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ABSTRACT

‘ Extracted Oxygen-Enriched Air
"~ fl 5.9L @1atm out of 296L of water

P=0. =
Vacdun Chamber @, BS0:1, 860 of oxygen concentration 30%

Cavitation-type bubble generation
(No gas supply)

Present study deals with the method of extracting dissolved gas from water and the characterization of the extracted gas in terms of its oxygen
concentration and the possible extractable gas amount. This topic has at least two important aspects; one is on the usability of the extracted
dissolved gas from water which is believed to have higher oxygen concentration than the atmosphere, and the other is on the achievable level
of deaeration by using the present deaeration method. In the present study, a degassing process based on micro-vapor-bubble diffusion is
proposed and theoretically reviewed based on the physical laws such as Henry’s law on solubility, Fick’s law of diffusion, and the vapor pressure

Dissolved Gas extraction
process using bubble under
vacuum condition

of water as a condition for vapor bubble generation. An experimental apparatus is set up for the present study which is composed of a sealed
water tank (0.65mx0.65mx1.0m, stainless steel) with pressure control, a micro-vapor-bubble generator, and the measurement system with
sensors for oxygen (for gas mixture) and dissolved oxygen (for water) contents as well as for pressures and temperatures. The limiting extractable
amount of dissolved gas from water and the oxygen concentration of the extracted gas mixture is successfully measured for demonstration
through the present experimental work. Through the present study, 5.9 liters of extracted gas with oxygen concentration of 30% is captured out
of 296 liters of water at room conditions of 17°C and 1 atm.

Keywords: Dissolved oxygen, Vapor bubble, Gas stripping, Solubility, Degassing

I technologies’ or hollow fibers to obtain DO from pressurized water
NTRODUCTION as noted by Lee et al.! One of the key drawbacks of this pressure
Dissolved gas in liquids and its treatment has long been an  grjyen membrane technology is that the process requires significant
interesting issue from many and diversified applications such as amount of external energy mainly for pressurization. Deaeration
“artificial gills”,! deaeration processes in food and beverage refers to the removal of dissolved gases, such as oxygen, from
industry, and in energy industry.2 The efforts to develop artificial liquids.® Pressure deaerators, known to be the most efficient, and
gills® include studies to develop underwater breathing systems® that  are ysed in all the power plants, relies its operation on the diffusion
can directly extract and separate dissolved oxygen (DO) from of gas between the oxygen-free steam and the sprayed droplets, in
water, most approaches of which relies on polymeric membrane \yhich steam not only contributes to the diffusion of gas between
the two phases (liquid phase droplets to gas-phase steam) but also
*Corresponding Author: Dr.Yong-Du Jun, Professor, Kongju heats the fine water droplets near to saturation temperature.* Figure
E‘fﬁ;?;_‘i:jSnngﬁgsr:ghggelgna”'s" 31080, Korea 1 illustrates a typical spray deaerator which is composed of highly
' o pressurized feed water inlet, a deaerator vessel with necessary
Cite as: J. Integr. Sci. Technol., 2021, 9(1), 22-29. arrangements, steam supply, feed pump and vacuum pump (not
shown in the figure), which makes the system a bulky and highly
energy consuming one.
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Figure 1. Atypical spray deaerator layout. Reproduced from ref [4].

RELATED PHYSICAL PHENOMENA

Depressurization and Solubility

Suppose that we have fresh water in a closed tank under an
equilibrium condition with a standard air of 20.9% oxygen
concentration at 25°C and latm, and we lower the tank pressure
down by venting out the air in the ullage down to 0.1 atm.
According to Henry’s law of solubility which states that the
solubility is proportional to the partial pressure of species as

G.g=kP, @)

where Gg, is the solubility (mol/L-atm), k is Henry’s constant,
and P, is the partial pressure of a gas (atm), the solubility would
decrease to 1/10 of its initial value.

Assuming the idealized atmospheric air is composed of oxygen
and nitrogen with volume fractions of 20.9% and 79.1%,
respectively, and the partial pressure of water vapor contributes
3.13% of the mixture air, the equilibrium gas concentrations of
oxygen and nitrogen in water can be estimated as shown in Figure
2. Table 1 illustrates the selected values of Henry’s constants of
oxygen, nitrogen and carbon-dioxide in water under 1 atm at 25°C.

Table 1. Henry’s constants for various gases in water at 25°C.

Henry’s constants in water Unit Value

ko, 1.28x10°
ky, mol/(L-atm) 6.48x10*
kco, 3.38x102
mol

Go, (%) = koyPo, @
mol

GN2 (T) = kNZP N, (3)

or

mg

Go, (%2) = ko,Po,Mo, (4
mg\ _

G, (B2) = K, Py, My, 5)
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Figure 2. Expected dissolved gas contents (mg/L) of oxygen and

nitrogen in water for different atmospheric pressures at 2501
according to Henry's law under an equilibrium state.

Figure 2 shows the dependency of solubility of oxygen and
nitrogen in water on the pressure level indicating that if we lower
down the pressure then the solubility limit diminishes linearly with
the partial pressure of individual species.®!° Now considering water
body that is initially saturated with oxygen and nitrogen at 25°C and
latm and the pressure is lowered down to, for example, 0.1 atm, it
is possible that gases may come out of water because of the lowered
solubility. The conceivable maximum amount of gases extractable
from water can be estimated using Eq.s (2) to (5), that is, 2.34 X
10™*mol/L of oxygen and 4.46 x 10~*mol/L of nitrogen,
respectively, assuming the equilibrium arrived. Or if we have 1 ton
of water at 25°C, the conceivable total amount of extracted gas
would be 17.2 L composed of 5.9 L of oxygen and 11.3L of
nitrogen, resulting in expected oxygen concentration of

23% %100 = 34.4%. Although the depressurization provides
2.34+4.46

the potential of degassing by controlling the solubility limit, it may
take a long time for the super-saturated condition to arrive at the
equilibrium condition.

Gas Strip through Vapor-Bubbles

Gas stripping is a common way of removing specific solute from
solvent. For example, pure nitrogen bubbles are often used to
eliminate the oxygen content dissolved in liquids. The principle
behind the gas stripping is diffusion. Now, instead of using gas like
nitrogen, why not using vapor bubbles for extracting dissolved
gases? For pure water, once evaporated, would have only water
vapor and the concentration of other dissolved gases like oxygen
and nitrogen may be considered to be virtually nil, which drives the
diffusion of dissolved gases from the liquid water to the gaseous
vapor. Further, once the condition for condensation for water is
available, then this water vapor readily condenses to liquid water,
while dissolved gases can be separated from the water body. Issues
on the behavior of vapor bubbles are recently reviewed by
Prosperetti.!!

The driving mechanism of mass transfer in this case is diffusion
that is governed by the Fick’s law, which states that the mass
transfer rate is proportional to the contact area and the concentration
gradient, with a proportionality constant called diffusion coefficient
in Eq. (6).
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Figure 3. Vapor Pressure of Water with respect to Temperature (Data
from Ref. [12])

dc
J=D_ (6)

mole

Here J represents the diffusion flux (E)’ D the diffusion

coefficient, and % the concentration gradient, respectively. For
multi-phase systems as bubble-diffusion, a modified version of the
relation as shown in Eq. (7) is applicable, in which, instead of using
the concentration gradient, difference in concentration between the
phase, that is, between the inside vapor bubble and the outside
liquid water body, are used with a due proportionality constants as
shown in McGinnis et al *3;

J =K. (C;—0) ()
where K, = liquid-side mass transfer coefficient

C, = equilibrium concentration at vapor/water interface
C = concentration of agueous phase.

Vapor-Bubble Generation

Vapor bubbles are virtually cavitation bubbles that may appear
when the local pressure diminishes down below the vapor pressure
of the liquid. It is to be emphasized that the vapor pressure of water
is a function of temperature and is illustrated in Figure 3. In a usual
case, the cavitation bubbles are generated at the suction side of the
impeller blades as in the case of the propeller of ships. In the present
study, we do this in two steps. First, we lower the tank pressure
down as low as 0.1 atm by using a vacuum generator, and then use
a generic micro-bubble generator that provides the additional
necessary pressure drop to reach out below the vapor pressure of
water to generate cavitation bubbles. The advantage of lowering the
environmental pressure in advance is in that the necessary pressure
drop by the micro-bubble generator to generate the desired vapor
bubbles can be minimized, which results in the required input
energy as low as possible.

The Effect of Bubble Size on the Diffusion Rate

In dealing with the bubble diffusion,** it is necessary to consider
the bubble size and its distribution along with the shape. Assuming
uniform-sized spherical bubbles are generated through a bubbler,
the relation among the bubble size in terms of its radius, surface
area and the number of bubbles when a constant volume of air is
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supplied, can be established as shown in Table 2, which indicates
that the surface area is inversely proportional to its diameter.
Assuming a constant air mass flow rate of Q supplied to generate
bubbles of uniform radius r, the number of generated bubbles ng
and the resulting bubble surface area Ag are obtained as follows:

3Q
np = 4mr? (8)
and

3
Ap =22 (©)

noting that Q = ntmﬂ3 and Ag = nzdnre.

The residence time of the bubble in water depends on its
diameter and the depth of origin. Under the assumption that the
diameter of the spherical bubble remains almost constant during the
rising, it could be expected that as the bubble origin becomes deeper
and deeper, the residence time would increase accordingly, which
eventually results in higher mass transfer. Figure 4 illustrates the
bubble rise model and the free-body-diagram®® of underwater
bubbles.

Air

(a) (b)
Figure 4. (a) Bubble rise model and (b) the free-body-diagram of
underwater bubble.

Table 2. Relation between the radius and the surface area of spherical
bubbles given a constant volume

Radius No. of Volume Surface area Surface
(mm) bubbles (mm?) (mm?) area ratio
10 1/1,000 4.189 1.2566 1/10
1 1 4.189 12.566 1
0.1 1,000 4.189 125.66 10
0.01 1,000,000 4.189 1,256.6 100

METHOD OF APPROACH

Test Apparatus and Testing Procedure

Figure 5 illustrates the test apparatus used in the present study. It
is composed of a sealed water tank with a depressurization system,
a micro-bubble generator, a gas collector hood, and measurement
system.6%7 The water tank is 0.65m(L) x 0.65m(W) x 1.0m(H) in
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Figure 5. A Diagram of the Test Apparatus for Capturing and
Measuring Extracted Gas from Water

size and is equipped with two large viewing windows as shown in
Fig. 6. The tank, which is designed for low pressure operation with
perfect seal so it can maintain vacuum state long enough as needed,
is modified to capture the extracted dissolved gas by adopting a gas
collector hood system for the present study.®

Depressurization is achieved by using a vacuum generator (E-
Hwa Techno Ltd., FOCUS EV-15HS) which is connected to a 5-
HP compressor for air supply. A micro-bubble generator with a
counter-rotating blades fabricated using a 3D printer system
(Stratasys Dimension sst 1200es) at the Future Automotive
Intelligent Electronics Core Technology Center in Kongju National
University is installed at the outlet of a DC driven small water pump
(Daehwa Electric, Model DPW69-12, 12V DC, 69 I/min). This unit
starts generating micro-bubbles under a certain tank pressure level.
A gas collector hood collects the gas from uprising vapor bubbles
during the depressurization process and the micro-bubble
generation. It is made of transparent acrylic panel so that the water
level both inside and outside of the hood becomes visible. A
measurement scale is attached on one of the slanted side wall, as
shown in Figure 7(a) and 7(b). Water level inside the hood defines
the collected gas volume for which a calibration curve for the gas
volume vs. the scale level is generated as shown in Figure 7(c). The
calibration values are obtained by using the volume measuring
function of a 3-dimensional CAD tool and verified through actual
measurements. The maximum volume this hood may hold is set up
for the present study that corresponds to 23cm of displacement on
scale.

For the measurement of oxygen concentration of the collected
gas, the collected gas need to flow through the oxygen sensor
(Alpha-Omega O2 Monitor, 0~6 V, 0~100 %). A gas line from the
hood to a vacuum tank with pressure and volume control devices
are established for this purpose. D.O. sensor (Mettler-Toledo M-
300 Transmitter, 0~6 V, 0~100 %) is inserted 0.1m above the
bottom surface of the tank. Tank pressures and the temperatures of
the water and the ullage are also measured by using a digital
pressure transducer(ULFA Technology, SDT Series B760H) and
K-type thermocouples, respectively. All the measured data are
recorded using a data acquisition system('Yokogawa DA-100, 30
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Figure 6. Test Apparatus showing the Water Tank with a Gas Collector
inside
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Figure 7. Gas Collector (a) Overall Configuration, (b) Measurement
Scale at Work, (c) Relation between the Measured Displacement and
the Volume.

ch.) and saved every 30 seconds. In addition, air bubblers are
installed in order to initialize the test conditions.

The testing procedure for degassing and measurement is
illustrated in Figure 8. Once the sensors® for oxygen and dissolved
oxygen measurements are calibrated at room condition (0), fresh
water is filled in the tank up to the desired level (1) and, if
necessary, aeration using the air bubblers are conducted. Now, the
initial dissolved oxygen concentration (IDOC) is measured (2).2°
Then the tank is depressurized down to 0.1 atm via the vacuum
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Figure 8. Testing Procedure for Degassing and Measurements

generator with the micro-bubbler being operated and the bubbles
are then captured under the gas collector hood (3). Once the
displacement marked by the inner hood water level scale reaches
the maximum value of 23 cm, the micro-bubbler operation is
stopped, and the vent is opened to recover the pressure level back
to the atmospheric level (4). For the volume occupied by the gas
changes with temperature and pressure, it is necessary that the
measurement conditions are fixed. In the present study, the volume
measurement is done at a room condition. The captured air volume
(CAV) of the collected gas is measured by reading the displacement
marked by the inside-the-hood water level while the captured air
oxygen concentration (CAOC) of the collected gas is measured by
letting the collected gas flow through the oxygen sensor (Alpha-
Omega O, Monitor) (5). Although there exists some difference
between the water levels inside and outside, the contribution of the
water level difference is regarded to be relatively small (less than
18 cm in water level scale) and negligible in the present study.
Finally, the dissolved oxygen concentration (FDOC) is measured.

Test Conditions and Methods

According to the testing procedure described in the previous
section, the oxygen sensor and the D.O. sensor are calibrated to read
20.9 % at room temperature of 17 °C (0). Fresh tap water of 296
liters occupies 70 % of the total volume of the water tank (1). The
water D.O. concentration was initially read to be 17.2 %. After 30
minutes of aeration at 30 slpm, the D.O. reading reached 19.5 %
then stabilized at 18.6 % after stopping the air supply. In order to
measure the gas volume and the concentration through the present
degassing process, the air gas initially present on the hood is
eliminated by letting this gas vent out through the vent hole on the
top of the vent hood. The gas volume in the gas line from the vent
hole to the first valve is estimated to be 9.2 cm? (total line length of
73 cm with 4 mm 1.D.). The information on this in-line gas is used
for properly estimating the captured volume and the oxygen
concentration of the captured gas. In order to demonstrate the
difference between the depressurization only and the combined
depressurization along with bubble diffusion, the tests are
conducted in two steps, i.e., (1) case I: depressurization only (0.1
atm or 10 kPa) and case Il: depressurization combined with bubble
generation.
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Figure 9. Captured Gas and the Water-Level-Scale for Volume
Measurement (11.8mm @57 min. after Depressurization)

RESULTS AND DISCUSSION

Case | Results: Depressurization down to 0.1 atm (10kPa)

Table 3 shows the test results of depressurization-only-case.
Starting with D.O. level of 18.6 % at atmospheric pressure
(measured pressure of 100 kPa), the tank pressure is reduced to 10
kPa in 25 minutes and the water level is measured to be 10.5 cm.
Degassing through the vacuum generator is continued for additional
32 minutes resulting in the increase of the gas volume inside the
hood as seen in Figure 9. As the depressurization progresses,
bubbles originate from the bottom and the wall surfaces and grow
in size, then are detached from the wall surface to move upward to
the collecting hood, but the volume increase was observed very
slow. After monitoring the initial 57 minutes of depressurization,
the tank pressure is recovered to the atmospheric pressure for
volume measurement of the extracted dissolved gas, which results
in the shrink of the gas volume as shown in Table 3. The total
volume of degassed air out of 296 L of water is found to be 0.20 L
excluding the line volume under 1 atm condition at room
temperature, which results in 0.00067 L-air/L-water or 0.067% of
the water volume.

Case Il Results: Vapor Bubble Generation and Depressurization
down to 0.1 atm (10kPa)

After the depressurization only tests, a combined degassing
process with vapor bubble generation is further conducted.?
Considering the capacity of the capture hood (max. 23cm in water
level scale), the degassing process is repeated five times to estimate
the total available gas from the test water of 296 liter as shown in
Table V. The time required to fill up the hood varied from less than
an hour in the early rounds to over two hours in the later rounds.
After each round of low pressure degassing, the tank pressure is
recovered to atmospheric pressure before the water surface level is
recorded, from which the gas volume inside the hood is calculated.
According to the test results, it was possible to capture the total
volume of 5.894 liter at 100kPa (0.020 L-air/L-water or 2.0% of the
water volume)and the volume averaged oxygen concentration was
29.9%. Figure 10 shows the measured oxygen concentration which
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Table 3. Degassed Air Measurement Results with Depressurization at
0.1 atm (10 kPa)
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Table 4. Degassed Air Measurement Results with Vapor Bubble
Diffusion with Depressurization at 0.1 atm (10kPa)

Test Date Test Condition Description Test
Test Condition Description
After 25| After 57 Date
Before min of | min of Pressure
11/27/20 depre_ssurlza depressuriza | depressuriza recovered 11/27/20,
tion tion tion to1atm 11/28/20, | Round | Round | Round | Round | Round
12/4/20, 1 2 3 4 5
p:e-zgllj(re 12/5/20
(outside the 100kPa 10kPa 10kPa 100kPa Tank
hood) "(’;ﬁztﬁ 100kPa | 100kPa | 100kPa | 100kPa | 100kPa
Water the hood)
surface 0 105 11.8 3.7
level(cm) Water
Gas 1.492+0.009 | 1.940+0.009 | 0.199+0.0 surface 94 92 102 92 91
* ' : : ' ' : level(cm
volume(liter) 0.009 * * 09* G( )
as
Oxygen' Not Mot Not volume 1.172+0 | 1.114+0 | 1.405+0 | 1.114+0 | 1.089+0
concentratio 20.9 . .009* .009* .009* .009* .009*
measured measured | measured (liter)
n(%)
DO. Oxygen
concentratio 186 NA. NA. Not ] concentrat | 31.0 319 30.5 29.3 27.7
n(%) measure ion(%)
* the line volume of 9 cm?® D.O.
concentrat 15.2 10.8 9.5 7.3 55
ion(%)

demonstrates the change of the oxygen concentration of the
captured degassed air. As the bleeding begins through the oxygen
sensor, the oxygen concentration at calibrated value of 20.9%
increase to steady values as shown in Figure 10 and Table 4.

Mass Balance of Degassed Oxygen and D.O. Concentration

If the dissolved gas in water is under an equilibrium condition
with the idealized air with 79.1% of nitrogen and 20.9% of oxygen,
the amount of dissolved nitrogen and oxygen can be estimated
using equations (1) through (5). For the water volume of 0.65m x
0.65m x 0.7m = 0.296m® =296 liter in the tank, the expected amount
of dissolved nitrogen and oxygen from the equations (4) and (5) are

mey, = Go,V, = 8.32% X 296L = 2,462mg = 2.462g
and
my, = Gy, = 13.89% X 296L = 4,111mg = 4.111g.

The volume that may be occupied by these gases under an
atmospheric pressure become

y _MoRo,T _ 2462 10~3kg x 0.2598 kJ /kgK x 298K
o, = =

2 P 101.3 kPa
=0.00188m?3
and
vy = MmN, RN, T _ 4.111x107%kgx0.2968 kj/kgKx298K _ 0.00359m3,

2 P 101.3 kPa

which results in the total of 5.47 liter. For the total volume of
extracted gas from the experiments is 5.894 liter, it seems that the
extracted gas volume exceeds the expected dissolved gas amount
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Figure 10. Measured Oxygen Concentration of Extracted Degassed Air

based on the solubility data at 25°C However, noting that actual
temperature of water during the experiments was about 17°C, the
solubility was re-evaluated. Figure 11 demonstrates the
temperature dependency of solubility of oxygen and nitrogen in
water based on the correlation by McGinnis et al.** According to
this solubility correlation (Table V), the solubility of oxygen and
nitrogen at 17°Cwater are greater than those at 25°Cby 16.9% and
14.2%, respectively, which tells that the total volume of dissolved
gas be 6.298 liters (2.198 liter of oxygen and 4.100 liter of nitrogen,
respectively). Considering this volume as the total available
dissolved gas, the captured gas amount in the present study would
be 93.6% of the total available dissolved gas.
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Regarding the mass balance, the total assumed initial mass of
oxygen dissolved in 296 L saturated water body at 17°C is 0.08897
mole (1.993 L) resulting in 9.62 mg/L while the measured extracted
oxygen through the present experiments is 0.07867 mole (1.762 L
=5.894 L x 0.299), leaving 0.0103 mole (0.231 L) still dissolved in
water, which is equivalent to DO concentration of 1.11 mg/L.
However, the measured DO concentration reading after the
experiment is found to be 5.5 mg/L, which is higher than expected.
In this regard, the issue of mass balance needs to be studied further
with a more reliable measurement system. In the present
experiments, the DO measurement during the depressurization and
bubbling process is avoided because of the undesired intervention
of bubbles in DO measurement, and is conducted upon completion
of every depressurization and tank pressure recovery to the
atmospheric pressure, after refreshing the sensor out of the water
body.

25

—H_02
—H_N2

Solubility (molm~=bar?)

0 10 20 30 40 50 60
Temperature (C)

Figure 11. Solubility of Oxygen and Nitrogen in Water at Different
Temperature [13]

Table 5. Henry’s Constants for Various Gases in Water at 25°C. Ref
[13]

Correlation equation (T in [7)

Hop,(mol-m™3 - bar™")
=2.125-5.021 X 1072T + 5.77 X 1074T?2

Hy,(mol-m~3 - bar™1)
=1.042 — 2.450 X 1072T + 3.171 x 1074T?

CONCLUSIONS

In the present study, a gas stripping based on vapor bubble
diffusion is proposed and the extraction of dissolved gas from water
with volume and concentration measurement is experimentally
conducted. In order to generate micro-bubbles, a process combined
with depressurization and a genuine micro-bubble-generation is
applied. Through the present study, the possible limit of extractable
amount of dissolved gas in water and the oxygen concentration of
the extracted gas mixture is successfully identified through the
experiment.

According to the present experimental results, a total of 5.9 liter
of gas is extracted out of 296 liter of water at the test room
temperature of 17°C. The volume averaged oxygen concentration of
the extracted gas is found to be 29.9%, which is close to the the
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expected higher oxygen concentration of 34% out of the saturated
water at reference 25°C. The process featured by the combination of
depressurization and micro-bubble generation is unique not only in
that it does not require any third chemicals in degassing, but also in
that the degassing potential is high enough because the diffusion
with a concentration difference against a virtual zero concentration
of the vapor bubbles is conceivable.

The higher oxygen content gas or oxygen-enriched-air from
water, once obtainable without too much cost, may find diversified
applications from artificial gills, underwater shelter, and
submarines to auxiliary oxygen supply for various types of human
dwelling. Further study may include but not limited to the
uncertainty analysis for this process along with DO measurement
at lower concentration and bubbly environment, cost analysis,
sensitivity analysis and parameter studies for device optimization
or selection for micro-bubble-generators.
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