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ABSTRACT  This study  was  experimentally  perforrned to investigate freezing behavior of  sea  water  along

horizontal cooled  a circular tube with  bubbly fiow. The experiments  were  carried  out  for a  variety  ofparameter,  such  as

sea water  velocity, air-bubble flow rate, and  cooled-tube  temperature. The shape  of  freezing layer, freezing rate  and

salinity  of  frozen layer were  observed  and  measured.  And the flow patterns around  cooled  tube were  visualized  using

the PJV to analyze  the relationship  between the flow stmcture  and  the freezing characteristics,  It was  found that the

experimental  parameters gave a great influence on  the freezing rate  and  the salinity  ofthe  frozen Iayer.
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1. INTRODUCTION

    One  ofthe  most  essential  things to maintain  our  lives
is water.  Water consumption  is rapidly  increasing due to the
exclusive  overpopulation,  industrial development, and

improyement of  people's living quality. However, only  1%

ofwater  source  is available  fbr human being, so  the ever-

increasing scarcity  ofwater  is getting serious as time  goes by,

Korea also  will  be no  exception  of  this tendency  and  many

researches  have often  proven how  urgent  Korea  is under

water  deficiency problem, In order  to recluce  this problem,

we  try to produce water  through  constructing  multi-

functional dams, rainmaking  and  developing a desalination
system[1,  2], Among  those, the desalination system  is

expected  to be the most  effective method  because of  its

availability  ofseawater.  It'll enable  us  to get water  easily  and

steadily.  When  we  select particular kind of  desalination

system  devices, that decision is mostly  influenced by fresh
water  produce cost,  In other  words,  its eenciency  depends on
whether  we  can  achieve  possible energy  source  easity  or not,

As environmentally  friend means,  many  people are

encouraged  to use  LNG  (Liquefied Natural Gas) in Korea

and  many  countries  in the  world.  Amount  of  LNG

consumption  is currently  increasing higher, In generat, LNG

which  is stored  below -162℃ in super-liquid  tank  requires

certain  energy  to gasify because it is changed  into the

gaseous state  with  high pressure wasted  cold  energy  when  it

is sent to each  part in need.  LNG  loses lots of  cold  energy

(850kJ/kg) during this process of  absorbing  heat. Therefore,

it is necessary  to using  this wasted  co]d  energy.

    The present study  is concerned  with the freezing heat

transfer characteristics  along  a  uniformly  cooled  a  circular

tube immersed with  a  uniform  fbrced fiow. The  aim  is to

determine the essential  features of  the freezing processes,
while  at the same  time  providing basic data of  practical
interest. Sea water  was  the working  flow,

2. EXPERIMENTATION

    The experimental  apparatus  is shown  schematically  in

Fig.1. The  device mainly  consists  of  test section, cooling-

brine circulating  loop, optic  system  with  PIV(Particle Image

Velocimetry), and  associated  measuring  systems.  The test

section  is a  rectangular  duct whose  inner dimensions are

200mm  wicle,  150mm  deep, and  1800mm  high and  is made

oftransparent  acryt  plate. A  cooled  tube  was  made  ofcopper

pipe with  66mm  in out  diameter, 150mm  in length, and  1mm

in thickness. And  a  cooled  tube  was  installed horizontally at

the center  of  the test section. In order to confirm  isothermal

condition  of  the cooled  tube, thermo-couples(C-A  type)
were  attached  to three points(upper, side,  lower) ofthe  tube

surface.  Atso, thernio-couples were  installed at  the inlet of

the test section  and  the air  irljection nozzle  to control  the

temperature  ofthe  sea  water  and  the air bubble,
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Fig.1 Schematic of experimental  apparatus

    The sea  water  adopted  in the present experiment  was

3.5w%  NaCl  aqueous  solution,  which  was  a mixture  of fresh

water  and  refined  salt. The mean  velocity  of sea  water  fiow

with  O.02mls, O,05mls, and  O.1mts were  adopted. And  10, 20,

and  30Llmin were  adopted  as the air-bubble flow rate. After

the sea  water  and  air adjusted  to a fixed temperature and  flow

rate,  the experiments  were  started  with  circulating  of  cooling

brine. During the experiment  process the shape  of  freezing

interface and  flow pattern around  cooled  tube were  extensively

observed  and  visualized  by photographs and  PIV[3],

    The freezing rate  was  calculated  by measuring  of

thickness ofthe  ice layer with  the Iapse oftime,  The  end  of

the experiment  is defined as  when  the growth ofthe  frozen

layer cease,  that is, when  the heat flux between freezing

interface and  the coolecl  tube balanced. After finishing of

experiment,  the  salinity  ofthe  frozen layer was  measured.

3. RESUIJT  AND  DISCUSSION

3.1 Freezing Behavior of  Sea water  oyer  Cooled-Tube

    Fig.2 shows  the flow characteristics of  sea  water

around  the freezing interface, as  visualized  with  PIV  for

Ui==O.05mls, Q,i,==30Ltmin. As  shown  in the figure, the fluid

velocity  of  sea  water  increases from the forward stagnation

point toward  the rear ofthe  cooled  tube, the reversal  fiow is
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 Fig.2  Time-mean  yelocity  profile

     ;Ut =:  O.05mls, T.  =  -20.0℃ , Q.i, =30e  fmin

occurred  at  the rear  of  the cylindrical  frozen layer, and  the

boundary layer deyelops towarcl the downstream region[4].
The foregoing flow characteristics  strongly  influence the

freezing rate  and  the salt  concentration  of  the frozen layer.
The sea  water  cooled  with  the downward  flow along  the

cooled  tube  begins to be frozen on  the upper  part of  the

cooled  tube, the frozen layer grows and  covers  the whole

part of  cooled  tube in a  moment,  and  the freezing rate  in the
initial stage  ofthe  run  is very  high because the temperature

gradient of  the freezing interface is large in that time[5, 6].

As  the time  elapses, the frozen layer ofthe  upper  part grows

faster than  the side and  Iower part of the cooled-tube  in

which  both the heat-transfer coefficient  at  the freezing

interface and  the  effect  of  bubble flow is high[7, 8]. And
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when  the heat balance between the freezing interface and  the

cooled  tube is achieveci, the growth of the frozen layer
ceases  and  the freezing behavior is reached  in the steady

state.

     Fig.3 shows  the distribution of  salinity  in the frozen

layer. It is seen  in the figure that the salt concentration  ofthe

frozen }ayer is high in the early stage ofrun.  The  reason  fbr
this tendency  may  be that both the concentration  and  the

amount  of the segregated  solution from the freezing
interface increases in the early stage with  the high freezing
rate, thus the precipitation rate  of  the segregated  solution

within  the frozen layer increases. In addition, it is seen  in the
figure that the salt concentration  of the frozen layer
decreases toward  the lower part of  the frozen layer, This

may  be attributed  to the  fact that the freezing rate  decreases

toward  the lower part ofthe  cooled-tube,

3.2 Effect of  Ftuid Vletocity

     Fig.4 presents the freezing rate  variation  with  time  for

different fluid velocity.  As  mention  the above,  the volume  of

frozen layer increases rapidly  in the initial stage  ofthe  run

and  ceases  after  the steady  state,  From  the figure, it is seen

Fig.6Upper

 4sO Side 135

Salt concentration  of  frozen

 initial freezing

 Lowerlayer

 except  the

that the  volume  of  frozen layer increases with  a decrease in
fluid velocity.  This characteristic  may  result  from the fact
that the heat-transfer coeencient  at the fi'eezing interface

increases with  increasing fluid velocity.

     Fig.5 is the photograph that shows  the effect  of  fluid

velocity  on  the growth of  frozen layer. It can  be seen  from

the figure that the thickness  of  the  frozen layer decreases

with  an  increase in fluid velocity.

     Fig,6 illustrates the effect  of  fluid ve]ocity  on  the salt

concentration  ofthe  frozen layer, which  is measured  except

the frozen layer in the initial stage  of  freezing, As  shown  in

the figure, the salt concentration  decreases with  increasing

fluid velocity.  This may  be attributed  to the fact that the

segregated  solution,  which  is washed  away  from the freezing

interface, increases with  an  increase in fluid velocity.

      However, as shown  in the Fig,7, it is seen  that the

mean  sait concentration  of the frozen tayer in the steady

increases with  an increase in fluid velocity.  This

characteristic  may  result from the fact that the growth of
ftozen layer decreases with  increasing fluid velocity and  the

frozen layer in the initial stage of  the run, which  has high
salt  concentration,  strongly  influences the  mean  salt

concentration  ofthe  frozen layer.

(a) U, == O.e2mls
Fig.5

        (b) U+ = O.05mis

EfTbct of  fiuid velocity  on  freezing behavior

; Q.i, =  1OLImin, T.  =  -20℃

(c) Ui ==  O. 1 mls
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3.3 Effect of  Air-Bubble  Flow Rate

     The effect  ofair-bubble  flow rate  on  the freezing state

behavior is shown  in Fig,8, As  shown  in the picture, the

thickness  of  the  frozen layer extremely  decreases with

increasing air-bubble  flow rate, This fact may  be considered

that the  heat-transfer coefficient at the freezing interface

increases with  an  increase in air-bubble  flow rate, As the air-

bubble flow rate  increases, the surface  of the frozen layer

gets to be hard and  transparent.

     Fig,9 presents the effect  ofair-bubble  flow rate  on  the

mean  salt concentration  at the frozen layer. It can  be seen

from the figure that the mean  salt concentration  of  frozen

layer in the steady  state  increases with  an  increase in air-

bubble flow rate,  As  represented  earlier  in Fig,6 ancl Fig.7,

this characteristic may  be explained  by the fo11owing reason:

the $alt concentration  except  the frozen layer in the initial

stage  of  run  decreases with  increasing air-bubble  flow rate

because the segregated  solution, which  is washed  away  from

the freezing interface, increases with  an increase in air

bubble flow rate;  on  the other  hand, the volume  of  frozen

layer decreases with  increasing air-bubble  flow rate, so  that

(a) Q.i,=1 Oe /minFig.8

                                         O,5
      o le 2o 3o 4e

              Air bubble flew rate  (Um[n}

Fig.9 Effect ofair-bubble  flow rate  on  salt  concentration

of  frozen layer

the frozen layer in the initial stage  ofthe  run,  which  has high
salt  concentration,  strong[y  influences the mean  salt

concentration  ofthe  frozen layer, thus  causing  the mean  salt

concentration  ofthe  frozen layer to increase.

3.4 The  Effect of  Cooled-Tttbe Ilemperature

     Fig, 1O shows  the effect  of  cooled-tube  temperature  on

the freezing behavion It can  be seen  from the figure that the

thickness of  the frozen layer decreases with  increasing

cooled-tube  temperature. This may  be attributed  to the fact

that the temperature  gradient of  the freezing interface

decreases with  an  increase in cooled-tube  temperature  at the

transient-statefreezing.

    The effect  of  cooled-tube  temperature  on  the mean  salt

concentration  at the frozen ]ayer is shown  in Fig,11. As

shown  in the figure, the mean  salt  concentration  decreases

with  an increase in coo]ed-tube  temperature,  The  reason  for

this tendency  may  be considered  to be that the precipitation

rate  of  the segregated  so]ution at the freezing interface

increases with  high freezing rate  related  to a  decrease in

cooled-tubetemperature.

EfTect ofair-bubbte  flow rate  on  freezing behavior

; Ui =
 O.02mls,
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(a)T. --20,O ℃

            Fig.10
             (b)T. =:-15.0 ℃ (c)T. ==-

Effect of  cooled-tube  temperature en  freezing behavior

; Qair =  10LfMin, Ui =  O･02mfs
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5. NOMENCLM"URE

Q.,, 
=

 air  bubble flow rate,  Llmin

T.  
=
 temperature  ofcoolecl  tube, ℃

Ui =
 velocity  ofsea  water,  mfs
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4. CONCLUSION

     An  experimental  investigation was  performecl on  the

effect  of  fluid velocity,  air-bubble  fiow rate, and  cooled-tube

temperature  on  both the freezing rate  and  the salt

concentration  of the frozen layer over  a horizontal cooled

cylinder  in a  vertical  rectangular  duct with  sea  water  fiow.
The fo11owing conclusions  may  be drawn within  the

experimental  range  of  parameters examined  in the present
work,(l)

 In the initia] stage  of  the sea  water  freezing, both the

freezing rate  and  the salt concentration  of  the  frozen [ayer

are  very  high.

(2) The voEume  of  the frozen layer increases with  to a

decrease in fluid velocity,  a  decrease in air  bubble flow rate,
and  an  increase in coolecl-tube  temperature.

(3) The salt concentration  except  the  frozen layer in the

initial stage of  freezing decreases with  increasing fluid

velocity  and  increasing air bubble flow rate.

(4) The  mean  salt concentration  of steady-state frozen layer
increases with  an  increase in fluid velocity, an  increase in

air-bubble  flow rate,  and  a  decrease in cooled-tube

temperature.
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