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Melting characteristics of ice blocks immersed in quies
cent saline water 
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ABSTRACT. An experimen ta l and analytical stud y has been carried o ut to 
investigate the melting cha rac teri sti cs of ice blocks imm ersed in qui escent sali ne water. 
A horizonta l ice cylind er and both downward- a nd upward-facing inclined ice p la tes 
were used as the testing blocks . Th e experim ents were carried out in 3.5% (by weight) 
saline wa ler at a mbi enl temperatures ranging from 1.8° to 25.0°C for all kinds of ice 
blocks. I ce plates were tes ted at inclin ation a ng les from 0° lo 75°. For downwa rd
facing ice pla tes, melting rates were determined analyti call y using the pl-o fil e meth od. 

NOMENCLATURE 

Cl' Specific hea t, kJ (kg K ) 1 
9 Gravitational acceleration, m s 2 

L La Len t hea t of fu sion of ice, J kg I 

S Concentration of salt, % by weight 
t Time, min 
T T emperature, °C 
Tfp Melting temperature of ice, °C 
L1T T emperature difference (Too - Tfp) , °C 
Vi Melting velocity, ms I 

x Distance from bottom end of the ice plate, m 
y Normal distance from the ice surface, m 

(3 Coefficien t of thermal expansion, °C 1 
(3* Coefficient o f concen tration expansion , % - 1 

I5c Thickn ess of concentration boundary layer, m 
15TH Thickness of therm a l boundary layer, m 
I5rev Thickn ess of velocit y inverse laye r, m 
I5v Thickness of veloci ty boundary laye r, m 
() Inclination angle from horizontal, deg 
A Thermal condu ctivit y, W (m K ) 1 
v Kinematic viscosity, m2 s I 

p D ensi ty, kg m- 3 

Subscripts 
III Average 
o I ce su rface 

Ambient 00 

I ce 

INTRODUCTION 

When glaciers move into the sea a nd mel t, they exert 

effects on both temperature a nd concentrat ion fields in 

the sea, and consequently may affect marine biological 
sys tems and c1imaLes. 

M elting characteristics of such ice blocks as those from 
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Arctic g laciers depend closely on the flow fi eld a ro und 
them. In the quiescent fluid , free convec tion which is 
promoted by both temperature a nd concentration fi elds 
exerts considerable influ ences on the melting ch arac ter
istics. Experimental a nd a na lyti cal studies on the melting 

cha racte ri stics of vertical ice plates in saline water have 
been carri ed o ut by J osberge r a nd Martin ( 198 1). 
H owever, when a n ice block actua ll y melts in sea water, 
its shape and orientation change continuously. 

In the present stud y, an investigation of the melting 

heat-tra nsfer characte ri stics from a n ice block imm ersed 

in quiescent saline water was perform ed both experiment
all y and a na lyticall y to ob ta in basic d a ta applicable to 
the melting of ice blocks in the sea. 

EXPERIMENTAL APPARATUS AND 
PROCEDURES 

A bubble-free ice block, shaped in prescribed dimensions 
(60 mm in diameter for a n ice cy linder a nd 250 mm x 

400 mm x 40 mm for an ice plate), was insta ll ed in a n 
insulated sa line-water vessel with a lucite pla te, 800 mm 

wid e, 270 mm long a nd 9 10 mm hig h. The block was 

attached to a coo led tube or pla te, the temperatures of 
wh ich were lowered so that the ice b lock stuck to it. 

The experiments were carried o ut in saline watel- of a 
concentratio n 3.5% by weight. Thermophysical proper
ties of the water were d etermin ed as fun c tions of 

temperature and salinity (Kukulka and others, 1987) . 

Ini tia l temperatu re of the wa ter and inclina tion a ng le for 
the ice plates were set as one of th e parameters. J uSL after 
Lhe ice b lock, which was initiall y kept uniform at a n 
equ ilibrium temperature for 3.5% concentration, was 
immersed in the water, observations of the melting 

behavior and vis ua li zations of now patterns were carri ed 

out, and photographs were taken continuously for a 
prescribed period. T he loca l melting hea t-trans fer 
coefficient was deLerm ined by th e local melting velocity, 
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which was evaluated by pho togra phicall y recorded Ice 

conto urs. 

ANALYSIS 

AssulIlptions and basic equations 

Th e foll owing ass ump tions have been introduced in 
perfo rming the ana lysis for th e case of th e down ward
fac ing ice pla te: 

I . Fields of velocity, tem perature, concen trat ion a nd 
moving-bound a ry \'e locity a re ind epend en t of time. 

2. Tempera ture and concentra ti on a t the ice surface 
a re unifo rm. 

3. Tem perature within the ice is unifo rmly equal to 

th e ice-surface tempera ture. 

4. Flow is two-dimensiona l, lamina r and incompres
ible. 

5. Density depends on bo th the tempera ture and 
concen tra tion ; all other properti es a re consta n t. 

T he x- a nd y-axes a re se t a long th e ice surface a nd th e 
norma l d irections, respecti vely, as shown in Figure I . Th e 
fo ll ow ing equ a ti ons a re o bta in ed fr om th e a bove 
ass um pti ons. Th e continuity equa ti on is 

(1) 

T he momentum and energy eq ua ti ons a re 

au au a2u u-a + v-a =// -a 2 + Cg(3(T-Too ) 
x Y Y 

+ Cg(3* (S - Soo ) sin e 
C = 1 : y = 0 "-' Drrv (2) 

C = - 1: y = 8r (,v "-' 8v 

(3) 

y 

Fig. 1. Coordinate system in analysis. 
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The diffusion eq ua tion is 

as as a2s u-a +v-a = D-a 2 . 
X Y Y 

(4) 

Boundary conditions 

From hea t, mass and concen tra tion fl uxes a t th e ice 
surface, th e following bounda ry conditions a re given as 

>.(aT) = _ LPiVi, ay y=o 

-So(pJpo)~ = D( as) , ay y=o 

Vo Po = - ViPi . 

(5) 

(6) 

(7) 

From the condition of non-sli p, unifo rm temperature and 
uniform concentra tion a t th e ice surface (y = 0), 

U = 0, T = To, S = So . 

From th e condition for each bound a ry layer, and a t th e 
interface betwee n double bound a ry layers, 

y = Dv; u= o (9) 

Y = OTT-I ; T= Toe (10) 

Y = Or; S = Soo (11) 
y = Drpv ; U = O. (12) 

Equ a ti ons ( I )- (4) we re so lved und er th e a bove 
bound a ry conditions using a profil e method. M elting 
ra te was determined numeri call y from calcul a ted res ults 
of tempera ture, concentra tion and velocity Gelds. 

RESUL TS AND DISCUSSION 

Melting characteristics of ice and flow patterns 

Figures 2 and 3 show the flow fi elds of th e ambient fluid 
a nd th e sha pes of bo th down ward - a nd upwa rd-facing ice 
pla tes a fter 24 min had ela psed from th e start of the 
ex periment. For both cases, the fi gures show that th e 
thi ckn ess of the lower part of th e ice pla te d ecreases as th e 

a ng le of inclin a tion in creases, whi le the average thi ckn ess 
o f the ice pla te is a lmos t ind epend ent of the inclination 
a ngle. 

As fo r the downwa rd -fac ing ho ri zonta l ice plate (Fig. 
2a), the ambient fluid approaches from bo th the right and 
left sid e to th e center , where it cha nges into downward 

fl ow. Though the turbu lence of th e ambient fluid fl ow 
increases, th e thi ckness of the bound a ry layer of the 
meltwater in creases as the incl ina ti on angle increases to 
the ve rti ca l. For th e upwa rd-fac ing pla te, th e ambient 
fluid was ta ken into the upwa rd flow of the meltwa ter 
from bo th th e right and left sides; thi fl ow d ecreases, 
while the upwa rd flow of the meltwa ter ca uses an increase 
in its ve locity. This may be th e reason wh y the inclina ti on 
a ng le exe rts littl e effec t on the melting ra te. 
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Fig . 2. l!,jJect ofincLination angle on melting characteristics (dowllward-jacing) : Too = 12.0°C, 24min elajJsed; a, B = 0°; b, 
B = IS; c, B = 30°; d, B = 60°. 

Fig . 3. Effect oJ inclination angle on melting characteristics (upward-jacing) : Too = 12.0°C, 24 min elapsed; a, B = 0°; b, 
B = 30°; c, B = 60°; d, B = 7S . 

Fig . 4. Melting ice profile andj10w /Jattem around an ice 
cylinder: a, Too = 2.8"C, 15mill elapsed; b, Too = 

6.0°C, 15min elajJsed; c, Too = 12.2°C, 2min elapsed; d, 
Too = 18.0°C, 2min elapsed. 

128 

Figures 4 and 5, respec tively, show variations of the 
ice-cylinder profiles and schema tics of flow patterns. The 
dev ia ti on of the ice- liq uid in terface from a circula r shape 
res ults from strong free convection effects. A represent
a ti ve ice profile through melting in a ll the experiments is 
tha t as the melting ad vances, a step (Fig . 5) form s a t the 
upper part of the ice cylind er, and the flat area nea r the 
top of the cylinder tends to increase in size with a n 
increase in fa r-fi eld tempera ture Too. 

SEPARATION 
POINT 

Fig. 5. Flow model around a melting ice cylinder. 
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Characteristics of the ice surface 

As in the downward-facing pla te, g rooves were obse rved 

on the ice surface along the flow direction for the upper 
part of the ice pla te, and many sma ll dimples on th e ice 
surface of the lower pa rt (Fig. 6) . They a re consid ered to 
have form ed because of secondary flow in the bounda ry 
layer of the meltwa ter. 

The effects of the ambi ent fl uid tempera ture on th e 
melting-surface ch arac teristics of the upward -facing ice 
pl ate a re shown in F ig ure 7. F or lower a mb ient 

b 

Fig . 6. Characteristics DJ meLting ice surface (downward
Jacing) : e = 30°; a, upper pari of incLined ice pLate; b, 
lower part oJ inclined ice plate. 

Fig . 7. Characteristics oJ melting ice sll1jace (upward
Jacing) : e = i 5"; a, TrXJ = i.BoC; b, Too = i B.O°e. 

Fukusako and others: MeLting of ice blocks immersed in saline water 

a 

Fig . 8. Clwracterislics oJ meLting ice sUljace ( ice 
c,ylinder) : a, Too = 6.0°C, 75min elapsed; b, Too = 
17.0°C. 20 min elapsed. 

b 

tempera tures (Fig. 7a), a lot of sma ll but pec ulia r 
dimples a re clearl y obse rved on th e ice surface. As the 
a mbi ent tempera ture increases , th ese dimples gradua ll y 
cha nge into grooves along the fl ow direc ti on (Fig. 6b) . 
Dim p les a nd g rooves a re formed because of the seconda ry 
fl ow which migh t be produ ced by th c a mbi ent flu id 
captured in to the meltwa ter fl ow. 

In th e case of the ice cylinder, observa tiona l res ults of 
the ice-surface cha rac teri sti cs a re sh own in Figure 8 . The 
surface de\'elops longitud ina l grooves with a regula r 
a mplitud e a t tha t part from step to sepa ra tion point (Fig. 
Sa) . On the other hand, in the p a rt below th e transition 
point, th e melting ice surface is smoo th for the lower 
a mbient te mpera ture (Fig. 8 b). 

Melt-rate characteristics 

Experimenta l results for ave rage melting \'elocity in bo th 
d ownward- a nd up ward-facing ice pla tes a re shown in 
Figures 9 a nd 10, respec ti\ ·e ly. For compar ison, res ults for 

th e vertical ice pl a te Uo hnson and M oll endorf, 1984) are 
indica ted by a dotted line in th e fi gures, and analyti cal 
results are presented by a solid line in Figure 9 . For pure 
wa ter, melting velocity fo r a n up ward-fac ing hori zonta l 
ice pl a te (Lunardini a nd o th ers, 1986, p . 23 24) is 
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Fig. 9. M elting veLocilj' ( do wnward-jacing ice plate) . 
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Fig. 10. M elting velocity (upward-.facing ice plate). 

ind ica ted by a dashed- dotted line in Figure 10. These 
fi gures show that, for saline water, the melting rate 
increases as the temperature difference increases, but is 
almost independent of the inclina tion angle. 

On the contrary, ana lytical results of melting rate 
increase with increasing inclination angle, which agrees 
well with the experimental results for l1T smaller than 
B°e. For i1T greater than BOC , analytical results a re 
lower than the experimenta l ones. This is explained by 
the fact that the effect of the inclination angle on the 
buoyancy term a lone was taken into consideration in the 

analysis, and that the assumption of laminar flow IS no 
more valid for greater tempera lure differences. 
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CONCLUSIONS 

From a n examina tion of melting cha racte ristics of ice 
block imm ersed in qui escent salin e water, determined 
both experimentall y a nd a na ly ti ca ll y, the fo llowing 
conclusions may be drawn within the pa rameter range 

covered in the present stud y: 

I . For both th e ice cy lind er and th e ice plate, melt ra te 
increases monotoni call y with ambient tempera ture, 
but is almost ind epend ent of the inclina ti on a ngle of 
the ice plate. 

2. M elting characteristi cs of a n ice cylind er d epend 
closely on the ambi ent temperature. 
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