Large ( 1 to 3.5-mm) droplets generated been accomplished by inserting a cylinder into the
by wave impaction , rat her than spray whipped off droplet stream and per iodically weighing it. This
breaking swell waves , are of primary concern. Droplet method has been adapted by Japanese investigators
size of the fatter averages 200pm (Wu 1973 ). during ship observations in three variations: continuous
Borisenkov and Panov (1972 ) state that the flight weighing of a suspended rod by an electrical sensor,
time of droplets generated by a ship plowing into periodic removal and weighing of the rod or a similar
waves is 1 .3-1.4 s unt il impact on the ship. Since this cylinder , and the collection of brine in cups placed be-
presumably is the forward part of the ship, tota l low vertical rods for analysis of chlorinity and inclusion
flight time until the drop reaches the sea again is rea- of brine. Sea spray flux has been measured by the
sonably estimated as 6 s. In a 30-rn/s wind , a drop Japanese by focating rolls of to ilet tissue at various
would travel 180 m. A small droplet , 200 pm and be- points on the ship, then periodically replacing and
low , wou ld travel a much longer distance. It is not weighing them.
likely that it would be economical to install wave The Rosemount ice detector , an automatic continu-
damping for such a large area. ous-recording device (Rosemount Engineering Company,

Deflection of drop lets from a trajectory that wi ll Minneapolis, Minnesota ) was developed initially for
carry them to a surface to be protected may be poss ible. measurements on aircraft , but has been adapted for
This may be accomplished by an air curtain , or by detection and measurement of land structure icing. Dc-
another surface whose shape can be given opt imum tection is based on the change in resonant frequency of
aerodynamic desi gn or which may be permitted to a small vibrating rod in the droplet stream. Sensitivity
accumulate ice. This approach is exper imental and re- can be selected to initiate a deicing cycle when ice
quires design for specif ic conditions. growth has reached a predetermined mass; the number

Heated water is used for flushing decks and other of deicing cycles is a measure of accumulation rate. It
surfaces for ice removal. However , large quantities of has been tested in the rigorous climate on Mt. Washing-
sea water even slightly above the freezing point can be ton, New Hampshire , and performed satisfactor ily
used for removal or protection if cooling due to wind under principally rime ice conditions (Ackley et af.
is not excessive and if proper drainage is provided to 1973). It has not been tested in a maritime environ-
prevent ponding. ment, as far as is known.

DeAngelis (1974) presents a list of suggestions for A concept for an icing rate meter for the measure-
reducing ice hazards to ships that originated in a ment of sea spray is proposed, based upon a design
Russian proposal to IMCO. The suggestions are: suggested by R.T. Atkins * of CRRE L. This would con-

1. The ship should be headed toward warm water sist of either a sphere or cylinder mounted on a thin
or protected coastal areas. support to which a strain gauge is attached. The sphere

2. All f ishing gear , barre ls , and deck gear should be or cylinder would be covered with an inflatable skin.
placed below deck or fastened to the deck as low as In an exposed environment , ice would form on the skin
possible.

3. Cargo booms should be lowered and fastened. • Personal communication , R.T. Atkins , Chief , Technical
4. Deck machinery and boats should be covered. Services Dlvi ~ion , CRR I . L , 1915.
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and iF’ .tdi led liiad sc iuld he interpreted in terms ii) ice necessary for icing and because a change in wind speed
th it j kri~- s~ -\ser.ige wi nd speed for short periods could and direction generally occurs and weakens wave action.
be obta ine d f rom integration of the signal from an 10 . The presence of a cold trough at the 850-mb
,icct ’lc ’ r i i mcter , ii f rom me.isuremcnt of the offset iii level , w ith temperatures at — I 8”(. and falling , is strong
t he signal f rom the stra in gauge mounted on the sup. indication of potentia l icing conditions at sea level .
p i t  arm . Pci idic deic ing of the meter would he 11 . No completel y ef fect ive methods of control of
.icciimp fi s hed (is inf lat i ng the skin to break off the ice ,iccre t ion have been dc’vc -loped , an d brute force
,icci imu lati irn . (baseball bats , sledge hammers) is freqtientl y the only

available technique , F xpcrime nts have been conducted
wit h heated , icephobic , an d dcl iirmable surfaces and

CONCLUSIONS AND RECOMMENDATIONS with freezing point depres sants , hut additional field
exper iments and dcvelopmi itaf work are necessary,

the most ci,mmnn cause of icing at sea is sea 12. Nii e f f e c t i s e  ice rat. .’ meter suitable for use
pias generated pr imaril~ by was e impaction on the under all condit ions is is. fable;  dese lopment is recom-
s l ruci urc - , and ic d lesser ex tent  by droplets sheared mended,
from brea king w .isi-s . Ot her causes of icing include 13. Insuff c it ’nt information is available in the
f rec ’ ’ing rain , s~i iwfa ll , an d fog. l i terature to provide a good estimate of water drop let

2 Icing id slow.miiving ships in the ocean does not flux as a function of height and wind speed. An ob-
i~er is ’ca l l~ begin unti l the air temperature drops to sc .rvationa l program on fixed ocean installations is
—3 ( . In general , icing severi ty increases as air tempera- recommended .
ture decrease s and wind increases.

3. Icing sc -s eri t v is not strongly related to sea water
t - m pe rat urc . and icing has been reported at water SE LE CTED BIBLIOGRAPHY
temperatures around 6~
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AP PENDIX A. M A PS OF I CI NG OCCU R RENC E AND RA TE

// ~~~~ ~~A //f i~ ~

~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~ 
P~~ tic Ocewi

Fiqure A 1. Locations of reported ship icing in the North Pacific Ocean
and the Far East (Borisenkov and Partov 1972,) .

Figure A 2. Probability (In per- Figure A 3. ProbabIlity (in per .
cen tage) of meteorological con- centage) of meteorological con-
ditions conducive to the de- ditions conducive to the de-
velopment of spray Icing ve/opment of dangerous spray
(combination of (~ ~ 0°C and Icing (combination of ta ~ 0°C
V .. 8 mIs) in Septe~riber (—) and V> >  15 mis) In September
and October (— - —), from (—) and October (-. - -), from
Koloso va (1972). Kolosova (1972).
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Figure A 9. ProbabIlity of occurrence of supercooled fog (%) by month (Guttman 1971).
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APPENDIX 8. DATA FOR COMPUTIN(; SHIP ICIN(; RATES

1~~hIe BI . Eff e t uv e heal of fusion (ial g) of fresh-water and sea ice (Borisenkov and Pchelko 1972).

I , ,___ _ _ _ __ ,  - ~ L~~..i1’itL~ __________________

( ( - (3 S 10 7 c 20 2~ 
4/ ) / 5

— ‘ 2 S ’ s I ’S ~
— .1 S I ’ . ’ ‘4 O i l  ~8 S  4 / 4 6  41, 4 / ,  2~ .28 14. 19 3 . 11
— 4 1 . 1 . 1 4  7 4 5 , ’ ) . / .  ‘ 4 ”  5 8 . 4 2  60 . 70 4 / . 07  36 .44 30 .92
— S s , ‘ 77  ~‘ 72 . 68 ~ 7 . 17 4 , 21+1 S8 14 S8 , 3 2 48. 51
— 5 4~ 1 4 .  51’ 1,’ 7 7 . 1 3 7 1 ,83 70 . 5-4 6 7 2  + 63 ,94 60 ,63
—10 S i m m ’  8 ’ ‘i ,’ ‘S 12 7 6 . 3 1  7 3 ,5 I 7(1.70 67 ,89 65 ,08
— I S  S - 5 /+~ 04 s2 .8~ 80 .66 78. 46 7i , .2~ 74 .05 71 . 84
— 2 ) )  5 14  Ii 11 - ‘ S m .  5~ 2 /  S I . (1 s1 o4 80 .85 7’) . Ot 77 .28
— 2 4  ‘~ I 2 1  6 ’ M l  ss - 12 8 f I , ’19 86 . 60 6-4 13 82.09 81 .25

~2 S ‘12 22 91 .2 /  ‘4 0 . 1 3 8 / .1)/, 87 ‘1/) 86.90 85 .8 1 84 .72
—30 ‘ S I  I ‘ 4 ’  ‘4 4 ‘ 4 )  09 92. 24 9 1 . 1” ‘40 .5 0 89. 6 4  88.76

Table 811 . E ffective heat capacity (cal/g °C) of fresh.water ice and sea ice at various tempe ratures
and sal ini t ies (Boris enkov and Pche lko 1972) .

‘s//IPii t I  
_______ ______

I ( , 0 5 10 1 5 20 , ‘~

— I 0. 02 20 . 3 7 3  40 ,245 60 .11 5
— 2 0.50 1 5.646 l0 .7’)2 15 .938 21 .084 2b ,22 ’ ~ 4 1 . 4 7 4  46 . 5 9
— 3 0,499 2 .83 7 5. 176 6 .513 9 .892 12 .19 1 14 .540 16 .868
— 6 0 .495 1 , 337 2 .176 3 .02 1 3.862 4 . 704 5 . 4 + - I 6 .388
— 8 0 .490 0 . 80! 1 . 11 3 1 .424 1 . 7 .36 2. 047 2 . 3 6 7  2. 670
—10 41 .484 , 0 .679 0.87 1 1 .064 .2 57 1. 450 1 , 642 1 . 83 5

—15 0.477  0.572  0.665 0.760 0.895 0 .948 1 ,04 1 1.138
— 20 0.468 0.538 0.609 0.679 0. 7 50 0.820 0.890 0.960
—23 0,4 63 “ 7 3 3  1 .003 1 .27 3 1 .5 4 5  1 ,816  2. 087 2 . 158
—25 0.459 . 5 51 0.643 0.735 0.826 0.919 1 .010 1.10!
—30 0. 450 0 . 469 0.488 0.507 0 .526 0.545 0.563 0.981

_ _ _ _ _  _ _ _ _  a



Table BIll. Heat capacity ( of fresh and sea water (cal/g °C) at standard atmosp heric pressure as a
function of temperature and salinity (Borisenkov and Pchelko 1972).

_ _ _ _ _  
m

——-~~~~~~~~_ _ _

- 0 5 10 16 20 25 .40 35 40

3 1 .003 0.995 0.987 0 .980 0 .972 0,90 5 0.959 0 .96 2  0.945
2 1. 005 0,9’) ’,’ 0.988 0.980 0 . 973 0 .969 3.998 0 .952 0 .94 9
I 1 ,00s, 0 ,997 0.989 0.98 1 0.97 3 0 , 965 0,958 0 .9 52  0.945
0 1 .00 7 0 .998 0.989 0.981 0.973 0.965 0.958 0.952 0.945

—l 0.97 3 0.965 0 .958 0.951 0 .945
—2 0 .951  0.945

Table BIV . Temperature of 2 4.mm water drop as a function of air temperature and flight time
(Borisenkov and Pche lko 1972 , Panov 1972).

/ ligh t
u rns- of
irm ~p f , ’~ - lii’ te tml pm ’r r j t ure (°c,)

(s) () -2 “ ‘I — ( 0 — / 5  —20 —30

0InItial water temperature —1.7
1 — 1 , 42 —1 . 75 — 2 . 2 -3 —3.07 — 3 .89 — 3 .72 — 6 . 37
2 —1 . 19 —1 . 7’) —2.70 —4 .21 — 5.72 — 8.2 3 —10 .25
3 —0.99 — 1 .81 — 3 . 08 —6 . 4 + 1  — 7 .25 — 9.33 —1 3.50
-l —0 ,83 — 1 ./IS —3 .39 —5 .96 — 8 . 5 2  — 1 1 .09 —1 6 .22
5 —0 .69 — 4 .88 — 3 .66 — 6 6 2  — 9 , 79 — 1 2 .55 — 1 7 , 48

4 0  —0 .28 — 4 . 9 9  —- 1 .-If , —8 .63 —12 .81 —16 .98 — 23 .35

Initial water temperature 00

I 0 —0 . 3 1 —0 . 78 — 4 .5 6 — 2. /4  — 3 .12 — 4 ,68
2 0 —0 .58 — 4 .44 —2 .88 — 4 . 32 — 9 , 7 6 — 8.64
3 0 —0.80 —2 .00 —3 .99 — 5 .98 — 7 .98 — 1 1 .97
4 0 -.0 .98 - 2 l i  — 4 . 97 — 7 , 39 — 9 .86 — 1 .1 . 79
5 0 —1. 15 — 2 , 81 — 6 ./ 3  — 8 , 59 — 1 4 .4 6 — 1 7 . 19

4 0 0 —I + —4 .08 —8 , 4 7  — 4 2 . 29 — I s ,  + 3  —24 .51

Initial water temp erature 2
0

1 1 .69 1 . ‘ S 0. 9 4  0. 1 3  — 0.65 — .44 — 2 .09
2 4 .42 0 .86 —0 .02 — 4 .46 — 2 . ’1+I — 4 , 34 — 7 ,22
3 1.20 0.40 —0 . 79 — 2. 19 — -4 :8 — 6. 78 — 1 0 . 77
4 1. 04 —0 .04 — 1 .4 9 — 3 . 92 — 6 .38 — 8.85 — 1 3 .78
5 0 .89 —0 .29 — 2. 11  —4 .88 — 7.74 —1 0 ,61 —l o S - I

40  (1, 37 — 1 .27 — / 7 2  —7 .80 — 1 4 .89 — 1 5.9 7 — 24 . 4 3
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t able By . Temperature of 1-mm water drop as a function of air temperature and flight time
(Panov 1972) .

/ ) i qfrmt
1 , py I , ’ , mt
,.f ” ’l ’~ I ‘lit ls ’ f f l J ’m ,uture ( ‘ C)

‘ ‘1 0 — 2 —~~ —10 — 15 —20 — 3 0

Initial water temperature _ 1.7°
— L68 — 4 . 70 —1 ,73 — 1 .78 —1. 8 + — 1 .88 — 1 .98

2 — 4 .66 — 1. 7 1  — 4 . 8 0 — 4 , 95 — 2 . 10 — 2 . 2 5  —2 ,55
+ — 4 .6 3 — 1 . 7 1  — I t s  + — 2 .0 .3 —2 .22 —2 .41 —2 .28

-1 —1 .60 — 1 . 72 — 1 . 89 — 2 ( 5  —2 .47 — 2.76 —3 .34
5 —1 .68 — 1 . 12 — 1 . 92 —2 .26 —2. 60 — 2 .94 —3 .62
0 — ( .46 — 1 . 1 —2. 4 6 —2 .87 —3.55 —4 .24 —5 .63

Initial water temperature 00

0 —0 .02 —0 . 05 — 0.4 0  —0 .15 —0 .20 —0 .30
2 0 —0 .06 —0 .15 -.0.30 —(lAS —0.60 —0 .90
3 0 —0, 08 —0,19 —0 .39 —0 .58 —0 .78 —1 .4 7

4 0 —0. 12 —0 .29 —0 .68 —0 .8 7 —1 . 4 6  — 4 .74
0 —0. 14 —0 .34 —0 .68 —1 .02 — 4 .36 — 2.04

1 0 0 —0 .28 —0. 69 —1 .39 —2.08 —2 .78 —4 . 4 7

Initial water temperature 2°
1 1 . 38 1 .96 1 .93 1 .88 1.83 1 .76 1 .68
2 3 .94 9 .88 9 .79 1 .64 1 .49 1 .34 1.04
3 1 .92 1.84 4 ,7 3  1 .5 3  1 .34 1 .14 0.75
1 1 .88 1 .7 7 1 59 1 .30 1 .01 0.72 0.14

5 1 ,86 1. 73 4 . 52  1 .18 0.84 0.50 —0 .4 8
4 0  1 .72 1.44  1 .08 0.33 —0.36 —1 .06 —2 .45

Table BV I. Saturated water vapor pressure above water (mbar) , from Bori senkov and Pchelko (1972).

1~ (1 I ” 2° .4 ” 4 ’ 5’ 6° 7” —_5’ ‘1

— 3 0 0.51 1) 46 0.42 0.38 0.35 0.31 0.28 0.26 0.23 0.21
— 20 1.25 1 .15 1 .06 0.96 0.88 0 .81 0.74 0.6 7 0.61 0.56
—10 2.86 2.64 2.44 2.25 2.08 1 .91 4 .76 1.62 1. 49 1.37

0 6 . 4 1  5.68 5.27 4 .90 4 .55 4 ,2 1 3.91 3 .62 3. 35 3. 10

Table BV II. Saturated water vapor pressure abo ve ice (mbar), from Boris enkov and Pche lko (1972) .

1/)
( “C) 0° 1” 2’ 3

0 
4

0 
5

0 60 0’ 8° 9”

0 6. 11 9 ,62 5. 17 4 .76 4 .37 4 .02 3.68 3 . 38 3.10 2.84
—10 2.60 2 .38 2 .4 7  1 .96 1 .81 1 .65 1.5 1 1 . 37 1. 25 1. 14
—20 4 . 08 0.94 0.85 0.77 0.70 0.63 0.5 7 0.52 0.47 0.42
—30 0.38 0.34 0,31 0.28 0.25 0.22 0.20 0.18 0.16 0.14
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f ’iqure I,’!. I/eat transfer oi l / i c  ic ’ii t of i.~ ’ /j , i dr/c al struc tures on 517/ps ’ i ’s

apparc ’,; t i n )  speed (Hori.senkov and I’chelko / 972). / hi’ structure diame-
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/ igu re 82. Amount of ii 5’ (q, /:) e,.hich unay /0(1?? on a 1- ,,i I/ut
surfac e durinq ship ic ing under the I i i / / o winq o,o/, toms : / — 1,
/ ( , I j ! )~ S = V O i’, i )O , L ,~~~Q. ( i — ’)q . 7, L 1 ( iT ,”, (.~ =0. 9 0—
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I i  f
‘2 8 4  , . 4  1 ) 4 ,

8 

o~ 
_____

:~~~: 6 2 0 24 28 +2 3 40
U, wind speed (m/s)

figure 83. Amount of /ce (g/ h) which may form on a I-c m 2 flat
surfac e during siiip ic ing under the follo wing conditions: Ta — T1 =
2’ ( , 1’~ = 1~ S 15 °/ ~~, 

L , ‘) 5 .0, L 1 = 646 700, C~ 0. 7—
/8.0, Cs,, = 0.98 (Borisenkov et a!. 1971).

~ 

~~~~~ l2 IO~ ThOI~ ~~$~~~~~2!~ ~~ 
~~

-

U, wind ipeed (rn/c)

f igure 84 . Amount ol ice (g/ h) which may form on a 1-cm 2 surfac e
ot a I cm-d/am cylinder during ship Icing under the fol lowing con-
ditions: f

~ 
= _/~7 C S 34 0/oo L, = 4.0, L 3 601 — 700, C,~ =0.6 — 36. 5, C~ 0.96 (Borisenkov et al. 1971).
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Figure B5. Amount of /ce (gilt) which may form on a 1-cm 2 f/at surface
daring ship icing under the follo wing conditions: T

~ 
= — 1. 7°C, 5 = 34 o/oo

L 1 “‘ 4.0, L 4 601 — 700, C~ Cr 0. 6 ~36. 5, C~ “Q96 (Borisenkov et al.
1971).
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Figure 86. Amount of ice (g/h) which may form on a 1-cm 2 flat
surface during sb/p icIng under the following conditions: Ti,, =

!.7°C, S=34 °/00, L,=4.0, L = 6 0 1  — 700, Ct =1 .0_ 36.S,
Cr 

~ , 96 (Borlsenkov et ci. 1971).
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Figure 87. A mount of /ce (g/ h) which may form on a 1-cm 2 flat sur-
fac e during ship icing under the following conditions: T~ 

= 1.7°c,
S =34 °/00, L,=4. 0, L I = 601 _ 686, C~ =~L 0_ 3 6 .S, C~~~a96
(Borisenkov et al. 1971).
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llqure 88. Amount of Ice (g/h) which may form on a 1-cm 2 flat sur-
face during ship Icing under the following conditions: f i,~ 

2°C,
Cr 34 0

/os , 1., 4.0, L Cr 601 — 700, C~ = 0.6 — 36. 5, Ci,,, Cr 0.96
(Rorisenkov et ci. 1971).
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1- igure 89, Amount of iii ’ (g/h ) who h ma form on a 1-c m 2 surfac e
of a 1-crn-diam cy linder during ship n ing under the follo wing condo
(ions: ! ,,,, ‘~2” (., 5 6~~

° i , ,  i , _ 4 0 . l. 6 0 1_ 70 0 , I~~~0 .6—
36. 5, = 0.96 (Borisenkoi’ e ul . /97) .
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AP PENDIX C. ESTI MATION OF ICE ACCUMU LA TION

An ocean structure can be divided into three lofle5 Case 2. We wil l compare this value with the pre-
based on the SO UtCC of water that will result in icing. dicted accumulation rate on a flat surface , all other con-
/one I is the wave ione that extends to the maximum ditions remaining the same.
height of waves. No ice will remain on surfaces in this Use Figure 85. Intersection of the ordinates is nearly
tone because of flushing action of water across them, on 5 g/cm 2 hr ~ 10 lb/ft 2 hr , or less than half the small
Zone 2 is the spray zone that extends to a height of cylinder 7ccretion rate .
about 50 ft above the peak wave crest. Ice in this zone As water source temperature rises , accretion rate de-
w ill result from the spray generated by waves impact- creases.
ing against solid objects in the water , or from spray Case 3. Sea water temperature 2°C = 35.6° F
picked up from wave crests. Zone 3 , extending above Accreting surface: flat
the spray zone , is the region w here only atmospheric Water source: sea spray (34 0/00 sal in i ty) .

sources of water can reach , e.g. wet snow, freezing rain , Use Fi gure B8, Using conditions of cases 1 and 2,
or supercooled fogs. I = 4 .5 g/cm 2 hr Cr 9 lb/ft 2 hr .

Case 4 . Sea water temperatu re 2°C = 35.6° F
Accreting surface: small cylinder (1 cm diam)

Zone 1: Wave zone Water source: sea spray (34 0/oo salinity ).
Use Figure 89, Using conditions of cases 1 arid 2,

In open water , no ice accumu lation occurs other I = 10 g/cm 2 hr ~ 20 lb/ft 2 hr .
than a collar above the fluctuating high water level. Case 5. Water source: fresh

Accreting surface: flat.
Use Figure 82. Under same conditions as previously

Zone 2: Spray zone stated , I = 0.06 g/cm 2 hr 0.12 lb/ ft 2 hr.
IMCO has specified a standard allowance for ice accurnu-

The graphs re lating ice growth to wind speed and lation on fishing vessels: all exposed horizontal surfaces
air temperature will be used. These were derived such as decks and gangways arc assumed to carry an ice
theoretically by the Russians and applied to practical load of 30 kg/ rn2 (6.14 lh/ft 2 )  and the projected verti .
icing situations with reportedly good correlation (as cal area above the waterline (sail area) is assumed to
hi gh asr = 0.97). However , design values obtained car ry an ice load of 15 kg/rn2 (3.07 lb/ ft 2 ). This cor-
from these data .ire subject to verification, particularly responds to a thickness of 1 .4 in. (3.5 cm) for the deck
since conditions of type of ship or other structure , load and half that for the vertica l load, These values
wind and wave direct ions, and accret ing surface form , are very low for many expected icing events , and are
attitude , and type wi ll all bear heavily on icing in fact exceeded 71% of the time in the Bering Sea and
rate. rhis approach is intended as a first step in ob- 60% in the Sea of Japan and the Sea of Okhots k, ac-
t.aining design information , cording to Russian experience , and 80% of the time by

Case 1. Accreting surface: small cylinder (1 cm German vessels. Japanese researchers recommend de-
diam) sign loads of 50 kg/rn2 (10.2 lb/It 2 ) for both deck and

Water source: sea spray (34 0/00 salinity) sail area (Tabata et al. 1963).
Wa ter temperature: 29°F
Wind speed: 24 kt ~ 12 m/s
Air temperature: 10°F — 12 °( Zone 3: Atmosp her ic zone

Use Figure 84. Entering wind speed on abscissa and
air temperature on left ordinate, intersection is on In a maritime climate similar to the Gulf of Alaska
curved line 11 g/cm 2 hr , or 22 lb/ft 2 hr. or the North Sea, icing intensity can be expected to be
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more severe than in a continental location such as the
Moscow region from which the icing data as a function
of height were obtained. The general relationsh ip of
rime ice and mixture accumulation shown in Figure 7
will likely hold true regardless of location. Therefore ,
doubling the measured values at the 25-rn height is
recommended, giving a thickness of about 4 cm in
diameter and a mass of 320 g/m. It is questionable
whether the extreme glaze accumulation of 4-6 in.
( 10-1 5 cm) reported in Great Britain in 1940 would
occur offshore; the vertica l thermal gradient over
water is less extreme than over land, and thus the con-
ditions for development of supercooled rain and for
a cold accumulat ing surface are less likely. A thick-
ness of 5 cm, however , can reasonably be expected.
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