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This  a r t i c le  cons iders  the mechan i sm by which ice mel t s  in sal t  solut ions.  Exper imenta l  
data were  used to de te rmined  the coeff icients  of m a s s  t r an s f e r  f r o m  dissolved NaCl to the 
melt ing sur face  during natural  convection and forced movement  and when a i r  was bubbled 
through the solution. 

The mel t ing of any substance when i ts  mel t ing point is reduced by contact between the liquid and a 
solid is of g rea t  in te res t .  Special cases  of this phenomenon include the melt ing of ice in sal t  solutions and 
the melt ing of i ron in i r o n - c a r b o n  mel t s .  These  p r o c e s s e s  a r e  defined by two equations: the m a s s - t r a n s f e r  
equation and the h e a t - t r a n s f e r  equation. Although both phenomena belong to the same  c lass ,  they differ  
f r o m  one another .  When ice mel t s ,  subs tances  d issolved in the water  do not f o r m  a solid solution with the 
ice,  while carbon dissolved in mol ten  i ron is capable  of forming a solid solution with the la t te r .  This  in- 
t roduces some di f ference  into the course  of the p r o c e s s e s .  We will consider  only the f i r s t  case  in the 
p re sen t  a r t i c le .  

We cons t ruc t  the sa l t -ba lance  equation at the melt ing surface:  

(Cp -- Cs) = WmC~p. (1) 

The lef t -hand side of the equation r e p r e s e n t s  the amount of sal t  reaching  the mel t ing sur face  by diffusion. 
The r ight-hand side r e p r e s e n t s  the amount of sal t  n e c e s s a r y  to mainta in  a concentrat ion C s at the boundary 
between the liquid phase  and the melt ing sur face .  Similar ly ,  we wri te  the h e a t - t r a n s f e r  equation: 

F r o m  Eqs.  (1) and (2) we obtain 

o r  

where 

(tp - -  t~) = w lrpq m (2) 

t p - - t ,  t o 

Cp-- C~ C~ ' 
(3) 

t0 = ~q m (4) 
CZ 

If t o is known, Equation (3) contains two unknowns: the salt  concentra t ion C s and the t e m p e r a t u r e  t s 
at the boundary with the melt ing su r face .  We will a s sume  that these quantities a r e  assoc ia ted  with the 
liquidus curve  for the equi l ibr ium state  of the i c e - s a l t  solution sys t em.  Equation (3), together  with the 
liquidus curve,  then enables us to de te rmine  the values  of these quanti t ies.  

We can give graphic  in terpre ta t ion  of the solution of this equation. We m a r k  off points A and B, in-  
dicating the solut ion t e m p e r a t u r e  (A) and the unknown me l t i ng - su r f ace  t e m p e r a t u r e  (B), on the ordinate of 
the equi l ibr ium phase d i ag ram for  the s y s t em (Fig. 1), which co r re sponds  to the sal t  concentra t ion in the 
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Fig. i. 
difference between solution and melting surface,  t) tem-  
pera ture ,  ~ Cp) NaC1 concentration, %. 

Fig. 2. Dependence of t o (curves 1 and 2) and/3, k g / ( m  2 
�9 sec), (curves 3 and 4) on solution tempera ture  under 
natura l -convect ion conditions (1 and 3) and during forced 
flow (2 and 4). I) Observations made with natural con- 
vection; II) observat ions for forced flow; III) observat ions 
made under impact of jet. 

Solution Cp. The point O where a line passing through point B and parallel to the abscissa intersects the 
liquidus defines the salt concentration in the solution at the boundary with the melting surface C s. We con- 
tinue lines AO and ]30 to their intersection with the ordinate, which corresponds to a salt concentration of 
zero. This yields points A' and B'. From the similarity of the triangles AOB and A'OB', we have 

It follows from our construction that 

i .e.~ 

A B  _ A ' B '  (5) 
O B  O B '  

A B  = tp - -  ts , 

O B  = Cp - -  C ~ ,  

O B '  = C~,  

(6) 

t ,  - -  t ,  A ' B '  

Cp--Cs--  C, (7) 

It can be seen f rom a compar ison  of Eqs.  (7) and (3) that the segment A 'B '  equals the quantity t 0. 

This construct ion gives us a graphic interpretat ion of the p rocess  and facil i tates solution of Eq. (3). 

The melting rate is determined by the coefficient of heat t ransfer  f rom the solution to the melting 
surface and by the tempera ture  difference in the solution far  f rom this surface and at the boundary with it. 
The f i rs t  quantity is governed by hydrodynamic factors ,  while the lat ter  is determined by the solution tem- 
pera ture  and %�9 If the hea t - t r ans fe r  constant and t o are  known, the melting rate can be calculated. 

The above relat ionships can be utilized for experimental  determination of the coefficients of mass  
t ransfer .  For  this purpose,  it is neces sa ry  to determine the melting point of the solid experimental ly and 
to calculate the hea t - t r ans fe r  coefficient f rom the melting ra te .  We find t o by using the liquidus curve and 
calculate the m a s s - t r a n s f e r  coefficients p f rom Eq. (4). 
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TABLE 1. Principal Experimental Data 

r 

0 

,ua 

17,3 
17,0 
16,7 
17,1 
17,0 
16,5 
17,4 
17,4 
16,6 
11,9 
11,7 
11,6 
12,2 
12,4 
12,2 
13,5 
23,5 
22, 7 
22,2 ' 
23,1 
22,6 
22,1 
22,6 
22,6 
17,3 
16,9 
17,5 
17,2 
16,8 
16,3 
20,8 
20,8 
21,2 
21,2 
2I ,2 
20,0 
21,0 
21,0 
21,0 
21,0 
21,0 
19,3 
19,3 
19,3 
19,3" 
19,3" 

4.a 

o 

o 

2 
2 z 

go 

,2 

4,1 
5,6 
8,4 
3,3 
5,6 
7',4 
2,7 0 
9,6 0 

12,0 
5,0 
7,3 0 
9,1 0 

~3,0 0 
1,8 o 
1,2 0 

10,1 0 
-3,4 0 
-I,2 0 

0,8 0 
4,8 0 
9,8 0 

13,0 0 
-8,8 0 
-6,2 0 
-2,9 0 

O,l 0 
-3,2 0 

2,5 0 
5,8 0 

-4,2 0 
-t,65 0,066 

3, I5 o,0~ 
-6,35 0,080 
-3,15 0,08l 
-0,65 0,081 
10,45 ! 0,083 

--8,95 0,082 
--4,4 0,081 
--0,35 0,083 

4,15 0,083 
9,45 0,086 

--0,9 0,064 
1,95 0,066 
3,75 0,068 
5,36 
4,95 

- -  3 , 0  

- -2 ,5  
1,65 
3,6 

- -  2 , 5  

1 , 6 5  

3,9 
1,5 
0,45 
2,2 
1 , 3 5  

- -  1,0 
5,6 
3,3 
3,3 
0,8 
7,2 
5,8 
4,8 

- -  3 , 1 5  

- -  1,0 
-- 0,45 
--11,8 
- -9 ,5  
- -6 ,4  
-- 5,25 
- -6 ,7  
- -4 ,2  
- -  2,0 
--7,1 
- -4 ,5  
- -  1,9 
- -  8,0 
- -5 ,2  
- -3 ,3  
- -  0,6 
--10,2 
-- 6,6 
-- 3,8 
- -  1,9 
- -0 ,5  
-- 4,4 
- -  2,7 
- -  2,0 
- -1 , t  
- -  1,8 

4,85 395 2,77 
4,1 415 2,57 
2,75 455 1 , 98 
5,8 375 3,54 
4,1 417 2,57 
2,75 440 1,81 
6,25 370 3,70 
2,5 480 1,86 
0,8 505 0,63 
3,6 350 3,12 
2,3 380 2,12 
1 , 7  417 1,73 
8,6 176 6,21 
5,35 295 3,87 
5,35 276 3,52 
1,4 450 i, 26 

10,7 285 3, 18 
8,9 320 2,77 
7,5 355 2,86 
5,15 427 2,28 
1,7 5O5 0,88 
0,8 550 0,51 

15,8 150 6,97 
13,3 205 4,72 
9,7 250 4,47 
8,1 310 4,92 

10,0 243 4,67 
6,7 365 4,28 
3,3 410 1,91 

10,55 200 5,32 
7,1 1010 1,48 
3,2 1030 0,92 

1t ,65 1170 2,01 
8,1 1175 t,27 
5,3 1175 0,88 
1 , 0 5  1210 0,61 

14,1 I200 2,55 
9,9 1175 1,96 
6,1 1210 1,41 
3,15 1210 1,07 
0,85 1250 0,42 
7,0 990 1,99 
4,4 1015 1,37 
3,3 1030 I, 19 
1,9 -- 0, 70 
3,0 -- 1,24 

* Melting under impact of jet. 

~ 3  

c~ r 

h 

3,342 
3,255 
2,733 
4,078 
3,270 
2,410 
4,210 
2,707 
O, 958 
3,324 
2,434 
2,183 
3;398 
3,497 
2,972 
1 , 7 1 2  

2,845 
2,756 
3,138 
2,983 
1,339 
0,835 
3,388 
3,087 
3,492 
4,732 
3,551 
4,824 
2,376 
3,344 
4,605 
2,870 
7,440 
4,620 
3,179 
2,230 
9,824 
7,216 
5,252 
3,925 
1,580 
6,085 
4,253 
3,711 

Such ca l cu l a t i ons  have been  made  on the b a s i s  of e x p e r i m e n t s  on the me l t i ng  r a t e  of ice  c y l i n d e r s  in  
NaCI so lu t ions  unde r  n a t u r a l - c o n v e c t i o n  condi t ions  and with fo rced  mot ion  of the solut ion,  which flowed by 
the c y l i n d e r  at r a t e s  of up to 0.086 m / s e c  [1]. Us ing  t h e r m o c o u p l e s  f r o z e n  into the c y l i n d e r s ,  we d e t e r -  
m i n e d  the me l t i ng  point  t s .  The  c y l i n d e r s  were  62-72 m m  in  d i a m e t e r  and 66-85 m m  long.  Ta b l e  1 g ives  

the p r i n c i p a l  data  ob t a ined  in  these  e x p e r i m e n t s .  

The bounda ry  c o n c e n t r a t i o n s  C s were  d e t e r m i n e d  f r o m  the t e m p e r a t u r e  t s and the e q u i l i b r i u m  cu rve  
for  the NaCI s o l u t i o n - i c e  s y s t e m  (Fig .  1); t o was d e t e r m i n e d  f r o m  Eq. (3) and the m a s s - t r a n s f e r  coef f ic ien t  

f r o m  E q. (4), where  qm was ca l cu l a t ed  f r o m  the f o r m u l a  

qm = (79.6 + 0.5 t~) 4.187 kJ/kg, (8) 

F i g u r e  2 shows t o as a func t ion  of me l t  t e m p e r a t u r e  for  n a t u r a l - c o n v e c t i o n  condi t ions  (curve  1) and 
fo rced  ftow (2). T h e r e  was a d e c r e a s e  in  t 0 as  the me l t  t e m p e r a t u r e  r o s e  in  both c a s e s .  We used the r e -  
su i t s  of o b s e r v a t i o n s  made  with d i f fe ren t  NaC1 c o n c e n t r a t i o n s  in  the so lu t ion  ( f rom 11.6 to 23.5% for n a t u r a l  
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Fig. 3. Melting point t s as a function of solution tempera ture  tp in 
experiments  with air  bubbled through bath. 

Fig. 4. Hea t - t r ans fe r  coefficient c~, W / m  2.deg, (1) and m a s s -  
t r ans fe r  coefficient fi �9 10 -3, k g / m  2 �9 sec, (2) during melting of ice 
cyl inders  with air  bubbled through bath at tp = 10~ and Cp = 20% 
as a function of a ir  del ivery rate  Q, l i t e r s / m i n .  

convection and f rom 19.3 to 21.2% for forced flow). No relationship was found between t o and the concentra-  
tion. The points designated are  for melting of ice under the impact  of a jet of solution with a concentrat ion 
of 19.3%. 

Figure 2 also shows the m a s s - t r a n s f e r  coefficient fi as a function of solution tempera ture  (curves 3 
and 4). 

We analyzed the possible e r r o r s  in determining ft. The maximum possible e r r o r  in the solution tem-  
pera ture  was assumed to be 0.1~ while that in the melting point was assumed to be 0.2~ The maximum 
e r r o r  in determining fl for Cp -~ 22% was found to reach 17-18% at moderate  t empera tures  ( b e t w e e n - 4  and 
+4~ It increased at lower and higher t empera tures  and was especial ly large when the solution t empera-  
ture was ra ised to 10-12~ The e r r o r  was also la rger  for smal ler  NaC1 concentrat ions.  

It can be seen f rom Fig. 2 that, with forced flow of the solution, the coefficient fi decreased  as the 
solution tempera ture  was raised,  obviously as a resul t  of the increase  in the mass  of the melted water 
screening the solid f rom penetrat ion of salt  to its surface.  

The relat ionship between fi and tp for natural convection in the solu t ion- tempera ture  region 3-12~ 
was almost  identical to the graph for forced convection. At lower tempera tures ,  fi decreased  as the tem- 
pera tu re  was reduced and subsequently became stable. This trend for the natura l -convect ion graph is 
apparent ly explained by the low mobility of the liquid at low temperatures ,  a phenomenon actually observed 
during the exper iments .  The peak in the curve for fl at 3 ~ was evidently due to the known anomaly in the 
density of water  at low tempera tures ,  which causes an increase  in solution turbulence near the melting of 
surface .  

It was established in these experiments that the melting point was raised when the rate at which the 

solution flowed by the ice cylinder was increased to 0.065-0.086 m/sec. However, this increase did not 

exceed 1.5~ and was less in most cases, which impeded the determination of the dependence of the tem- 

perature on flow speed. Our investigations enable us to hypothesize that there is no change in melting point 

when the solution flow speed is increased above 0.065-0.08 m/sec. Unfortunately, the technical capabili- 

ties of the apparatus did not permit us to increase the flow speed to above 0.086 m/sec. 

In order to verify the above hypothesis, we conducted two experiments involving a determination of the 
melting point of ice under the impact of a solution jet. The melting point in this case was found to be the 
same as for a flow speed of 0.08 m/sec [I]~ 
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In order  to fur ther  clarify this problem, we determined the melting point of ice and the hea t - t r ans fe r  
coefficients during melting with art if icial  solution turbulence produced by bubbling air  through the solution; 
the experiments involved the melting of ice cylinders 64 mm in d iameter  and 70-80 mm long in a rec tangu-  
lar  bath with an a rea  of 225 • 220 mm z and a depth of 235 ram.  The cylinders were immersed  in the solu- 
tion in the center  of the bath so that their upper ends were 55 mm below the solution level. Air  was forced 
through 50 holes 1 mm in diameter  located in the bottom of the bath beneath the ice cylinder, around the 
c i rcumference  of a c i rc le  65 mm in diameter .  The bubbles rose,  passing around the bottom and sides of 
the cylinder and vigorously agitating the solution near  the ice surface.  

Curves I and II (Fig. 3) show the melting point t s as a function of solution tempera ture  [1] for natural 
convection (I) and for forced solution flow with w ~ 0.08 m / s e c  (II). This graph also shows the melting 
points obtained with air  bubbled through the bath (the f igures beside the points indicate the amount of air 
bubbled through in l i ters  per  minute). It can be seen f rom Fig. 3 that the melting point and hence t o were 
vir tually the same when air  was bubbled through the bath at a rate of no less than 4 l i t e r s / r a in  as when the 
solution flowed around the cylinders at a ra te  of 0.08 m / s e e  and were independent of the bubbled-air  de- 
l ivery rate .  

Figure 4 shows the hea t - t r ans fe r  coefficient as a function of the air  del ivery rate at tp = 10~ and Cp 
= 20%. It can be seen f rom Fig. 4 that bubbling great ly  increased the value of c~. As was pointed out above, 
t o was independent of the bubbling rate .  In accordance with Fig. 2, t o can the re fo re  be assumed to be 0.5 ~ 
for the experiments  shown in Fig. 4. Using (4), we find 

[~ ---- 0.5 qm'a ~ 0,0015- 10 -3 ~ k g / m 2 ,  s c c  ~ (9) 

Figure 4 also shows the curve for the coefficient 9. 

The melting point is thus minimal and t o is high with a low degree of liquid turbulence. When the tu r -  
bulence is slightly increased,  the melting point r i ses  slightly and t o decreases ,  which indicates that the 
m a s s - t r a n s f e r  coefficient r i ses  more  slowly than the hea t - t r ans fe r  coefficient. However, the melting point 
and hence t o very  quickly become independent of the turbulence intensity, i.e., the two coefficients exhibit 
a proport ional  r ise .  

Cp 

Cs 
tp 
t s 
w 

qm 
OL 

W 

is the 
is the 
is the 
is the 
is the 
is the 
is the 
is the 
is the 

NOTATION 

NaC1 concentration in solution, k g / k g  or %; 
same, at melting surface;  
solution temperature ,  ~ 
same, at melting surface;  
velocity of solution, m / s e c ;  
latent heat of melting, J / k g ;  
hea t - t r ans fe r  coefficient, W / ( m  2 �9 deg); 
m a s s - t r a n s f e r  coefficient, k g / ( m  2. see); 
melting rate, m / s e e .  

1. 
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