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An Experimental Study on the Sea Water Freezing
Behavior Around Parallel Cooled Plate in the
Rectangular Duct

D. S. Park, S. K. Park, M. H. Kim, S. H. Yoon, C. Oh

Abstract
This study was experimentally performed to investigate sea water freezing hehavior
along parallel cooled plate with bubbly flow. The experiments were carried out for a
variety of parameter, such as sea water velocity, air-bubble flow rate, and cooled-plate
temperature. The shape of freezing layer, freezing rate and salinity of frozen layer

were observed and measured.

It was found that the experimental parameters gave a

great influence on the freezing rate and the salinity of the frozen layer.
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Fig.2.1 Schematic of experimental apparatus
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Condition Range

Temperature of Sea Water

. -5
(T, C)
Temperature of Air-Bubble 05
(Tar, C}
Fluid Velocity 002 | oos | o
(L, mfs)
Temperature of Cooled Part
-10.0|-15.0]-20.0
(Tw, C)
Air-Bubble Flow Rate 100 | 200 | 300
(Qar, L/min}

Table 2.1 Experimental conditions

M-251

01A039
3. d&Aan g nE
31 gY@ FH0MY HT-SHHS

Fig. 313 Fig. 32% Zz 52429 84

3 GRSES WrHel $AWR vehd 2
otk AR AR YW FERAE

2t e ahFelA A5z FeatuEd 3y
FHEZoE R WatE o] 4 HRY 3o
HEM ¢3H oz Yy Ao dA Yo
AT Y4 Yadz ey gz
He] ARd = FEo FFZo FAo
BRze BAB wH TASTA
w2 Aol & A& 4 # gtk 9y
3 °]-ﬁ-% A7t WzrEe A Yt
oo A7t ZelA A AR
Fadled  dAA % (heat
boundary layer}o] 8l&Zol| dla] F74]=A
7] w&elzl,

AYx7)e Ao HFge Wzhds 5
A Atole]l 2 LxFun FHEA A3t
T FAFo| FrYSE B AN Ao
Z 4 FHAdEc2Y 4548 WHE
P oolvd mEAEE HIAA 59 F

L

)

O%ﬂ

300

200

100

Sea Water
Flow

Fig. 3.1 Shape of the frozen layer



Baugnes 2 FREUAAY A5 FAAF BE AT

ot
w

! ] ! T T 1 ! T
| u,=0.02ms, Q= 30Umin, T, =-10.0°C

Salinity(wt%)
o w
* 1
1

-
@
T

05 -1
1 " 1

o TR 2530 W50
Length{mm)
Fig. 3.2 Distribution of salinity in the

frozen layer

ge tAgezH 99 43Ee 338 A
AshaA gabae(steady status)ol ThhE
A ek

am, 270 448 99 zAe &
Qe ARem Qs 2hol AW 2
sm s WEs 2e gesl 2o, ¥
9 WEgEsse dmad wA deEgch
Jgr F5u We 4Fez Uk AR
o H&® NaClol 99 oz WA
»stn A4l 33 YN G §3
o @A TAsI el av, Aol
Aos@A el S @ FASEL A
stoh wausel de FARFLE Fd
2 g A9Y WA oA L 48 82
o AAZEY FUZ N A4E Y
gesTe 27 449 ol W Re

Q2 vehldch Fig. 3225%¢ W
A go] #E Aol F -l vl

2o JPEEE YEhin Uee ¢ F 3
om, 27 BA® LETue g AP
We akkEsl F44HY BA3Y A
sxo) v 84 =24 JEEE ¢ F 3
.

3.2 s52 g&o e S

Fig. 332& Tw=-207, Qar=10 L /min® =
AclA Aol oidel frdel HElY
0e 5o AT WME sHAFE AR
oty 1Po Ry APFAM fFHe] @&
g wa AA TPl paste FRE
gotdar 4 qloh, =E, e #HejE vd A
AMez Wad oA 4z 25EF ¥
HAzo 574 #4=EE 2E #AY F 3
o ol WztWel ztzte ReEzE dRFd
Aggo] g2y Wl

Fig. 349 Fig. 35¢ Fig. 33% ¢
M #HEel S5 WAz mwe FAFH
zAgo WS A 250 o e
Aol golA ERd shek ol W9
Hae Aygzrde dddM FZAW
oge 2 expild We df&e AE
wo} 23 o] Aozt A K%
gare NujHoz WA slE2s Yo 4
57t £l Agadd doges g
g & 9} £8, f%o] #EFF fFAA
wgo] st Wel A&HoZ 4L 3
A Bam gz PAGHC EEHE WUE
+ At

Fo, e 2HE F&ol W 0.02m/s9
Ao HE 40 2 0.1m/se] Afel 3
Ag YojBa =3 o] Aty gty 73
We g4sd= ol frEel F7HEel W
g A g 429 na5zd dHAHEE
gt HAEFA FUHd FAFHe
DR EE R A7 delch olHF B
o g dRyEAE & 4% 13
o AAAEH =28 5259 dEsey
Mae 440 we Ugld Fig 363 @
o, agesRE fdo FNEFE F4A
Hol £9% 5229 Fs=7t AREE
o 4 9k

a, AA P49 FEFEL Fe
37904 UEbd whsl #ol fr&ol F7HY
22 YAz gEses F43 7

M-252



3

VIRE gurgry acte] EAsENE =24

e AEe R
sle %50 FAUSLE W) AFEe ¢
sl wh} A FAFo) FelAN Yz

of o S48 4AE dEF
| A el s A=ls

(c) 0.1m/s

(b) 0.05m/s

(a) 0.02m/s

Fig. 3.3 Effect of fluid velocity on

freezing behavior

T T T r Tty rrrrrrr

-

150}
*5 : ;1 QH-F Can m
E[ :‘:. e gbime
or i
ol ]
o[ ]
E | ]
N -
g#5r 1
S [ $
e
gol|
2or
3 L.
> L
25:
1. 1 ST 1

0

0 25 50 75 100
Fig. 3.4 Effect of fluid velocity on

volume of freezing

M-253

01A039

= oulgo] FIHoEHA HIEFRFEA U
Ae o) 449 F7tel He §3e A
AETRE Brhelz] OEe A4 HEd
Bt FA3 AFsle AgE BUT
50 [T T T T T T
[ ]
i T.=-20°, O, = 10Umin ]
= 40 T U, = 0.97més 7]
E | FEE ]
= | 1
° W ]
E i
2 [ |
[l 5 4
o - §
E | ]
B :
w 10 .
Y R T T S b
0 20 40 80 806 100 120
Time (min)
Fig. 3.5 Effect of fluid velocity on
freezing rate
13 T T T T T T T T T
L q,, = 10Umin, T, = -20.0°C
—m— U,=002mis
12 | e— U=005ms 7
—— U=01m )
gu S .
£
E
8T ]
08 i
085 T R4
Length{mm)
Fig. 3.6 Salinity of external frozen

layer in steady state



APP4FRL e FHENANY e AS 4 A7

1800 - - T T 2

W @, =16Umn
1800 - \ Salinity Q=26 Umin |7

[ \ Q=30 Lmn [J

[ - O, =15 Limin

- A Volume of freazing — Q=10 Lmin |
1ok \ G g 75
] [
_g_'!zm_- 1 -
8 §
£1CDJ;_- Jiss
= £
o 800f- | 5

F ]
£ : { @
g a0k

X 1125
ok
L

d 1

005 ‘ [ER ]
Velocity of sea water{ms)

Fig. 3.7 Total salt concentration of
frozen layer

3.3 FA Zol2o) ofE HE

Fig. 382 T.=-20C, Ui=0.02m/s8] =7
A Addee] s A WEHE 7H
Agg Aldeltt, nH@oRRE Fr BAF
o] Fzlgel uwhel HM FHAFo] AEA
#Aste HAPL L 5 ok o= TV R
Ako] ZtEeE EAAd A 7
¥o| o] Fristn, VIXHF7T FEAE
# Fgde] FEZ UHzte FAA 9FE
o BAATAN Hr=2o] dHG s T
57] oz Azt

Fig. 39¢ A44dHd doiM F7] BAE
o] Mg Bg FASY vk WUHE
vetigith ag o2y Fy] BApgke] F
714 E g =g 2230 g%
27 AZEe ¢ F g 2y, d4
Ao dEFEE A HE59 g
HlZ8 Z¥gS wvh Fig. 3108 F7] ¥
Abge] WE HEgEssd W3E dEd
agelty, @AM Yepd uiegr ol 37
Bapge] F54g+E AW HIAEEF
T E§ ZFrtete AL HAd ole F
71 Babde) Zre4E o AFEe I

o] wel dA FAF] zopAA Y
271 343 A3E 2= & Wl
A ARl ohd AR EE v go] FIHE
oz FEPFEFEA A FF¥l 571
Eapgkol o3k 249 Frlel ©e §29
AAgRE Frtsty] dEd A4de 4T
A¥FEe d&de 48 2l

(b} 20 2 /min
Fig. 3.8 Effect of air-bubble flow rate
on freezing behavior

(a) 10 & /min {c} 30 £/min

1 T I ! 1 T T

T,=-20.0°C, U, » 0.02m/s

—a— Q, = t0lmin
12k | —&— a,=20umn
- —@— Q,, =30Lmin

Salinky(wt%)
T

00 M| : 1 M . .
: 100 200 300 400 500
Length{mm)

Fig. 3.9 Salinity of external frozen
layer in steady state

M-254



g

8

= A veearmn |

o A Salinity yeeokms | ]

[ \ U=k 1y

L = ERILT RS R
- Ay Velume of freezing — - U=htsnys|

o \ -3 - vt | ]

;’9(9) -
s
T

]
]
&

@
2

Volume of freezin
1
-

-]
g

g

8

0 20
Aifr bubble flow rate {L/min)

Fig. 3.10 Total salt concentration of

frozen layer

34 YN 2= 25 I

Fig. 311& Qu=10{/min, U=002m/se =
DA Aol oMY s FHY
of W3 E 71433 Atdlojr}, 2o R
W gxzh Ao uteh A 52 Fol
FE8A Faste AYE HU¥g = ok
ol Wl &xvt Js¥4E F ygw

(c) -10T

(b) -15C
Fig. 3.11 Effect of cooled plate temp.

(a) -20C

M-255

01A039

on freezing behavior

13 T ——
0, = 10Limin, U, = 0.02mis

Salinity{wt%)

08

003

Length{mm)}

Fig. 3.12 Salinity of external frozen layer
in steady state

F FAAW Aolo EyAst gagrE
ey FHAHe2 dfde] Ay
o Zoj o},

Fig. 3.12& AA4AH =2d FH39
FEFEE W49 259 i wab e
A ageld 29oRREH WayW 2nvt
g s A4 2gd 2459 4
FEA AZEES & 5 gled, I olfe
19 2E7t 4edsE W4FdE0 £8
Ho T 43 d&d 1% Ey g3vE
Fol TAAY WMoz wAY £ e AD
o] ZolE 7] @Eajc)

Fig. 3132 ¥z 22 o2 HIFYE
Frel WEg debd agelth aeA
UGEeld dle} geo] WAW 2mr Asds
2 pAYE 343 g2k A4y g
AARFEE -20TAH -15T2 458
A& TV BAHY dPgeMe g
olf2 ¥ HFdte AFgSuelig 2
gy, 10T 27t Assd Waads
FHAHOZ e df{Eol ol APE7|R
B "o FHALEr Aoz d4Ed 1
FEe FHER F4AE Wer v
HE E9r s 525 A H7Y
2EE7L At ¢+ Uk

o

o= ML

=
=)

—

[



P Y7iETe e FHEIRAMY A EEAE ¢ I

1800 - - — T 2

o w]
1800 | ' U, = 0.02m/s

[ ' I ; n.-uuu-:
1400 :_ N Salinity ::: 20Lmin I -
- { - - Q. UMM
2 o “ Volums of freezing — & - @, =itUmn |
9200 A - - oo | |
5[ ] %
o A
1000 = e
E 9 \ *55
:aoo: ' =
E 3 \ ]
2 £ e
S ef S ' 1

s -~ \ —1.25
0 \:8_—;,&

b G-I-= g
20}

Lo o 1 . N 1 -,

S T
Cooled-plate temperature{°C)

Fig. 3.13 Total salt concentration of
frozen layer

3.5 2x134 3=

2 d¥y d7agaty sA949%
o] BAFL AT A, F&9 T4,
Fo BAbge a2 yzid 229 Az
9 A FAEE ¢ F Ud B HAs
AgdA dojzx FAF) g BRE 74
fsdtd AAsYc 2 AgEAddAN F
Ao & viae AAES FLEd 7
2 43 R (314 e2 Fes sty
ias N

Ry = A8, ReX) 3.1

4714,
R ($RY $4B) = o

o (T Ww ex) - SL=Te

(TQ_T)’)
Re (dolgzs) = —L0b
X (A9 BN = e
N e Wer + W,

oitt, HaxFHE ol&std ¢, Re X9
524 FAY FAY RE AEHY
Fig. 3.142 ved £ 9ok mgpd 2L
ZEE Y §3FL of £20%9 LAY

A A9 WelA G24ez Hd 5 U

R=4-10"°% L% Re "% x7"% (32
04 [——— T T T T T
oAl o -
0211?,=4 1078 at“-ﬁe"m-)rV '3

Ri - +20%8
01

18 I

gLB . R xR

Fig. 3.14 Dimensionless frozen quantity

4. 2 E

LNGYE <& ol &% sisasratgase A
48 Y3 A7 Yo Hr £5 T
7} BAL g, dzid 2T d%e 494
oR AF, FET A% 2 LHHAUNAA
thea 28 HES AU

(1) 28x72] $3%9 FEREEL ¥4H
# EFAY Alela) 2 /L4 g dg
3 wEn A4 W B2 9EFZE 7
A

(2) Pe| FABL el fEo) AL,
7] Babge] ZAFE Yz 2x7)

RERE ZA%

(3) #x T2y HIYEFEE #Hr9
friol EreeE, FriEA e FAE8s
2 F7shd

= #HFe
Zhes %, 429 eE
o},

O A4~ = A
fr&o] E%

M-256



Y E FFurgr| sty eAREUE =53

(5) £ 4% WM Hye 24 $2
Fe g Ao2 JEd & Atk
R=4-107- 0,5 Re "% X%

7|

g a7e duxnazad Add 4@
Aolw, @Azl ZArel & HYch

a2z

(1) Stephan, K, Genthner,
Holzknecht, B, “Heat Conduction in
Solidification Coupled with Phase
Transformation in the Solid”, Proc. of the
5th. Int. Heat Transfer Conf. Vol. 1, pp.23
5--239(1974)

(2) Hayashi, Y, K. and
Ngamoto, T, “Study on Freezing of
Undercooled Solution”, Proc. of 1989 Int.
Symposium on  Cold Heat
Transfer, pp. 85~ 90(1989)

(3) Fang, L. J.Cheung, F. B, Linehan, J.
H., and Pedersen, D R., “Seletive Freezing
of a Dilute Salt Solution on a Cold Ice
Surface”, J. Heat Transfer, Vol. 106, pp.
385~ 393(1984)

(4) A9, A9 gdwd AR I
no Wete og MFFAATY 7124 @
7 @Zergr|nets &A%=393, pp
M-1-~-M-7 (1998).

5y A2E, AW, A9, FHEVS 4
2o Wrte o % AFEAATY 2¥3H
7. sZutaras FAGE3AE pp
23~29(1998).

6y ZolAl, “fEFL FIY AFFTEAT
of @3 AYAH A7, dIFsFNGE R
4 A Ab=E, pp.75~76.(1999).
(7 24, ed, AW,

K, and

Kunimine,

Regions

old%, “An

01A039

experi -mental study on sea Wwater
freezing behavior along horizontal cooled
cylinder with bubbly flow” 4th
KSME-JSME Thermal engineering Conf.

pp.1-337~ 1-341,(2000)




