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The paper presents a novel method for hypolimnetic oxygenation by electrolysis
of water. The performance of the method is investigated by the laboratory and the
field experiment. The laboratory experiment is conducted in a 90 L vessel, while
the field experiment is conducted at the lake Biwa in Japan. In order to provide a
better insight into involved processes, a numerical model for simulation of bubble
flow is developed with consideration of gas compressibility and oxygen dissolu-
tion. The model simultaneously solves 3-D volume averaged two-fluid governing
equations. Developed model is firstly verified by simulation of bubble flow exper-
iments, reported in the literature, where good qualitative agreement between
measured and simulated results is observed. In the second part, the model is ap-
plied for simulation of conducted water electrolysis experiments. The model re-
produced the observed oxygen concentration dynamics reasonably well.
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Introduction

Eutrofication is a natural process of primary production increase in lakes, which
may lead to severe deterioration of water quality [1-3]. These processes are significantly af-
fected by thermal stratification [4-6], due to formation of density and temperature structure
consisting of relatively homogeneous surface water layer which is separated from the deep
hypolimnion zone by a layer with the strong temperature gradient, referenced as metalimnion.
The metalimnion has effective role of barrier that prevents exchange of dissolved oxygen
(DO) from the surface layer. Due to excessive release of nutrients by human activities, this
process is significantly accelerated and, in extreme cases, to anoxic conditions [7-9].

Low levels of DO have extremely negative consequences on ecological status, as
well as on drinking water treatment process in the case of water supply reservoirs [10]. This
includes production of hydrogen sulfide and ammonia, and may lead to reactivation of heavy
metals and nutrients from the sediment [11, 12].
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One of available lake restoration strategies is hypolimnetic oxygenation, with idea to
replenish the DO by aeration, while preserving the thermal stratification [13-19]. Gafsi et al.
[16] concluded that aeration by oxygen has significant advantages in comparison with aera-
tion by air. In this case, very efficient oxygen transfer can be achieved.

In this paper we propose a novel technology, which includes electrolysis of water at
the lake bottom, with oxygen dissolution and possible hydrogen harvesting for further energy
purposes. For simulation of the processes associated with the proposed technology, a numeri-
cal model for bubble flow simulation is developed, with the consideration of gas compressi-
bility and oxygen dissolution. The model has the aim to provide a better insight into the pro-
cesses related with oxygen bubble production and its dissolution in the water. The model
solves 3-D volume-averaged, two-fluid governing equations. The developed model is verified
by simulation of bubble flow experiments, previously reported in the literature. Different flow
configurations are tested: in which quasi-steady state is achieved, and where steady conditions
can not develop. In the second part, the model is applied for simulation of the conditions
achieved in the electrolysis laboratory and field experiments conducted in this study. This is a
new approach aimed at providing the oxygen directly from the water.

Experimental study

The experimental study of electrolysis effects on DO rehabilitation has been per-
formed in the laboratory (at the Shinshu University) and in the field conditions. The laborato-
ry set-up consisted of the 90 L transparent vessel, with 56.6 cm water depth. The electrolysis
apparatus (7.0 cm in height) consists of seven pairs of platinum plates (20 x 7 cm), placed at
the middle of the vessel bottom. Direct current of 2.3 A is applied, and transient DO concen-
trations are measured at different levels, in the center of horizontal plane section. Control lev-
els are at 25 cm, 35 cm, and 45 c¢cm from the vessel bottom.

The gas phase (hydrogen and oxygen) is uniformly produced at the 7.5 cm above the
bottom, at the horizontal area 20 X 10 cm. The volume of produced oxygen by electrolysis is
calculated from the Faraday’s law:

24 .8L/molx2.3A
4%x96485 As/mol

=0.148-10L/s

which, expressed per minute at 1.05 atm pressure, gives 8.46-10° L/min. The volume of pro-
duced hydrogen may be considered as double of this value.

After imposing the current through the electrolysis setup, a stream of hydrogen and
oxygen bubbles, due to buoyancy, starts to flow upward. This stream entrains the surrounding
water phase, which causes circulation of the water, fig. 1. The electrolysis produced the sig-
nificant increase of DO concentrations, while the induced water circulation enhanced its dis-
persion. As a result, relatively uniform DO distribution is observed within the vessel, reaching
the DO limit in nearly 8 hours (from initial 2 mg/L to final 13.5 mg/L).

The field experiment has been conducted at the lake Biwa in Japan by the Lake Bi-
wa Environmental Research Center, Shiga Prefectural Government. Installation consisted of
the plexiglas box with dimensions 130 x 77 x 100 cm. The box bottom was open and the top
of the box was partially closed with the two 17 x 3 cm openings at the top cover. Three elec-
trolysis devices were placed at the box bottom, in the middle of the box length, fig. 2. The
purpose of the box was to attenuate lateral currents and to accelerate the experiment by reduc-
ing the volume of influenced water.
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Figure 1. Experimental set-up for electrolysis experiment in the laboratory
(for color image see journal website)

The water column was relatively homogeneous regarding the temperature distribu-
tion (14.5 °C). Other water quality parameters were observed as follows: pH = 5.8, Cond =
= 18.5 mS/m, Turb = 6.1 NTU, TDS = 0.12 g/L and oxidation reduction potential ORP = —89
mV. During the experiment, the hydrogen bubbles were captured with the plastic covers and
removed from the box by pipes.

The water depth at the experiment site was 10 m. The DO concentration was meas-
ured 38 cm below the box cover (Horiba W-23XD monitoring system), at the middle of the
smaller vertical wall, 2.5 cm from the wall.

The direct current of 7.71, 7.91, and 8.05 A was imposed on three devices respec-
tively. Taking into account water pressure at 10 m of water column, calculated total oxygen
production was 0.0412 L/min. After imposing the current, the DO concentration was continu-
ally observed. The recorded increase of DO concentration was approximately linear with the
time. After 87 minutes, the DO concentration increased from initial 0.4 mg/L to 6.4 mg/L.

Outline of the numerical model

Several approaches have been proposed in the literature for bubble plumes model-
ing. The most often applied are models based on 1-D, transversally integrated equations and
self-similar solutions [17-21]. They provide a simple and robust tool for estimation of me-
chanical efficiency (mixing rate) and oxygen transfer, if considered. Naturally, such models
can not account for possible crossflow effects and oxygen transfer by low level aeration. Ber-
nard et al. [22] proposed relatively simple 3-D single-phase model with the implementation of
turbulence effects. In their model, authors idealized the bubble plume as a cylindrical volume
within which all bubbles remain and rise vertically by the assumed slip velocity. As authors
pointed out, the model is not applicable in the stratified environment, due to uniform bubble
column approximation.

Two phase models [23-26] provide a better insight into the effectiveness of the ap-
plied aeration technology. Here, several approaches are possible for coupling the gas and wa-
ter phases: (1) Eulerian-Eulerian (EE), (2) Eulerian-Lagrangian (EL), where gas bubbles are
treated as Lagrangian markers, and (3) Interface tracking method, in which a numerical meth-
od has to be applied for tracking of the boundary between two phases. The well known Vol-
ume of Fluid (VOF) [27] method may be considered as a representative for this approach.

In the pioneering work of multidimensional, two phase modeling of bubble plumes,
Sokolichin and Eigenberger [23] considered EE and EL methods, and concluded that EL app-
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Figure 2. (a) Schematic representation of the field experiment; (b) Three electrolysis devices installed
at the box bottom (for color image see journal website)

roach potentially have advantages in large scale geometry. However, a detailed computational
comparison [28] revealed that EE based models provide similar results as EL models in terms
of accuracy of average flow quantities.

Fraga et al. [26] proposed recently an advanced large-eddy simulation (LES)-based
EL model for simulation of bubble plume dynamics which is applied to the simulation of la-
boratory experiments. They concluded that bubble-induced turbulence generation may play an
important role and should be further investigated. However, the real scale application of the
model, e. g. for hypolimnetic aeration of stratified lakes, is not discussed.

In this study a two-phase EE model is proposed, based on the volume-averaged
Raynolds-averaged Navier-Stokes equations (VARANS). Considering compressibility of the
gas phase, and the mass transfer between the phases, continuity equations for the gas and the
water phase can be obtained by the volume averaging (e. g. [29]):

d 0 Ve
(pgtag)_l_ (pgaz/g gl) :_Ggw (1)
oa,, 6(aWVW<)_ G
ot i axj - pgww (2)
a, +a, =1 €)

where subscripts g and w denote gas and water phase, respectively, x; is the Cartesian coordi-
nate, ¢ is the time, p is the phase density, « is the phase content, V; is the component of veloci-
ty vector and G,, is the mass transfer between two phases, per unit time and volume.

It is assumed that density of the gas phase comply with the ideal gas law:

PgMyg

RT “)

Pg =

where p, is the gas pressure, m, is the gas molar mass, 7T is the absolute temperature, and
R is the gas constant (= 0.08206 L-atm-K "-mol ™).
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Dissolution of oxygen into the water phase is modeled as a first-order process, pro-
posed by Wuest [18]:

Gy =K 4, AlHp, ~DO) 5)

where K, is the mass transfer coefficient, 4 is the gas-water surface area, /{ is the dimen-
sional Henry’s constant, and DO is the dissolved oxygen.

During the buoyancy-forced flow of bubbles, their size is changing due to pressure
change, as well as due to dissolution. In order to model this change, a number of bubbles is
updated at each time step by solution of the following advection equation:

ON, O\NV,

=0 4 (—g/) = (6)
ot Ox

where N, is the number of bubbles per unit volume. Bubble diameter is calculated from the

gas content and number of bubbles, and it is utilized to calculate the drag force and gas-water

surface area through which the oxygen mass transfer occurs.
Volume averaged momentum equations can be formulated as:

p,a,v,) dp,a,V,V, op
( gatg g)+ ( ga‘;g g])z_aga_j_pgaggi_Fgw (7
J 1
Y dla .,V oa,z;
deVi) , eV wz):_ﬂ@’_w_awgi+LM+iFgW @®)
Ot Ox ; P OX; Py OX; P

in which g; is the component of gravitational acceleration, 7; is the shear stress, including vis-
cous and turbulent effects, and Fy,, is the momentum interaction term [29]. The latter is mod-
eled considering three components:

Fo,=F;+F,, +F )

where F; is the drag force, F,, is the added mass force, and F; is the lift force. These forces
are calculated as follows:

1 d?
Fd :Ecdpwﬂ-Tb‘Vg _Vw‘(Vg _Vw) (10)
DV, DV
F, =C,p,o £ __—w
am va g( Dt Dl] (11)
F=Copoa,(V, =V,)x(VxV,) (12)

where Cj, is the drag coefficient, dj is the bubble diameter, C, is the coefficient, and V is the
divergence operator. The drag coefficient is calculated as a function of Reynolds and Eotvos
numbers [30]:

8 Fo }
(13)

C, = max ﬁ(1+O.15Re°‘687),—,
Re 3 Eo+4
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Presented governing equations are discretized by finite volumes with staggered ar-
rangement of flow variables. Pressure and velocity fields, at each time step, are calculated us-
ing the Highly Simplified Marker and Cell (HSMAC) method [31], with application of Ad-
ams-Bashforth scheme for time integration of convective and viscous terms in momentum
equations. For solution of continuity eqgs. (1) and (2), as well as eq. (6), a higher order ap-
proach is utilized by linear interpolation of variables and application of TVD limiters [32], in
order to prevent oscillations and to minimize numerical dispersion effects.

Sokolichin and Eigenberger [33] analyzed applicability of the standard k-¢ turbu-
lence model for simulation of bubble plumes. The simulation of experiments conducted in la-
boratory vessels revealed very good qualitative and acceptable quantitative predictions; in
spite the fact that bubble induced turbulence was not considered. They emphasized the sensi-
tivity of results to the approximation of the convective terms in the model formulation.
Buscaglia, et al. [25] argued that the two-phase, bubble induced turbulence closure is still far
from the clear resolution, although some authors have proposed corrections to the
k-¢& equations to account this effect. Recent studies reveal that bubbles induce significant tur-
bulence of anisotropic nature, even at low Reynolds numbers [34].

In this study, we applied a non-linear k-& turbulence model [35]. No corrections for
bubble induced turbulence are included:

— 2 k3 1
Uity =V,S; _gkgy' —;V,ﬂzzl Cp (Sﬁé/‘ _gsﬁaaﬁy‘j (14)
k2

v, = Cﬂ? (15)

Gawk aawku/' — 6ul- 0 v, ok
— S =-—quu———aft——| o, | —+V | — (16)

ot Ox; Ox; Ox; oy, Ox;
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Yoox, oy (18a)

Ou, Ou; 1| Ou, Ou; Ou, ou, Ou, Ou,
Sy=—7r Sy =g oot ST o (18b)
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where _W is the Reynolds stress, & the turbulent kinetic energy,e the dissipation rate, and v,
the eddy viscosity coefficient. The model coefficient C,, is a function of strain and rotation pa-
rameters, as described with model parameters in the reference [35].

For simulation of DO dissolution/transport in the water, an additional DO transport
equation has to be solved:

d(a, DO) L0

0 oDO
% (a,pov, )="1a D, ,Z% |16, |
ot ij( k ‘/) 8xj{ ijJ v (19)

where D,, is the effective dispersion coefficient.
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Electrolysis produces hydrogen and oxygen in the 2:1 molar ratio. In the laboratory
experiment simulated in this study, hydrogen is not removed after bubble-up at the cathode,
and therefore, it affects flow and distribution of oxygen bubbles, as well as DO distribution.
In order to track hydrogen and oxygen number of bubbles, eq. (6) is solved separately. Since
the size of hydrogen and oxygen bubbles is not the same, for calculation of the momentum in-
teraction term in eqgs. (7) and (8), the volume-weighted representative diameter is calculated
from available volumetric contents:

- _dpy0p, +dyay

d, . (20)
where Z is the representative bubble diameter, ao, and ay are volumetric contents of oxygen
and hydrogen, respectively, do; is the oxygen bubble diameter and dy is the bubble diameter
of hydrogen.

Model validation

Simulation of air-flow/distribution during its constant rate injection

As an addition to already reported simulation results [36], the model performance
regarding flow and air distribution is validated by application to another reported experiments
[37], conducted in a flat bubble column 50 cm wide, 200 cm high, and 8 cm thick. Air sparger
was centered at the bottom, through which different air injection flow rates were applied in
different experiments. The water level in the column is also varied for different experiments.
Bubble plumes were visually observed through transparent column walls. In addition, a Laser
Doppler Anemometer was used to measure velocity magnitudes of the water phase in the mid-
plane of column depth (4 cm from the walls), at regular grid points (10 cm or 20 cm apart).

In the first case, the experiment with 100 cm water depth is simulated. Air flow rate
is 1.0 L/min. Simulation domain is discretized by 50 x 4 x 25 calculation cells, and simulation
time step of 0.001 s is adopted. The air bubble diameter is taken as uniform in the plume, 4
mm as average observed during experiments [37].

In this case, it is reported that no steady flow conditions could be established. Peri-
odic flow with two staggered rows of vortices moving downward was observed, due to which
the bubble plume also periodically bends. This behavior is reproduced well by numerical
model. Figure 3 shows the bubble at one time section. Left figures show observed bubble
plume, while middle and right figures show calculated air distribution and velocity vectors of
the water phase. The model reproduced the dynamics of bubble plume bending very well.

In the second case, the experiment with water level at 50 cm from the bottom is cho-
sen. Air-flow rate is 2.0 L/min. Simulation domain is discretized by 25 X 4 x 25 cells, and
simulation time step of 0.001 s is adopted again. Depending on the start-up conditions, the au-
thors reported formation of a single vortex, near the center of the flow domain, in the clock-
wise or counter clockwise direction. Quantitative comparison of simulated and measured ve-
locities for quasi-steady conditions is shown in fig. 4. Good overall agreement of the devel-
oped flow field can be observed. The flow is characterized by a single, almost centrally
placed, vortex with near stagnant water in the top and bottom right corners.

Simulation of the laboratory electrolysis experiment

For the numerical simulation of the laboratory experiment conducted in this study,
the domain is discretized by rectangular cells with 5 X Scm grid size in the horizontal plane,
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Figure 3. Comparison of observed and simulated Figure 4. Comparison of observed and simulat-
bubble plumes for two time sections at 1 L/min air ed velocity mid-profile for steady conditions at
flow rate 2 L/min air-flow rate; (a) reported water phase

velacities (after [37]), (b) simulation results

and varying size in vertical direction: from 5 cm at the bottom, to 1.2 cm at the water surface.
The total volume of water is 90.6 L.

The starting diameter of the gas bubbles is assumed as 0.1 mm. Consequently, mass
transfer coefficient in eq. (5) is taken as 1.0 x 10™* m/s. This coefficient depends on bubble
size, however, in this study it is taken as a constant, assuming that bubble size does not
change significantly.

Prior the electrolysis, measured DO concentrations were 0 mg/L at 25 cm, 0.318
mg/L at 35 cm, and 0.746 mg/L at 45 cm from the bottom. After the start of electrolysis, rec-
orded values showed that DO increased very fast at 35 cm and 45 cm levels. After 2 minutes,
measured DO concentration was 2.96 mg/L at 35 cm, and 3.78 mg/L at 45 cm. Such a large
increase of DO in a short period of time, after start of electrolysis, could not be resolved by
model described by eq. (5). Therefore, in the simulation described here, a uniform initial DO
concentration of 2.0 mg/L was applied. This is the reason for discrepancy between measured
and calculated DO in the early stage of experiment. The agreement in the later stage is good,
as shown in fig. 5.

14.0 1 Simulation
12.0 4-| & Measured -25ctm
@ Measured - 35cm
10.0 | b A SR
-T < Measured - 45 cm
kT B e s e e e e
£ 8.0
8 6.0 ——_— B 2 <7
4.0 + & Le RO
o © ©
Aa
& JPY
0.0 P S . I | L
1 10 Time [min] 100 1000

Figure 5. Comparison of simulated and calculated DO values;
(a) at 25 cm, (b) at 35 cm, and (c) at 45 cm, from the bottom center
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Experimental results indicate and numerical simulation confirmed intensive mixing
due to induced water circulation, resulting in uniform distribution of the DO. That is the rea-
son the fig. 5 contains only one line representing the simulation results.

The size of released bubbles certainly has the influence on the dynamics of the DO
increase. This is not a linear correlation, since the mass transfer coefficient is also function of
the bubble diameter. The effect of the bubble size on DO increase in the simulated experiment
is shown in fig. 6, for the first 100 minutes after the start of electrolysis. A significant differ-
ence between simulations can be observed. All three computations are conducted with the
same mass transfer coefficient. In reality, the difference is probably less pronounced than
shown here, due to the increase of the mass transfer coefficient with increase of bubble di-
ameter.

14.0 - Db = 0.10 mm
12.0 4| = = Db =0.15mm
= « Db=0.075mm
10.0 4— #

DO [mg/L]
\
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0.0 —
1 10 Time [min] 100

Figure 6. Simulation of DO increase at 25 cm from the bottom
center, as a function of the size of released oxygen bubbles

Simulation of the electrolysis field experiment

The simulated flow domain is the box itself and surrounding water, 60 cm around
the box in the horizontal directions and the water column above the box up to the water sur-
face (9 m). The molar volume of oxygen, at this pressure, is taken as 11.2 L/mol. Starting
bubble diameter, as well as mass transfer coefficient is taken the same as in the simulation of
the laboratory experiment. However, the Henry’s constant is multiplied by 2, since 10 m of
water column represents approximately an additional atmosphere of pressure. The initial DO
concentration in the whole domain was imposed as 0.4 mg/L. The experimental box is discre-
tized by rectangular cells varying in size, from 2 x 2 x 2 cm near the walls up to 6 x 6 x 6 cm.

The experiment is utilized to compare the standard k-¢ turbulence model with the
here presented the non-linear k-£ model. The non-linear k-& models are attractive for the com-
putations of flows influenced by anisotropy of the turbulence [34]. Therefore, it was interest-
ing to analyze the difference in the case of the weak bubble plume flow, as in the case of elec-
trolysis experiments presented here. The same mesh, boundary and initial conditions were ap-
plied for both calculations.

Calculated DO concentrations, at the location of the measurement probe, during the
experiment are shown in fig. 7. The numerical model revealed the circulation flow pattern
similar as in the laboratory experiment, which produces relatively uniform DO distribution,
with slightly higher concentrations above the electrolysis plates and near the side walls of the
box. It can be seen that DO concentrations increase approximately linearly and that both
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models reproduce the dynamics relatively well. Unfortunately, the experiment did not last
enough to reach the limit value of DO concentration.

The linear k- model produced slightly higher concentrations throughout the simula-
tion time in comparison with the non-linear one. Figure 8 compares calculated turbulent kinet-
ic energy at the middle profile, at the level of the probe and at the two time sections. It is ex-
pected to obtain the highest values in the region of strongest changes in liquid velocities [32].
While the distribution of the kinetic energy of turbulence is very similar, the non-linear
k-& model produced higher values of the eddy viscosity, with the difference reaching the 50%.

10.0
< Measured
8.0 e |inear k-E
— = NonLink-E

DO (mg/L)

Time (min)

Figure 7. Comparison of measured and calculated DO concentrations
at the location of the probe during the experiment
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Figure 8. Comparison of the standard and the non-linear k-& model results; (a) turbulence kinetic
energy horizontal profiles at the level of the DO probe, (b) Eddy viscosity at the same profiles.

The length is presented as non-dimensional, by dividing the distance from the vertical wall with the
box length

Conclusions

In this paper we propose electrolysis as a novel hypolimnetic oxygenation tool. Due
to the small bubble diameter produced, it showed to be very effective regarding dissolution of
oxygen. If combined with hydrogen harvesting for energy purposes, it may even be economi-
cally viable. However, its applicability requires further experimental and modeling work to be
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done. In that respect, a 3-D numerical model for simulation of bubble plumes for DO recov-
ery has been developed. Model is validated by simulation of bubble plume experiments re-
ported in the literature, as well as on conducted electrolysis experiments.

Considering natural complexity of simulated processes and a number of adopted ap-
proximations in mathematical description, it can be concluded that developed model repro-
duced experiments of DO recovery reasonably well. The model experiments revealed signifi-
cant sensitivity of DO recovery efficiency to initial bubble size. Therefore, additional research
efforts are required to determine the initial bubble size of electrolysis and possible influence
of physicochemical conditions. In regard of utilized turbulence model, it can be concluded
that both models produced the similar DO concentration dynamics.
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