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Abstract
The objective of the present contribution is to establish the measurement technique of the gas dissolution
process by high sensitive pH measurement employing the absorbing detection of molecules. An accurate estimation
of the gas dissolution requires the transitional behavior of gas diffusion in liquid. We measure the forced jet mixing
layer and the induced natural convection caused by CO2 dissolution into water with the combination of PIV method.
Figure 1 illustrates the simplified experimental setup for the simultaneous measurements of CO2 gas
dissolution process by pH measurement using laser absorption and velocity distribution of its natural convection due
to the density change by dissolution. The results of the CO2 gas dissolution measurement into water are shown in
Figure 2 (a). A pH7.8 Phenol Red water solution is in the measurement region and upper part of the reservoir is filled
with CO2 gas. Though the gas dissolution is stable at first due to molecular diffusion, after 40 seconds the heavy part
of CO2 absorbed liquid starts to sink unsteadily. We also present the simultaneous velocity field by Fluorescence PIV,
shown in Figure 2 (b) to investigate the dynamic interaction between the gas dissolution and the induced flow field.
Velocity field has drastically changed after 40 seconds because the CO2 absorbed liquid starts to sink due to the
instability of density distribution. The present gas dissolution measurement technique is not affected by the
temperature or flow field, and can be expanded to measure three dimensional dissolution process by the
combination of CT technique, since we can get the integration value of CO2 concentration along the light probe.
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Figure1: Experimental Setup for
observing the dissolution of CO2 gas into
water with the combination of
Fluorescence PIV.

Figure2: CO2 gas dissolution process. (a)Instantaneous CO2
concentration distributions. (b)Instantaneous velocity distributions
induced by the instability of local water density gradient by CO2
absorption.

1 Introduction

Experimental investigations of gas dissolution process into liquid are necessary to understand the diffusion of
gas in liquid, and to evaluate heat and mass transportation at the interface of the gas-liquid phases. There have been
many studies concerning the analysis of the gas dissolution process, especially for CO2 dissolution into water. An
accurate estimation of the gas dissolution requires the transitional behavior of gas diffusion in liquid, example for
industrial applications including the reduction of greenhouse gas into seawater [Hirai et al., 1997], and for an
analysis of flow of the ocean induced by the dissolution of CO2 [Haugan, 1992].
In order to measure CO2 dissolution into water, the detection technique by pH measurement was widely
conducted. In the field of chemical analyses, the technique using the glass electrode is widely used for pH
measurements, however, this method does not fit for flow field measurements, because this is an intrusive
point-measurement and time response is significantly low, especially due making disturbance by probe. Spatial pH
distribution of the jet was measured by using laser-induced fluorescence (LIF) [J. Coppeta and C. Rogers, 1998].
Sedjil et al. (1998) measured seawater pH using BDJ detector. Hirai et al. (1997) measured the CO2 liquid droplet
diffusion by means of LIF. While the quantitative and spatio-temporal measurement has not been established yet, it
is requested to accomplish the technique for the analysis of dynamic interaction between momentum and heat-mass
transport phenomena. The present study attempts to develop the simultaneous measurements of the CO2 gas
dissolution process by high sensitive pH measurement using laser absorption.
By using the present pH measurement, we can measure a high sensitive and high resolutional CO2 concentration
distribution. This pH measurement is not affected by the temperature or flow field. Since we can get integration
value of CO2 concentration along the light probe, this technique can be expanded to measure three dimensional
diffusion process combined with Computer Tomography (CT) technique. Three dimensional concentration field
mesurement technique to investigate the details of mixing process in a mixing layer of the jet by CT technique has
been conducted by using Rhodamine-B absorption [Kawaguchi et al., 2000].
In order to analyze dynamic interaction between momentum and heat-mass transport phenomena, the present
study develops the simultaneous measurements of CO2 gas dissolution process by pH based laser absorption with
the combined with the fluorescence PIV.
The principle of the pH measurement technique using laser absorption are described in Section 2.1, and CO2
detection by pH measurement are in Section 2.2, which is followed by the verification results in Section 3 and
measurement results of CO2 gas dissolution in Section 4. Finally conclusions are described in Section 5.

2 Principle
2.1 pH measurement technique for detecting gas dissolution
In order to detect the CO2 gas dissolution into liquid we implemented a pH based laser absorption technique.
The intensity of the beam passed through a medium is attenuated according to the pH distribution when the
wavelength of the light source is tuned to the proper absorption band of target species. Lambert Beer's relation states
that the intensity of the beam passed through an absorbing medium is exponentially attenuated. If there is a spatial
distribution in the test section, absorbance will correspond to the integral along the probe beam.

 I (ν ) 
 = ε (ν , pH )dC
A(ν , pH ) = − log
 I 0 (ν ) 

(1)

where A(ν, pH) is the spectral absorbance related with pH value, which is defined as a ratio of the intensities
between irradiating beam, I0, and transmitted beam, I, through the pass length, d, in the absorbing medium. C is the
concentration. The spectral absorption coefficient is denoted as ε(ν, pH), which is related with pH value. As seen in
Equation 1, pH value can be determinated by measuring the absorbance.
Figure 3 shows the example of the experimental results of measuring the spectral absorbance of Phenol Red
water solution by light spectrum analyzer, measuring at absorbing depth d=2.0, Phenol Red concentration
c=0.27×10-3 mol/l. Absorbing spectral band of Phenol Red has altered by pH value especially pH5-9. We can use
Phenol Red for pH measurement around pH5-9 by using 532nm Nd:YAG Laser as light source.
Figure 4 is a calibration line that provides the relation between absorbance and pH at 532nm in wavelength
(light source is Nd:YAG Laser). We apply a proofreading line, which is theoretically lead by Gillian et al. (1985), to
this calibration line as shown in Equation 2. The cause for the fluctuations of pH value is mainly

Figure3: Spectral absorbance of Phenol Red in water solution depending on pH value; 380-630nm in wavelength
and temperature at T=293K.

Figure4: Relation between absorbance and pH by using 532nm Nd:YAG Laser.

due to the sensibility of pH meter.

 A − 0.02 
pH = 7.7 + log

 1.527 − A 

(2)

We take this relationship for the present pH measurements and Phenol Red for detecting gas dissolution, which
can measure for pH7-9, because gas dissolution phenomena into liquid around pH7 are widely applied especially for
environmental problem such as CO2 gas dissolution into seawater. Measurements for other pH ranges also can be
conducted by taking other pH indicator dyes for absorbing medium, such as Phenolphtalein for pH8-10, Phenol
Orange for pH3-5.

2.2 measurement technique of CO2 dissolution process
CO2 dissolution process into water has been considered to be described as chemical reaction stated as Equation
3, 4. CO2 dissoluted in water reacts to product H2CO3 and HCO3-.
k1

k2

k −1

k− 2

CO2 + H 2 O ↔ H 2 CO3 ↔ H + + HCO3
k3

CO2 + H 2 O ↔ H + + HCO3

−

k−3

−

(3)

(4)

Dissoluted CO2 gas is alomost existing as CO2, H2CO3 is less than 0.4% of CO2. These chemical reaction sate
lead to dissociation constant Ka, which is stated in Equation 5.
−

[ H + ][ HCO3 ]
Ka =
= 4.3 × 10 −7
[CO2 + H 2 CO3 ]

(5)

Cosequently reaction between pH and dissoluted CO2 concentration leading from Equation 5 is shown in Equation
6.

[CO2 ] = 10 ( pK a − 2 pH )

(6)

where CO2 is dissoluted CO2 concentration, pKa = -log10Ka = 6.35 [Kern,1960]. We take this relationship to calculate
CO2 concentration distribution in water from pH distribution.

3 Verification Experiment of pH measurement

We examined an example of verification for pH detection.
Figure 5 (a) illustrates the optical arrangement for the present pH measurement system. The light source was CW
Nd:YAG laser, whose wavelength was λ=532nm, maximum output power was 100mW. The probe beam, passed
through the measurement region and attenuated by absorption, was projected onto the diffusing plane. The image
was captured by a CCD camera (KODAK ES 1.0, 10BITS, 1018×1008pixels), so that the time-series pH
distribution was quantitatively visualized. The spatial and temporal resolutions of our measurement system were
47µm and 33msec, the size of probe region was 20×40mm. Test section was the thin flow field as like two

dimensional flow field, shown in Figure 5 (a). Two planes are put so that the space between two walls is 2mm for the
verification of absorption pH measurement.
We measured the rectangular jet as shown in Figure 5 (b), whose nozzle exit size is 2×2 mm. Normalized
coordinate, time were defined as follows.

x* = x / L, y* = y / L, t* =

t
L /U

(7)

where L is a nozzle width, L = 2×10-3 m. U is the average velocity given by volume flux in the nozzle, which is
controled by the stepping motor connected to the nozzle, U= 0.10 m s-1 for the steady jet. Reynolds number is
defined as Re=(U L)/ν.
Figure 6 is an example of background image and absorbed image. As calculated from these two images, we get the
time averaged pH distribution of the steady rectangular jet (Re=500), shown in Figure 7. The pH8.6 jet was injected
into a pH7.3 ambient water. The Phenol Red concentration of both the jet and ambient water was the same as
0.27×10-3 mol/l. The contour plots show that the jet is spreading and is increasingly mixed as the jet travels
downstream.
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Figure 5: Experimantal Setup for pH measurement by laser absorption. (a)optical arrangement. (b)Schematic of
rectangular jet flow for verification of present pH measurement technique.

Figure 8 (a) shows the time-series pH distributions of the starting jet (Re=250). The pH 8.5 water jet was injected
into the pH6.6 ambient water, both jet and ambient water were added Phenol Red for pH detection whose
concentration was 0.27×10-3 mol/l. These distributions showed the mixing process caused by the gradient of pH.
Figure 8 (b) showed pH distribution on y*=4 line. The pH values were measured quantitatively, and we could see
the mixing and diffusion process by the present pH measurement technique.
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Figure 6: Absorbing Image of the steady
rectangular jet.

Figure 7: Contour map of the time averaged pH
distribution of the steady rectangular jet.(Re=500)

Figure 8: (a) Contour map of instantaneous pH distributions of the starting jet.(Re=200). (b) pH distribution at
y*=4.

4 Measurement of CO2 gas dissolution process
Figure 9 illustrates the experimental setup for the simultaneous measurement of CO2 gas dissolution process by
pH measurement using laser absorption and velocity distribution by fluorescence PIV.
The light source for pH measurement was CW YAG laser (532nm, 100mW) same as verification experiment
stated above. The probe beam passed through the measurement region and attenuated by absorption was projected
onto the dicroic filter, which reflect only green light to 90 degrees direction and pass other wavelength light. The
reflected green light image was captured by a CCD camera (KODAK ES1.0, 10BITS, 1018×1008 pixel) .
In order to measure the simultaneous velocity field, we implemented fluorescence Particle Image Velocimetry
system [Fujiwara et al., 2000]. Laser sheet was made by Pulse Nd:YAG Laser whose wavelength was λ=532nm and
the maximum power was 30mJ. As for tracer particle, we applied Laser Induced Fluorescence (LIF) as fluorescent
tracer particles. Methyl methacrylate (H2C=C(CH3)COOCH3) with Rhodamine-B as the fluorescence dye
polymerizes to give particle. We could detect fluorescence emitted by the particles through a dicroic filter, which can
cut the green light for pH absorbing measurement, by a CCD camera (KODAK ES1.0, 8BITS, 1018×1008 pixels).
With this set-up we could measure the flow structure, with the combination of laser absorption technique for pH
measurement. In this system, image data was analyzed by cross-correlational technique, so that we can obtain the
velocity vector at each locations. The spatial and temporal resolutions of this measurement system are 47µm and
33msec.
We measure CO2 gas dissolution of immovable CO2 bubble trapped by two walls shown in Figure 10 (a). CO2
bubble size is 3.6mm at first. The ambient fluid was pH8.1 water added 0.27×10-3mol/l Phenol Red. Normalized
coordinates were defined as follows.

x* = x / D, y* = y / D

(8)

where D is a first CO2 bubble size, D = 3.6×10-3mm.
We also measure CO2 dissolution into the stationary state water shown in Figure 10 (b). The measurement
region was 20×18 mm, which was filled with a pH7.8 water added 0.27×10-3 mol/l Phenol Red, and upper part of
the reservoir is filled with CO2 gas.
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Figure 9: Experimental Setup for measurement of CO2 gas
dissolution process.

Figure 10: Schematic of CO2 gas dissolution field.

Figure 11 shows the time series CO2 concentration distribution, of CO2 bubble dissolution process. We can see
dissolution and diffusion process of CO2 from the bubble. Figure 12 shows the variations of CO2 concentration
distribution on y*=0 line, that is, center line of CO2 bubble as time passed. We can see CO2 diffusion quantatively.
Figure 13 shows the time series CO2 distribution of CO2 gas dissolution process from upper part filled with CO2
gas. We can see the gas dissolution is stable at first because of molecular diffusion. At 120 seconds the heavy part of
CO2 absorbed liquid starts to sink unsteadily because its density change caused by CO2 dissolution made instability
and started to go downwards by gravity force.
Figure 14 shows the simultaneous measurement of CO2 concentration field and velocity field. As the CO2
concentration distribution begin to change instability state, velocity distribution has drastically changed. We can see
the flow structure of the induced natural convection caused by CO2 dissolution to investigate the interaction between
the gas dissolution and the mixing flow field by simultaneous measurement of pH based laser absorption technique
for CO2 concentration distribution and fluorescence PIV.
Though these CO2 concentration values were integrated values along the probe beam (2mm). We can also
expand the present measurement technique with the combination of CT technique, which is previously described by
Kawaguchi et al. (2000), to investigate the three dimensional distribution and accurate CO2 concentration values at
each points of three dimensional space.

Figure 11: Instanteous CO2 concentration distributions of CO2 bubble dissolution process.

Figure 12: CO2 concentration distribution of CO2 bubble dissolution at y* =0.

Figure13: Contour maps of the instantaneous CO2 concentration distributions of CO2 gas dissolution process. The
heavy part of CO2 absorbed liquid sinks by the instability of local water density gradient caused by CO2
absorption.

Figure14: CO2 gas dissolution process. (a)Instantaneous CO2 concentration distribution. (b)Instantaneous velocity
distributions induced by instability of local water density gradient caused by CO2 absorption.

5 Conclusions
1. A high sensitive pH distribution measurement technique was developed by employing the absorbing detection
of molecules.
2. The measurement technique of gas dissolution process by the pH field was established.
3. In order to investigate the dynamic interaction between gas dissolution process into liquid and the induced
natural convection caused by dissolution, the simultaneous measurement of pH based laser absorption and
fluorescence PIV was established. The induced convection and its flow structure were measured.
4. This measurement technique will be expanded to three dimensional dissolution and diffusion measurement
combined with CT technique.
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