gﬁ' Transactions on the Built Environment vol 68, © 2003 WIT Press, www.witpress.com, ISSN 1743-3509

Experimental study on motion of air bubbles in
seawater (terminal velocity and drug
coefficient of air bubble rising in seawater)

N. Kugou', K. Ishida® & A. Yoshida®

!Chiyoda Advanced Solutions Corporation, Japan

’Kobe University of Mercantile Marine, Japan

*Kobe University of Mercantile Marine Graduate School Japan

Abstract

From an environmental conservation viewpoint, it is often required to eliminate
air bubbles contained in the cooling seawater discharged from industrial plants
to the sea. There is a de-aeration chamber as a technology to eliminate these
bubbles from the discharged seawater. A terminal velocity, u, and a drug
coefficient, Cy4 of air bubbles rising in seawater are essential engineering
information for the design of de-aeration chamber. However, there is no
quantitative investigation for u, and Cy4 of air bubbles rising in seawater though
many studies have been carried out for those in water. Therefore, u, of a single
air bubble rising freely in stagnant seawater of 28.7 and 32.9 salinity, and also
artificial seawater of 34.1. salinity and distilled water, were measured for air
bubbles on the equivalent bubble diameter d. from 1.5 to 5.4mm, and Cd for
seawater was calculated. Furthermore, u; of a crowd of air bubbles rising in
seawater of 28.7 salinity, were measured for air bubbles on d. around 2.5, 4, and
Smm. Consequently, (1) u; of single air bubble in seawater became
asymptotically higher as d. became larger, and it was in the range from 146 to
229mm/s. (2) C4 of single air bubble became larger as Reynolds number of 271
to 1,432 became higher, and it was in the range from 0.8 to 1.6. (3) For d.
smaller than 3mm, u, of single air bubble in seawater became almost same as that
in artificial seawater and lower than that in distilled water. On the other hand, for
d, larger than 3mm, u, in seawater was around 220 mm/s and almost same as that
in artificial seawater and distilled water. (4) u, of a crowd of air bubbles rising in
seawater became higher than that of single air bubble due to the occurrence of
upward flow of seawater.
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1 Introduction

Most of industrial plants such as refinery, petrochemical plant, LNG plant and
power plant usually use water for the process cooling. Especially, in the large
industrial plant, huge seawater is used as the cooling media, and the capacity
becomes several ten thousands cubic meters per hour. In a seawater cooling
system of large industrial plants, the seawater after passing heat exchanger is
usually discharged to sea area through a discharge basin and a discharge pipe.
This seawater discharge basin have a weir to keep the sufficient back pressure of
the seawater cooling system, and so as not to cause the piping damage due to
cavitation and two phase flow induced vibration by less back pressure. In the
seawater discharge basin, the air is often entrained into the seawater at the
downstream of weir due to the waterfall flow (hereafter called nappe flow), and
the air bubbles having various sizes and shapes are generated in seawater. Those
air bubbles rise in seawater due to buoyancy and will be maintained without
vanishing for a time even after those reach the surface of seawater. On the other
hand, if the air bubbles are generated in freshwater such as tap water, those will
vanish immediately when those have been reached the surface of water. It is
clearly that this survival of air bubbles on the surface of seawater causes the
dissolved salts in seawater. Furthermore, it is known that this air bubbles stabilize
without vanishing any more when the marine organic materials containing in
seawater are adsorbed on the interface between air and seawater in the air bubble,
e.g. Abe [1]. This stabilized air bubbles are often observed in the seawater
cooling system on our experiences.

From the viewpoint of an environmental conservation, it is often required to
eliminate the air bubbles contained in the cooling seawater discharged to sea area.
There is a de-aeration chamber as a technology to eliminate these bubbles from
the discharged seawater. The de-aeration chamber is installed at downstream of
the discharge basin and separates air containing the seawater by using the
buoyancy of the air bubbles. To perform the optimum design of the de-aeration
chamber, the volume and size distribution of the air bubbles generated in the
seawater by the nappe at the weir, and a terminal velocity of air bubbles rising in
seawater, become important and essential engineering information.

For the air entrainment and the motion of air bubble in the liquids, there are many
studies [2,3,4,5], however, there is no quantitative investigation for the volume
and size distribution of air bubbles entrained and generated in the seawater, and
the terminal velocity and drug coefficient of air bubbles rising in seawater. Then,
in this paper, as the results continuously developed from our former study [6], the
measured terminal velocity of single air bubble rising freely in stagnant seawater,
and also artificial seawater and distilled water, are shown for air bubbles on the
equivalent bubble diameter from 1.5mm to 5.4mm, of which the terminal velocity
will be strongly affected by the surface-active contaminants in water [4]. For the
single air bubble in seawater, the drug coefficient is also investigated.
Furthermore, the measured terminal velocity of a crowd of air bubbles rising in
seawater, is shown for air bubbles on the equivalent bubble diameters around 2.5,
4, and Smm, and compared with that of single air bubble.
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2 Major factor to affect motion of air bubble rising in seawater
2.1 Forces acting on bubble rising in liquid

In a spherical bubble rising freely in the infinite stagnant liquid, when the
velocity is in steady state, in other words, the bubble moves on the terminal
velocity, the motion is in condition on the balance of buoyancy, weight force, and
drag force acting on the gas bubble. Then, it is expressed by eqn (1).
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From eqn (1), the terminal velocity and the drag coefficient can be written as
follows.
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2.2 Major Factor Affect the Terminal Velocity

Many past studies [4,5] show that the bubble size, density of liquids, viscosity of
liquid and surface tension give an influence on the terminal velocity with varying
the shapes and motion of bubble in the liquids.

Clift et al. [4], showed the following three dimensionless numbers to presume the
shapes and the terminal velocity of bubble.
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Re means the dimensionless terminal velocity of bubble, Eo means the ratio of
buoyancy and surface tension for the bubble, and M means the value for the
influences of viscosity and surface tension against the bubble.

By using eqns (4) to (6), eqn (2) is expressed as eqns (7) and (8).
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From eqns (7) and (8), it can be understood that the terminal velocity will be
affected by the bubble size, density of liquids, viscosity of liquid and surface
tension. In seawater, various salts are dissolved, and the salinity and seawater
temperature will affect the seawater properties of density, viscosity, and surface
tension, etc. Generally, the density, viscosity, and surface tension become higher,
as the salinity becomes higher or the seawater temperature becomes lower.

Furthermore, for a single air bubble rising in water, Clift et al. [4], showed the
terminal velocity of air bubble from 0.5 to 15mm is affected by the surface-active
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contaminants. When the surface-active contaminants in water are absorbed on the
mterface of air bubble and water, the viscosity and surface tension on the surface
of air bubble locally increase and reduce, respectively. A few surface-active
contaminants in water decrease the terminal velocity of air bubble. In seawater,
various marine organic materials such as plankton are contained, and those will
act like the surface-active contaminants.

From above, the major factors which affect the terminal velocity of air bubble
rising in seawater, are the seawater properties (density, viscosity, and surface
tension), the salinity, the air bubble size, and the marine organic materials.

2.3 Seawater properties, salinity, and BOD

As described in section 2.2, it is important to confirm the seawater properties
(density, viscosity, and surface tension), the salinity, and the marine organic
materials, with the terminal velocity of air bubble rising in seawater. The coastal
natural seawater (hereafter called seawater) was sampled in Kobe, Japan, and the
salinity and kinetic viscosity of seawater were measured. The density and surface
tension of seawater were calculated based on the salinity and temperature
measured for seawater. To confirm the influence of the marine organic materials
in seawater, the terminal velocity of air bubble rising in artificial seawater in
which there are no marine organic materials, was measured and compared with
that in seawater.

2.3.1 Salinity and BOD

Salinity is defined as the sum total of concentration of dissolved salts, and
expressed as weight gram of dissolved salts per one kilogram of seawater. In this
study, the chlorinity was measured by using an ion chromatograph (DIONEX
DX-AQ, analytical columns: AS12A and AG12A, eluent: 0.3mM NaOH-2.7mM
Na,CO; mixed solution, detector: electric conductivity detector), and converted
into the salinity from eqn (9) [7].

S =1.80665Cl1 )

BOD (Biochemical Oxygen Demand) is an index which shows quantity of
organic material in seawater, and it was measured as the quantity of oxygen
consumed by the aerobic bacteria during 5 days at 20°C in accordance with
diaphragm electrode method [8].

Table 1 shows the salinity and BOD of seawater and artificial seawater.

Table 1. Salinity and BOD
Salinity (%0) | BOD (mg/l)

Seawater-1 32.9 3.2
Seawater-2 28.7 2.8
Artificial seawater 34.1 -
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As shown in Table 1, two kinds of seawater were used in this study, and the
salinity and BOD of seawater-1 arc higher than those of seawater-2. The
accuracy of measurement is0.1%o for salinity, and -0.1mg/l for BOD.

2.3.2 Kinetic viscosity

For seawater and artificial seawater in the temperature of 10.3 to 34.6°C, the
kinetic viscosity was measured by using a glass capillary viscometer
(KABURAGI, Type-0A) and a water bath with temperature control in
accordance with JIS [9]. Table 2 shows the kinetic viscosities for three samples
as shown in Table 1. The accuracy of measurement is estimated to be 8%.

Table 2. Kinetic viscosity
Temperature (°C) [upper]
Kinetic viscosity X 10 (m%s) [lower]

Seawater-1 10.3 14.0 18.7 25.3 30.1
1.258 | 1.140 | 1.016 | 0.884 | 0.807
Seawater-2 15.7 19.7 24.4 | 28.7 34.5
1.095 | 1.012 | 0.905 | 0.833 | 0.748
Artificial 143 | 203 | 253 | 28.9 | 346
seawater 1.142 | 1.012 | 0.897 | 0.834 | 0.747

From Table 2, it is observed that the kinetic viscosity of seawater and artificial
seawater becomes lower as the temperature becomes higher. Furthermore, it is
found that the marine organic materials on BOD of 2.8 to 3.2 mg/l hardly affect
the kinetic viscosity of seawater. However, when the marine organic materials are
absorbed and concentrated on the air bubble rising in seawater as mentioned in
section 2.2, those may affect the terminal velocity.

2.3.3 Density
For the density of seawater at the atmospheric pressure, it is calculated by using
the equation group (10) to (15) [7].

0a=A+Bo gtCoy (10)
o 4= - 0.069+0.81418S - 0.0004815%+0.000000251S> an
A=(4.53168 t - 0.545939 t* - 1.98248 X 107 t*- 1.438 X 107 t%)

Kt +67.26) (12)
B=1-4.7867 X107 tX9.8185 % 10° t2 1.0843 X 10 ¢ 13)
C=1.8030X 107 t-8.164X 107 t2+1.667 X 10°% t* (14)

0 5 =1000+ 0 4 (15)

2.3.4 Surface tension
For the surface tension of seawater, it is calculated by using eqn (16) [10].

o 5=(75.64 - 0.144t+0.0399CD) X 107 (16)
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3 Experimental apparatus and condition

Figure 1 shows an experimental apparatus. An air bubble is generated by
injecting air into the liquid filled in a transparent acrylic square container() with
150 mm square and 1,000mm height, through an air injection nozzle®) installed
at approximately 250mm height from the bottom of container. In this container, a
ruler with scale (minimum scale 1mm)@ is installed and the location of air
bubble rising in the liquids is measured. For the single air bubble rising in the
liquid, it is introduced into an transparent plastic square pyramid container with a
syringe®. The air bubble in this square pyramid container is pulled out by using
the syringe, and the air volume is measured. The square pyramid container is
23mm square and 44mm height, and the syringe has a volume of 100 1
(minimum scale 1 u 1).

Air is pressurized to approximately 0.7MPa by an air compressor with an air
vessel®), and stored in the air vessel. The air is supplied to the air injection
nozzle®), through a discharge valve of the air vessel®, a mist-separator to
remove the mist in the air(®), a pressure regulator with filter®, flow control
needle valves®), flow meters of air (10 to 100ml/min{minimum scale 5ml/min}
and 100 to 1,000ml/min{minimum scale 50ml/min })@.

@
) e @ : Height of column = 1,000 mm
Air B{b}e AN o Each edge of square section = 150 mm
H Wall thickness of column = 5 mm
E hy @ Height of water column
H from outlet of nozzle
@\ 5 : Qutlet height of nozzle from bottom
\ [o] H : Nozzle installation height from bottom
= ! =
)
'
'
'
'
'
.
i =
{ I A
2 s [ =
' k)
® 1
. e
N p ) - ’
: - from air o
: ! compressor ) O H
_________ 4
® . : A-A'Section
Segtion G [YV[E_----- 3 Plan
I
@ Transperent scrylic square @ Pressure gauge on air vessel @
container @ Pressure gauge at downstream : U ;\: N ]t
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container with syringe @ Thermocouple at downstream : t A compressor
(for single bubble) of flow control valve Q—
@ Ruler with scale @ CCD image sensor Section
® Air compressor with air vessel @ Microscope system Nozzle installation for a crowd of air bubbles
® Discharge valve of air vessel @ Digital video recorder
@ Mist-separator @ CCD image sensor slide equipment
Pressure regulator with filter @ Personal computer for analysis
@ Flow control valve (needle) @ Mercurial thermometer
@ Universal Joint

Figure 1: Experimental apparatus
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The air injection nozzle@can be exchanged for the several sizes by using the
universal joint@, and the different sizes of air bubble can be generated.

The temperature of liquid is measured by using a mercurial thermometer @
installed in the square container(D. The temperature of air injected in the liquid is
measured by using type-T thermocouple®@ installed at the downstream of the
flow control needle valve.

The motion of air bubble rising in the liquid is recorded in Hi-8 digital video tape
by a digital video recorder (30 frames per second)@ through a high-resolution
quick microscope system®. The high-resolution quick microscope system(@® has
a CCD image sensor (1/2”, 0.9M pixels)@®), and the CCD image sensor can be
manually moved upward with a CCD image sensor slide equipment@ in the
same speed as rising air bubble.

The digital movie of air bubble is imported from the digital video recorder@ to a
personal computerdd, and stop motion digital photographs of air bubble are made
by dividing the movie frame by frame. The locations and projected areas of air
bubble can be measured and observed from the stop motion digital photographs,
by using a digital photograph measurement and analysis software in the personal
computer@.

Figure 2 shows an air bubble supply cup. In this experiment, the air bubble
supply cup is also used to serve a single air bubble instead of the air injection
nozzle @, especially when the velocity of air bubble does not reach to the
terminal velocity within the height of the square container(D) due to the high
initial velocity in the air injection nozzle of smaller size. In this case, a known
volume of air is injected into the air bubble supply cup made of the transparent
plastic and shaped three forth of hemispherical cup with 31mm diameters, by
using the syringe as same as that on the transparent plastic square pyramid
container with a syringe®. This cup is set at 100mm upper from bottom of the
square container(D. This cup can be rotated with a wire and an elastic band
connected the cup, and the air bubble can be released from the cup without the
initial velocity.

/1 Stainless wire /1
Stainless tube 2 Air bubbles
Elastic band 1)2 ®/ Transparent acrylic
il square container
\ = Water surface
i 1] N
o -
Aluminum bar 4 ™ Flow area of a crowd
D|(z)% , of air bubbles
Air bubble supply cup o) 1
Air injection nozzle
]
g
Dy <+ Flow rate of air : Qa
~* [Nozzle outlet
Figure 2: Air bubble supply cup Figure 3: Flow area in a crowd of

air bubbles
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In generating of a crowd of air bubbles, the air injection nozzle®) is used. In this
case, the nozzle outlet is pointed at the direction of 45 degree downward as
shown in the lower right of Figure 1, to eliminate the effect of the initial upward
velocity in the air injection.

Table 3 shows the experimental condition. In this study, three kinds of water such
as seawater, artificial seawater, and distilled water, were used to confirm the
influence on the dissolved salts and the organic materials for the single air bubble
in seawater. For the experiment on a crowd of air bubbles, seawater was used.

Table 3. Experimental condition
Test water for single air|Seawater (32.9%o, 28.7%o), Artificial
bubble seawater (34.1%o), Distilled water (one
time distillation for tap water)
for a crowd |[Seawater (28.7%.)
of air bubble
Injection gas Air
Internal for single air j0.19, 0.51, 1.50, 4.01
diameter of air |bubble

injection nozzle ¢ crowd 0,51, 0.70, 0.90
¢ (mm) of air bubble
Water head @outlet of nozzle |[Approximately 0.58 m - 0.82m
Temperature of test water Atmospheric Temperature
(16.3°C -30.4°C)

4 Method of analysis
4.1 Equivalent bubble diameter

The shapes of air bubble will vary according to the volume of air bubble and
fluid properties, for instance, sphere, ellipsoid, etc. Therefore, for the
characteristic length of air bubble, the equivalent bubble diameter which is the
diameter of sphere having the equivalent volume is usually used. Then, the
equivalent bubble diameter for the single air bubble is calculated by using eqn
(17) based on the measured volume of air bubble. On the other hand, for a crowd
of air bubbles, it is difficult to measure the volume of any air bubbles. Then, in
this study, the equivalent bubble diameter for a crowd of air bubbles is calculated
by using eqn (18) based on the measured projected area of any air bubble on the
stop motion digital photographs.

3 [ 6V . .
do= — (for single air bubble) an

In Api .
d.=— _— (for a crowd of air bubbles) 18)
Z
° ng T
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4.2 Terminal velocity of air bubble

From the series of the stop motion digital photographs for air bubbles rising in
test water, the locations of any air bubbles are measured at the top of the air
bubble based on the scale on the ruler which is taken with it, by using the digital
photography measurement and analysis software. The time between each frame is
approximately 0.033 seconds because the number of frame in the digital video
movie is 30 frames per second. Then, the local velocity of air bubble is
calculated by each location along the transparent acrylic square container. The
accuracy of terminal velocity is &= 6mm/s in this method. The terminal velocity of
air bubble is calculated as the average in the local velocities which become the
steady-state velocity.

4.3 Dimensionless numbers
The dimensionless numbers are calculated by eqns (4) to (6).
4.4 Drug coefficient of single air bubble rising in stagnant seawater

The drug coefficient is calculated by using eqn (3), based on the equivalent
bubble diameter in Section 4.1, the terminal velocity in Section 4.2, the salinity
of liquid in Section 2.3xz.1, and density of liquid by the equation group (10) to
(15).

4.5 Void fraction of a crowd of air bubbles rising in seawater

Figure 3 shows the flow area based on the observation for a crowd of air bubbles
rising in seawater. As shown in Figure 3, the flow area of a crowd of air bubbles
widens like a reversed frustum of a cone as it approaches the water surface
upward. Then, in this study, for a crowd of air bubbles, the void fraction is
defined as equation group (19) to (21), and calculated based on the measured Dy,
D,, hy and Q, in Figure 3, and the terminal velocity in Section 4.2.

V, Quhy T
o= V,= o V=—1—2-h1 @D+DD,#2Dy)  (19), (20), 21)
5 Results

5.1 Terminal velocity and drug coefficient of single air bubble
rising in seawater

Figure 4 shows the local velocities of single air bubble rising freely in stagnant
seawater of 32.9%o as a function of the height above nozzle for the equivalent
bubble diameters of 2.3 and 5.4mm.
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Figure 4: Velocity of single air bubble rising in seawater
as a function of height above nozzle

In Figure 4, the local velocities of air bubble asymptotically approach to steady-
state value. The initial local velocity higher than the steady-state velocity is
caused by the inertia of injected air bubble from nozzle. The oscillation of the
local velocity would relate to the zigzag or spiral trajectory due to the wake as
shown in previous studies [4] and the changing on shapes of air bubble rising in
seawater. The terminal velocity of air bubble was calculated as average in the
local velocities which become the steady-state velocity.

Figure 5 shows the comparison between terminal velocities of single air bubble
rising freely in stagnant seawater, artificial seawater, and distilled water as a
function of the equivalent bubble diameter. The accuracy of equivalent bubble
diameter is = 0.15mm. In Figure 5, also shown is the curve of the terminal
velocity of air bubble rising in pure water at 20°C by Clift, et al. [4].

400
A : Seawater (1), 32.9%, salinity,
—~ | 16.3°C - 25.6°C, nozzle
» 350 P Pure water, Clift et al. [4] @ : Seawater (2), 28.7%, salinity,
E d 27.6°C - 30.4°C, cup
= O : Distilled water,
5 300 / 21.3°C - 26.2°C, nozzle
2 250 QW e
=3 A
k=1 / A R g‘@ - A
S 200 /“/g
E /,f'ﬁﬁ I [&’: Artificial seawater (1), 34. 1% salinity,
g 150 & S L 27.2°C - 284%C, nozzle, cup
v
= | | |
100
1.0 2.0 3.0 4.0 50 6.0

Equivalent bubble diameter de (mm)
Figure 5: Comparison between terminal velocities of single air bubble rising in
seawater, artificial seawater, distilled water as a function of equivalent bubble diameter



Eﬁ Transactions on the Built Environment vol 68, © 2003 WIT Press, www.witpress.com, ISSN 1743-3509

Marine Technology V. 155

From Figure 5, it is observed for air bubbles on the equivalent bubble diameter of

1.5 to 5.4mm as follows.

(1) The terminal velocities in seawater and artificial seawater are almost same
and become asymptotically higher as the equivalent bubble diameter becomes
larger. The terminal velocities are in the range from 146 to 229mm/s.

(2) For the equivalent bubble diameter smaller than 3mm, the terminal velocities
in seawater become lower than those in distilled water. On the other hand, for
the equivalent bubble diameter larger than 3mm, the terminal velocities are
almost same as those in distilled water, and around 220mm/s.

(3) The terminal velocities in seawater become lower than those in pure water.
Especially, for the equivalent bubble diameter smaller than 2mm, the terminal
velocity becomes more than 40% lower as compared with that in pure water.

From above observations, it is found that the marine organic materials on BOD

of 2.8 to 3.2 mg/l give little influence on the terminal velocity because the

terminal velocity in seawater is almost same as that in artificial seawater. On the

other hand, the dissolved salts affect the terminal velocity for the air bubbles of 2

to 3mm because the terminal velocities in seawater and artificial seawater are

maximum 30% lower than that in distilled water. In this bubble size, Clift et al.

[4] showed that the terminal velocity becomes especially sensitive for

contaminants, then, this lower terminal velocity would mainly cause some

contaminants in seawater including the dissolved salts.

Figure 6 shows the drug coefficient of single air bubble rising freely in stagnant
seawater as a function of Reynolds number of 271 to 1,432. Table 4 shows the
terminal velocity, dimensionless numbers, and drug coefficient for single air
bubble rising freely in stagnant seawater.

From Figure 6, the drug coefficient becomes larger as Reynolds number becomes
higher in the region of Reynolds number of 271 to 1,432, and it is in the range
from 0.8 to 1.6. In this region of Reynolds number, the shapes of air bubbles
were ellipsoidal.

v | 1
1.6 1 Salinity : 28.7%, 32.9% )
14 |4 Temp. of seawater : 163°C - 30.4°C
3
=12 > 2
s ®
8 0
3 -
8 02 I )
an
[ ]
& 06
04
0 300 600 900 1,200 1,500

Reynolds number Re
Figure 6: Drug coefficient as function of Reynolds number

for single air bubble rising in seawatewr
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Table 4. Terminal velocity, dimensionless numbers, and drug

coefficient of single air bubble rising in stagnant scawater
Test no. SC-1|8C-2 | SC3 | SC4 | SC-5 | SC-6 [ SC-7 | SC-8 | SC-9 [SC-10|8C-11|SC-12|SC-13[SC-14
Equivalent dia. de | mm 16] 18] 15 15 16| 16! 2.0 24| 24! 24] 3.1] 30/ 32] 42
Terminal velocity ut |mm/s | 146{ 170] 161] 161| 164 159| 194| 194 181 183 190} 196] 195/ 201
Reynolds number Re - 271] 360] 295| 293 318 303{ 459| 556] 541| 571| 759| 760; 788!1,069
Estvas number Eo - 0.35] 0.45] 0.33] 0.32] 0.36] 0.34] 0.54] 0.79| 079 0.80] 13| 13| 14] 24
Morton number x10}| M - 1.52| 1.47] 1.40| 137} 1.30{ 1.28} 1.35] 1.32 1.11} 1.09] 1.01] 1.05{ 1.04] 1.05
Drug coefficient Cd - 10/ 08 08 08 08 08 07 08 10f 09 11{ 10} 11 13
Test no. SC-15{SC-16|SC-17 |SC-18{ SC-19{ 8C-20| SC-21 |SN-1-1/|SN-1-2SN-1-3|SN-1-4/SN-1-5{SN-1-6[SN-1-7|
Equivalent dia. de | mm 4.1) 4.1 41| 5.1} 50{ 50{ 54 23] 24 23] 23] 24] 22} 23
 Terminal velocity ut {mm/s | 200| 201] 203| 217 205] 205) 209 183] 180] 183| 182} 177| 184 183
Reynolds number Re - 1,038 1,055(1,060]1,396|1,304[ 1,306/ 1,432] 471] 468| 458 467| 466 450 470
Estvss number Eo - 23] 23] 23] 36] 35 35 4.1] 072| 079 072 074] 0.77; 0.67| 0.72]
Morton number x10™| M - 1.04| 1.04| 1.05| 1.06] 1.06| 1.08/ 1.08] 1.68| 195/ 1.88] 1.83] 1.78] 1.78] 1.71
Drug coefficient Cd - 13 131 13| 14 16| 16 16| 09} 1.0 09} 09 1.0, 0.8 09
Test no. SN-1-8|SN-2-1/SN-2-2/SN-2-3|SN-2-4SN-3-1{SN-3-2|SN-3-3{SN-3-5|SN-3-7|SN-3-8|SN-4-1
Equivalent dia. de | mm 2.3) 35| 34| 32| 3.1 47| 46| 49] 46 46 47| 54
Terminal velocity ut {mm/s | 176] 227| 229 226| 216| 225 226, 216] 221| 219 221} 225
Reynolds number Re - 457| 786] 803| 765| 757 965| 976|1,054|1,092|1,081]1,120}1,191
E6tvés number Eo - 0731 17| 16 14{ 14| 3.0) 29] 33| 29 29 30 39
Morton number x107' [ M - 1.68] 2.74] 2.36| 2.20| 1.75] 3.75| 3.31] 2.78| 2.07| 2.03} 195] 2.78
Drug coefficient Cd - 10/ 09 08| 08 09 12/ 12| 14| 12| 13| 12{ 14

5.2 Terminal velocity of a crowd of air bubbles rising in seawater

Figure 7 shows the comparison between terminal velocities of a crowd of air
bubbles and single air bubble rising in seawater as a function of equivalent
bubble diameter. The terminal velocities of any air bubbles in a crowd of air
bubbles were measured for the equivalent bubble diameters around 2.5, 4, and
Smm. The accuracies of equivalent bubble diameters in air bubbles around 2.5, 4,
and 5mm are estimated to be -0.30/40.45mm, -0.75/+0.15mm, and -
0.90/+0.30mm, respectively. The void fractions of air bubbles on the equivalent
bubble diameters around 2.5, 4, and Smm were 0.0025 to 0.0026, 0.0054 to
0.0062, and 0.024 to 0.027, respectively.

400 A OAC : Crowd, 28.7%. salinity, 20.3C - 28.5C,

[ :void fraction = 0.0025 - 0.0026
A :void fraction = 0.0054 - 0.0062
=@ 350 H & rvoid fraction = 0.024 - 0,027
A @ :Single, A :32.9%, salinity, 16.3°C - 25.6°C
# : 28.7% satinity, 27.6°C - 30.4°C e <
~ 300 | = py
3 A
Ala
2 250 S 8
S A A A
< A _———L‘H
L 200 S ] “—T—
Z T
é 150 /'Q)/ Single air bubble
o
= |
100

1.0 2.0 3.0 4.0 5.0 6.0
Equivalent bubble diameter de (mm)

Figure 7: Comparison between terminal velocities of a crowd of air bubbles and
single air bubble rising in seawater as a function of equivalent bubble diameter
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From Figure 7, it is observed for air bubbles on the equivalent bubble diameters
around 2.5mm ( «=0.0025 to 0.0026), 4mm (o =0.0054 to 0.0062), and Smm
(a=0.024 to 0.027) as follows.

(1) The terminal velocities are 251 to 264mm/s, 248 to 285mm/s, and 279 to
322mm/s for the air bubbles around 2.5, 4, and Smm, respectively. The
terminal velocity tends to be higher as the equivalent diameter becomes larger.

(2) The terminal velocities of the air bubbles around 2.5, 4, and Smm are 60 to
71mm/s (31 to 37%), 33 to 76mm/s (15 to 36%), and 64 to 106mm/s (29 to
49%) higher as compared with the single air bubble, respectively.

This increase of terminal velocity as compared with the single air bubble would

be mainly caused by the seawater upward flow which occurs due to the difference

between air-seawater two phase density and seawater density.

6 Conclusion

The terminal velocities of a single air bubble rising freely in stagnant seawater of
28.7 and 32.9%o salinity, and also artificial seawater of 34.1%o salinity and
distilled water, were measured for air bubbles on the equivalent bubble diameter
from 1.5 to 5.4mm. Then, the drug coefficient of single air bubble freely in
stagnant seawater was investigated based on the measured terminal velocities.
Furthermore, the terminal velocities of a crowd of air bubbles rising in seawater
of 28.7%o salinity, were also measured for air bubbles on the equivalent bubble
diameters around 2.5, 4, and Smm.

From experimental results, it is concluded as follows.

(1) The terminal velocity of single air bubble rising freely in stagnant seawater
becomes asymptotically higher as the equivalent bubble diameter becomes
larger, and it is in the range from 146 to 229mm/s.

(2) The drug coefficient of single air bubble rising freely in stagnant seawater
becomes larger as Reynolds number becomes higher in the region of
Reynolds number of 271 to 1,432, and it is in the range from 0.8 to 1.6.

(3) For the equivalent bubble diameter smaller than 3mm, the terminal velocities
of single air bubble rising freely in stagnant seawater become almost same as
those in artificial seawater and lower than those in distilled water. On the
other hand, for the equivalent bubble diameter larger than 3mm, the terminal
velocities in seawater are around 220mm/s and almost same as those in
artificial seawater and distilled water.

(4) In a crowd of air bubbles rising in seawater, the terminal velocities of air
bubbles around 2.5mm ( o =0.0025 to 0.0026), 4mm ( & =0.0054 to 0.0062),
and 5mm ( a=0.024 to 0.027), become 60 to 71mm/s (31 to 37%), 33 to
76mm/s (15 to 36%), and 64 to 106mm/s (29 to 49%) higher as compared
with the single air bubble, respectively.

Our data will be provided for a basic engineering design and further investigation
on the de-aeration in the seawater cooling system.
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Nomenclature

Ay, : projected area of air bubble (m?), Cy : drug coefficient (dimensionless) , CI :
chlorinity (%o), d. : equivalent bubble diameter defined as eqns (17) and (18) (m),
D, : diameter of flow area in a crowd of air bubbles at the nozzle outlet as shown
in Figure 3 (m), D, : diameter of flow area in a crowd of air bubbles at the water
surface as shown in Figure 3 (m), Eo : E§tvs number, g : acceleration of gravity
(m/s?), hy : height from nozzle outlet to water surface in transparent acrylic square
container (m), M : Morton number, n : number of the series of the stop motion
digital photographs for any air bubbles in a crowd of air bubbles, Q, : flow rate of
air injected in transparent acrylic square container (m’/s), Re : Reynolds number,
S : salinity (%o), t : temperature (°C), u, : terminal velocity (m/s), u, : local
velocity at location z (m/s), V : volume of flow area for a crowd of air bubbles in
Figure 3 (m®), V, : total air volume in transparent acrylic square container (m®),
V, : volume of a bubble (m®), z : height above nozzle of experimental apparatus
(m), « : void fraction defined as equation group (19) to (21), u : viscosity of
liquid (Pa-s), p g: density of gas (kg/m®), py: density of liquid (kg/m®), p g
density of seawater at t°C (kg/m3), o : surface tension (N/m), o g: surface
tension of seawater at t°C (N/m), o 4: sigma value for scawater density at t°C, ¢

4o: sigma value for seawater density at 0°C.
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