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ABSTRACT

A new method for determining the molecular diffusivity of oxygen in liquids
is presented in this paper. The technique was applied through a flat air-
liquid interface in a Hele-Shaw cell (5x5%x0.2 cm3) and was based on Planar
Laser Induced Fluorescence (PLIF) with inhibition. A ruthenium complex
(C720H4sNgOgRu) was used as the fluorescent dye sensitive to oxygen. A
mathematical analysis was developed to determine the molecular diffusivity
of oxygen simply by localizing the gas diffusion front. The specificity of this
mathematical analysis is that it does not require the properties of the fluids
(such as the saturation concentration) to be considered, which is especially
relevant for complex media that are sometimes difficult to characterize
properly. This technique was applied to three different fluids (viscosities
ranging from 1 to 2.4 mPa.s) corresponding to binary diffusion coefficients

ranging from 9.5x10-10 to 2 x10-2 m?/s. Experimental data were found with
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an uncertainty of about 5% and were in good agreement with the literature.
Particle Image Velocimetry and numerical simulations were also carried out
to determine the optimal gas flow rate (0.01 L/s) to reach purely diffusive

transfer, and the corresponding hydrodynamic profiles of the two phases.
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1. Introduction

Gas-liquid mass transfer is of prime interest in several areas, from chemical
engineering (bubble column, bioreactors) to environmental issues (waste
water treatment, absorption of pollutants in oceans). Since it is a
phenomenon related to the efficiency of the processes and to the pollution of
natural resources, researches in this area have been many and varied.
Nevertheless, some aspects of gas-liquid mass transfer remain unclear and
would deserve some additional effort. For instance, a lack of knowledge
persists in the molecular diffusivities of gases in liquids and thus in the
mass transfer behavior in the vicinity of the gas-liquid interface.

Research in this domain has been intensive and several techniques have
been developed to measure experimental diffusion coefficients of gases in
liquids: the diaphragm cell method (Hung and Dinius!; Tham et al2), the
capillary cell method (Malik and Hayduks3), the polarographic diffusion cell
method (Ho et al%) and other techniques based on the use of microprobes
(Hebrard et al.5; Jamnongwong et al.), the laminar jet method (Sovova and
Prochazka?), constant/decrease bubble size methods (Wise and Houghtons;
de Blok and Fortuin9), to mention just a few. Optical techniques, such as
interferometry, have also been largely developed to characterize diffusive
process (Ambrosini et al.10). Due to their several well-known advantages (fast
response, high resolution, non-invasive nature, reliability of the results etc.),
these techniques seem to be the most suitable ones for studying diffusive
mechanisms. However, it has to be noted that they concern gas-gas or

liquid-liquid systems in most cases (He et al.ll; Jamshidi-Ghaleh et al.12)
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and rarely include the measurement of diffusion coefficients of gases in
liquid media (Roetzel et al.13). As a consequence of the number of techniques
available, a multitude of diffusivity measurements exist for a known gas-
liquid system and their determination is thus still commonly restricted to
the use of empirical correlations (e.g. Wilke and Chang!4; Othmer and
Thakar!5) which are valid only under certain conditions (dilute solutions for
instance).

Some authors have pointed out the importance and the difficulty of
establishing accurate experiments for determining gas diffusion coefficients
in liquids (Sovova and Prochazka’; Walker and Peirson!6; Jamnongwong et
al.6; Hebrard et al.5). On the whole, diffusive transfer observations are time-
consuming and sensitive to any convective disruption, which complicates
the experimental set up. Moreover, in turbulent media for instance, the
thickness of the mass boundary layer can vary from ten to hundreds
micrometers for slightly soluble gases (Herlina and Jirkal?; Walker and
Peirson!¢). High resolution systems are thus required for quantitative
explorations in the vicinity of the interface and optical systems, such as
holographic interferometry, are widely used (Kutepov et al.l3; Wylock et
al.19).

The Planar Laser Induced Fluorescence (hereafter noted PLIF) is another
optical system widely used for studying gas transfer in liquids. PLIF
(Geddes29) is based on the use of a fluorescent dye in the liquid medium,
characterized by its sensitivity to specific parameters (gas concentrations,

pH changes, etc). Thanks to this sensitivity, gas absorption can be
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visualized and concentration profiles can be derived with high spatial and
temporal resolution. PLIF is thus a promising technique to shed light on
gas-liquid transfer and many PLIF based studies have been carried out.
Wolff and Hanratty?! introduced PLIF with inhibition to visualize O
concentration near a gas-liquid interface. Many researchers (Wolff and
Hanratty?2; Herlina and Jirkal7; Variano and Cowen?23; Falkenroth et al24;
Asher and Litchendorf25; Francois et al.26 among others) have continued to
work on the same subject by studying the absorption of O, through flat,
wavy or bubble interfaces. Similar experiments have been conducted with
other gases such as CO; (Takehara and Etoh27; Stohr et al28) and HCI
(Munsterer and Jahne29). However, despite the various experiments carried
out with PLIF on gas-liquid mass transfer, quantitative measurements have
focused only on the determination of gas concentration profiles, liquid side
mass transfer coefficients or mass boundary layer thickness and have
mainly concerned turbulent media. To the best of our knowledge, no
diffusion coefficient measurements of gases in liquids, which require well-
controlled and specific hydrodynamics, have been made wusing this
technique.

The contribution of the work reported here is thus to set up a new and
promising experiment, first to accurately visualize the pure diffusive process
of oxygen through a planar air-liquid interface by PLIF with inhibition in a
Hele-Shaw cell (5x5x0.2 cm3), then to measure oxygen concentration profile
in the liquid phase near the interface and, finally, to determine the diffusion

coefficient of oxygen in the studied liquid using a simplified mathematical



solution. Experimental results are then compared to values from the
literature. The particularity of this paper is also that it combines the PLIF
technique with PIV (Particle Image Velocimetry) experiments and COMSOL
simulations, first to determine the optimal gas flow rate allowing the
diffusive process to take place and then to quantify the hydrodynamic fields
in the two phases. The presented paper allows thus two fundamental
aspects of gas-liquid transfer to be associated: diffusivity and hydrodynamic

behavior.



130 2. Determination of mass transfer equations in a Hele-Shaw cell
Experiments based on a flat air-liquid interface were carried out in a Hele-
Shaw cell (Hele Shaw30). This cell’s thickness (0.2 cm) is small compared to

its height (5 cm) and width (5 cm), as depicted in Figure 1.

With such a configuration, it can be assumed that the problem is 2-
dimensional (the contribution along the z axis can be neglected), and that a
concentration gradient only appears along the x axis. The absence of
convection in the x-direction is also assumed (see part 3 for further details
on the experimental set-up and hypothesis validation).

140 Under these assumptions, mass transfer equations in the Hele-Shaw cell
can be derived from Fick’s law of diffusion (Fick3!) as follows.

2 1
oc_ ¢ (1)
ot ox?

with C the gas concentration in the liquid phase (mg/L), D the molecular
diffusivity of the gas in the liquid (m?/s), t the time (s) and x the distance to
the gas-liquid interface (m).

The duration of the experiments being relatively short (~30 minutes)
compared with the duration of the diffusive process of gas in liquid
(t~L?/D=833 minutes for L=1cm), the analytical solution in a semi-infinite

medium is assumed (Crank32).

150



160

c-C, . x (2)
CS—CO_I erf(z\/ﬁl‘)

Where Co and Cs are the concentration in the bulk and at saturation
respectively (mg/L) and erf(.) is the function error defined as in (3)
(Abramowitz and Stegun33).

2 (3)
erf(u) = ﬁj.exp(—uz).du

By setting up an experiment to measure C(x,t) and assuming that Co and Cs
are known, it is thus possible to determine D using (2).

However, the knowledge of the saturation concentration Cs is not as simple
as wanted, especially in complex media (Slininger et al.3%; Ho et al%;
Schumpe35). This paper thus proposes to determine the solution of (2) in

such a way that Cs can remain unknown.

2

¢ is given by (4).

Based on (2), the closed-form expression of P
X

82C_ X exp(_x
o JaDbt2Dt 4D

2
t)(Cs‘ - CO)
Now, let us introduce the gamma distribution as (5) (Upton and Cook3¢)

X exp(—)
(X, k,0) = 0

I'(k).6"

Assuming that D is constant and with X = x> and 6 = 4.D.t, it can be

deduced that (6)



170

180

oec  x'"’ (6)

-X
oc exp( 7 )

axz 03/2

And thus that k=3/2 according to (5).
The relevance of the gamma distribution comes from the fact that its mode,

i.e. the value of X maximizing f(X,k,0), is defined by (7). (Upton and

Cooks36)

X, =(k-10k>1 (7)

2

In the present study, the point where is maximized at a given time

ox?
represents the location of the maximum curvature of C(x,t).

The diffusion front is thus characterized by (8).

e =3l _ (8)
Xmax X front (2 1)4Dl ZDt

However, the time, t, since the beginning of the diffusive process could be
quite difficult to determine accurately, it is preferable to study the variation

between two subsequent instants.
xzfront 1 _xzfront 2 = 2D(t1 _tz) (9 )

With xmont the distance between the gas-liquid interface and the x-position

2

maximizing .
ox?

It is noteworthy that formulation (8) is similar to the Einstein and

Smoluchowski equations of Brownian motion (Einstein37; von



Smoluchowski38) based on the kinetic molecular theory of gases (Islams39).
However, in our case, the determination of Equation (8) is directly based on

the mathematical resolution of Fick’s law and this equation is only valid at a

2

specific and remarkable point, the point of maximum curvature for a

ox?

given time.

190 The relevance of this formulation has been mathematically proved and
experimentally tested as shown in the results section.
Thus, according to (8) and (9), the method proposed here sets up an

experimental technique able to accurately locate the diffusion front, thus the

2

point X maximizing and to determine the value of the diffusion

ox?
coefficient D. Note that no additional properties of the gas or liquid media

are required to estimate the molecular diffusion coefficient.

Based on (9), the uncertainty on the molecular diffusion -coefficient

determined is given by (10).

200
(10)

2 2
_ X front 1 -X front 2
(tl _tz)

Where AD and Ax are the uncertainty on the molecular diffusivity and on the
x position respectively. From (10), it is straightforward to show that, the
larger the time scale and the smaller the x uncertainty, the smaller the
uncertainty on D. The technique proposed here for visualizing and locating

the diffusion of Oz in liquid is PLIF with inhibition.
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3. Principle of PLIF with inhibition
Since details of this subject are available in the literature (Crimaldi*o;
Geddes20), only the basic principle of the technique is summarized in this
section. PLIF, in a gas-liquid complex, is based on the use of a fluorescent
dye that is incorporated in the liquid phase. This fluorescent dye is excited
by a laser beam and re-emits light (fluorescence phenomenon) to return to
its ground state. The light emitted by fluorescence is then recorded by a
camera system. The fluorescent dye is chosen for its sensitivity to some
parameters such as gas concentration, pH changes etc. In PLIF with
inhibition, the fluorescent dye used is sensitive to the presence of oxygen in
the liquid medium. Oxygen molecules inhibit the fluorescence process by
colliding with molecules of the fluorescent dye; Oz is called a “quencher” of
fluorescence. In other words, when no oxygen is present in the liquid, the
fluorescence is maximal, leading to a high light intensity recorded by the
camera system. Conversely, when oxygen transfers in the liquid, the

fluorescence is inhibited and thus darker areas appear (Figure 2).

Thanks to the inhibition of fluorescence, the concentration of O; can be
determined from the intensity level recorded by the camera. The conversion
into oxygen concentration is based on the Stern-Volmer equation (Stern and

Volmer+?).



I 1 (11)

Le__ -
I, 1+KSV[Q]

230 where Ksv is the Stern-Volmer constant (L/mg), [Q] the quencher
concentration (mg/L), and Io and Io the fluorescence intensities in presence
and absence of quencher respectively. The intensity level recorded by the
camera, characterized by grey levels, is inversely proportional to the
concentration of O2 in the liquid phase. The calibration curve can be
determined by registering the fluorescence level of a solution with a known
oxygen concentration, ranging from about O mg/l to the saturation
concentration. These oxygen concentrations were measured by a specific
probe (Mettler Toledo, +1%). Experimental points always fitted the Stern-
Volmer equation with a square correlation coefficient higher than 99%

240 (Figure 3 Ksv = 0.2 L/mg).
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4. Experimental set-up and procedure
4.1. Experimental set-up
The experimental set-up is presented in Figure 4. Each component is

explained in detail in the following sections.

As explained in section 2, a Hele-Shaw [1] cell was used to reduce the
problem to 2 dimensions. The Hele-Shaw cell was 5 cm high, 5 cm wide and
0.2 cm thick (Figure 1). The cell sides were transparent and made of PMMA
(Polymethyl Methacrylate) with two gas orifices placed 1 cm below the top of
the cell to allow the gas to flow [3]. An air flow [2][3] of about 0.01 L/s
passed tangentially to the liquid interface without disrupting it. The control
of the air flow was of prime importance to avoid disruption of the diffusion
process by convection (See part 4.3).

In accordance with Dani et al*?2 and Francois et al26, the liquid medium
filling the Hele-Shaw cell consisted of the studied liquid, 25 mg/L of
ruthenium complex (Nanomeps), C72H4sNsOsRu, to observe the fluorescence
and 20% by mass of ethanol to solubilize the fluorescent dye. The
introduction of ethanol indubitably changed the properties of the liquid
phase, however, this does not fundamentally distort the principle presented
in this paper. The ruthenium complex was chosen for its excellent
sensitivity to the presence of oxygen and thus its ability to improve the
visualization of the O diffusion. Experiments were performed for three
different liquid media, whose properties are described in Table 1. Viscosity

and density were measured with a Haake VTS50 Viscotester (Thermo
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scientific, Thermo Fisher Scientific Inc) and with a pycnometer (Brand

Duran, V = 25 cm3) respectively.

The laser sheet [5] was produced by a Nd: Yag laser [4] (Quantel, A = 532
nm, 10 Hz, 200 x 2 mJ) and controlled by a monitoring system [6]. The laser
sheet crossed the Hele-Shaw cell vertically, along the xy plane. A Charge-
Coupled-Device (CCD) camera [7] (Imager Intense, LaVision, 12 bits) was
placed perpendicularly to the Nd: Yag laser, in front of the xy plane, to
record the fluorescence level at the gas-liquid interface. A range of 2000 grey
levels is available with this optical system. The size of the recorded pictures
is 1040x1376 pixels? which corresponds to a window of ~ 9x12 mm?3. A 105
mm objective (Micro-Nikkor 105 mm {/8, Nikon) and a 570 nm high-pass
filter added to the digital camera allowed the fluorescence of the ruthenium
complex to be recorded while blocking the laser light. The Nd: Yag laser and
the digital camera were synchronized by a synchronizer [8] (Programmable
Trigger Unit, LaVision). Data were then collected using specific acquisition
software (Davis 7.2, LaVision)[9].

Besides PLIF experiments, Particle Image Velocimetry was carried out to
determine the velocity field in the liquid medium. Reflecting particles were
added to the liquid medium and their motion was tracked with specific
software. The experimental set-up was similar to the one described for PLIF
except for the laser used (Dantec Dynamics Big Sky-Twins Nd: Yag laser, A =
532 nm, 15 Hz, 30 x 2 mJ). The software used to analyze the results was

Flow Manager Version 4.60. The tracer particles used were silver-coated
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hollow glass spheres, 20 pm in diameter, made by Dantec Dynamics. The
size of the interrogation areas was 32x32 pixels?. The delay between two

successive images was 32 ms and an overlap of 50% was set.

4.2. Experimental procedure

The first step of the PLIF experiments consisted in determining the
calibration curve to check the linearity of the laser and to obtain the
conversion equation between grey level and oxygen concentration.

Then, after the preparation of the liquid medium composed of the studied
liquid, ethanol and the ruthenium complex, the solution was deoxygenated
by nitrogen [2] until the oxygen concentration almost reached zero (~0.45
mg/L). Meanwhile, and due to the small thickness of the Hele-Shaw cell, the
optical system was precisely adjusted to generate a laser beam flashing
between the vertical plates of the Hele-Shaw cell. The deoxygenated solution
was then cautiously allowed into the Hele-Shaw cell. The liquid height was
set to about 3 cm. A nitrogen flow ran above the interface to insure there
was no oxygen intrusion into the liquid medium. After a few minutes, the
gas was switched to air to insure an air flow of about 0.01 L/s. The gas
switch over corresponded to the time t=0. A laser sheet was generated every
minute and five images were recorded simultaneously (10 Hz) each time. It
corresponded to a duration of 0.5 s, which is completely negligible in
comparison with the duration of the diffusive process. To avoid evaporation

issues, the duration of the experiments was limited to about 30 minutes.
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The gas-liquid interface was located for each time to check that no

evaporation had occurred (See part 4.3).

The procedure for PIV experiments was similar that for PLIF experiments.
However, an area sizing the Hele-Shaw cell dimensions was chosen to

visualize the whole velocity field in the liquid phase.

4.3. Precautions

To insure the accuracy of experiments, some aspects had to be considered
with great care. As the Hele-Shaw cell had a small thickness, some
capillarity issues were possible. It was of prime importance to limit the
apparition of a meniscus because it could lead to a reflection during the
laser flash, altering the results.

The insertion of the deoxygenated liquid was a critical step. It had to be
carried out in such a way that the interface remained plane and the
pollution of the liquid phase by oxygen was limited. A picture was therefore
recorded after the insertion of the liquid, while nitrogen flowed above the
interface to insure that the interface was effectively flat and that the grey
level corresponded to the lowest oxygen concentration determined by the
calibration curve.

The gas switch from nitrogen to air had to be done slowly and the interface
had to be kept plane without disrupting it. A poorly controlled flow could
generate instabilities near the air-liquid interface as shown in Figure 5,

where PLIF and PIV experiments are superimposed. Instabilities of this kind
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can be assimilated to Rayleigh-Taylor finger instabilities (Rayleigh43;

Taylor#4).

However, when a correct air flow was generated above the interface, no
instabilities appeared and the diffusion process could continue. In this case,
the velocity field near the air-liquid interface in the Iliquid phase

corresponded to the one depicted in Figure 6.

In this figure, the hypothesis of absence of convection along the x-direction
is confirmed at the vicinity of the interface. The weak velocities are due to
the configuration of the Hele-Shaw cell, whose walls slow down the liquid
motion. It should be noted that, according to PIV experiments, the liquid
runs in the side opposed to the gas inlet. In fact, due to the small size of the
gas outlet, a loop was also generated in the gas phase. This phenomenon
was confirmed by simulations depicted in Figure 7. These simulations were
made with the COMSOL Multiphysics 3.5a software and are based on the
2D Space dimension with a laminar flow module and a stationary study
type. On this figure, simulations are depicted in the gas phase and PIV

results are superimposed to represent the liquid motion.

Experiments were carried out in a temperature regulated room at 20°C.
However, the laser sheet flashing five times a minute on the Hele-Shaw cell
could have created a temperature gradient, able to generate more convection

than described previously. Tests with a thermal camera (FLIR Systems) were
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conducted to check the temperature homogeneity in the Hele Shaw cell. The
experimental set-up was the same as in the PLIF experiments except that
the CCD camera ([7] in Figure 4) was replaced by the thermal camera. The
thermal camera only recorded information from the external wall of the
Hele-Shaw cell. The temperature of this wall was measured for different
numbers of laser flashes, each flash having a duration of a few
nanoseconds. It revealed that the thermal gradient in the Hele-Shaw cell
could reasonably be neglected as long as experiments required less than ten
successive laser flashes. With five flashes each minute, our experimental
set-up was thus assumed to avoid any thermal gradient and induced

convection due to the laser sheet.
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5. Image processing
Pictures registered during the experiments needed some image processing to

give accurate quantitative results.

As explained in part 4, for each time, five images were recorded at 10 Hz.
The first step of the image processing consisted of averaging each pixel over
the five pictures to obtain a “mean” picture. This averaging can be
considered as a denoising step although it engendered an uncertainty of 0.5

s on the time estimation.

The second step consisted of detecting the gas liquid interface. Due to
reflection at the interface, a peak in the grey values was present in the
vicinity of the interface as previously observed (Variano and Cowen23;
Walker and Peirson!¢). As shown in Figure 8, the location of the peak was
stable even after several minutes, so there was no evaporation or leakage in
the cell. The peak appeared to be quite a Gaussian with a standard
deviation corresponding to the interface position wuncertainty. This

uncertainty was about 13%.

Special precautions have been advised by Walker and Peirsonlé in order to
minimize the area lost by interface reflection. They managed to make oxygen
concentration profile measurements within 28 pm of an air-water interface,

which is clearly better than the results presented here. However, their
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experimental set-up required the camera to be inclined (8°). To focus the
camera on the liquid interface and to determine the geometric calibration
factor (conversion between pixel and mm), a ruler was inserted in the Hele-
Shaw cell. When the ruler’s graduations appeared clear on the recorded
image, the focus had been correctly defined. However, an inclined camera
also means an inclined ruler to obtain a clear image, which was not feasible
in our 2-mm-thick Hele-Shaw cell. A thickness of 7 mm was required to

correctly tilt the ruler.

Once the interface was located, the Beer Lambert attenuation due to the
absorption of the laser light in the liquid phase had to be considered. This
part of the image processing was the same as that described by Walker and
Peirson!'6 and Falkenroth et al24. Since the fluorescent dye concentration
was constant in the liquid media, absorption of the laser light depended only
on the distance covered by the laser sheet. By modeling the Beer Lambert
dispersion, the absorbance coefficient was determined and images were

processed to correct this dispersion as shown in Figure 9.

The last step was the application of a Gaussian filter which averaged a

window of 5x5 pixels? to denoise the raw images.
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6. Results
An example of visualization of the oxygen diffusion process in water (80%

w/w) and ethanol (20% w/w) (Case 1) is shown in Figure 10.

At the beginning of the experiments (t=0), the solution had been fully
deoxygenated, maximizing the fluorescence and thus the intensity recorded
by the CCD. After some minutes, a plane darker area appeared on the
recorded picture, indicating the diffusion of oxygen in the liquid. Times
longer than 20 minutes have been considered in Figure 10 in order to
visualize a sufficient oxygen gradient. Since some micrometers were
corrupted in the x-direction due to the interface reflection, the maximum
value of oxygen concentration measured near the interface reached almost 4
mg/L in spite of the expected saturation concentration at about 9 mg/L
(Jamnongwong et al.). Similar visualizations were obtained for the two other
cases studied (Table 1) but the diffusion process was slower since the
viscosity was higher than in Case 1.

Using pictures like those presented in Figure 10, it is possible to determine
the oxygen concentration profile as a function of time, t, and distance to the
interface, x. This was achieved by using the Stern-Volmer equation (11) and
by averaging each line of the picture to obtain a mean value for each x

position.

As explained in part 2.2, the determination of the oxygen molecular

diffusivity requires the location of the diffusion front, and especially the x-
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2

position maximizing at a given time. To facilitate the determination of

x2
this maximum, experimental data were fitted to a 6th order polynomial,

whose second derivative could be easily computed.

2
Values of

P in the vicinity of the maximal position for study case 1 are
X

shown in Figure 11.

Note that the location of the maximum, and thus of the front, obviously has
to increase time after time since the diffusion process goes on. The distance
between two successive maxima becomes smaller over time due to Fick’s law
(1). Since oxygen transfers in a fully deoxygenated solution, the exchange

potential will become smaller and thus the diffusion process slower.

To determine the molecular diffusion coefficient, equation (9) was used with
all the registered times that minimized the uncertainty on D (10). The
median value of D was considered as the molecular diffusivity in the liquid
studied. Experimental values of D are presented in Table 2 and compared to

values from the literature (Wilke and Chang!4; Scheibel45).

Good agreement was observed between experimental data and the
commonly used correlations related to the determination of molecular
diffusivity in aqueous media, confirming the accuracy of the method
presented. A comparison among the three liquids studied clearly confirmed
the relationship between viscosity and diffusivity. As shown in Figure 12,
where slopes are directly proportional to the diffusion coefficients (slope =

2D), the higher the viscosity, the slower the diffusion process.
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These experimental diffusion coefficients present small uncertainties since
efforts have already been made to minimize them (10). The essential feature
of this technique is that the diffusion coefficient measurement is
accomplished in a short time (less than 30 minutes). The accuracy is high
(less than 5%), and the amount of fluid necessary to achieve the
measurement is small (~ 3 mL). Another important feature is that only the
position and the time of a specific point are necessary for the measurement

and no physical properties are required.

7. Conclusions
In this paper, a new and promising technique was presented to visualize the
pure diffusive process of oxygen in an aqueous solution through a flat
interface by PLIF with inhibition and to determine the diffusion coefficient of
oxygen in liquids. The use of a Hele-Shaw cell allowed the problem to be
restricted to a 2-dimensional analysis. Thanks to this simplification, the
mathematical determination of the diffusion coefficient was simplified so
that it only required the location of the diffusion front versus time. The
proposed approach can also be generalized since other parameters, such as
the liquid properties, remain unknown, which is especially relevant in
complex media. The PLIF technique with inhibition was relevant since it
allowed, first, the pure diffusive process to be visualized and then the
oxygen concentration profile to be accurately measured. This technique was

validated in three different Newtonian fluids (viscosities ranging from 1 to
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2.4 mPa.s) corresponding to binary diffusion coefficients ranging from
9.5x10-10 to 2 x109 m?/s. However, improvements could be made so as to
take the interface reflection into consideration. Particle Image Velocimetry
and simulations determined the motion of the two phases and permitted to
ensure that only a diffusive process occurred. The results concerning both
mass transfer and hydrodynamics were of prime interest since the analytical
resolution was based on several hypotheses that needed to be validated. It
was shown that, in such a configuration, no convection disrupted the
diffusion process when the air flow was correctly chosen. Molecular
diffusion coefficients were determined in different liquids to check the
relevance of the technique. Good agreement was observed with the
literature and uncertainty estimates were small (less than 5%) with this new
technique. The viability of the PLIF technique for measuring diffusion
coefficients of oxygen in liquids has been demonstrated in this paper. It
could thus be generalized to other gases (such as CO;) and other
transparent liquids to become a wuseful tool for diffusion coefficient

measurement and visualization.
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Nomenclature

C

D

Ksv
[O2]

[Q]

X

y

Gas concentration

Molecular diffusion coefficient
Fluorescence intensity

Parameter of the gamma distribution
Stern-Volmer constant

Oxygen concentration

Quencher concentration

Time

Volume

Distance to the interface

Parameter of the gamma distribution

Tangentially position to x

Greek letter

AX

AD

Uncertainty on x position
Uncertainty on D

Density

Viscosity

Gamma function

Parameter of the gamma distribution

Wavelength

Subscripts

mg/L
m?/s

Grey level

L/mg

mg/L

mg/L

m3

m?/s
kg/m3

Pa.s

nm



520

530

540

550

front

Gas concentration in the bulk region (Co) mg/L
Fluorescence intensity in absence of quencher (o) Grey level

Saturation concentration of the gas mg/L

Location of the x maximizing the second derivative of C as a
function of x
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Case

Water (%w/w) Ethanol (%w/w) Glycerol (%w/w) p (kg/m3) B (Pa.s)
1 80 20 0 970 0.0010
2 60 20 20 1029 0.0017
3 50 20 30 1042 0.0024
Table 1. Characteristics of the liquid media studied

Case Dexp (m?/s) AD/D Wilke and Chang!4 Scheibel4s

1 1.9x10-9 3% 1.994%x10-9 2.02x10-°

2 1.2x10-9 3% 1.3x109 1.19x10-

3 9.47x10-10 5% 9.5x10-10 8.4x10-10

Table 2. Experimental results compared to correlations in the literature



