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The purpose of thls study was to examlne several

’ ’

5 phy51ca1 phenomenona appllcable to the modelllng of marlne

i;,Spreadlng andnfree21ng of drops on cold dry surfaces.

. % n

- 1ce acdretlons. Of particular 1nterest were the effects of
. the water loss assoc1ated w1th the splashing of drOps on a,.

Twet accretlon and the 1nfluence of sallnltw, surface

v .

'4ftemperatnre, drop dlameter and fmpact veloc1ty on: the

~ .

\

L[freeZLng of large drops was undertaken. The 1nvest1gatlon

*
utillzed large fresh and .saltwater drops wltp dlameters

‘;ranging from 1.1 to 2 4 mmy 1mpact1ng7at 4.0 to 4.8 m/s on
[;ﬂcopper,v_stalnless .steel, : glass, plex1glass ‘and 'viCe_.

,jsurfaoes malntalned at -10 and ezéqc.“ RN F;.

‘ To study the effect of water loss, resultlng from the

_splashing of drops on a wet accretlon, ‘a computer model

)

‘was uSed to look at the mechanlcs of droplet motxon, in

’

Aipartlc%;ar the' trajectorles f the small droplets

| generated by the splashlng. The primary purpose was_ to.

_‘the splashlng phenomenon, :

4'quantify »the mass (1 e. dr plets) that can be permanently

1ost frpm the surface of a wet accretlon as a result of

. :

L S . R

- \- <
¢

In order to examlne"lthe latter phenomenon, ‘an
{‘experlmental 1nvé\§1qat10n' of the 1mpact spreadlng d.1
P T

N
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INTRODUCTION
e

(T C.

: ":;;lunackgroundzInformation. o - _: R ': o .

\

W1th the recent upsw1ng Jins offshore adt1v1ties in

-ﬁnorthern waters haS‘.come an increased empha51s on tj:
ri

vmarlne 1c1ng " phenomenon. The accretlon.of,'ice on’'ma

structures (1.e,_' sh;ps ‘andg drillihg,,”rigs)n produces.z"

_;ncreased 'static' and _wind, -generated‘”loads e onhcthe :

'Structures,.'that-:can' result ‘in potentlally hazardous

situations. The prlmary concérns are the 1nstab111ty of“ =

floating Structures and thér p0551b111ty of structural
damage to statlonary and floatlng structures?wb“

The most dangerous and prlmary cause of marine ice"

- accretlons is the freef&ng of the sea_spray generated by,'

'1mpact1ng waves. 0ver a perlod of several days durlng a

storm 1n 1979, the semi- submer51b1e drllllng r1g ‘Ocean

Bounty accumu ated an estlmated 500 tons of ice (Mlnsk~

-—

‘ "1984) Althou h thls 1oad d1d not damage the structure, it

was potentlavly hazardous and 1t became necessary.tor’

.jettlson dr 111ng mud as a precautlon ‘to maintain’

Stablllty.:

' small Dutc , tanker, “Anna Broere” whlch ran aground near

“Cape Rozew e (Poland)q in the southern Baltic Sea January

1, 1979.7

late 1 1 1llustrates the ice accumulation on a»'\



N
" PLATE 1.1

" PLATE 1.2

"Anna Brogre", which ran aground near, Cape - -

fIce”ace'"flation on a small Dutch Tanker, the

'Rozewie’ Q oland southern. Baltic sea), 3an 1,
_1979 Photo' Paul Zakrzewskl._“ : '

RemOVal of ice accretion from ‘a Shlp u51ng a

wooden hammer.,
5

~¥
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‘l of particular 1nterest to the marine 101ng phenomenon*

g has been ‘the development of marine ici g "models“ that can
: be used to predict or forecast ice _accretion rates for a;

';givén- set'} of meteorological a cretion' and physicali

S
structures by predicting the mass of accreted ice, which
1n turn is needed to determine any 1ncreased static and/or

“wind—generated loads. The operator of a marine structure

'couldxx also use’ the models to -forecast' potentially

'hazardous »conditions, , and take preventive action tf

‘,,'p0551b1e. The marine 1c1ng models currently available have

V-3

vbeen developed primarily from two different perspectives,__

those based,' observations (1 e. empirical) and those

¢

that are analytical 1n nature, although the distinction 1s

not always clear.

_ . \\ S ‘ , _ i
. T e N . . ) . . A
. . v . A . - .

.3 cal Mod

L 3

"parametErs. Such- models could aid 1n the de51gn of marine o

Nof Hertins'dk(lQGB)' ‘developed = a "series of marine_v

forecasting nomograms to forecast ice-accretion rates on -’

i ships in the North Atlantic.. Thesé nomograms. were

developed through‘comparison_ of environmental parameters

w1th ship< 1cing reports and included the effect of the

-,most important env1ronm/ﬂtal factors, namely i air

’temperature, w1nd speed and .sea= temperature. Wise ‘and

nComiskey (1980) ‘and Comiskey et. al (1984) develpped

xnomoqrams, based on Mertins' original work, to, forecast

L4



-’///iéin; process._ The baSic algorithm involves determiningff

-

superstructure 1c1ng ‘in Alaskan Uaters. Pease and Comiskey'M35'

*waters,A also developed marine nomograms to forecast the

‘most severe cases of marine 1cxﬁga K

eThe-major 'shortcoming of “these empirical models, is -

that since they are based onv spec1f1c‘ 101ng ¢data,'

4

' generalization 'to‘ | -fferent» marine’ structures andh:"
“meteorological conditions\has met with limited‘success.'As

| ' : -
-well,; t the ma)ority of thglobservations correspond to. the

icing-rof-f-shlps, primarily smaller'ﬁ,glpsels"and the

- applicability ‘fto large stationary:>structures (e qg.

drilling platforms) is not obv1ous. As’a result 1ncreased-

ra
[N

emphasig has been placed on the development of analytical

LI

i models which ideally could be used “to. Apredict’ ice

accretion mass and pds51b1e shape, for arbitrarily shaped

accretion vsurfaces and a w1de range of env1ronmenta1'
. hd T _

'conditiohs,-

. o P

Analytical models attempt to model‘the physics of the

f‘.the mass flux that is accreted (1 e.-collision efficiency)l

‘and_how .much of the accreted; mass freezes Cor if it all -

S

 freezes, the‘accretion surface'temperature via the steady

.

3state heat balance at surface of the accretion. The
€

'lcollision efficiency is defined as. the fractional mass 1n

9

. a swept out‘volume that.is accreted on arsurface.v

¢

~

~ [

i__(1985), u51ng data from Shlp 1c1ng 1nc1dents in Alaskan~~-._

Lt
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Horjen, . et. al. /(1984), Stallabrass | (1980) and*?
:ﬁpxachurin, et._al. (1574)"have' all developed analytical e
'marine.3}c1ng"quel. using 'the‘ same "basic" algorithm,_ f
.although “the details‘iof their ﬁormulatlons ‘are ‘somewhat
vdifferenﬁrl"Previously; : analytical . models have' been-
[ 'developed that predict the accumulation of ice under i
l_ "atmospherlc" icing- »conditions;v In developing . these
.anaﬁﬁticali models the g:authorsi must make‘ simplifying
-fassumptions  to: keep vithe ffmodels;..praotical;r ?hesef"'t
51mp11fy1ng aSsumptions are .generally, derived from‘anv
.7understand1ng of ‘the ba51c phy51cs of the_appropriate

accretion process. : R K

- ‘ Since the. ba31c phy51cs 'of the ma ine.icing. rocess
are "presently not well understood the authors take a
§F§@ "black box" approach 1gnor1ng the details : of the

~k1nematic and thermodynamic processes of the single drops -

-~

‘in terms of the overall accretion process Although it
might be p0551ble to develop “a-marine ic1ng algorithm
' along the same lines as an atmospheric -ic1ng model thei
- conditions typically 'associated with the marine icing |
-situation would prevent the use -of the simplifing ot
fl assumptions based on atmospheric‘ icing conditions. The
- major differences between\ marine and atmospheric ic%ng
conditions?are large drops-generally not in}'kinematic or
'thermodynamic eQU1liprium with .-the nair,s intermittent-

periods of no icinq and .salinity. In order to improve

,'.analytical marine icing models, the modellers must develop



v

e

T, .

. 'a better understandingrofi the.baSic physics'othhe marine

'g‘

-

ice ‘accretion process..

The present 1nvestﬁ ation was undertaken in order to“

! :r" -

examine some of the bas1c physmcs of .the marine 1ce

- . ~

accretio process, with particular interest‘ in the
spreadini\.and free21ng of 1arge saline drops on cold dry
surfaces and the splashing of drops on a liquid layer.
Towards thisb end an experimental 1nvest1gation was under
taken. to- determine t‘p .importance'of salinity, surface
temperature, drop size -and velocity‘ on~the spreading of

single drops on cold dry surfaces. In addition the effecti

of heat transfer and free21ng.,on this spreading processv

k was'valso; 'examined, Of , primary' 1mportance was the -

1,«relationship between _the. spreading and freezingaof the

single'drops~to the overall marine'ice accretion,process.’i-c
A further analytical 1nvest1gation was undertaken'in )
order to examine the kinematics of the sﬁiashing process

ip relationship to the splashing' of drops on a liquid.

surface in a wet accretion. ~Plate 1. 3'i11ustrates the .

."splash" produced when a 2.4 mm diameter drop 1mpacts with

.

| a velocity of 4 8 m/s (Vim) on a layer of water‘XThe',

primary purpose of this 1nvest1gation was to quantify the
mass loss a55001ated with/fthe splashing of drops- on a
"wet" (i.e. partially unfrozen) accretion, gypical Qf thes

marine icing situation. o :i?.



R
. - o

=
)
\

7 -
‘o
3
- ~
-
3 .
v .,
.
bl
&v
o
.

[ . oo

_PLATE 1.3 A photograph of the small drops "shed" from
' ' the crown of water as a result of the -

splashing of a 2.4 mm diameter’ drop on a
:layer of water (Vim = 4.8 m/s)

,, \5 / e
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APPARATU [EST PROCEDURES -

3
®

In order . to examlne. the spreading,and freeilhg 6:

\

large, drops on cold dry sﬁrfaces, an experimental set-up

was developed ‘to malntaln the surface temperature and

”record thev.spreadlng process., This- was accompllshed_
; .through; the -use- of high speed photographlc and V1deo-

4«teChmi§ues' which effectively 'slowed" the motlon of the

;ipreadlng drop Addltlonal tests were also performed to

LY
C determ1ne the.“free21nqﬂ%age" of the drops.

. e | d o0
The -majorgty of the experlmental tests were. conductedv
:1n a Foster refrlgerated cold room. The cold room is one

. of three cold rooms located in the Mechanmcal Englneerlng

-~ =

-Bulldlng at the Universxty of Alberta. The cold room has a
floor area. of 4 m2. and an 1nter1or helght of 2. 15 meters.z
‘l_The forced air coollng unlt is capable of malntalnlng the v
temperature 1n the cold room between -5 and -23 + 1%c.

”'Flgure .2Q1 is ia schematic of the equipment and -
hexperimental' set-up locate§ im thls 'cold room. “The ma}or
‘components of the set-up aééwan.diop . source ‘(31ngle dropl
generator), the drop %&mrng Télcumt ‘a 35 mm Nikon camera.
;; ggﬁrce’ was used to produce'
single drops, ranglng from fml to 2 4 mm 1n di

and a strobotac. The-

eter. A

detailed descrlption of the-drop source’_can in

5_\_‘ . - ' ‘D



FIGURE 2.1

‘Ij?t)Fi 536‘Jrf:§{
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Osc1lloscope"
for ,
Rlignment

% phpte
&  Detector : 2// o
N N L

t Del‘y

- (/ - Trtgger"3j‘v
~— “Drop §Eh§oﬁ“f> o
. . \ .

Schematic of the cold room set-up and -
equipment used.in the photographlng of’
spreadlng drops on. cold surfaces.
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R 1mpact1ng o

Ry

T

A:_,( o
R AT
, from the drop sogrce. The electr1cal s1gnal from the Photo .

VoL

2

Sectlon

below the drop source; was a Laser (Hughes Model 3221H’C)

' ‘2 3. The drops fell a total of 168 5 cm beforer

Uy

p the cold test surfaces. Located 70 cm (Hl) )

and a Photo Detector.' The Photo Detector was used to a

detect the drops at the 1nstant they had fallen the 70 cm'p

Detector could then be used in- the drop tlmlng c1rcu1t to"’:”

N

determ;ne the tlme_ requlred for the' drop to fall theﬂ'ff~

Y

;taddltlonal 98.5,cm~ (HZ) In order to record the spreadlng .

of;;the'dropsQa 35 ~Thin 51ngle lens. reflex camera complete\H

f-with'a'.ss ﬁm‘macrd‘ lens and .a 68 mm exten51on tube was?

' :be.fdetermlned.;.through_.the 81ze (dlameter)‘.and the,,v

_ratlo of“1.24.. Located dlrectly oppos1te the camera was a.

®

focused 'bn the 1mpact surface. ThlS comblnatlon of thel

lens and exten51on tube produces an 1magé t‘ subject s1ze‘ ‘

-

llght dlffuser (Lexan Sheet)‘ and . a General Radlo Tgpe

1531A strobotac (nght source) The photo detector outputv' '

\ .

’ was used to 1n1t1ate a) t1m1ng c1rcu1t whlch caused a

51ngle flash of llght to be emlttedsfrom the strobotac.:‘

The duratlon of the flash was on the 'order of several
. . [

~ microseconds. AR B

. “" .‘. ‘. g m - ‘~ N
‘One of the main. thrusts of the% experiiiental study was

1.toi’ determlne ‘if} salinlty produced any' significant"'

dlfferences, 1n terms of ‘the. spreadlng and free21ng of _‘

water drops on cold dry surfaces. Thls dlfference was to;

."._:'

oy e e e RS



'“:con51sts of 'relatlvely large _ drops up ) 'several S
i,millimeters-{-in. dlameter - method f , producxng L
':consistently - 51zed b’"s;ngle" drops wlth predictable

' 2;2.; DrOQ ngeration»“ o

-~ T —

this study were the drops representatlve of the sea spray'

3lgenerated by wave ‘1mpacts.' ThlS sea spray generally

-

pexperlmental results cou1d~‘be‘ obtained ‘The: requ1red~

SR

'method shall be referred to as Drop Generatlon.t

_:'-Besides'”theafneed' for"repeatable drop sxzes, ~the'

photodraphic f techniques vfenployed' . in . this study

nece551tated two add1t10na1 drop productlon requirements.

, 'production, hadﬁlto"be no‘,greaterv than approxlmately‘I

-approprlate tlmes requlred for the drops to spread and k

f-freeze on- the cold dry surfaces. of partlcular interest inv'fe

‘ trajectorles: had to be developed before: any meaningful’

”Flrst, the drops had to fall w1th a controllable andﬁ

«consistent itra]ectory‘ and. second, ' therlrate of drop~

'drop/second These requ1rements were based strlctly on. thef'

need to obtaln’ detalled photographs of 51ngle drops as

-

'{they,'spread on a cold, dry. surface. The consistent'

Ttrajectories- ensured that-.thepdrops fell:on ‘the. impact
-7jof the ‘camera.a The maximum drop productlon rate\Qf 1

| 'v,*signals or equlvalently, multiple film exposures.

:surface,”at‘the,position corresponding'to-the focal = point

, drop/sec was needed to prevent multlple photo detectori

The problems assoc1ated w1th producing repeatable drop*’

- RN v - . . . y
. . A Lo .
Coel . . .



12
:f= dlameters have been 1nvest1gated for many years As early.

. as 1882 Raylelgh used- vibratlons to break up 'a jet: of_

i ;llquld 1nto a stream of regularly spaced drops (Magarvey_'i"

/

‘”}3and Taylor, 1956) To meet a11 of the spec1al drop

”~1productlon requlrements of thrs present study, severalf

"Tf drop - productlonv methods were . 1nvest1gated before'va'-vf”

suitable-method was found.

‘ g.z 2 Hethods of Drop Production 14‘ : f“l'* e

Y

Inltlally, water was allowed to flow through a’ small

gstalnlesscsteel ‘tube: w1th lnner and outer dl-»g'

‘} 0. 69 and - 1 07 mm, respectlvely Thls method
:-produced drops 2. 55 mm in dlameter. The theory behlnd thls
method of drop productlon 1s that the drop wlll grow. at
-3the tlp of ‘the tube until’ 1ts welght is great enough to';__
hlovercome the surface ten51on forces, "adherlng" the drop”
to_thé_-tlp. Lane (1946);showedj that tow;obtaln 3,170 mm”
fedlameter drop requlres a tubehwith 'an outer dlameter‘ of

0. 02 ‘mm. From a practlcal p01nt of v1ew, itv iS“notV

hposslble to construct and" successfully use a Qfoz mm tube'

to. produce 1 0 ‘mm drops." | ‘“;'-‘

'gSeveral- authorsb (Lane, 1946, Reil'and,ﬁallett 1969,
Samuels»and Sparks, 1973 and Cheng . and Cross,o19753 haye,
K shown that 1t 1s p0551b1e to obtaln unlformly 51zed drops,g

by allowlng a concentrlc stream of a1r to "blow" suspended
)
"drops from the tip of a hypodermlc needle (Flgure 2 2),

_ Changes 1n the a1r.flow veloc1ty and the flow rate of the
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1.6571.208 -
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1HIGH

VOLTAGE |

| SOURCE

FIGURE 2f2

 2.64,8.33

2.35/8.18

- . ) . D
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’ 0

Dropplng T1p used in conjunctlon with a’ high

.voltage source .to produce a range of single,
‘uniformly sized water drops- (all dimensions
are 1n millxmeters)‘ % S

2
o

outer'D\nner_w

1.87/8.69 . '
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dropping liquid vary the size 'and frequency of dropb

production. However, the range of drop Sizes is limited by

‘the tube or tip diameterr

.14

In order to efféctively decreage'the diameter of the.p

steel tubes were "telescoped“ ‘down to the final smallest;

tip diameter (Figure 2. 2), This telescoping deSign served.7r

-r_ hypodermic needle' (dropping tlp),v a series of. stainleSS»'

Aseveral useful purposes. ,First »the .smallest diameter ,'”.

{ .

"‘proVides an’ upper limit for the drop size (no airflow to

' Single tube with the smallest-diameter, the telescoping.-‘

" blow the drop from tlp-) As  well, Ain °°mpar15°“ t° a

reduces the reSistance to the flow of water through the °

tip and prov1des greater rigidity to the dropping tip.

 An actual working model of the concentric air deVice;

f(Figure 2.3 ) was constructed and testing showed it wasf'

"capabie _of produCing drops ranging from 0.5 to 2 5 mm in

'diameter uSing the tip spec1fied in Figure 2. 2‘, The major'

£

: drawbacks g of thev1 deVice included | the difficulties L

‘assoc1ated w1th produCing repeatable drop tra]ectories and S

dcontrolling drop production fregyenCies. .Both of<these

N difficulties had to. be ~overcome to ensure the succesS'of'

'this study Further work on the deVice by others Samuels N

2

'and Sparks (1973) and» Cheng.and Cross_(1975),-indicated

-rthatr'pulsing: the,‘air',fiow‘,couldi,help ;alleviatej'the{

; trajectory-problems.dAlthough.itamayAhave been possible to

modify the concentric air deVice,‘the complications and A

sophistication could not be - justified for this study. It .

k%
! ]
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vas therefore deteqmﬁned that-7an' aIternatea'methodfbe L

\'\4

":H”employed to produce the 51ngle drops. .

°

71‘6-"'

Several other dev1¢es. were: 1nvestigatedzﬂbefore_ a’

':sultable drop produc1ng dev1ce ‘was chooSen;f one such . .

fdevxce 1s that descrlbeﬁ by Magarvey and. Taylor (1956) andﬁ i_:

~Wolf (1961), 1n whlch a v1brat1ng reed 1s used to break up~«x"

-;thls method are: generally very -smalll(»<1_mm)wand are

prbduced at ‘a rate much too'large to be‘successfuliy'used

LA

R a jet of f1u1d 1nto smaller drops‘ The drops produced bylﬂ

vln thls study Abbott and Cannon (1272) and later Cannon*fﬂ

‘A~and'Grotewoldb (1980) clalmed to be - able to produce small

dropS'one7at a tlme, ranglng in d;ameter'frOm'A to ;3bfgm ,

-aands6'pm‘to'1 mm 'respectively;,using-the wire eggression y

;_"principle.p 51mp1y put the w1re_" égre551on pr1nc1p1e;'

-

llnvolves pulllng a flne wire from the menlscus of a fluld'

fllm at rest The w1re draws a "stream" of fluld from the'

<

'jsurface whlch breaks ‘off and contracts '1nto a drop

3

However, the complex1ty of thls d§v1ce made it 1mpract1ca1-v

.for use in thls study

| 2.2.3 nig VQltago D;op Production Methog

. The method finally choosen to produce the de51red

range of drop 51zes uses the electrostatlc force between a

X :
o charged drop and a fixed ground to "pull" the drops from

[‘the dropplng t1p Raghupathy and Sample (1970) and Ahlre—

pand Kamra (1984) have 1nvest1gated the productlon of drops

u51ng hlgh voltage sources and Russo, Wlthnerl and Hleftje‘vv

i ;
[ON
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17

~(1981) uSed the method ‘suCCeSSfully'to iproduce isolated‘

’ n’“drops for use. 1n the study of atomlzation in flames.vt

‘The: ba51c set-up for the method 1s shown 1n Figure 2. 2

‘and 1nvolves charging the drops by applylng a hiﬁh voltage f

potentlal to the dropplng t1p ‘ A ground plate, with a

f,centered hole, 1s placed at flxed distance below the tip

Thef dropplng 11qu1d being p051t1vely : charged is‘i

"attracted" to the grounded plate. If the water in the tip

- were uncharged : the water would flow hrom the tip and a .

:drop woﬂ&d grow on the tip until ‘the -welght of the drop
L]

was large enough to overcome the surfaZi ten51on force. If

however, the drop is now charged by ome known voltage,

t'the ‘"Coulomb" attractlon wlll prevent the drop - froﬁ*

. “.. }
growing to' its maximum ‘size. Figure 2. 4 shows the drbp

diameter as a function of applied voltage: for the
S _ app] age . .

'7particular'set;up shown in'Figuregz;z. lt is of interest -

'to-note that\once the charged drop’has been‘produced it

is p0551b1e to vary its tra)ectory by allowlng the drop to

Ly

jpass through an electric field applled between twoe'7

"parallel' plates;- HOwever, for this study the resulting

’:_drop trajectories produced by the high\\gltage system were

repeatable and ‘did not require the_»application ‘of an

electric field._ The' minimum'Asize‘of~single'discernible"

| drops that can be produced by the high voltade system is a.

function 7‘of 'the dropplng | tip and grounded plate

dimenslons, as well as tip to plate spacing. In thei

Yo

E particularb set-up used for this study «FiQUre 2. 2), the

. \
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.t:°"raﬁge of drop dlameters obtainable was 1 1 to 2.4 mm ;f'i

-

4fﬁ;§j£?, 3.3 Igpact surfaees

i Inr order to ‘en 1T

A . 2 .
; dlfferentv 1mpact surfaces*were

&

solld surﬁace,_

.l the applled voltage ls 1ncreased beyond that required to
l produce ghe smallest drops, the drop production mode'w
. changes from a "drlpplng" 'mode (sxngle drops) to a .

“spraylng" mode, in whlch numerous randomly 51zed and very,[ﬁ

.‘\a varlatlon in the heat transfer_

. and sgreadlng proce:L ﬁggf'a drop 1mpact1ng on a cold dry:-

hchOSenuv v Thesef ‘fhcluded copper, : stalnless ”steele

-

‘ plex1glass 1ce and glass These materlals would provide a

large range of thermal propertles (Tahle -2;1) and--some
-3 . :
' varlatlon 1n 9urface roughnéss.

' The surfaceqvqf the copper. plates was. prepared-by

TR pollshlng wlth 0 05 pm gamma® alumlna gr1t The‘maximum_‘

vsurface roughness 1 0 pm and centerllne average (CLA)’

roughness 0.1 pm, were measured uslng ‘a Talysurf Sur ce

ASA 846- 1955 tstandard ) The glassz ple!lglass and\f

o stalnless steel plates were utllized wlth thelr origlnally

- R ] . —
o manufactured surfaces 1ntact. The glass and plexiglals

,surfaces ‘were assummed to be smooth and were replaced if

any surface flaws appeared. The surface of the stainless

Measurlng Instrument (The CLA measurement 1s based on the

steel platds was protected by removable plastic film. The'

v "protected surface was used vfor_all of,the experimentai

-
A B @
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.TABLE 2. 1 Phy51ca1 Propertles o{ Impact Surface

(g

Materials and Water.

P

c - Spec1f1c

Xk - Thermal

¢

o [ATEPCN U
| surface _ | Density<2 Heat Capac1ty Conductivity |
‘Material T A
» : ~(kg/m?)y | - <J/1sg-_°C) ~ (W/m°t)
| copperl 8941 , 385 . 339
-ASTM B152 - : S - =
Ice? 890 2106 2.44 .
» Sfafﬁlessl 8027 ) 502 159
Steel=-304 '.' : L -
Plexiglass? 1190 " 1465  0.376
waterd - S B o
- Distilled -1000 4218 -0.552:
\Salﬁ 1025 4070 - 0.552
1 Metals Handbook Amerlcan Soc1ety for Hetals
-2 Pruppacher and Klett (1978)
3 Johnson’s IndustrLaI Plastics
-4

Mark's Standard Handbook for Mécﬂanlcal Englneers



i{teststggd had max1mum and centerline roughnesses of 2.5 pm

and 0. 5 pm, respectively The ice surfaces were efeparedl

21

to ensure a high density ice substrate and a smooth impact

surface. ‘this was accomplished by slowly free21ng samplesj

of warm- distilled water and choos1ng only the samples with : |

Y

iminlmal quantities of trapped air., The surfaces of thew‘

e

samples wére further prepared by melting them on a clean

h'hotplate befbre\refree21ng.

-

‘The temperature of.-the§ surfaces was jmonitored'byrf

thermocouples .impIantedr flush ‘with og justfrngnow the‘h

surface. Since the method'of implanting:the thermocouples

N

]intrbduéed a local roughness to the impact ‘surface..the .

2

t .
drops were, not allowed. to 'impact -at the thermocouple -

. \l>
~location during «any spreading tests. The impact plates

-(surfacés) vere held in place by a small vise mounted on a

sol'd. base. ‘The angle of the i;pact surface could be
fr

va ied 15°

h the horizontal posxtion” by pivoting the.

v:'jaws o] the vise.

In order to - examine the 1nfluence of salinity on;the'
freezing “and spreading of water drops as they impact’o

| cold dry 'surfaces, -it was, necessary that apCohsistentf

-

Salinity salt water be .available. %or this reason a

-

synthetic, seawater mix _under the brand name Rila Marinef

Mix was choosen to produce, the_.required salt water

u X oo : -

samples. The 1mixA:has"the vadvantageg of'vproviding_ a -



- reproduced Ay

: spec1f1c grav1ty ranqlng from 1. 020 to 1 025.~ j

-

chemlcally deflned medlum whlch can -be consistently‘

P

produced from the 7Rila Marlne‘Mlx can~be-found ‘1n Table

2 2 The mlx should produce a sample w1th a'sallnlty Close
’ '."

A

The sag

hemlcal ana1y51s of the. samplesr,”'

to that -of seawater (34 325 g/kg,v Assur, 1960) and a-‘

4;-e solutlon 1s prgpéred by addlng 39. 943 grams '7'

‘ of the dry%y11a Marlne Hlx to each llter of dlstllledf-

: A
water. The- sbmple was allowed to 51t * a closed plastlc

9

contalner l‘for a week to ensure all the 'salts were

dlssolvedFd The sample used for this study had a specific
. o

. gravity of 1.023 and a sallnlty of 33 g/kg ' urikoy,,

=

©-1.895 to #l}9179C/ depending on the choice of the-

N\

(1974) showed that. hased on the above salinft“

-

correspondlng 'free21ng p01nt-'depress1on may vary /from

isemi-empiriéal ~ formulation. VFor_ this study a value of

-

| 41;99C.waseused. S C -

o

v lo ity and Tempe ature'v

s mentloned previousl)q\ the large drops’ 1n<5sea Spray,_ '

may not be in thermodynamlc or k1nemat1c equlllbrlum wlth;

“the surroundlng air. In terms of modelling-lce accretions _

under these conditlons, it is necessary to calculate the'

' drop temperature and veloc1ty ‘at the 1nstant that the

: drops -impact ,with -an . 1cing ' surface.~ Slmilarly, the

- temperature and impact velocity of the test drops must .be

determinedv to_ epsure .con51stency of the ’experlmental

.

#
J
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TABLE 2.2

1416, of RILA ¥ARINE MIX when
).'lll produce a solution havin

‘.

P " ’ .
. S \ .
- : . : .

from the Rila synthetlc seawater mlx
V(Sal1n1ty = 33 + 0.6 g/kg)

e

o

RILA P R.-O'DU'CT'S =

23

'."ryplcal analy51s of the salt water prod\_xced

P. 0. BOX 114.

S+ YEANECE N.'L 07666

<

-

4

-701/836-08_55 .

dlsEsolvm in 3 gallons oi‘ tap hater
s the rbllouins typical analysiss

. P 5“00 ml S .EH__.

a” F1913 19130
Nat 1046 10&65(:
7 260 2600

mgtt 126" . 1260
CaH : . bg ‘ I*9°
xt S | _vjla'ﬂ.a'” 348
| Tris Aaino TN a2 32
: Br-'zb' - SN 2;7 ’ 27
f5<.)35 | | .2 12 -
S 897 8.97.
sttt ) 350 3.5
Mot ; 050 W50
- e .00 , Wb
| B 020 .20
Fettt 1,010 0
cott 007 . .07 |
attt s 1003 .03
MoOy, " .002 .02,
Rb*. .0006 - I 4006
Lt N L0006 .006
bt o .0c01 £.001
Specitio Grnvityn ! '.&(gpprpx. 1.'025_ |
[Tt f 8.0 - 8.3
Solublllt)'l Y complete g



measurements. RE

The 1mpact veloc1ty refers to the veloc1ty at whlchl

.the drops' strlke the 1mpact surface. To determlne the

/

forces must be taken 1nto‘-account. rFor thls reason a'-

freely falllng waterj drop A detalled analysxs of the:,'

development of the program canabe found in Appendlx A. The_7"

,1:'dlstance are both measurable experlmental qpantltles, they

,lveloc1ty

'-;attractlon results in an “unknown" 1n1t1al ve1001ty

'4‘velocity of 1 9. m/s and the other wlthout any 1n1t1al

'ensure an accurate determlnatlon ‘of the drop S 1mpact

Flgure 2 5 is- a plot ‘of the drop veloclty as a

unctlon -of dlstance fallen (drop p051tlon), as calculated

, the "Veloc1ty , program G1ven that the 1n1t1al drop

]‘vel c1ty at the dropplng t1p is known, the 1mpact veloc1ty
:”can be readlly determlned However, for the smaller drops

'..produced by : the h1gh = voltage system, 7.the. coulomb

0”

7, Conslder two 1 1 mm drops,- one wlth an 1n1t1al

N

h

*Hveloc1ty of a water drop' falllng under the influence ofj

":_hgrav1ty,' the grav1tlonal force and the approprlate drag,l
'h "Veloc1ty“ program was developed utlllzlng experlmentally;

f'and analytlcally .obtalned expreSSLOns for-the ‘drag on a' o

_7program Was capable of determrnlng the "1nstantaneous",
o drop veloc1ty,'as a functlon of dlstance fallen or tlme,"?

3 by u51ng ,f stepw1se ‘1terat1ve scheme;u Slnce trme and °

"may be used 1n conjunctlon w1th the "Velocxty" program to'

l“
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"yveloc1tym As shown 1n Flgure 2 5 both drops would reach

-terminal veloc1ty (4 2 m/s) after falllng approx1mate1y 3

meters. However,'at the p051tlon of the 1mpact surfacep

'”-the drop veloc1t1es are 4. .0 and 3.9 m/s respectively ThiS'g"

56

}111ustrat§§_thg_need to account for the "unknown" 1n1t1a1'

»veloc1ty to ensure the correct 1mpact veloc1ty Thls was

iy_accomplished through the use of the. Drop T1m1ng Circults.

r

,2 s 2 Dr;p Timinq Circuits

The drop t1m1ng c1rcu1t consisting'of thevlaser‘.and -

rnphoto_detector,‘the time delay generator and the strobotac-

(Flgure 2 1),4 served two prlmary purposes. Flrst the

lc1rcu1t was" utilized:. in ‘the photographic technlque, as

"explalned :in-’ éection 2.6.1, to ‘control the: prec1se

ltrlggering of . the strobotac used to "freeze" a spreading

“as to cause the strobotac to flash at the prec1se moment.

~that the drop touches the 1mpact surface._

‘:fdrop s motlon. An approprlate "delay time" was-choosen 50"

Second the 01rcu1t prOV1ded the time for the drop to

_-fall the - dlstance‘ H2' (98 5 cm) ;as,"'illustrated _inf'

‘:f{Figure 2. 1 This tlme referred to as’ the "delay time“ was

’ p;used 1n conjunction w1th the "Veloc1ty" program to obtaln

g-the' 1mpact veloc1ty ‘of the drops produced by the high

“voltage system, whlch\\a\\ ;result of the electrostatic

]forée have an unknown 1n1t1al velocity. The first step in;ﬁ

LN

' the \procedure 1s .to ,.use the "Veloc1ty" program to

hvcalculate the posxtion ‘and corresponding velocity of at

A



-

. freely falling drop as a functuon of tlme. Slnce the drops f

: produced by the h;gh voltaqe’ system are""free falllng";

- durlng the»tlme that they travel the dlstance nz, Lt:is'

“51mply a matter of flndlng a calculated 1nterval from the R

-

",veloc1ty program, 1n whlch the drop travels 98 5 cm (HZ)’

’fln the measured ‘time delay Slnce the drops used 1n thlsfy,

{ study travel at less than termlnal veloclty the 'chosen.

1nterval is unlque and the endp01nt of the 1nterval glves"

~ the corresponding 1mpact veloc1ty Flgure 2. 6 shows the S

1mpact veloc1t1es for the 1 1, l 5 and ,2 4 mn. dlameter

"drops» uSed 1n thls study ' The 1mpact Lyelocltles> as

1nd1cated by the “1mpact p051t10n"‘ we;e*7h;§,74;4'and;

4. 8 m/s respectlvely

e
&)

In order to determlne thls\(aelay tlme" for the drops -

’produced by “the hlgh voltage source. the photo detector_”

%

';output Was channeled to a separate t1m1hg c1rcu1t (Flguref.'“r/

2. ) The 51gna1 from the photo detector starts the tlming-

”clrcult while a "sen51ng": plate, placed at the location o

of the 1mpact surface and respons1ve td\\\harged drops,.

hcycles 9f°.a' 1000 hz 51gnal the count represents theﬁﬁ‘

"delay time" dlrectly in milliSeconds; R ”'lf“‘.o :

*2 5.3 Drop;?emperatgr

v
PR

The temperature of the 1mpact1ng drop was obtained by

¢

equat1ng the change in the drop s 1nternal energy to the}iw

N ) )
Y .
N ot

" 'tstops the - c1rcu1t._Slnce the c1rcurf As "countlng"f the,

,cqnductive, radlant and mass. transfer modes aPPrODriate tolﬁq;,
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© PHOTO-SENSOR _

OUTPUT FLIE-FLOP -

~ QUTPUT FROM
~ DROP SENSING'
0 PLHTE,:’

START/STOP - +r 1+
SIGNARL] } N\ TESTING -

| piciTAL

', AL ). FREQUENCY
| COUNTER K

4 GENERATER.

CHLIBRHTE

.t ¢Ims]

" PIGURE he time
. _FIGURE 2.7 Drop timing c1rcuit used to determlne t
a - ',rqulred for the drop to fall the dlstance H2

o _as shown in Figure 2.1/
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| 30
- ’a freely falllng water drop (Auld 1980 and Pruppacher and»:

. Klett 1978) " To account for the fact that the drops_-”‘e"

mov1ng relatrbe to the alr, the 'drop temperature was )

calculated 51mu1taneously w1th ts_i veloclty 1n> thefi.'“

,.

- 1terat1ve "Veloc1ty" program.v The. approprlate equatlons

1n Appendlx B. Table 2 3 summarizes the drop temperature_

‘,.

Athe .dropl’temperature was -1n1t1a11y 1°C),v The tabieg

s and the development of the» 1terat1ve scheme can be foundj'

-at 1mpactf for 2 4 2.0, 1.5 and 1. 1 mm dlameter drops _

' falllng 1n elther room temperature (20°C) or -20°C ‘air

1llustrates that none of the drops used“in this -

experlmental study would be’ supercooled (<0°C) at the tlme..

- of 1mpact. o A>'£'~f .

= In order to determlne the temperature of 'the drops at_

the ,moment of 'contact w1th the 1mpact surfaces, 1t is

‘ requlred that the drop s 1n1t1al temperature upon leav1ng"

\'A the dropplng t1p be known. Thls temperature was obtalned -

by plac1ng thermocouple 1n51de the reserv01r whlch':'

supplled the drop productlon water near to the dropprnglp

- tip, ~‘aSh '111ustrated in Flgure 2. 8. The _reserv01r

7

circulation of a leCoi coollng.hath.' f

U

. 2.6 8Spreading Test Procedures

3,6 1 Photograpbic Technigu

As stated prev1ously the majorlty of the experlmental

o

ftempérature  was -.held‘ constant "byb ,theh contlnuous |



}TABLEjZ:J A comparlson of the drop temperature at 1mpact -
. ~ for drops falllng in the cold room or 1n room
temperature air. -

; Drop S o | - Drop Temperature1 at Impact
_Dlameter-"b S Td (° c) T g
. {Dg (mm) P Fallihg»ln Cold S Falllng at room
- .. - | - Room“ T, = =20°% . ‘temp. T, = 20%-
—_—e S
2.4 1.16 U 1.30
2.0 1.19 Ttz
1.5 1.16 T 2016 -
1.1 0.15 2,94 .
o~ /. \
1 Initial drop temperature_;'loc; )
2 Drops fall 0.5 m in room temperature airfbefpret]
falling an additional  1.185 m in the cold room.
o " y
- -\
\.
,-’, 6
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FIGURE 2 -8 Schematlé of the coollng reservolr used to
_ : control the in1t1al drop temperature
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:Jtests utillzed a 35 mm,51ngle lens reflex camera to record
:hthe spreading of drop on cold dry surfaces.. In order to:
'produce_a. "motion‘picture". llke-sequence 'of"phqtographsk
:: (Plate 2. 1) required' consi‘tently'isized .dropsf‘andb a}v
hmeasurable tlmé delay.- ' . _ o |
Thls method wag selected over hrgh speed photography
' for a number of reasons. One of the major pitfalls of high
speed photography is the p0551b111ty *that the event may

. notvbe captured on. the film. Whether-it ‘be lighting-or

A

33,

fbcus‘problems or 51mply the event occurring out51de the""

field of view of the camera Needless to’ say the results ’

'areb‘not-known until the »film has been developed. Another\_’

problem asSOciéted with ‘high-‘Speed photography is the
| (@aste'-ofva"large portioq of_thef,filmjwhile _the camera .

reaches its operating”speed

The  basic procedure used in  ‘this studyidwas to

'photograph a. sequence of drops hav1ng the same 1mpactk

.,

"Tve1001ty and diameter but - at different times during the

'“{spreading process. Note that for each of the times several

)

.lphotoid:phs were taken to ensure the repeatability of thev
rESults. Figure v 2. 1 shows a schematic of the set-up used -
to photograph ther 1mpact1ng drops. As 111ustrated in.the'_

"figure, a laser beam and a photo detector were. placed at a'b

-

i known dlstance (H2‘=‘98 5 cm) above the - impact surface.m'

’The photo detector was used to generate ‘an electrical
-'_31gnal when the drop félﬁ through the beam. The signal was_

r\/ .
» ‘used, in con]unction with the “time ,delay generator to
. - S : S : S ‘ B

. ) . : . . i v

pl

‘.."w
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 PLATE 2 1 Sequence of photographs 111ustrat1ng the \
. spread1ng of a 2.4 mm diameter water drop on
~a -20 oc. smooth glgss plate (V1m = 4.8 m/s)

S -
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produce a single“ishort (<.5.pS) duration flash/from the

strObotac; The t1me delay generator was capable ‘of

'delaying the 51gna1 (flash)-by l_pS to lOOvseconds.'.For

»the' flrst | drop in - the "mOvie-like" ) sequence, the

'approprlate time delay was the time requlred for the drop 3

to travel the dlstance H2. Once thls t1me was known,;ther'

'cold ‘room was darkened the camera’ S shutter opened and

relatlvely short flash and}captured on the film.' The drop

was ' removed from the ,surface ~and Ethe/ procedure was:

o . _
- repeated several times.

The subsequent drOps vere" photographed with" - a

' very tlme consumlng, d1d prove to have certaln advantages.

. The photographs were very detalled and sharp and could be

',used to obtain the spredﬂlng‘ sizes" and shapes of the4

1mpact1ng drops, as functlons ’of tlme;- The method also

| reduced the need’to process and sort the’ huge amounts of

anmera._f_ " *«.’

.- longer delay tlme, resultlng “in the

’ the motlon of the dro -'was effectlvely "stopped" by'the"

; ence " (Plate 2’1) This method“ althoUgh "

f11m and data that wonld be produced using a h1gh speedd-

)
PR

e s s

Dimen51ona1 : quantltles - were obtalned from the

i'photographs by 51mply 1nc1ud1ng a scale in the photograph.

- value of the drop dlameter to compare with . that calculated

‘The photographs were. also be used.to obtaln anvindependent'

r

from the .mass of 100 collected drops. ‘The comparlson' ;

',indicated that the twov methods agreed._tob within
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?PPrOﬁimatelY\Q%'With'respect.to_thevdropidiameters;

o y . v e

C g.s 2 High spee Video Techniqg o
e ' O .
portlon of this study, the use of a Kodak ngh Speed Vldeo

"Camera"', wasf made ' avallable by th Department of

'
-

Electrlcal Englneermng .The‘ camera- is one of only two |
e presently ’operatlng in- Canada The camera was capable of
| framlng rates ranglng from 60‘to 2000 frames/second In}‘
addltlon, 1t'was" p0581b1e to produce 6 1mages per frame
thus prov1d1ng a maximum equlvalent framlng rate of 12,000 -
g frames/second Thls corresponds “to 0 083 ms per 1mage
| maklng the v1deo 1deally su1ted to record the spread1ng of~
the drops con51dered in thls study. -? R

The pr1nc1ple behlnd the v1deotcamerafs operation is

“to record the"lmage u51ng ?'9?ia3
sensxtlve dlodes) ".The electroni‘~circﬁi€ry conyerts,ther.
1maqe' from*'the dlodES into. afygy'd" and whlte(%mage\
recorded on a video tape.' Tbe majbr Qdyan‘t efof the\high"
-'speed v1deo system ‘is 1ts ablllty t&u§i7m“d
the recorded sequence ' Thls ab1l12§:;i'l
apprec1ated by anyone who has worked w1th a hlgh spe!d.
camera. Other advantages of the hlgh speed v1deo system
are the capablllty of exp11c1tly displaylng the time
between frames and the' ease at whlch 11near measuremdﬂt‘.,7

can be obtalned from the images.'

After 'recordlng the sequence of interest the videp
' v : R . - . N
. _ T ' :

»
4

Part way. through the completlon of the- experlmentalyt’“



.38":_ o

'-Jtape could be s1mp1y rewound and v1ewed on a v1deo screen,_

'frame by frame (Plate 2 2) In addltlon to the redvrded_,-

: image, the .system overlayed an "1nformat1ve" frame around],_fh

fthe perlmeter of the 1mage. The frame prov1ded the framlngs*"‘

' “rate, the time of day and the date, the partlcular frame o

f’number ‘and jaf test 1dent1f1catlon number. As mentloned 2

preylously,' the 1mages ar% mSpresentatlve of a’ grld_of'-lﬁb.<“

. S A
'*;vertiCal ﬁCursors >could be superlmpos

C 4

j-pixels;v'Ast illustrated 1n_.Plate_‘2.3;;/haflzontal ~and_ v@_

il

'1limage;, The cursors. could be moved manually and thelr'

on - top of thefvj’

.p051t10q 1n terms of plxels dlsplayed 1n the "1nformat1ve"...[

'_frame. The 1nsertlon of a scale in the 1mage provxdes the_ -

‘conver51on to actual dlmen51ons. The 1mage on the screen.

can be transferred to ‘a’ standard v1deo recorder for future

. .
—

use.

The actual test procedure and equlpment was the same

"as;that descrxbed 1n 2 6.1 Photographlc Technlques w1th'

‘;the"exc1usion of the elaborate' tlmlng c1rcu1ts. An o

L B
_,addltlonal problem arose 51nce the tests had to be

¢
" ¢

vuperformed ln ther Electrlcal Englneerlng bulldlng w1thout
7 the a1d of a cold rocm._To accompllsh the freezlng of the

5;_drops on cold dry surfaces,,a portable cool1ng plate was

'\used._ The coollng plate consxsted of a: copper plate,-_ -
Ly 1nches square (15 cm) and 1/8 of an 1nch (0 3 cm) thlck.i'
Soldered to the bottom of the plate was a hellcally\wound‘

coil of 5/16 1nch (0 7 cm) coppkr tublng The entlre plate

.was enclosed 1n an 1nsulated box. The coollng was prov1ded"

. S . BRS
-‘ s . B . . .. . “. -



l_‘i PLATE\Z 2 " The image produced by the Kodak ‘high: speed‘
, _video system for.-a Z.4 mm. dlameter dlstilled
water drop spreadlng on-a: —10 C copper plate. -

PLATE 2.3 'An’ illustration ‘of the”“cursors used to
' ‘measure spreading drop dimensions: directly
from the Kodak high speed video 1mage.- 3

T



| ”'bath._ The temperatpre ofh the plate ‘was recorded by a:'i

";ldrops, separate tests were performed to quantlfy the tlme*»

2.7 gggsz:ns g;nsfmgsrﬂrﬁocsbugg o

40

fby c1rcu1at1ng glycol frdm a large temperature-controlledx

K -

'”vhath adjusted accordingly. Thk actual rmpact.plates were"

flcool to the test temperature.f_ o

In' addltlon to photographlng the

:required~ for the ISLngle drops freeze on the cold d

4 v

'_vsurfaces;' The tests were performed n_ the cold room:

"Hxspread and freeze on the 1mpact surface at the locatlon !'

-f,follows, to m1n1m1ze any affect on the spreadlng process./

'putlllzlng the portable coollng plate because 1t prov1ded“-

l'rbetter control of the 1mpact surfag% temperature. The'

ba51c procedure was to allow the 51ngle drops to 1mpacti:

fwhere a thermocouple was mounted flush w1th the surface.'

.. The surface mounted thermocouple was ,prepared as,

- First a smal}\ groove large enough ﬁo accommodate a/36gj

;gauge thermocouple wlre Was machlned 1nto the top of tgéfv
~1mpact surface. Then two hbles were drlllsd perpendgsnlarv_“
to the groove' through to the bottom of the pldt@ The_

'copper and constantan wlres were inserted th%gug thesew

5holes abefore belnq“butt§we1ded and epoxledé@hto positlon o

°

;spreadlng of the7¢n

”'5surface-mounted thermocouple and the temperature of. the’o o

f~p1aced directly on top of the cooling plate and allowed toalo

(i e. 1nto the grbove)} The plate w&sjpolished u51ng__dpx

d

‘0. 05 pm gamma aﬁumlna grlt to the surface roughness glven )

! 43
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'fj_f.rapld response tlme for the thermocouple.;ﬁ[7f

n ,35. oo : _hr .

, 1n Sectlon 2 3.. Ihls spec1al care was taken to ensure a

v

A’:<~_
¥

. A Hewlett Packard data acqulsitlon unlt (Fr§ure 2 9)

fwas used to record the thermocouple outputﬁ The data

l'»-‘};acqulsl.tlon was llmltEd t

_readlngs per second i;
. ; .
L C 2
. o i 7{ . I
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.. FREEZING DROP' ¢
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‘COOLING
PLATE

er—— "

SURFHCE MOUNTED
THERMOCOUPLE -
(IMPHCT SURFHCE)

 TEMP.

2

{HP 9008 |

» . . .
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. .

HP 3497A|
DATR :
|ACQ.

COMPUTER| '

'- T(I ME

~  FIGURE _,2‘.5 |

Schematlc of the’ Hewlett Packard data

'acqulsltlon system used in recording- the

impact surface temperature during the
free21ng of a drop on the surface.=
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-". oo
 PRESENTATION OF RESULTS

. [

- ;.1 Int;oductiog R 's, . L ﬂ?

&‘\ﬁ’

The purpose pf the experlmental portlon of‘this: study}"A

jwas to examlne the phy51ca1 processes that occurﬁburingﬂvv*’

: the 1mpact1ng, sggeadlng and free21ng of 51ng1e drops onJ

O

dfcold dry surface
" B v

~ These phy51cal prodesses 1nc1ude thef_.;c“

‘_heat flux to the '101ng surface, the v1scous d1551pationv-r"'

B durlng spreadlng, and the effects ‘of the surface tension'
vforces. Of partlcular 1nterest to the present study was
the determlnatlon the effects/of sallnlty, drop dlameter

"and veloc1ty, 1mpact surface temperature and roughness on'

: the spreadlng process. ThlS‘was accompllshed byvmeasuringfg

the 51ze of the spreadlng drop (1 e. spreading factor;

;Flgure 3. 1) "a functlon of tlme.' The ranges of-the"'

L:parameters were” choosen to correspond “to .a‘“typiCal"

-

"mar;ne '1c1ng .51tuat10n,, characterized by large saline_

o°°°* 5’

g:drOps,a. that are generally - not in therm

. klnematlc 'egulllbrlum w1th the surroundlng env1ronmentf
Z(Lozowskl and Gates, 1985).e
' ! -a. \ ‘

3.2, 1 s‘readin of Dro s on a_wa ﬁ'

w

Plate 3 1.,shows a' 2 55 T, distilled water_ fdrop

llmpactlng w1th a speed of 4. 23 m/s °on a smooth glass‘?;L

g surface. The 'sequence of 10 photographs illustrates theJT

~f:,spread1ng of the drop on the glass s@rface from the time'}if‘

1
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44‘-‘FIGURE 3.1 The deflnltlon of Spreadlng Factor (S F.) ‘H'”}

as. used to specxfy the s1ze of a spreadlng
drop. B oo , .

| S.F.=Dgs/Dg
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. PLATE 3LifPhdt6grap>”s-“Lquence 111ustrat1ng the .
' o ' spreadlng of a 2.55 mm. dlameter waterdrop- on
-room temperature glass surface (Vlm‘4 .23 m/s)
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"

. cold surface.»'

o 51ze- (S F

N

e

a7

1t 1mpacts untll the drop reaches 1ts max1mum' spread-out‘-

=) . —

L

_.\.

max) ‘Thus plate prov1des *an 111ustrated~jf

*perspectlve of the spreadlng process on a warm surface fpr,“

comparlson w1th the spreadlng and free21ng of a drop on a .

-
T ¢

f ;¢he" flrst ' phOtbgraph :in 'the‘-seguence'gshows‘ﬁthe

Pf

'A.“small portlon in contact Wlth the surface. Even at thlSv"

b\

'Lnltlally spherlcal drqp -an instant,(e,l}ﬁS)_before;itvz'
nlmpacts. on the surface. Just after'the EqropvinpactsVit“'

.remainsﬁ essentlally spherlcal Wlth the exceptlon of afd"'

1n1t1al stage of the spread;ng the drop has begun tov'

fspread radlally outward from the polnt of - 1mpaet.onvthe-‘,.:'

surface Thls 1%J111ustrated by the th1n "band“f "rin S8

'rof water Wlth ‘a c1rcumference sllghtly larger than thel

01rcumference of the sectlon of the drop 1n contact wlth

©  the. surface, ‘as v151b1e 1n the an photograph in the'
sequence..As the apex of the drop moves' clOSer to the

. L

'1mpact surface,,the drop beglns to flatten and deform as'

- ,sequence) At thlS p01nt there Jls a smooth tran51t10n
bptwpen the remalnlng portlon of the drop (1 e. .remalnlngh
N portlon -’of the 1n1t1all¥\ spherlcal“’,drop)‘ ahd:‘thej
c1rcumferent1al "ring"' ) . : L A

‘ %-The apex of~~the drop contlnues ‘to move toward the S

—
‘ r

’the c1rcumferent1al "rlng" enlarges (3rd photograph 1n/theilvr4

";surface whlle mass from the drop "flows" 1nto the "ring"

'“;ncrea51ng 1t’s 01rcumference.'As the spreadlng continues'

'\L

' 2

‘the leadlng edge of the. "ring" beglns to thicken as‘ﬁ;



4 f’photograph) At thls p01ﬁt the 1n1t1ally spher1ca1 "drop"f~v

-

o
L
»

._spread out*81ze referred to as S Fem

4 ' - o R .' ’ - <

illustrated in the Sth: p otograph 1n' the sequence. ThlS .

tlme the apex of the daop has compietely dlssappeared (7th_

is comp@;sed of what appears to be a "dlsk"_of water wlth

N
a. somewhat thlcker and bumpler c1rcumferent1al "rlng“

48

- TN
'lggokenlng of the lgadlng ge becomes well—deflned b? the

The "dlsk" contlnues to 1ncrease 1n d1ameter whlle the ,

1ead1ng edge.3(r1ng) uthlckens and the bumps or rlpples

"_ become_ more -evidentll‘:(Bth and ch photographs '1n the‘

N

‘edge corresponds: to ‘the formatlonjof“ a gravity wave. The.

L -

.dlsk 'contlnues .' ‘sé%ead until it;reaches its maximum

B the- 0th photograph 1n the sequence where the,drop has

’;reached S. F'max" the grav1ty'wave 1s vnow well-defrned in

the relatlvely thlck leadlng edge of the spread-out drop

' The shape of the spread -out drop 111ustrated 1n the

oth

~Sequence) Thls rlpply or wavy appearance of the leading.

ax: As 1llustrated in

photograph of. the sequence does not represent the _

f1na1 shape of «he dyop on a warm surface. As a'resultvof E

[ 4

%elng "sp~ead~out"' on the surface, the surface tension

forces. C\use the drop to "contract" and take orf- the shape”j

equ111br1um. The above descriptlon only holds true if the’

o~
\.

f7of'_a ’%omewhat. flattened "hemlsphere"b'of water, wrth a
_diameter of- approximately ﬁtwice,'its' 1n1t1a1 spherlcalm_n
| diameter‘. -~ This’ final shwe..f B is. obtalned ’When -the ;‘

gravztional potential .and su*face ten51on forces ‘are 1n'




L ]

£ Nty

f; _f°rm a grav1ty ¥ave. This gravaty wave 1s we

-i water “wets“ the surﬁace (i“e* thevCOntact anglef_is'IQSs

7than 90°5 aiiis the case wgth water on glass.

'process

For comparison;with”the spreading of a. drop pn a warm

Y

'f'diameter dlstllled w‘k r’drop on a -10°C glass surface.
f“The drop arriﬁbd at the surface with an 1mpact veloc1ty,of i
4. 23 m/s andga temperature' of 1°c ‘With the exception of "

'thel-ﬂﬁoc glass surface thep.conditions‘under ,whlch the

spreading occurs are identical to those used to.illustrate

R

o

comparison of these plates 1llustrates two of the .obv1ohs g

affects that free21ng (heat transfer) has on the spreading"

I

o . - ' .‘ R

49

"v;surface, Plate 3. T‘Qphaﬁs the spreading .of a 2.55 mm

'the spreading of a drop on a-warm'surface (Plate 3.1).. 8

On the warm surface, after the apex of the drop is “no_

& R

’1the time the drop reaches S F. x (10th photograph - Plate f:

: 3.1).; However ‘on -the cold Surfacg; although there arp«

e
)F . =] /, B fi

1nd1catlons ﬁhat the grav1ty wavg s beginning to wégﬂﬁlop
(7th photograph Plate 3. zlqgﬁv the time the drop reaches
S.F.p,

photograph, Plate 3.2)g w® L

Mlonger apparent (7th photograph Plate 3 1), the "ring" of-f'
_ water at theé leading edge of thg.spreading drop begins to

'-'?df?eflned byv- o

ax the grav1ty wave is no " 1onger apparent (ch 't

‘WTheasecomQ effect £ the freezing (i.e.- heat transfer)

S

on: the. spgeading Q;'ocess ;is.'obviousf from - the ‘”1othv -
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o v ER
~PLATEA3;2

Photographlc sequence 111ustxa§ﬁng g%e

W

+r6r8”

of a 2.55.mn dlamdte; waterdrop

‘spreadi
=4 23 m/s)

on a'-1o C gless surface (V4

[







. e s
ae

"j?photograph 1n Plate 3 2. ThlS photograph shows the flnal

:hlarger for the equlllbrlum ;shape (1

':;for the shape correspondlng to S F.

Zlce surface.

fhix;mfil eading Results

»oL

52

',shape of the drop ‘as a 'relatlvely flat layer of lce, 1nlp;f_

comparlson Wlth a drop on -a warm‘ surface where the -

equillbrlum . (1 e. - flnal) -'shape l.has"'aff somewhat-fﬁ

=

" "hemlspherlca;"f proflle.. However,p 1t (\k, the large'

s fdlffefence 1n the f1nal spread out 51ze (S.F. ) whlch 1s off

¢ °0~ . . ~

Sg::of the “rlng" ‘at’ the leadlng edge of the spreadlng drop 1s

Oth photograph) than

(oth

max

Plate 3.2) . Th;s_glves:the,frozen drop«avflat "donut" llke

appearance (i. e; 'a'dépression "in the—vcentral portion of

i"the spread out drop)

Plates 3 3 and 3. 4 show the ~final size and 'shape7of

s

0}

" however, the dlameter of the depress1on is smaller for the

I

For illustratrue' purposes - Flgure ;;.2‘ plots }the

f.spreadlng factor of _drops spreadlng on. a warm (>20°C)

. B Vs
S e
-

‘_;partlcular lmportance. It isn'also 1nterest1ng to note"'

_that for- the drop spreadlng on the cold surface the w1dth"

photograph L

2. 4 mm drops frozen on —20°C copper and 1ce surfaces after {
. impactlng on the surfaces at 4.8 m/s. Both Plates lndlcateg'ggy

hﬁthe depre551on 1n the center of the "donut" llke' shape,ff~-

’:.;qopper surface,.as a function of t;me, forilmpactv_Weber :



PLATE 3 3 Flnal size- and shape of 2 4 ‘mm dlameter_
" salt water. drops freezing aon’ a~-20 c.

’.' g copper surface (V1m = 4.8 m/s)

PLATE 3 4 Final ‘size and,sha‘e*of 2 4 mm diameter drops

freezing on -a =20% ics,surface (V1m=4 8 m/s).‘

i |‘
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S - I8
B Numbers .of 758, "398"and' 241b The Impact Weber Number R

‘J(We #) 1s deflned as 12 tlmes.xhe ratlo of the klnetic to

! - ‘L S “-‘3,:
- surface energy of the 1mpact1ng drop and is glven by'-*‘hb

i A

s
- where | S R ”: | .

'7a/w surface ten51on coeff1c1ent for a1r-water 1nterface

= 73 dyne/cm —’.073 nt/m
' jThe impadt'Weber Numbers‘of_758 398‘and 241 referrea
to 1n Flgure 3 2 repreSent ﬁf4- 1 5 and 1. 1 mm. dlameter'j“

dlstllled water drops 1mpact1ng at 4 8, 4 4 and 4, 0. m/s““

-~respect1vely A 51mp1e dlmen51ona1 analysxs suggests thatfily
ih the ;~spread1ng 'factor (Ds/Dd) a function of thefhir
rReynolds number' and Weber number Slnce, the Weber number - 5
vfrepresents the two most 1mportant components of the drop;rif
‘renergy, namely the klnetlc “and surface energy, whlch .‘e:*i;
‘of. partlcular 1mportance espec1a11y durlng the 1n1t1a1
'.:stages of spreadlng, the Impact‘Weber number was choosen
:to nondlme351onallze the 1mpact1ng drop gﬁrameters. In
addltlon due - to llmltatlons of the jexper%gfntal set-uﬁ‘
,,_'the"1 drop veloc1t1es were not .varled 1ndependently of. thef. 3
'drop dlameters. ‘The Weber number convennently allowed the
'u;;drop dlameter and the- correspondlng veloc1ty _to bebi
mrepresented by a 51ng1e non—dlmen51onal varlable.. 'y N '
- 'Figures 3 3 and 3.4 ‘are also plots of the spreadingsf'j

. factor,as a functlon of tlme, except that the spreading is fb
s R -"": o . .



' Spreading Factor =~ 7
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 FIGURE 3.3

40 60
Tlme (ms)

The effect of sallnlty on the spreadlng of.
2.4 mm dlameter waterdrops on a -20°¢ copper
'surface (V = 4. 8 m/s) ;
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B FIGURE 3 é The effect of. 1mpact surface temperature on

the spreading .of" 2.4 mm diameter: waterdrops
on a stalnless steel—surface (Vim‘4 8 m/s)
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P

'?3 3. 3 SDreadinq speed - Initial ”‘ e

~ X

ufocgurrlng on a cold surface. Flgure 3. 3 Shows the effect'
_ N | N
bof salmnlty on spreadlng of a 2 4 mm drop (V = LTB m/s)_.

:dn'a'ism°°th ‘2°°C COPper Surface, Whlle Flgure 3. 4 ‘shows =

*v the effect of the 1mpact surface temperature ( 10 -20°C):‘

on the" spreadlng of 2 4 mm dlameter water drops .on a cold"

R

. stalnless steel surface (V = 4 8 m/s)

3. 3. 2 SPreading Factor - Maximum “_~' .

T Table 3 1 summarlpes S. F'main and thehtihe reduired to

co= L ,9.».

:L.—20°C), We’ # (241 3983 and 751) and sallnlty (S 33 g/kg)

o testﬁand due to tlme 11m1tatlons were not repeated.,»'

-

: '&

4';reach S.F.max fqr drops spreadlng and freezihg*ohﬁcopper; .
i A .
'stalnless steelv and ice -surfacqﬁ . The table shows the_vf_

‘-eff‘e‘:t '°f the. lmpa‘ct ,Surfa"e | teniperature (zo -10 and-‘" :

"{onQ;Sff. ‘and the t1me‘ to S. F. '. The values 1n thlsi[‘gv

:h:tablélwere summarlzed from - 51ng1e v1deo or photognaphlc?f;“

~The 1n1t1a1 spreadlng speed (Vs) or radlal spread1ng ]

;

:bvelocity was sald to be the average radlal spreadlng speed-x

'wpfrom the tlme of 1mpact untll the tlme ts, where t is»

to move the dlstance equal to: 1ts 1n1t1a1 (spherical)

&

"1(;giohger_behapparenti(PlateuB;Ij"7th photograph ingseguence).

"equal to Dd/Vlm, the tlme requlred for- the 1mpact1ng drop'f

't;dlameter. Had the drop S. motlon not been 1mpeded by theg
1mpact w1th the solld surface t would correspond to the lff

‘ftlme at.whlch ;the apexﬁ of the 1mpact1ng drop would no-'
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tik<Table 3. 2 summarlzes the effect of sallnlty and 1mpact

‘ #.surface temperature on the 1n1t1al spreadlng rate of the
’;‘f, drops. The surface temperatures used for these tests were'
20 ,-10 and —20°C for the copper plates and —10 and- -20°C

‘”:'ffor the stalnless steel plates. The effect of We # (241

,‘..

:g;_’ 37B.and 751) on thls spreadlng rate is also 1llustrated 1n
o . .,l... ‘f,'_'k '.m“,,, L : ; .
"ithls table..yﬂf.,vﬁl.~

;-. & ‘élgures 3. 5 through 3 7 show the f1na1 51ze, 1n terms
';h'ﬁf of spreadlng factor, ‘as. a functgon of the .Impact Weber

number (non-dlmen51onal ratlo of 1nert1a1 to surface»

"f,t_e‘ns'__lon forces) ‘V Flna]z slze refers toi the spreadlng

B f;:’factor after théﬁ spreadlng and/or free21ng have been

{',t;' completed (1 e. equlllbrlum shape and 51ze) The flgures '
...c R ; D .
show S F: flnal for varﬁatlons 1n surfaCe temperature and
:#

4
¢ -

sallnlty (S -0 or§33 g/kg) for the drops spreadlng .djl"

S fre921ng on 1ce, copper and stalnless steel surfaces.-

“ 2 +

Flgure 3 5. shows the3 varlatlon : flngl 51ze for o
. P : _

'ﬁlmpact surface temperatures of - 410 and -2o°c as 4we11 as
pthe effect of sallnlty for”drops qwreadlng and free21ng on Ff“

‘Tﬂjan 1Ce layer. Flgures 3% *and 3.7 show the Varlatlon in:

: .,r .7 .
PN L N % 3

‘ ..S F f1nal under the 1same condltlons, except the drops are,fif

BRE Lfrozen on. ccpper and stalﬁiess steel surfaces. In Flgures;-;g

o . «.ﬁ
, _3 5 through 3 7 the alr temperature was the .samelfégthe

' '?jlmpact surface temperature, and the drops arrived at the
‘\‘f .-’_~:.~ o o o co -!

BRI o M . S e T UL G
3 - . L.



60

4

51

99T

S TLT

“ i p

©w |

<0
~

|7
1a

.

: ,omr
02—

ot-

| voe °s°s

T
L8°T

——

oL

.H..
et

X 6870

ceel
.mbwﬁ.
L TL°T

0
N

<D -
N

<0~
L.
N~

ez

0z-

0T-

oT- -

0z

oc¢

. w.,_.uﬂmmo0.

uﬁmm

N

omﬂﬂaumao

A3ro0taA.

(o)

I939werq

(2g) -
nawa

pmnﬂwmumzw

Coe

: : -3joeduy : : o R
: >uﬂoko> UUMQEH 1 S RO R EEUE Mo
\mumu mcﬁnmwunm Hnauﬂcn _ momav mo&mm:m -

v - (@WTp/Pq = 3 sur3 TT3un wummﬂrwmuw>m._m *v
mwomuu:w huu vﬁou uo sdoap. umuma Jo cmumu burpeaads terjztut
msu ub musuwumasmu moauuzm uommaﬁ pue- hua:aamm uo uowuum mna

k..,,, . ¢ . . '

RARE-9 -4 0A



-,

FINAL SIZE (spreading factor) ~ = "~ =

2.0

61

. . N D
- s lo
R ' ._.‘ . N . N A

o

s / Water .
—20 /. Distilled.
—20 / Salt ,
-10/ stllled -
~107/ Salt
T ———

i H

Al

P

FIGURE 3.5

- 200.0"

v .

300.0

.400.0 . 500.0 6000 : 7_-0:0.0 : "800.'0_. ‘ :

);. IMPACT WEBER #

Final size (S F. ) verses Impact Weber - # for
distilled and salt waterdrops spreading on

-'=20 and -10°C ice surfaces (Talr'T —temp

. of ice surface and Tdrop-l C)



o - ,;
a- e
K
-
-
Y N
o §
0 s
L o
Q
S
Gy
g
% f --
a7
RN
oef
g
0
-3 o
PYE e
] et
Ts /Water
o=-20/ Dlstllled
lo=—20/sa1t - ||
s =-—10 Dlstllled
lo =_—1o Salt = |
o 10 = Dlstllled
- - o :1 I = B
'200.0 300.0  400.0 - 500.0 - 600.0 '7o’o.o' ' 800.0

FIGURE 3.6

20,

S IMRACT WEBER #

F1na1 size (S.F.) verses Impact Weber # for
, dlstllled and salt waterdrops spreading on
=10 and -20°c copper- surfaces. (T
,temp. of" copper surface and Tdrop‘l

%}r

N

T_



& L
. ) .
» — N . .
& - ' . 4
o .
'] -
. - .
~fe
o .
¢ -
“
L
“vd
o

FINAL SIZE (spreading factor)

2.0
J
i
>

1 3.0

.
.
.
""""
. )
.

EE - S Ts / Water :
L | £20 / Distilled
—-20/ Salt

f>eo00D

! H<H

—-10/ Salt

" 200.1'0_ 300.0 ~ 400.0 500 0 . 600 0 - 700.0 800.0
- : | IMPACT WEBER # o ‘

1.0 °

-

“FIGURE 3.7 Final size (S F.) verses Impact Wegér # for
0 distilled and salt waterdrops spreading on
.~ . - =20 and -10°C stdinless steel 304 surfaces
T ‘ (Tair‘Ts' temp. of surface.and,Tdrop 1°¢) .

‘—-10 ; Distilled| | .~



'”fsurface w1th a temperature of approx1mately 1°C. o
- Note that the eXperlmental tests used to determine the
“tflnal 51ze of the spread—out drops (1 e.: S. F‘flnal) were B
;performed 1ndependently of the hlgh speed v1deolfand7h
‘photographlc sequences._51nce only a 51ngle photograph of
"the‘ drops ‘was 'requlred to determlne the'-flnal 51ze,3
,-;several tests' could.be' performed to lnsure'theilresults.

were statistically'Valid. A B SR

| 3,4 Freesigg and ooolingA

In addition-to'determininghthe;si#eﬂ of the spread-out .
'ﬂdrops; it is_ important = in. terms’fof, modelllng ice
aocretipns to determlne the temperature of the free21ng
drops as a functlon of tlme. S}nce'lt,was not p0551b1e'to |
" measure the - drop temperaﬁure, .the\ impact surface
temperature -was - measured andv'oorrelated to' the drop

‘temperature.

—

o

3.4.1 Freezing and Cooling Times
* Figure ‘3.8 . plots 'tng"surface'” temperature ‘th’a-

'fﬁplexidlass plate as a ffunction of 'time,'recorded during
1Yy

the spreadlng of a 2 55 mm dlameter dlstllled water drop ‘”
hon.the plate. The drop arrlved at the surface ‘With ani
1mpact speed of 4.3 m/s and a temperature of 4°¢ and froze
as a "dlsk"_ of WE?E?—GIEE a spreading’ factor of 4. 5. The.

.in1t1a1 surface temperature was -10°c and the _air

temperature “was - maintained - at ”3-12°C.“ The figure

—
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1llustrates°ithe three t1me perlods or stages approprlate

.;to the freezlng of the drop and the coollng of the drop

iand the surface to the 1n1t1a1 surface temperature (1 e.
) .

_temperature of surface prlor to"the arrlval of the drop)

.

It is- the sum- ot these three trmes ( tf and tc)

'~‘h whlch 1s referred to as the .total tlme. The tlme t ‘was"

]equal to zero 1n thls partlcular case 51nce the _1mpact1ng

o drop was not supercooled ThlS t1me t corresponds to the o

$e

]tipe requxred for ice to qrow 1n a "portlon" of the\dxop
. LBV TV .

;3lf the drop Ls sdpercooled Thls "portlon"’of the drop ‘

'~?'equal to the' degree_-of supercoollng t!kes theadrop s

“1(.fspec1f1c heat capaclty d1v1ded by. . the 1atent heat of

“?.}ereezé the drop (1 e. cool the drop tp 0°C and remove the

RN

";j;freezing on ;-10 and —%0°C copper and sta1n1eés steel _' u

"wffu51on. The tlme. tf corresponds tv:?

leatent of fus1on) The time t ;-corresponds to the ;ame

'“surfaces. Theftgble 1ncludes the freezlng\tlmes for 2 4
'771 5 and 1 L mm dropsqampactxng w1th velotltles of 1 8, 4. 4\-t

gy ,and 4 O\m/s respectlvely._’hese t1mes.were estlmated from

SR
{'he tlme requlred to

O

required to return the 1mpact surface ihd the drop
1n1t1a1 temperature oé’the surface."'e*“tﬂfixzqfx"?.,7g~uw‘”

N o , -
{. Lo a e b

Tablet 3 3 °suﬁmarlzes the experlmentally determlned fﬁ"

ﬁtfre321ng t1mes for 51ng1e dlstllled and sallneiyater drops .

- ]

o

L%

: - ?' )
the hiqh speed vfﬁ%o resu'tsgb%:;‘sumlng tnat the drop Was;:st
frozen when theuspreadlngtfactor d1d not change (i e. tlme"J .

: ;..\5 \J o N
COrrespondlpg to s F. flnal) Slnce the drops arrlved at

5-*;,1

the surface at approxlmately 1° C, t -was taken to be equal

I'.

i S ,, . . . L . . v . . -
.. . e EEN X DR NN . - !



TABLE 3. 3 Experlmentally determined freezing times for :
, - ..salt and dlstllle? waterdrops on cold dry
_ _ surfaces ('1‘alr Tg= temp of surface)
"( BT . S C . .

SURFACE t»:umj‘,‘ oabp T FREEZING qup
: IR RN : Impact B (ms) .~}
B Haterlal Temp. D1ameter Veloc1t ;/ D1st1 led Salt
1 ( C),; '_(mm) - (m/s) L :

“'rlé;oi,'314.0“"

""Cbpper:,'? --10.' ,;ﬁ~ : o . ,
S D : 8.0 | s.0]

s
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oo =200 2.4
B e

IR
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& b
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-

[
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&> 00
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oo,
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v ERE RN K R '_v

*-Tahle 3 4 summmarizes the experlmentally determlnedl

-‘!

total tlme (t + tﬁ +. tc) measured usxng a: surface mountedur

$ R
thermocouple and the H. P. data acquliltlon un1t (Sectlon T

'd2.6). The table 3nc1udes the total tlme for 2 4 mm drops 31t7

)

1mpacting at 4 8 m/s on '-2o°c copper and stalnless steel{iw

f : surfaces. The table also. _1nc1udes the effect of. salinlty .

and the 1n1t1a1 drop temperature ‘on tT - =.ff»3A . }

- ' e e e . . -
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"+ o DISCUBBION OF RESULTS . . .~

O e e

+

'tgksafa_Iresult of the lncreased acthlty 1n offshoref"w

\ .“.' N

‘operatlons in - northern waters, tﬁere has been 1ncreasedﬂ;q'

S

empha81s placed on marlne 1c1ng research Of partlcularf'

1; interest ls the development of analyt1cal models whlch can;

”:_ be used to predlct icef accretlon rates and p0551b1yri‘f‘

shapes, under- typlcal marlne 1c1ng condlt&ens. Typlcal'1:;7

marlne 1c1ng condltlons are characterlzed by large sallne Bl

- . i

drops whlch .a generally 1n -nelther klnematlc . nOr.”“’;

Ny thermodynamlc equ111br1um w1th the _air. (Lozowsk1 } ‘drfa

' ;Gates, 1985) The pramary source of these drops 1s the seai'fﬁf

o spray generated by 1mpact1ng waves. FR

SUST

“Of partlcular 1nterest 1n

effect of sallnlty, 1mpact surface temperature and drop‘il'

e' present ‘study is the:vqg

;f'. dlameter and 1mpact veloc1ty (Impact weber NumberQ on thel L

( e

-~,f .'spreadlng of large_ drops on cold dry surfaces..Towardsffﬁ':

v
e,

ﬂgd thrs end an experlmental study was . undertaken to examlne;,_v’

the phy51ca1 processes -1nvolved w1th thei 1mpact1ng,1-f-

spreadlng and free21ng of 51ngle drops on rcold dry

surfaces.w. These physxcal processes 1nc1ude the. heat

—

traésfer to the ;cinq surﬁace“'ané'the effects~ of surface f
Mo "N
tenélon foqpes and heat transfer on thé spreadLng This

f'”ﬁf'spregding and freezxng of drops *on _C°1d dry\surfaces
o . E

corresponds to the 1n1t1a1 vstage of the 1ce agcret;on 1.ff

process.(i e.‘no previously accreted water orﬂice)
o : ; S et




'7ﬁ_jspread1ng of 1arge”drops an

: j“‘fjf-accreted drops , onb an - ice coated

—/ ‘ i . . O’ o

i 4 1 82reading.dstf""i ] . _ S .’ |
o Engel (1955) used hlgh speed photography and chemical
f;iftrac1ng technlques to examlne the 0011151on of large water f;V':
'”?drops (3 mm 1n dlameter) wlth a solld surface, at speeds ]
- fup to termlnal ve1001ty. Engel's 1nvest1gatlon led to the

. fdevelopment of emp1r1ca1 relatlonshlps deflnlng the tlme~-,7s:

Rk

"dependénCe of the _1mpact forc i-and the, radlal flow

veloclty Savxclfand Boult

falso exaqlned the4

C oy

vs. More recently

,?'Macklln and .Payne (19§9) ‘exam he'w’spread&ng -of~ “'
: h o :
’ ggnl cyllnder. howeverdg
{ ,.x : >
1they were prlmarlly ~concerned wlth condltlons typ‘Eal tov&.”

'fatmospherlc 1c1ng, 1nrpart1cular drops w1th dlameters gnJ-
‘ VEthe order of 50 #ms;_ﬂf '@;}f =

" For .thls‘ studz, the prin;r§'dinterest <was*wfth@

’marlne 1c1ng 81tuatlon,"1nupartiCular’the spreadlng;andi~~f'
. o R
g'ffree21ng of large sallne«drops..At the present tlme thisf*bfﬁ

aw J’ ¥ ¢
r..

‘ffauthor is unaware Tof’ axff

M

research dlrected pr1m4r1ly'atfﬁ3 _
o L3 & S '
‘;thls maripe 1c1ng 51tua n“ Howeyét spread*ng of large.;;qv
. 3 , x t 5 ’ l R .'-__.
drops on. warm surfaces prov1des a ba51s of comparlson for

f;is§m11ar drops spread:;;\ahd free21ng on cold dry surfaces. .tiS

-"sfllhs' explainéd prev1ously (Sectlon 2 6 1), the majorlty',f*s

'f of the resulté related to the spreading of drops on. cold;sf;‘

'ﬁf; ’dry surfaces'were obta1ned through the use. of high speediﬁvﬁf

vxdeo or photographic techniques. These_'fexperimehtald..

.'i:.v:,‘ T ',,, : " o : k ’ o '-"".
. . S e k . AR e - n . N~



.7ﬁ;gdependent on the 'sa11n1ty

.....

';results prov1ded a means .of determlnlng the parameterstigﬁ

””that best descrlbe the spreadlng of drops on dry surfaces,j:' -

-namely the spreadlng .rate .as a functlon of tlﬁe, the:7

-

'5in1t1al " spreadlng fspeed S F. _E‘and f1na1 51zefjl

__—}

"f(s F'flnal) These parameters were then used as a ba51s to‘a;lf

A

fbidetermlne the effects of sallnlty (S 0 or 33 g/kg), 1mpactf* B

»su?;ace temperature, drop 1mpact : veloc1ty and dropV

'»fzdlameter on the spreadlng process.tzf'

The "1n1t1a1" spread1ng veloc1ty (Vs) was taken to be

’ lepact untll the tlme t Tlme t s equal to Dd/vlm'

7Clgthe average rgdlal SPreadlng veloc1tY. from the 1nstant offo :
the

l"'tlme requlred for the 1mpact1ng drop to move the dlstance; .

;g,equal to 1ts diameter Had there not heen re51stance top--r

‘ . .

h.the spreading of the drop, t would correspond to the tlme
o SO

drop) o ;ff;_;-l’ Vr h; o , '”"’T,145fﬁt‘:tr’j i

N T

;fpat whlch the 1mpact momentum of the spherlcal drop hadi
",‘fxbeen converted 1nto radlal momentum of the spreadlng dropit”"

”&:V(l e complete flattenlng of the spherlcal portlon of therﬁ;ft

Flgure 3 3 111ustrates graphlcally the effect .of?f,~f

s sallnity (S 0 orgw3 g/kg) on the free21ng of drops on a

Voo

Ny . .
‘ A --( [ Sy

‘f:”-20°c copper surface. The polnts on the flgure correspond*:n'

'*;f’to the spreadxng of 2. 4 mm dlameters dlstllled and sallne;ff

;,”watef' drops,v w1tﬁ lmpact veloc1t1es of 4 8 m/s on the«ﬂls

.-‘x S

-f?’coppér Surface. The curves on thls flgure suggest that asgfjj;

‘Q

. .

T a function ~of= tme, _ the spr' admg size is: pot Str°“q1y

[

Although the lower fréezlﬂg

‘

¥3aclpoint of the saline drops allowed the salt water drops gol
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“ -

r"'attaln a sllghtly larger “S. F.max (.~4%),- the curves for P

the dlstllled and sallne drops are . esssentlally the same,;hh'

:fi‘ ‘in' terms of spreadlng rate (1 e. slope) and the finalf,gy;

)

. . . . 7 LT
c SYZG. o [ - N : .‘,,:)'. e :~ SRR

/: ‘) | '.,_ N

: Flgure 3.4 111ustrates tﬂe ,effect of 1mpact surface_“

temperature on the‘ free21ng of 2 4 mm dlameter

iﬁe L

;:f,water drops on va;f stalnless steel (S S 304) platej

4:(V1m;— 4. 8 m/s);,For 1mpact surface temperatures of <10 or?hﬂ

»

"~,-20°C S F. ﬁ was essentlally the same (4. 86) Thls would:f:

’ tend to suggest that very 11tt1e free21ng occurs durlngiﬂ'
thls 1n1t1a1 spreadlng (up to s. F'max) Another 1nd1catlon7}
of thls apparent lack of free21ng, whlch can bé ‘deduced

b from both Flgures 3. 3 and 3. 4, . is the tlme requlred to.

reached S F

. on thé-cold ‘surfaces thls tlme, was on the, order of 2 msf

, whlch 1s comparable to the correspondlng time (2 33 ms) on'J

g: For all the drops free21ng and spreadlng,lf;'

Calculatlon of the max1mum spreadlng factor requlres a .

.

knowledge of the veloc1ty dlstrlbutlon xn the spreadlngl -

+

I:such- a calculatlon’ and the exper;mental nature of thef"

present study, such ‘a calculatlon was not wafranted.:ffu

drOp 'so ‘as to quantlfy the energy d1$$1pated by thejffl:

However,_ an\ estlmate‘ of an upper 11m1t to. the max1mum}’

:lj'{ spreading factor Can be obtalned by con51dering only thef

PR

viscous forces durlng spreadlng leen the comprex1ty off.



' _5surface energy of the 'spread-out drop To calculate thisf“”
-vsurfaceA energy the drop was assumed to spread out as a. L
dlsé ”of .unlform thlckness and only the energy of they‘T--
ygyhssurface exposed to the a1r was con31dered., An estimate ofd;7 .
g '-the S. F.ma*'can then be obtalned by equatlng thls surface{
gy energy to the energy of the drop at impact

';fIhe falllng drop s energy con51sts of 1ts klnetic ‘d

z

14' (KEd)}' surface‘ (SEd) 1and graV1t10na1 potent1a1 energy,

-“whlch was ekcluded* 51nce it represented less -than 0. 1% of

-,"’

_,ithe drop s totall,energy at:_;npact,‘The»klnetlc_energy;_:.,
(k) s giveny:

KEg. ,‘:,.Dd - Py Vin™/12 {3-2)

‘jiamdﬂthe_Sphericalfdropfs.surfaée*eherQYTSEa“bY5" - i :

g T,

SEq = 7 Dg” easu

- where ;;

) . : -

’Lipd-‘ drop dlameter (mm)

e deméﬁ* of water, (kg/m) R R T
‘§§7f;[7”§i;u drop 1m§5c£ velocity (llt/s)_v“”".’i’l"‘j “tfﬁ;;;g. f{f'~-”‘

:‘Ql ”a/w surface tenSLOn.- alr/water (dynes/cm)

f:The surface enerqy of a disk Qf uniform thickness sEdisk
. i} a .. g ' N

. .!t. 1s glven bY, .. . ; B

s

EPER SN

¢ SEdisk 38 cajwi= 7(Dg" + Dg $R) oapy - - (423)




sf_'

. .itth; = thickness-of dlsk (pn)h.
| D.'”\— dlameter of spread out drop (mm)'pl
3 5 ,Ag'_")l - drop surface area e;posed to a1r (mm ) .

Equating 4 3 to 4 1 + 4 2 and_simpl1f1ng,

D3 ry ‘me-, o, i, DgR
| , — + Dg° = Dg¢ +
2oy T eng

: Solving equatlon 4 4 1terative1y for D glves the results
j/fshown 1n' Table 4. 1.' For 2 4 1 5 and ‘1. 1 mm drops

o ’:impacting.>at;4;8¢ 4.4 and 4 0 m/s on a warm surface the
~z:éstimated'"S'F.'7f were 8.0, 5. 84 " and 4 59 as compared to

'experlmentar'values- of 5.38;' 4 93 and 4 59 (Table 3 1)

fThese dlfferences 1ndicate theflmportance» offthe v1scous
hdissapatlon in the spreadlng process. However, thls 1s

livfﬁbeyond the scope ~of the present study, therefore, the _

{’subject has b%en left for future consideratlon.

salinrty~ (S=0 ‘or 33'g/kg)? on the

max

eter distllled drpps

F-f: réspectivelv. This trend of decreasang

"Aﬂ;¢6e6rease8 in impact surface temperature was

}?iobéarﬁad‘:;qx~ﬂil ot tﬂb,[renaining tests using distilled

Qwater. For 1 5 nl drdpﬂ °ﬂh¢°PPer the S. F.max decreased
e "".;u;‘."}. i o '

(4.4)

3.1 summmarizes : thep' effects' of " surface"

impacting at 4. 8 m/s~

B



.

"bﬁ*nq factor based on surtaceli”*
_ \ a.disk of" uniform thlckness, as .
'.caﬂcuvatedffrom Equatlon 4. 4.

ey

Spreadlng ' “Maximum |
Dlameter a,,ﬁ' Spreading L
- : : Factor N

: ﬂ%:
!5rop f

Dlameter

, 2.0 - " 4.7 | v 1464 SR PR 7.32

1.5 | a4 | 876 | s |7

--------
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fresults for the st

‘orA equal to=

o 10% 1n S.F:

’-:Lce surfaces. For a. -10°C surface the s. F.

.from 4. 93 to 4. 85 to 4.12 as the surface temperature wasf
u.lowered from 20 to -10 t0>-20°C respectlvely Similarly“

tlfor the 1.1 mm droﬁ"tné)s F.

33 80 as the temperature went from 20 “to- —10°C For. the:*

: v

',sallne water drops thlS trend was st111 ev1dent. however,-

mar decreased from 3 91 tof

thefredgctlon 1n S. F'max was in general not as large. For |

o

. 2

v'drops. Thls may Se explalned by a 31mp1e freezing pointv

”'depress1on whlch allows the drops to atta;n ‘a slightly

larger size before_"free21ng" becomes ‘a- factor§

,The~ effect of . surface roughness on S F. "is

111ustm;ed an -ﬁg‘able

h

'the/copper surfa“? L ;“1a11-the drops frozen,

‘the 2 4 mm drops ( im =4.8 m/s) ‘S. F'max decreased from :

5,38 to 5. 13 to 5. oo and 4. 93 tq}4 69 to 4.57 ‘for 1.5 mm_"

; @ |

through the comparison of the' |

'ﬂﬁurface (e-—-2 5 pm) to B

‘on the copperAr 6 always greater than o

S.S. 304 ethe : e ng,li in a decrease of

max

solely ‘to roughness is slxghtly larger.vf

hérﬁal conduct1v1t1es of the
'surfaces,'lf the surfaces had the same roughness the dropsQ -

would hav;,ﬂ&;rozen" more quickly on the copper surface

‘ﬁ, (i. e.l S. -max)" Thus: the actual decrease in S. F'max duer. o

The largest's F‘max yas obtalned for drops freezing on -

max -

was 5.0 for'-h'
‘distxlled and 5. 4 for 2 4 mm diamettr salt water drops and‘f

<at -20°C, 5. 15 and 5.60 respectlvely There is some doubtvv



