An Experimental Study on Sea Water Freezing
Behavior in a Flow Field
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Abstract

Recently, we have serious problems due to lack of water because
of the rapid development of industry and increasing in population. In
Korea, a lot of researchers predict that we will have lack of water
about 2 billion tons on 2011 year. Therefore, it has absolutely be
demanded to build dams and to develop desalination systems in
order to supply fresh water continually. The most important factor
for adopting the desalination system is the production cost of fresh
water. The cost depends on what and how to use an energy source
which should be obtained easily and cheaply.

Generally, Liquid Natural Gas(LNG) is stored in a tank as a
liquid state at below -162 . When serviced, however, the LNG
absorbs energy form an ambient heat source and then transforms to
the gaseous state at high pressure. In this process, a large amount
of cold energy is wasted.

What is a method to use this wasted LNG cold energy? So, we
focused to make the sea water freezing desalination system by
utilizing this wasted cold energy. In advance, we need to possess the
gualitative and quantitative data regard to sea water freezing

behavior of sea water to establish its design technique.



The goal of this study is to reveal the freezing mechanism, to
measure the freezing rate, and to investigate the freezing heat
transfer characteristics of sea water. A lot of new informations being
made clear through the sea water freezing in flow field will help for

us to understand sea water freezing behavior generally.

- iv -



Alphabet

(= 4A JP)

: Reynolds

[ ]
[wt%]
[m]
[m]
[m]
[-]
[-]
[hr]
[ ]
[ ]
[ ]
[ ]

[m/s]



Greeks symbol

Subscript

- Vi -

[ /8]

[-]



1.1
@ 13 8600
97% 13 5000
3% . 69%
, 29%. 2% 100
(Fig. 1.1 ).
10%
9000
4300
20
15% 95%
2500
1940 23 90 53 2
, 2025 83

40 3 . 28



p— —

TR 2 2%
o 13,9212 2

Fig. 1.1 Distribution of water sources in the world



2025 34

21

97%

(PAI)

(Sustaining Water, Population and Future of Renewable Water

Supplies) 1 1,000
1,500
630 : 1 ,
1955 2940 35 90
1452
90 (Table 1.1 )
Table.1l.2 94 322 299
23 , 2011 367
6 2000
2001 1.9%

, 2011 5.5%



120

Table 1.1 The national classification of an indivisual water
consumption



1994 2001 2006 2011

322.1 342.9 345.4 346.5

299.0 336.4 349.9 366.5

231 6.5 -4.5 -20.0

(%) 7.7 1.9 -13 -55

466 5

6.5

1994 2001 2006 2011l

Table 1.2 Comparison of water supply and consumption
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Fig. 1.2 Classification of sea water desalination system
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Table 1.3 Principle and character of each species
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1997 1999 2000 2003 2005 2010
LNG 11,147 | 12,617 | 13702 | 16,777 | 17,260 | 20,814
LNG 11,629 13,142 14,596 16,980 16,980 14,680
A525 | A894 | A203 | v¥280 | v6,134
/—_—‘——‘—-—-—-—___
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14944

Table 1.4 Estimated

demand and supply of LNG
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Table 1.5 Temperature range and process which make use
of LNG cold energy
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Table 1.6 Industrial present conditions which make use
of LNG cold energy
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Fig. 21 Fig. 22
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Fig. 21 Schematic diagram of experimental apparatus
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Fig. 2.3 Photo of experimental apparatus

- 23 -



22

(Table 2.1 ) 3.5wt%
0.0wt%, 1.8wt%, 3.5wt% 3

, 0.02m/s, 0.05m/s, 0.1m/s

Fig. 2.4 )
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Sodium Na* 1.0561
Magnesium Mg** 0.1272
Calcium Ca®' 0.0400
Potasium K 0.0380
Chloride CI- 1.8980
Sulfate SO% 0.2649
Bicabonate HCO,. - 0.0142
Bromide Br- 0.0065
Other Solids 0.0034
TDS
(Total Dissolved Solids) 34483
Density (20 ) 1.0243x 10-3
Water 96.5517

Table 2.1 Concentration of important ingredient
according to sea water salinity (wt%)
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Fig. 2.4 Equilibrium phase diagram of aqueous solution
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Conditions Range
Initial Temperature of Agueous Scolution 0.0
T, [T] '
Concentration of Aqueous Solution
0.0 1.8 3.5
G [wi%]
Cooling Wall Temperature 10.0 (5.0 20
Tw [C] ‘ '
Flow Velocity of Agusous Solution
0.02 0.05 0.1
Lk [m/s]

Table 2.2 Experimental conditions
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(Saline Water) TDS(T otal
Dissolved Solids) ;
TDS 4
. TDS (Fresh Water),
(Brackish Water), (Sea Water), (Brine)
Table 3.1 . Brackish Water TDS
0.1wt% 3.5wt% 1.0wt%
Brackish Water
( )

(Dendritic Ice) ,
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TDS
(Total Dissolved Solids)

Fresh Water 0.1wt%
Brackish Water 0.1wt%  3.5wt%
Sea Water 3.5wt%
Brine 3.5wt%

Table 3.1 Classification of water in sea water
desalination system
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Fig. 3.1 Model of Sea water Freezing behavior
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Fig. 4.1(a)
Fig. 4.3 . Fig. 41(a) Fig. 43 35wt%
0.0m/s, -20.0
4hr 30
30
: ( )

Fig. 4.2

2.2wt%
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Fig. 4.1(b) Fig. 4.4

Fig. 44
4
30
30
Fig. 4.2
1.7wt%
Fig. 44 Fig. 46 -200 ,
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. Fig. 4.1(b)

0.05m/s

2.2wt%

0.05m/s
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if Sy,

fetermination cycle = 30mi
Total experimental time

n
Ahr

(a) Ui = 0.00m/s (b) Ui = 0.05m/s

Fig. 41 Freezing behavior of sea water
; Ci = 3.5wt%, Tw=-200 , Ti=0.0
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Fig. 4.2 Compare with distribution of salt content
; Ci = 3.5wt%, Tw=-200 , Ti=0.0
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(a) 1hr (b) 2hr

(c) 3hr (d) 4hr

Fig. 4.3 Freezing Behavior of sea water
; Ci = 3.5wt%, Tw=-20.0 , Ui = 0.00m/s,
Ti=0.0
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(a) 1hr (b) 2hr
(c) 3hr (d) 4hr

Fig. 4.4 Freezing Behavior of sea water
; Ci = 3.5wt%, Tw=-20.0 , Ui = 0.05m/s,
Ti=0.0
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(a) 1hr (b) 2hr

(e) 5hr (f) 6hr

Fig. 4.5 Freezing Behavior of sea water
; Ci = 1.8wt%, Tw=-20.0 , Ui = 0.05m/s,
Ti=0.0
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(a) 1hr (b) 2hr

(e) 5Shr (f) 6hr

Fig. 4.6 Freezing Behavior of sea water
; Ci = 0.0wt%, Tw=-20.0 , Ui = 0.05m/s,
Ti=0.0
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Fig. 4.7

(Separated Region)

. Fig.

3.5wt%
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Fig. 4.7 Model of flow field



(a) Ci = 0.0Wt%

(b) Ci = 35wt%

Fig. 4.8 Configuration of frozen layer
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4.2

Fig. 49 Fig. 4.11

-100 , -150 , -20.0

0.05m/s 3.5wt%

35wt%  0.0wt%

0.0wt%

Fig. 412 Fig. 4.14

, 1.8wt%

Fig. 49 Fig. 4.11
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(a) Ci = 0.0Wt%

O

(b) Ci = 1.8wt%

(c) Ci = 3.5wt%

Fig. 4.9 Effect of concentration of aqueous solution
on freezing behavior
; Tw=-10.0 , Ui = 0.05m/s, Ti = 00 ,t = 4hr
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(a) Ci = 0.0Wt%

-

(b) Ci = 1.8wt%

(c) Ci = 3.5wt%

Fig. 4.10 Effect of concentration of aqueous solution
on freezing behavior
; Tw=-15.0 , Ui = 0.05m/s, Ti = 0.0 ,t = 4hr
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(a) Ci = 0.0Wt%

(b) Ci = 1.8wt%

(c) Ci = 3.5wt%

Fig. 4.11 Effect of concentration of aqueous solution
on freezing behavior
; Tw=-20.0 , Ui=0.05m/s, Ti =00 ,t = 4hr

- 49 -



I 1 I ] I
®— C=ibwk| T =-10L0°C .Il"
B =itk | U= 0.06mis » o
= 10k #— C#iswk| T=00°C s ® s
..E l.
o .'l'
A L -
-3 :
]
% . . TEEE
o 6 | -
& . ="
; ]
G s =
2 L -
=]
= ".
b T A
S - e
o 2 ““' |
*
1 1 1 1 1
'jé 1 2 gl 4 3 [
Time (hr)
4 I ] I ] I
= L J
E a bk . -
5 L Celbwit | T =100
E B c=1Ewn | U'=0.05ms
= L] #— C=ifem | T '=0.0"C
=
= 2F .
z
i » e
=]
‘it .
3 =
= bt
" et it lgen,e,
.‘f‘ = .'.
] = * 499 8ununn E ]
1 1 1 1 1
0 2 gl 4 5 £
Time (hr)

(b) Freezing rate

Fig. 4.12 Effect of concentration of aqueous solution
on freezing behavior
; Tw=-10.0 , Ui = 0.05m/s, Ti = 0.0
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Fig. 4.13 Effect of concentration of aqueous solution
on freezing behavior
; Tw=-15.0 , Ui = 0.05m/s, Ti = 0.0
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Fig. 4.14 Effect of concentration of aqueous solution
on freezing behavior
; Tw=-20.0 , Ui=0.05m/s, Ti = 0.0
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Fig. 4.15 Compared with the whole salt content of ice
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4.3

Fig. 416 Fig. 4.18

0.0wt%, 1.8wt%, 3.5wt% ,

0.0wt%

Fig. 419 Fig. 421 Fig. 416 Fig. 4.18
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(@) Tw=-100

(b) Tw= -150

() Tw=-200

Fig. 4.16 Effect of cooling wall temperature
on freezing behavior
; Ci = 0.0wt%, Ui = 0.05m/s, Ti = 0.0 ,t = 6hr
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(@) Tw=-100

-

(b) Tw= -150

() Tw=-200

Fig. 4.17 Effect of cooling wall temperature
on freezing behavior
; Ci = 1.8wt%, Ui = 0.05m/s, Ti = 0.0 ,t = 5hr

- 57 -



(@) Tw=-100

(b) Tw= -150

() Tw=-200

Fig. 4.18 Effect of cooling wall temperature
on freezing behavior
; Ci = 3.5wt%, Ui = 0.05m/s, Ti = 0.0 ,t = 4hr
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Fig. 4.19 Effect of cooling wall temperature
on freezing behavior
; Ci = 0.0wt%, Ui = 0.05m/s, Ti = 0.0
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Fig. 4.20 Effect of cooling wall temperature
on freezing behavior
; Ci = 1.8wt%, Ui = 0.05m/s, Ti = 0.0
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Fig. 4.21 Effect of cooling wall temperature
on freezing behavior
; Ci = 3.5wt%, Ui = 0.05m/s, Ti = 0.0
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Fig. 4.22
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4.4
Fig. 423 Fig. 4.25
0.0wt%, 1.8wt%, 3.5wt% ,

-15 , 0.1m/s

0.02m/s

1.8wt%  3.5wt%

. 18wt%  3.5wt%

, 3.5wt%

1.8wt%
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(a) Ui = 0.02m/s

(b) Ui = 0.05m/s

(c) Ui = 0.1m/s

Fig. 4.23 Effect of flow velocity on freezing behavior
; Ci = 0.0wt%, Tw=-150 , Ti=0.0 ,t = 5hr

- 65 -



-

(a) Ui = 0.02m/s

-

(b) Ui = 0.05m/s

-

(c) Ui = 0.1m/s

Fig. 4.24 Effect of flow velocity on freezing behavior
; Ci = 1.8wt%, Tw=-150 , Ti=0.0 ,t = 4hr



(b) Ui = 0.05m/s

(c) Ui = 0.1m/s

Fig. 4.25 Effect of flow velocity on freezing behavior
; Ci = 3.5wt%, Tw=-150 , Ti=0.0 ,t = 3hr
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Fig. 426 Fig. 428 Fig. 423 Fig. 4.25

Fig. 4.29

(Brackish Water) 1.0wt%
3.5wt%

Brackish Water
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Fig. 4.26 Effect of flow velocity on freezing behavior
; Ci = 0.0wt%, Tw=-15.0 , Ti = 0.0
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Fig. 4.27 Effect of flow velocity on freezing behavior
; Ci = 1.8wt%, Tw=-15.0 , Ti = 0.0
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Fig. 4.28 Effect of flow velocity on freezing behavior
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