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Abstract—This paper studies how the electrolyte conductivity has effects on the performance of an alkaline
water electrofyzer. A mathematical model of the electrolyte conductivity between two electrodes has been
develugla_ﬂehmd on a combination of electrolyte conductivity, voed fraction and velocity of bubble rising in a
Tiquid. Desipn of Experiment technique along with statistical method is used to develop the empirical
mizdel to investigate the comelation between void fraction, cument and solution temperature. The mathe mat-
ical results show that the drop of the electrical conductivity is caused by an increase of solution temperature
and the height of electrode. On the other hand, an increase of bubble diameter results in an increase of con-
ductivity. Subsequently, the mathematical results are compared with the experimental results where the void

fraction obtained from the model agrees well with those obtained from the experimental results.
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1. INTRODUCTION

Electrolytic process is gaining importance among
the comventionzl processes of hydrogen production.
Its principle lics on the fact that water can be dissobred
into hydrogen and oxygen when electricity is charnged
into the electrodes submerged into an electrolyte.
Therefore, it has the advantage of producing extremely
pure hydrogen and cecygen and reducing reliance on
fossil fucls, The theoretical and experimental rescarch
was studied in literature to imestigate mass transfer of
ions and flow mechanizsms of bubble. Attention has
drawn to a study of factors that affect the ges production
and enengy usage. Tangphant et al. [1] studied the ionic
resistance occurming between the clectrodes at 25°C. It
was found that the ionic resistance was increased with
the operating time and distance between electrodes.
This is consistent with the work reported by Magai
etal [2] who studied the effect of bubble occurring
between electrodes through the void frection between
electrodes. The results showed that an increase of void
fraction between electrodes by decreasing the elec-
trode space brought sbout a decrease of the electro-
Iytic efficiency. Permon et al. [3] developed a mathe-
matical model calculating the total resistance in the
form of Laplace’s equation and used Finite Element

! The article is published in the oniginal.

I Comesponding  author: kaokanya sud@kmutt acth (Kackanya
Sudapmsert).

Method { FEM) to analyse the effect of morphology of
the bubble layer (position, size and shape of cach bub-
ble) on the gos productivity. They found that the rela-
tive resistance (R,/R.) ratio of the total resistance (&)
to the clectrolyte resistance in the sbsence of bubbles
(R} was increased with an increase of bubble diame-
ter. Tangphant et al. [4] also reported that the solution
concentration, the distance between electrodes and
current density can be corelated with the rate of
hydrogen production from the clectrolytic reaction to
90.5% of coefficient of R;. In addition, the void frac-
tion also has an cffect on buoyancy of the bubble
formed during the reaction. Matsushima et al, [5]
studied the cffect of the bubble under gravity and
microgravity and reported that fine gas bubble formed
a froth layer in alkaline solution, whereas bubble fre-
quently coslesced in acidic solution. Gas bubble
mavemnents were reflected in the coalescence number
and bubble resistance time. Golnabi et al. [6] studied
the characteristic physical properties of electrical con-
ductivities of pure, distilled, municipal, river and
industrial water liquids. It was found that a chanpe in
physical properties of the solutionwould have an effect
on the electrical conductivity. The gas bubbles in the
electrolyte solution, in the terminal electrodes and
within the electrolyzer can cause the resistance of the
electrolyte solution which can be changed during the
time of gas production. Mat and Aldas [7] and Aldas
[E] created mathematical model for the two-phase
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Fig. 1. The schematic diagram of the electrolyte solution.

flow in an clectrochemical cell. It was found that both
current density and bubble size had an effect on the gas
release rate which affects the velocity profile in the
electrochemical cell. Damme et al. [9] presented the
algorithm of bubble nucleation for gas evolving elec-
trodes including bubble growth driven and electrode
surface blocking. Caspersen et al. [10] modeled clec-
trolyte conductivity under natural convection and
found that the model provides clear tendency for elec-
trodyte comductivity from combinations of current
density, pressure amd electrolyte width, Aldas et al.
[11] studied void frection distribution and found that
the local void fraction was slightly undercstimated.
Weijs et al. [12] investigated the resistance of the solu-
tion and found that the gas voidage in the solution was
a function of the distance of the gas-evolving electrode
and the absence of gas bubbles in the bulk solution.
Sarkar et al. [13] studied and aimed at determining the
hydrogen bubble size generated as a function of cur-
rent density and electrode geometry. It was found that
current density had no influence on the detachment
diameter and the mucleation rate was increased with
increasing current density.

Therefore, this research aims to study the effects of
the alkaline electrolytic reaction in the form of elec-
trodyte conductivity via both numerical and empirical
maodels and to compare them with the experimental
results, The numerical model gives a relation to the
equations of the physical property, while the empirical
mode] is presented with the aim of confirming the
numerical results,
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2. MATHEMATICAL
AND EXPERIMENTAL MODELS

Electrolysis is a method of producing hydrogen and
oxygen. An alkaline water electrolyzer has been devel-
oped in this work due to its low cost and uncompli-
cated technology. The alkaline water electrolyzer con-
sists of electrodes (anode and cathode), an electrolyte
solution, a power supply and a container. Figure 1
shows the schematic diagram of the electrolyte solu-
tion. Direct current is applied to electrodes, leading to
a flow of electrons from the power supply. The electro-
chemical reactions for alkaline water electrolysis are
shown in Eqs. {R1) and (R.2).

At ancde: 20H — 17204 + HYD + 2e
At cathode: 2H;0 4+ 2e—H; + 20H  (R2)
Met: H;O — H; + 1,20, {R3)

The direct curmrent maintains the electron flow
from the negative terminal of the direct current source
to the positive terminal at which the electrons are con-
sumed by water to form hydrogen gas and hydroxyl
#ons. The hydroxy] ions transfer through the electro-
Iyte solution to the anode, at which the hydroogy] jons
give away clectrons and these electrons retumn to the
pasitive terminal of the direct current source, produc-
ing oxygen gas. Therefore, hydrogen is produced at the
cathode and oxypen is produced at the anode and the
overall reaction of the alkaline water electrolysis is
shown in Eq. {R3) where water is decomposed into
hydrogen and oxygen gases. In this section, the math-
ematical model is developed according to those
parameters and compared with the experimental
resulis.

(R1)

2.1. Mathematical Mode!

The mathematical model consists of the conduc-
tivity model and void fraction model. The parameters
affecting the change of the electrolyte conductivity
consists of the transfer of charge, current flow in an
electrolyte, the void fraction mainly focusing on mix-
ture of clectrolyte and gas bubbles and physical
parameters relating to the electrolytic process.

2.1.1. Model assamptions. To calculate the electro-
Iyte conductivity assumptions are set up as follows:

—The calculation is in one dimension along the
electrode height.

—The component of gas phase velocity is calcu-
lated by assuming that both hydrogen and oxygen
released transform into the gas phase and leave the free
surface.

— Mass convection is neglected in this calculation.

—TFwo electrodes are in pamallel; therefore, the ions
velocity depend on the electric field strength distribu-
tion.
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MATHEMATICAL MODELING OF ELECTRICAL CONDUCTIVITY

—Current density is constant and along the elec-
trode height.

—Ohmic resistance is low when compared with
the reaction resistance.

—The surface area of the clectrode is fixed at
100 cm?,

2.1.2. Model of conductivity. In the electrobytic
process, gas bubble covering the electrode surfaces and
ions transferring in the clectrolyte are considered as
charge transport resistances. The physical model of
ohmic resistance is built on the Ohm’s law as shown in
Eq. (1)

R= (1)
where R is the resistance of electrolyte, L is the dis-
tance between electroddes, A is the surface arca of the
electrode. The mixture conductivity (og) is deter-
mined from the woid fraction. It is decreased due to the
presence of the gas in the electrolyte. The conductivity
can be calculated wsing Bruggeman commection as
expressed in Eq. (2):

Gn = Gl | — o) (2)

where oy is the conductivity with mo bubbles and oy
is the total void fraction.

In addition to the transport of charge, the current
flow in an clectrolyie is also accompanicd by mass
transfer. The species mass flux in dilute solution can be
calculated using Planck—MNemst law. The condoc-
tance of the solution which is the reciprocal of the
resistance, is given by Ohm's law. Under electroneu-
trality state and no current, f = 0 is set and o can be
written as expressed in Eq. (3):

1
o= DL A EDY, 3)

2.1.3. Muddel of voud fraction. The bubble rise by their
terminal speed &, refers to the bubbles per unit time
leaving and entering the control volume as illustrated
in Fig. 2. The number of bubbles has a differential equa-
tion in the control volume as described in Eg. (4):

dN 5 :
it (Ne_i- Hi}lﬁ_"'ﬁﬂ'- ()

The void fraction of hydrogen and oxygen gas is
proportional to the current, dismeter of bubble, rising
velocity of bubble and geometry of electrode. The vol-
ume flux of gas bubble between clectrodes is related by

the idesl pag law (¥, =$} and Farnday’s Law

{n;= E.FJ where = Itand (is charge (C}, [ is current
A

{A), t is time (s) and T is temperature {(K). Ny canbe
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F=0y WY, 0,
Cathode Anade

Fig. }. Comirol volume of the electrochemical cell.

¥,

related to the volume of gas Ny, ;= —VE'-‘ and Ngm, =
mil

N

T‘“"‘. Under steady-state condition, ‘%‘i =0 is

assumed. It is noted that the amount of species i enter-
ing the control volume is equal to zermo (Y;_ | =0) and by
letting Ay — 0, Eqg. (4) can be writben as expressed in
Eqg. (3):

(N,) = E:%f){ N )

The species terminal velocity is a function of bukb-
1

ble diameter ($;= i ). The void fraction is equal
Hi
to the volume of bubble per control volume as
o
o= P’_' :

The void fraction can be expressed by Eq. (6):

- oRTy 6
&= ZEPXS, )

Thus, the average void fraction of all species i
equals to

1
Zosal @

N
_ 1. _ GRTH[_1
oo = [adr = *ppy | 25 8s,
L ]
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Fig. 3. Dizgram of oxperimental appamins

Equation (7 ) enables one to determine analytically the
rate of gas bubbles motion with the void fraction.

2 2 Experimenital Details

The water electrolysis of 20% KOH agueous solu-
tion is conducted under atmospheric pressure using
alloy steel as electrodes without a separator as illus-
trated in Fig. 3. Parameters varied are cumment, and
solution tempemture as shown in Table 1. Since it is
difficult to directly determine the value of local elec-
trodyte conductivity and void fraction from on-time
experiment, the void fraction is compared with the
data obtained from gas flow rate measurement. The
flow rate multiplicd by time is equal to the amount of

Table 1. Experimental conditions tested

Factor MNumber of level Value of level
Current 3 30, 40, 504
Sofution tem- 4 313,323, 333, M3IK
perature
Pressure Atmospharic
Electrodes Material Alloy steel

D¥istance between | A= Hcm

alectrodes

Height H=10cm

Width W= 10cm
Electrolyte KOH Wwi®

RUSSIAN JOURNAL OF ELECTROCHEMISTREY ‘ol 30 Mo, 3

gas produced. Thercfore, Eg. (7) can be compared
with Eqg. (8):

GasFlow Rate = Time
{ GasFlowRate = Time) + ¥,

The response ¥ is dependent onk, for X, Xy, ..., Xp.
The relationship between these variables is chamcter-
ized by 8 mathematical model called a regression
model which presents the results of an experiment.
The fitting regression model develops an empirical
maodel relating the amount of current and the electro-
Iyte temperature. The levels adopted for factors are
summarized in Table 1. Regression model is a collec-
tion of mathematical and statistical techniques that
are useful for the modeling and analysis of a problem
in which a response of interest is influenced by several
variables and a response of interest is then optimized.
The form of the relationship between the response (¥
and the factors (X)) is given by Eq. (9):

B = (8)

k
¥ = o+ TpX4e, ©®)

il

where i is the arithmetic mean value of the responses,
B, corresponds to the factor effects, and £ stands for the
fitting error. In this study, current and solution tem-
rature are considered as imput data and the woid
tion as an output (¥). It is likely that a model will
be a reasonable approximation of the true functional
relationship over the entire space of the independent
variables.

3. RESULTS AND DISCUSSION

The resulis are divided in two parts: the first part
consists of the analysis of experimental data, in partic-
ular, the significance of the regression model obtained
from the experimental data and the second part focuses
on the mathematical model. Table 2 shows the estima-
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MATHEMATICAL MODELING OF ELECTRICAL CONDUCTIVITY

Table 2. Regression model of void fraction fitting characteristics

Terms Coefficients T-score P-vaiue
Constant —0.00146 —5.30 0.000
Curment 000011048 7298 0.000
Solution temperature 000003404 9,70 0000
5= 0.000235506 R-5q=05.0% R-Sq(adi)=947%
P-value < 005 is significant

tion of regresion coefficients, T-score and Povalue
between the void fraction and two factors, including
current and solution temperature. The linear regres-
sion of the measured data shows the best fitting. Factor
analysis of current and solution temperature is shown
in Eq. {10):

Vid fraction= —0.00146 -+ 0.0001 10484 (10)
+0.0003404B,

where A is the curmment (A) and B is the solution tem-
perature {K).

Figure 4 shows the experimental results of woid
fraction obtained from the gas flow rate measurement
method compared with the mathematical results. It
can be seen that vwoid fraction is increased linearly with
an increase of solution temperature due to the rise of
solution temperature affecting the reaction rate of the
electrolytic process. The experimental data show a
good fit over the complete solution temperature range
with a relative difference of 2. 16% at 313 K and 0.85%
at 343 K of 03 Afcm®. At 0.5 Afcm?, a relative difference
of 287% canbe found at 313 K and 0.3%% at M3 K. Itis
clearly seen that mathematical model is capable of
predicting void fraction in the electrolytic cell.

Void iraction
005
0014
03
0z

i1

315 30 35

Fig. 4. Comparisons boteeen experimental and maodeling
Temlis
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Figure 5 shows the relationship between the solu-
tion temperature and the electrolyte conductivity.
Genemlly, the higher solution temperature causes the
increase of bubble volume and the decrease of revers-
ible potential. In the meanwhile, the increase of bub-
ble volume is related to both the direct increase of void
fraction and the decrease of driven force of ions in
electric filed which results in the incresse of void frac-
tion, With the increase of void fraction, the conductiv-
ity of the electrolyte can be reduced since the path of
charged ion is occupied by gas volume. Thus, the
increase of bubble volume leads to the decrease of the
conductivity of the electrolyte. In addition, the
increase of solution temperature affects the decreasing
voltape of the system, resulting in a reduction of ionic
conductivity. When considering the effect of current
density, it can be found that the clectrobyte conductiv-
ity of the higher current density is lower than the elec-
trolyte conductivity of the lower current density since,
at the higher current density, more amount of bubbles
are occurred by the chemical reaction according to
Faraday's law. In case the without current applied [ 14],
the electrolyte conductivity is increased with an
increase of solution temperature since the bubbles are

Conductivity, S/cm 3
-
L5F Py
-~
1ok T ~al I
e —
sk - J'—lllﬁ,i'cm':dhﬂ.]'m
- 205 A em” o, 0.1 mm
F—Without curment
1 1 1 1
280 320 60 400
Temperature, K

Fig. 5. The relationship beteeen the solution temperature
amnd the eboctrolyte condwotivityg

Ma. 3 2014
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Fig. 6. The relationship between the bubble size and the conductivity of the electrolyte.
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Fig. 7. The relationship between the height of the clectmdes and the conductivity of the electrolyte.

not presented in the electrolyte. Consequently, the
ions in the electrolyte can move more conveniently at
the higher kinetic energy with an increase of solution
temperaiure.

Figure 6 shows the relationship between the bubble
size and the conductivity of the electrolyte at pressure
of 1 atm, solution temperature of 298 K and distance
between electrodes of 20 em. [t has been found that the
gas bubble in the range of 0,.2—0.7 mm in diameter
does not affect the conductivity of the clectrolyte.
However, the diameter of bubble is related to the bub-
ble rising speed. The smaller bubbles would move at
slower velocity than the larger ones due to higher fric-
tional force between the liguid and gas phases. Simi-
larly, Sarkar et al. [13] reporied that hydrogen pro-
duced at the electrode and dissolved directly into the
liguid would diffuse in to the rising bubble. Thercfore,
very small bubbles could cause a change in conductiv-
ity than those larger ones. From Fig. 6, it can be seen
that, when the current density is increased, the inflo-

RUSSIAN JOURNAL OF ELECTROCHEMISTREY ‘ol 30  No. 3

ence of diameter becomes more distinct. It can be
implied that the conductivity drop due to gas evolution
can be compensated by increasing the diameter of the
bubbles. Sarkar et al. [13] also discussed that the cur-
rent density hardly has influence on the detachment
diameter.

Figure 7 shows the relationship between the height
of the clectrodes and the conductivity of the electro-
Iyte. The surface area of the anode is fixed at 100 cm?
and only the height of the clectrode & varied as well as
that of the cathode, It can be seen that electrolyte con-
ductivity at lower current density is higher than that of
the higher current density at all mnge of cument den-
sity because less gases are evolved in the electrolyte. In
addition, when the electrode height is increased, the
clectrolyte conductivity is decreased due to gas bub-
bles evolve at the electrodes become in-homoge-
neously polarized as a result of the uneven gas phase
distribution along the electrode. This is because the

4
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MATHEMATICAL MODELING OF ELECTRICAL CONDUCTIVITY

accumulation of gas bubbles is occumred on the elec-
trode and, therefore, Mocks the flow clectrical current.

4. CONCLUSIONMS

The mathematical model of electrical conductivity
under a convection state is solved by the transport
equation for both gaseous and liquid phases. The
maodel results give pood agreement with the experi-
menial results. The experiment has been developed to
measure void fraction, validate and improve the math-
ematical model. The void fraction is measured with a
system based on gas production rate changes. From
the resulis, it is found that the overall electrolyte con-
ductivity is decreased with an increase of solution tem-
perature and the height of electrodes since the increas-
ing of solution temperature affects the decreasing
reversible potential and the height of electrode causes
the accumulation of gas bubbles on the electrode. On
the other hand, the increase of bubble diameter results
in an increase of conductivity. This is because bubble
size is related to the frictional force between the liquid

and gas phases.
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Improving the gas productivity of the alkaline electrolyzer through the circulation
technigue
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Abstrect

Thia research zims to study and improve the efficiency of a KOH electrolyzer through the gas
productivity of the electrolyzer with different the circulation technigue. In this work, the conceptual
design of an electrolyzer falls into 2 categories; without pumping and with pumping. Direct cumant
eleciricity at 5 different levels of 10, 15, 20, 25 and 30 A are charged into the system and the gas
flow rate generated from the electrolyzer is subseguently monitored. The results show that at 30 A
the ges generated from the circulation with pumping and the circulation without pumping are 2.31
lirefmin and 1.76 liire/min, respectively. It s also found that the energy consumed by both
techniques is the same; however, the circulaBion with pumping design shows the befter gas
productivity than that of the circulaiion without pumping design.

Keywords : Alkaline water electrolysis, Electrolyzer, Energy consumgption, Gas production rate

1. Infroduciion electrolysis process which water spliting has
gained importance |lstely because of its

Nowsdays, the energy used is very production with neither adwerse emvironmental

volatile and price sensitive in the marketplace impact nor fossil fusl requiement. El i

[1. 2]. The reliance on fossil energy alone may process i @ e F b R

result in instability of energy. Hydrogen as an " by clockichy. The alactrochemical

alismative enargy can offset fossil energy ke reactions for alkaline water electrolysis are

solar, wind, hydraulic and wave [3, 4]. Hydrogen shown In Eqe R4 and R2 [1, 51

can be produced by various processes [1, 3]

The simplest process in the manufacturs is the At ancde: 20H = 120,+ HO+2¢ Ri

At cathode:  2H,0 + 2" = Hy + 20H R2
" Cormmponding author Tel: +8500]2-471-8595-0 axt. 114
Ervead achdnese; an ko soofiumut ac iy
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Mt HO = H, + 120, F3

The direct cument maintsins the
electron fiow from the negstive terminal of the
direct curment source to the positive terminal at
which the electrons are consumed by water o
form hydrogen gas and hydrosd ons. The
hydroeyl ions fransfer through the electrolyte
solution to the anode, at which the hydrosyl lons
give away electrons and thess electrons retum
to the positve terminal of the direct cument
source, producing ocdggen gas. Thersfors,
hydroegen is produced at the cathode and
oxygen is produced at the anode and the overall
reaction of the alkaline water electrolysis is
shown in EqR3. The electrolysis process is not
widely renowned due to the high cost of energy
consumption and efficiency of process [6].
Thersfore, an alkaline water electrolyzer is
developad in this work due to its low cost and
uncomplicated technology. The alkaline water
electrolyzer consists of electrodes (anode and
cathode), an electrolyte solulion, a power supply
and & container [1, 7 and &)]. Ohmic resistance
is @ type of electrical resistance, which can
cause & voltage koss according to Ohm's law.
The electrolyzer resistance varies with wire and
connector resistance, electrodes resistance
(anode and cathode), bubbile
{hydrogen and ocoygen bubble) and electrolyte
ions resistance. Hydrogen and oxygen gas
bubble are formed on electrode surfece. The
gas bubble covering the electrode surface is
essumed as an edditional electrical resistance
to the system. Therefore, the bubble
phenomenon is relevant to paremeters such as

resistance

bubble rse, the space betwesn electrodes and
pressune [8-11]. Literature hes been devoted to
the development of comelation of gas bubble on
the electrical resistance of the electrolyte in
which Eq. 1 can be used to determine the
bubble resistance [1, 12 and 13].

_I.L “}

R = Ap,

The resistence of ionic solution and
bubbles can be modeled as a function of time,
diameter of bubble, pressure and temperature.
2gfrom Eq. 1 can be related to the eleciical
conductivity of the electrolyte when bubbles are
neglected. According to the Bruggeman
equation, Pe canbe expressed in Eqg. 2.

3
Ps_(Q-a) @
(]

where, Ry, ,is resistance of the electrolyts of
species | @, s electrical conductivity, @ is
mixture  conductivity, X is distance between
electrodes of species i, A is area and & is woid
fraction. The charecterstc physical proparies
of electrical conductivities of pure, distilled,
municipal, river and industrial water Bquids. i
was found that a change in physical proparties
of the solution wouwld have an effect on the
electrical conductivity [12]. The gas bubbles in
the electrolyts  solution, in the
electrodes and within the electrolyzer can cause
the resistance of the electrolyte solution which
can be changed during the time of gas
production.

terminal
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In order to improve the efickency of the
glectrolysis  process, factors  affecting  the
process must be aware of. Factor affecting the
efficiency of electrolysis is the resistance that
ocowrs in electrolyie including the jonic and
bubble resistance s sforementionsd. The
physical
properties of the solution would have an effect
on the electrical conductivity. The objective of
work is to improve the electrolyte conductivity by

improvement or the change in

means of circulation by pumping the electrokyte
solution and to study the amount of gas
generated. The effect of ciculaion with
pumping and cinculation without pumping on the
pgas production will be investigated and the
results will be subsequently discussed.

2. Exparimental apparatus and method

The water electrolysis of KOH solution
is conducted under atmospheric pressurs using
alloy steel as electrodes. Each side of electrode
iz 400 mm". The concentration of electrolyte is
10 %t and 95% purity. Parameters varied are
cumrent, without pumping and with pumping as
shown in Table 1. The diagram of the
experimantal apparatus is shown in Fig.1. The
liquid container {250 mm long x 150 mm wide x
250 mm high) is made of polymethy
methacndate, in which the electrodss are
completely immersed with a certain space.

AC power supply is connected to a
bridge rectifier through & step down transformer
(5.3 KVA, input: 220¥230 ¥ AC). The electrodes
gre connected with AC to DC  converter.

Regulated DC power supply working in the
range of 10-180 A is wsed and the cument is
edjusted in the range of 10-30 A. Voltmeter (V)
and ammeter (A} are connected in parallsl and
series  respectively to the electrolyzer to
measure voltege and cument applied 1o
electrolytic process. The geses obtsined from
the cathode and the anode i collected
separately in gas tube and the wvolume of gas
produced is messured with GAS Mass Flow
Meter and re-checked by water displacement.
Temperature, voltage and cument are recorded
by the MI-LSBE&218 (DAD).

L

Figure 1 Diagram of experimental apparatus.

In this study, curmment and electrolyzer
gre considered as input deta and the gas
production rate as an output (¥). The levels
adopied for factors are summarized in Table 1.
There is also B study the effect of electolyie
circulation by pumping. However, the study did
not focus on the amount of cxygen exdsting in
the electrolyte solution.
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Factor Mumber of Level  \alue of Level
current 5 10, 15, 20,25, 30 (A)
circulation technigue 2 the circulation without pumping and
the circulation with pumping
Prassure Atmospheric
Electrodes Materal alloy steel
Electrolyte KOH 10% wt 85% purity
Table 1
Parameters of Experimental.

3. Results and discussion

In the tests, an =lectrolyzer cell was
designed and tested at temperature between 40
®cand 70 °c and at atmospheric pressure. The
experimantal results of the factors affecting the
gas production rate are shown in Figs. 2 and 3.
The differance betwesn the gas production rate
of circulaion without pumping and the gas
production rate of circulation with pumping are
shown in Fig.2. As can be seen, the gas
production rates vary from 086 litredmin at 10 A
to 1.76 liredmin &t 30 A when the slectrolyzer is
used by circulation without pumping, while the
g&s production rates are much higher in case of
circulgtion with pumping, wvarying from 0,92
litres'min at 10 A to 2.31 litredmin &t 30 A In fact,
the difference of gas production rete is causad
by the conductivity of electrolyte solution. In
case of circulation without pumping, the
conductivity was not consistent since the gas
bubble cccurs at the slectrode surfece. As a
result, the electrical resistance of the electrobyie
solution is higher and the conductivity of the

electrolyte is decreased. In case of circulation
with pumping, the bubble iz dispersad
throughout the electrolyte in which the bubbles
layer thickness on the elecirode surface is
decreased, 50 the conductivity of the elecirolyie
is incressed significantly especially st higher
cument.

o
'

Figure 2 Current - gas production rate
comparison of variows cinculstion techniques.

Fig. 3 also shows the gas production
rate a5 different power consumption of the
electrolyzer operating with the circulation without
pumping and the circulation with pumping. i
can b noted that the gas production rate range
from 0.92 litrevmin &t 106 watt {10 A) to 2.32
litre/min at 520 watt (30 A) of circulation with
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pumping and, in case of circulstion without
pumping, the gas production rete ranges from
086 litredmin at 112 watt (10 A) to 1.76 litra'min
at 408 watt (30 A). These results expresa that, at
the same power, the cinculstion with pumping
produces gas wolume higher than that of the
circulation without pumping.

B b

P i

Figure 3 Power consumption - gas production
rate comparison  of varous  circulation
tachniques.

From Figs.2 and 3, the gas production
rate is proporion to the amount of the cument
{electrons) applied. In addition, when the cument
is increased, the gas production rete  of
circulation without pumping is lower than the
gas production rate of circulation with pumping
because the accumulstion of gas bubble is
occurred on the electrode  surface  and,
therefore, blocks the flow of electrical cument.
Sarkar et al. [14] reported that gas produced at
the electrode and dissolved directy into the
liquid would diffuse in to the rising bubbls.
Thersfore, the bubbles layer could ceuse a
change in conductivity than those larger anes.

4. Conclusions

In this paper, the elactrolyzer
performance was tested using terminal cument
measuremants invohving cument of up to 30 A,
while different the circulstion techniques are
compared to improve the efficiency of the
electrolysis process. (Gas bubble is formed and
covers the electrode surface which is assumed
s an sdditional electrical resistence to the
systemn, keading to the low efficiency of the
electrolysis process. The physical properties of
the electrolyte melated conductivity such as
bubble layer at electrodes swface can be
reduced by improving mass transport which is
consisted in the electrical conductivity of the
electrolyte. The results show that at 30 A the gas
generated from the circulation with pumping and
the circulation without pumping are 2.31 litne/min
and 1.76 litre/min, respactively. Therefare, in the
oevelopment and improvement of elecirolyzers,
it is imporant o understand the behavior of
these faciors in order fo minimize the bubble
effect which holds a8 key to the electrolyzer
efficiency improvement.
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Abstract

This paper proposes an jonic resistance madel
order to evaluate the resistance of solution with mass
diffusion of concenfration depending on tme and
distance between electrodes inm an  alkaline
alectrolyzer. The electrode surface is under the room
temperatore of 25 °C. An imitial conceniration of
KOH sohation is equal to 7.64 molL™ and an electrode
surface area is 100 co’. It is found that the sohition

resistance is raised wp a5 tme and the distance
between electrodes are mreased. This results in an
increase of ohmic loss at the electrolyie

Eeywords: Conceniration of solotion / Ohmyic Drop /
Fesistance of Electrolyte, Electrolyzer

L. Introduction

Electrolysis is an alternate method of producing
hydropen It is well known for its independence of
fossil foel as well as its simple operation. Water
comtained in an  elecirolyzer is separated imbo
hydropen on the cathode side snd oxygenm on the
glectrolyzer comsists of electodes (amode and
cathode), an elecoolyte solution, a separator and a
container. There are seversl types of electrolyzers
available and slkaline electrolyzer is one of the well
Inmown types wsing NaOH or EOH solution as an
elecirolyte. The electrochemical reactions for allkaline
water elecirolysis are as follows: [1-4]

Anode: 20, = 120y, + HO,+2€
Cathode:  2H;Op +2¢ = Huy + 20H g
Metreaction: H,Q,, =120,,,+Hy,

In the electrochemical system moving charges
between electrodes and the electrolyte are two major
types of charped spedies: electrons and ions. In most
electrolyzers, due to its larger size, ion charge
tramsport is far more difficult than electrom charze
transport, thereby resulting in the resistance o charge
tramsport 35 3 velage loss. Because this voltage boss
obeys Ohm's law, it is called an “ohmic™, or “IR
loss™. Ohmic loss consists of resistance of electrodes

623

ﬁ,}]ﬁmmammﬁ}mﬁm}.

The objective of this wok is to smdy the
mechanism of iomic mesistance in the elecirolyte
solution. Mathematical model has been developed
order to mild the melationship between iomic
resistance, distance between electrodes and charging
time.

2. Theory and Model

Figure 1 shows the schematic dizgram of the
molar  conductivity of the electmolyre. The
mathemeatical model of iomic resistance with material
balance has established based on the following
S SUmpions:
1. The mass diffsion in y and z directions is

neplected.
2. The concenfration of the diffosing substance
3. Physical properties are
F = 96548{Cmol™)
B =8 314({Tmol K}
Temperaume = 25°C
n,. = 7620 (o Vs
-3 P, |
u, =205107 (o Vs
Z. =1
Z -1
4. The models of mass migration, comvection and
membrane are neglected.

The resistance of the electrolyte comductor is
dependent on  the conductor’s geometoy and
conductivity. The form of resistance can be shown n
Egq.l in which mesistance is proportdomal to area,
length and condnctivity. [1.4.5]

L
R"""_E (1



K. Tangphant et al. / TISD2010, Theiland, 4-6 March 2010

: ‘
I
I |

elepnde Saluman I

A

AL R - E

elecarle

Fig
1 Diagram of molsr conductivity of the electrolyte

where B, . is the resistance of jonic, L is the lenath
A is the area of electrode and o is the conductivity of
sohation.

Electrolyte conductivity (o) which permits the
flow of charge is drnvenm by an eleciric field The
electrolyte’s conductivity is infloenced by 2
parameters: 3 number of tansport charge and the
mobility of electrolyte. Electrolyte conductivity can
b defined by Eq 2 as [5]

g, = (Z [P, @

where Z; is the charge number, F is the Faraday's
comstamt, ¢; is the concentration of species j and w is
carmier mobility.
11 Driffwsion in electrolyte solmtion

For the simple case of a none-conducting
electrolyte, the diffosion iz dependent on the
tnmmﬂahunnfﬂnd:ﬁuﬂngsﬂ:ﬂmx&,mmd
coordinates in the form of partal differentisl
equations 3 shown in Eqs.3 and 4. [3,6-9]

&c
E.I:r-?‘a:: 3)

where C is the concentration, t is the time and D is the
The concentration is 3 function of coordinates
{x) and time (). The initis] condition is thos

Z>0,t=0,CaC 6]
And the boundary conditions are
=0 ,t>0,C=0

x=L, t=0,C=C" ©)

Solution of the differentis] equation 3 together

with the imitial and bowndary conditions vields the
relationship [6-9]

Cfx,t) = Clerf| =

L 2D
where the emor fimction y is defined by Eq.7 and
Cixt) is the concentration of species at distance x at

time t [6.8]

(@)

afm_%Je-ﬂ’ds )]

The diffosion coefficient (D) in Egs. 3 and § is linked
to the mobility of species j by the Einstein-
Smoluchowski equation: [9]

o RT

"l ®

where u; is the mobility of species j, R is gas constant,
T is the temperature.
12 Mathematical model

The resistance of ionic solution can be modeled
a5 & fimction of distance and time by deriving Eqgs. 1 -
8 and expressed in Eq 9:

R (xD- =

Ax(Z|FmC, (x.1) e
where

C(xtf)=C"- J D, Mﬂ:

F ace ID“'!:‘I‘“J

Y fl'_l]:-l:—T -!I

@x’ﬁgﬁxd%ﬁ -x

e dz)jdt

3. Rezulit: and dizcussion

The model is employed to smudy the distribution
of the concentration and conductvity of solution for
iomic resistance in an alkaline water electrolysis.
31 Disiributions of concemiration of ioms im
solwtion

Figores I amd 3 show the distributiom of iom
concepiration of K' and OH at electrode sorface,
respectively. At electrodes surface where x = 0 am,
the solvent conceniration is zero and incressed with
the distance The maximmm valne of the solotionm
conCemiTation is equal o an indtial concemfration
Having compared figure 2 to fzure 3, it 35 been
found that at the same time the value of the soluton
ConCeniTation is oot equal due o the fact that the ion
diffusion coefficient valne is based on the mobility of
iom (o;) as expressed in Eq.8.

626
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Fiz? Concentration of K* at surface elecirode

From figores I and 3, when operating with the
longer period of time, the concentration pradient will
be taken placed in the solution The comcentration
layer thickness will vary depending on time of use.
Imitially, the concentration vahe of K is the same s
that of OH in the reaction However, it is found that
the concentration of K’ is prester than the
concertration of OH, meaning that the concentration
gradient layer thickess of K" is less than that of OH"

starting time (t = 0) is equal to 2.073 © on”®. Up untl
8 hours, electrical condoctvity of solwtion st
elecrode surface (distance (X) = 0 cn) is equal o
zero. An increase of the distance fom the electrode
surface raises the sohotion conductivity sbruptly unml
it reaches 2073 2cm” at 5 cn Sobsequently, the
conductivity is equal to an initial walue at 2.073
cm®. For the time uwp to 24 hours, electrical
conductivity behaves similarly The electrolbytes
solution, conductvity incresses with an incresse of
the distance umtil it reaches § cm. approximately.
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1.2 Distributions of conductivity of ions in solution

The graph relationship between conductivity and
distance a5 expressed in Eq.2 can be plotted n fgures
4 and 5. Figure 4 shows the conductivity of K¥ and
OH. The conductivity of OH (1.511 £ an’') is more
than the comductivity of E* (0,562 £ cm’'). This is
due to the influence of the higher mobility of OH
resulting the higher conceniration as shown in fgures
2 and 3, respectively.

Figare 5 represemts the total value of the
electrolyte conductivity of the two ion species (' and
OH). Electrical conductivity values in the solwtion at

Fig. 4 Conductivity of K’ and OF

o o
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e oea U : .I- ;

n H i ' n
Ty

—iela == gezbean — =iz

Fig. 5 Conductivity of KOH solution

3.3 Distributions of resistance of solution
From Eg. 1, the surface area is 100 cm’, length

(L) is in the range 0 — 10 cm, the temperanme is 25°%C
=nd the conductivity of sohution is derived from Eq.2.
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Fig. 6 Iomic resistance over ime up to & howrs

The relstionship between the electrolyte
resistance and the distance between electrode surface
is showm in fgure 6. It can be seen that the resistance
of solution of K’ is higher than that of solution of
OH'. When the two ion species combine together, the
total resistance is decreased since the two ions help 1o
mediate current. It is also the relationship between the
resistance and the distance found that is non-linesr in
the ramge of 0 — 3 cm becamse the solubom
concentration close to the electrode surface form the
concentration gradient Apart from §-3 cm, between 3
— 10 cn, the Lnear relationship &5 found doe to a
comstamt solution concentratiom As a result, the
resistance depends on the length or distance betwesn
of elecirodes.

4. Concluszions

This work has analyzed the hehavior of a
splufion Tesistance af room femperanre, withowt
migration and convection. As it is expected, resistance
of solution is dependent on tme and positions
elecirodes. In particalar, the comductivity of sohition
related to the time, distance and diffosion coefficient
of ions. As the time is increased a reduction of the
elecirolyte conductivity is ocomred, leading to an
enhance of the elecirolyte resistance and
subsequently, the higher ohmic boss. Apart from the
time of operation, it is alsp found that the solution
resistance mereases as the distance between electrodes
increases.
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Abstract

This meseawh ais b bevestiguis fhe comeluies betoees Iydroges groduchon rits and ofier three factors: seluties
cospentribion, cumest easity and distisoe between slectrodes. The mesulis nxved far the ydroges prodacten rake depesds o
twe puremeters, wihich are fis oumest feasEy axd ation of fhe . Bffictsany is rverssly propartieaal

o fhe Lydregea prodactien rate. Hy cosswnisy $54 Wall of sleciricty, fhe kyfreges prodacties rute reaches its kighest with the
effinieacy of 13.35%. However, when kydrozes prodwction sfficleacy of the sysiem is 33.BE#, 0108 Wi of slsoirivity is
[T TR

Eeywerds! Alialise Eleotrolyzer , Efficieacy , Blectralysis , Hydregea Frofuction Ruie

Intreduction

Hydrog=n produoton by slscrolytic water splithimy has gained smportance laely becamse of itx
producton with aeither adwerss esvirommenstal impaot nor fossl fusl requiremenst Elecirolysis proosss ix a
separation of substances from salubon by elecinerty. For an alkalise water slsciroly=er, 1t consisix of elecirodes
{amode and oathode), an elecoolyts solution, am electrolyte voltage, a separstor asd a contrizser. On the asode
sade, water is dissociated to produce gaseows oxygen. On the oathode side, hydroges ions (-lf'j combine with
electroas to form gaseoms hydroges. The eleotrochemical reactions for the alkalise water eleotrelysis are as
follows: {Casper, 1O7E; Grimes et al., 2008; Oldkam & Myland, 1994; Risger, 1994)

Asoda: H,O = 1/20, + 2H +2s
Cathode: 2H + e =H,
Met reaction: H,O - 1/20, + H,

From the literatare reviews, it Bas bocs observed that severil puameters have effects on the hydrogen
production rate. Faotors imvelved im this hydrogen prodection process inolude types of solatiom; pH; owrrest
density (Disgues =t al., 2008; Eilic et al., 2008; Trsua et al., 2003), distanoe between elsctrodes, types of
eleotrode material (Zhigang et al., 1999), solutica coscestration (Holl et al., 2003 ), pressure, t=mperaturs
(Biakn et al., 2008; Grigornev =t al., 2000; Koy =t al, 2006; Santarelli et al,, 2008), types of power
supply {Diegues ot al., 2008; Urssa ot al, 2009 ) azd solution flow rate (Eilio ot al., 2008; Marsngio et al.,
2000). Alkaline elecirolyzer is one type of elsotrolyzers using a solution of high pH walues such as WaOH or
EOH solution. Alkalise electrolyzer is wsed ander low tersperature cosdition (less than 150 ﬂC} to prodoce
hydrogen with the purity of 99.5% or to produce gas at rates from 10 to 100 m'h . Trssa et al (2008]
studied the aature of slsotrio power supply. It has been fousd that by supplyiag a half phase, =nergy loss ix

o0z
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ooourred, hirher than that of a fall-bndge. The hydroges prodwchos rate is proporbonal to the elsctrioiy
supply. Holl et al. {2003) cosducted a research on electrolyzer at high temperature and pressure. At high
terwperature, potential was decomased while the higher pressure resulied is kigher poteatial power. Diegues et
al. (2008) warked on the thersal performance of the alkaline electolymer. In a study, two types of power
supply (EPS and IGET-based elecoonic comverter (BC) ) were wsed and it was fousd that the tereperature of
the elsctrolyzer was isoreased mrapidly whea the power sapply EPS was used as 2 pesplt of the oiromit
arangemeat in the device. Mathematical maodel desoribed the ssergy squation of slsctrolyzer was prefermed
tearms of the beat capacity of the electrolymer which was 1781776 while fie heat Tosses was approximately
4.3 Wi "c)™ and thermal resistance was 0,164 “CW . Tlleberg (2003 ) developed 3 matheratioal model
of alkalise elsotrolyzer. This mode]l bas evolved the theory thermodysamio systemms, heat transfer and chemioal
relationships of power that oas imtegrate into the solar cell systerm. Asx 2 result, the prodacton of hydrogea by
elsotrolysis process yielded hydrogs=a and oxypea prodecton rate with high pwnty. It wasx not=d that wxsz
sourpes from eleoirnical pewer gensration from resswable energy canse hydropea produecthon systems with 2 tuly
al=an snergy.

From previous melevant ressarch, it can be seea that there are factoos affectisg the hydrogea

production in the elsctrolysis process, ssch as temperature, pressure, ation density, type of
eleotrodes; flow mte of solation; eto. Therefore; im this research; some factors affecting the incidence of
hydroges production e stodied and wsed ax guidelises in developing sleotrolyzers. This research zims to
oondwnt the camelatios study of faotars related to the hydrogea producton rate by the alkaline sl=otrolysis
process using desiga of expenmest (DOE) asd statistic method. The effects of solwtion coscentration, cmmest
density and distancs betwees sleotrodes oa the hydrogen prodecoos will be investipated and the resalts will be
subz=quently disonssed.

Experimental apparaies and methed

The water eleotrolysis of NaOH agueons salation is cosdaoted wnder amospherio pressure asing alloy
stmel | staindess stesl) as electrodes. Each side of sleotrode is 336 mm'. Parameters varied are ourrest deasity,
dizstance betwesn slsctrodes and solwtion concestration withount a separater as shows in Tabls 1.

Table 1 Levels of fhe facters

Fuctsr Number of Level Value of Leved
oevoeniraion ] 6.1, 0.3, 18,13, £0 (mel. ™)
ourent ] 5, 10, 20,30, 40 {A)

tistance of slscirode 3 34, 100, 143 (mm)

In this stndy, owrrest deasity, distance between electrodes aad solution concentration are coasider=d as
izput data and the kydroges production rate as an owtput (Y ). The levels adopied for factors are summarized in
Table 1. Response sarface methodolory or ESM is 2 oollectios of mathemwatioal and stafistical techaiques thar
are usaful far the modeling asd amalysis of 2 problems im which a resp of i iz infl d by z=weral

variahles and the objsciive 1= to opbmime this responss. The forms of the relafiomshp b the resp (¥Y)
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and the factoas (x,) is gives by Eq.1 which is called the second—order model. Tt is we=d for a pelynommial of
higher degree {Montgomery, 2001).

Y=|3|]+Zﬂixi +Zﬁ-'1i1 +ZZﬁix,-Kj+E (1)
i= =] P

where ﬁp is the arithraetic meas value of the respoases, Him:rn-.ulswﬁe factor effects, H’_n the
guadratio effects and EII. is the imtrractions betwees the varions faotors. The & varahle stands for the fithsg
=ToT.

Almost all REM probl=ms wss one or both of these models. OF conrss, 1t 15 hkely that 2 polysomal
mode]l will be a2 reasonable approximation of the tree fusctomal relafiomship over the ssbre space of the

imdepeadent variables.
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Fig. 1 shews fhe diagram of the experimestsl spparains. The lguid contaiser {200 mm loag x 150 mo wide x 160 mm high) is
muds of meedlyl metheorylabe, i which fhe slsctrodes are compleisly bemersed and fivsd ia paralls] with 2 cectuia space. BT
pewer sapplisr saables DO cumeat 1p te 40 A betwesa slsctrodes gensrating cument depsity in @ range of 00014 b0 0.12 Amm
' Huth kyfroges asd oxygea gises geseried ae colectsd i H, w8 O, oellscter botlles throngh water. The temuperaturs of the

g Inties & d by thermemeser. The sirfuace of electrofes s polished affer sach experimeat.

The efficienoy of hydroges production is qualitatively evaluated and compared by energy cossampton
at 2 oertain owrment and voltage. The voltage betwess sleotrodes is measared by 2 voltmetsr, whils DC onrmest

is measured by a curmeat sessor.

Resulis amd discassisn

In the tests, alkaline water eleotrolyzer is wsed. Takisg into sccount the aumber of factors asd levels,
the full factorial desige inoledes § x § xd x 3 = 225 experments,

The experimestil results of the main facters affecting the hydrogen prodoction rate are shown in Fig.
2. In Fig. 2, the mean hydrozsa produotion rate om y axis iz plotted apgazimct the oomreat descity, distance
betoeen elecirads amd concentration oa x amis. It bas beea fousd that the change of NalH conceatrabion
affects the incidesce of hydrogen. The ooncentration of 0.1, 0.5, 1.0, 1.5 and 2.0 malL™" camespand to the
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production rate of approximately 0.185, 0.285, 0.32B, 0.335; 0.342 I.n.i.l._l, respectively. The hydroges
productos rate inoreases rradwally and approaches fto a constami walue at the higher conosmtrabon duwe to
satwratios of the solwbon. By cossidering the owrrest density, from Fig. 2, it can be seea that owrrest dessity
imcreases with the hydrogea prodsction rate. Theoretioally, it is beoanse the larger amousts of eleotrons eater to
the system, thus higker amoust of gas is prodwced. When the effeot of distance between cleotrodes is
oonsidered, it can be found that the bydrogen producton rate is isoreased with an isoreass of distasce betwesn
elsotrodes. This is becanse the vollage sowrce is trying to maatzis levels of sleotricity to 3 comstant value.
Consequestly, mare energy 1 added to the systers, l=adimg to the higher bydrogen produection raie. However,
the resalis of stabistical oalonlations showed that the sipmificant changes of distancs betwees sleotrodes grve
imsigmificant walues of the hydrogen production rate as shows im Fig.d (line3 ) with signifioast level at 0LO5.
The results agree well with the waork done by Tasmgphant et al.{2010) whoe fownd that distance betwesa
eleotredes varies with the electrolyte resistasce. The shorter distance betwees clechrodes resalied is smaaller
resistanoe; thereby leading to the higher comdaotvity of the solation: As 2 consequence; this can be ased to
improve the design of the slsctrolyzer and to muistain the slectralyte with the high conduotivity.
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Fig. ¥ Bffect of carmsat demsity, solmts and batween Elsoiredes ga kydroges prodwctien rate

Fig. I shows the ssbhmahon of regression cosfhimenix, T-soore and P-walee betwesa the hydroges
productons rabs, amd three importast faotors, iscleding cwrent dessity, coscesfration, distance betwesn
elsotrodes and others. The coefficient of factors taken into consideration is determimed by the P-value which is
less than the significance level of 0.05. Faotors amalysis of oumenat dessity and concentration without the
distance between clectodes we shows in Fig. 4.

Effect of owrrent deaxity and salation concentration oz kydroges producton rate are shavwn in By, 2.
Y = 0.1B21A + 5.8435F — 0.0B04A" - 33.0744F" + 0.936TAR

(z)

whers A is the coscentration of the solstion (moll™ ), ¥ is the cwrrent dessity (Amm™), and ¥ is the
hydrogen production rate (Lemin ™).

a0s

149



- = -
) Proceedinzs R1TU SRR 1013 WisAas3aE ATAR & BENEAVVURAUNY
H o -
‘K';_;I “aTiet il v s uaesianaiaeT
Estimated Regressian ceefFiclents For RakedL mdnd
lern Luel Sl Lwel | I
(M1 1Al H. 17X HY H_HI2'A " M MHH H.HHH Tanwl
Purrent density COURAN ALTATRA 1A RLARA 1na®
nin A.AM1 A_ARASY  1.A19  RLATA 1ne %
Lanc WoA4EY H_UUINEN FCH¥H  H.GBM Liney
Lurrenl denszilysZucrrenl densily  CGRLNSAL 2o La2Ed [ HITTHI 1] Lines
MimeEia H-.HHHH H.HHHHH H.2In H.HI1I 1aneh
ane v Tane A.ARAN A_ARTT1 11,448 RLARA 11naT
Rurrent denst tysi 5 -A.AfA AoAMTF  -MLSAG RoGu 11nek
Current densitysienc @_0ALT 0.1 EE6A . Bl boabd Ldnal
Wivslune WUHUE  H_ W1 B4l H.A18 Lime I8
E o= A_MMRSN B AQ = AA.T% R Aniadi) = 94.1%

Flig- 3 Th= msali of Respease Srrfacs Regession: Rais l.“I:nu._“:I verses Cument deasity f.ﬁnn-'].. Diistunoe (me )
a1 Coscsatration (mall |

Lskimated Hegressian Uockdicicnks Far BatelLsmin

lern Lwel L Luel I I

Eanstank A.E'Ma A_RIATA 1.7307 R0 I ine1
Enrrent denzity F.Ah3%  A_NSTRYD 12.30%  h.ARA I 1na?
Cancontratisn 0.4€#31 9.032&k 4.4 b.amq Lincad
Lurront densitpsiurrent densdkty  —EF BOWR PLUWES -10.HUG HOWHY Linch
Luneen Lra LimnsGunce nbra Liom -H.HEHE WoUIud -d R HoWHU Linck
Lurrenl densily=Cuncenli-dlion H.%¥lar H.lda18 a,0FY H.HHY Linen

L - R_A=IRQ k-5 - RA_RYL E-Lntad{h - R?.0%

Fig. 4 The result of Response Surface B ioa: Raie {Leis ™ | verses Carmeat deasity (Amm | asd Cosceairafion (moll )

The model of Bq.2 1x smitable for calealating the opomal hydrogen producton rate of Na(H solation and the
cosfficient B and :|.d|—R’ equal to §3.3% amd B2.09%, respeotively. Eg. 2 is a comelabon amomy the main
factors and interactiom facters that affect the hydrogea producton rate. Therefore, Bg. 2 is reliable whes the
oumreat deasity and the solutios concentration are im the comsidered rasge from 0.015 to 0.12 Ann_’ and 0.1
ta 2.0 I'I.I:Iﬂ..-l; respentively.

For the interaction faotars affecting the kydroges prodaction rate, the respls are shown in Figs. 5 and
6. It hax been fousd that the imteraction of oo-faotars effect cominbutes to the procesxz of inoreasimy Fax
guanbifies,

Fig. 5 shows the meean hydrogea producton rate on the y axis by varying the concestration om the x
axis. It has bees found that the higher curmeat deaxity and comcentratiosm result in an iscreasisg hydrogen
production rate. A vanaton of concentration affects the kydroges productos rate sigmificantly in the range
lower than 1.0 l'IﬂLT..-:. Im additiom; Fir. § demonsirates the costosr of response swrface of hydrogen
production rate, the lewel of the factors or the area in comtonr which is the amoant of hydrogen prodectios rae

that sooars when the current deaxity and oconcentration are fixed.
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Fig.8 Ths cextorr ploks of 3 mespeass surfaes of Nydroges profuction rate (Lo §

Aooording te the sxperimestsl results, the efficiency of the systern ix 15.35% when 2.0 mollL™
Nz0H solutioas is used with the imput sleotrivity of 40 Amp and the distanos betwesa the slzctrodes is 145
e, Thix is the best oase of hydragea production. The efficiesoy ix calonlated from T = HV / (Power imput}
where HY (Heating Valee) is 121.0 MTkg , volume of gas is 0.000Lm’, deasity of gas at atmespherio is
0.0899 kg m , voltage is 14.6 Valt and the time ix 12.13 ssocnds. So HV is (121.0 X 10" (kTkg 1) X
{D.0001 [nlj} ¥ (0.0820 Ek‘l'l-*‘]} which is equal to 1087.79 I, asd the power imput is 40 (Amp) X
14.6 (V) = 12.13 (s) whick is equal to T083.92 kJ. For the waorse oase of hydrogen prodsction, the
efficienoy of the systems is 23.88%.

The optimization of hydrogen productios rate is 0.4753 Lemiz ™ af current density of 0.1124 Amm
and concentration of 1.7730 rlum]l'.._t which has been established based on the imtial conditions whens

ourreat deasity = 0.01455 Amm , conceatration = 0.1 molL azd distancs = §5mms
The banndary condihons are

ourrest density = 0.01455 Amm™, concentration = 0.1 moll.™ and distance = 55mm
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ourmrent density = 0.11805 .ﬂn:u-’, conpeniration = 2.0 moll " and distance = 145mm.
It = moted that the distanos betwesa eleotrodes s fixed sinos it does mot affsct the hydrogea
production rate as aforemestioned.

Canclusisn

The experimenta]l design technigue is wsed in this work to determine the oomelation amosy relative
fantnrs through stahchea]l methods. Amosg severad facters, it is fomad that the most iwportant fantor ix the
ourreat denstty sinoe 3 kigher owrrent dessity discharges a larger amount of elecirons. These elsctrons take part
in electrockemical reactions; thereby esbanciny the amonst of hydrogea production. In addifiom, the solwbon
ooncentration is alse important as it allows the comvenieat passage for ioms and electroms. The hydrogea
production rate is iscreased gradually wetil ot reaches a constant valse as the solwton = sawrated. Efficescy is
imversely proportional to the hydrogen prodaction rate. By oonsaming 554 Watt of eleotncity; the hydrogen
producton rate resches its highest with the efficienoy of 15.35%. However, when hydroges producton
efficienoy of the sycters ix 23.B8%, 51.55 Watt of sl=otrinity is conswmed. A detvil=d stody on effsots of

temperaiure and resistance of solafiom are sugrest=d for the fafare wark.
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