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ABSTRACT

Galvanic deoxidation of steel is investigated. The inner walls of one-end-closed
yttria stabilized zirconia tube is coated with molybdenum-zirconia cermet. A reducing gas
of hydrogen is passed through the tube. The zirconia tube is dipped into the induction
stirred steel melt, and the cermet is short circuited with the melt. The oxygen chemical
potential gradient across the solid electrolyte is used to deoxidize the melt. The external
short circuit current can be divided into two zones which are characterized by total
resistance control and mass transport control respectively. The external short circuit
current is used to model the deoxidation process.
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CHAPTER 1
INTRODUCTION

As the demand for metals with superior physical and mechanical properties has
increased, it has resulted in the search for new metal refining techniques capable of
reducing the concentration of undesirable elements like hydrogen (H), oxygen (O) and
sulfur (S) to very low levels, Currently the two most popular metal refining techniques
include vacuum degassing and addition of reagents to form stable compounds with the
undesirable elements. However, the former technique is capital intensive and is limited by
the vacuum pressure which can be created over the melt. In the latter technique, some of
the reagent metals can be very expensive, and the compounds of the undesirable elements,
if not completely removed, may remain as inclusions in the metal. In addition, the reagent
goes into solution in the melt, which may not be desirable. In this thesis we have
investigated a new electrochemical refining technique for removing oxygen from molten
steel,

This technique consists of inserting a yttria stabilized zirconia (YSZ) tube (one end
closed) into a steel bath, thus exposing the outside of the YSZ tube to the steel bath,
while a reducing gas (with low partial pressure of oxygen) is blown inside the tube. As
yttria stabilized zirconia is an oxygen ion conductor [1-6], the oxygen chemical potential
gradient across the electrolyte will result in the migration of oxygen ions from the steel
melt, into the reducing gas (to satisfy electroneutrality, the electrons must migrate in the
opposite direction).The melt is stirred by induction stirring, In this way, the metal can be
deoxidized, without allowing the reducing gas to come into direct contact with the metal.
In addition, the inside of the YSZ tube is coated with a porous molybdenum-zirconia
cermet, and this cermet is short circuited with the steel melt. The purpose of short

circuiting the molybdenum-zirconia cermet is to provide an alternative path for the
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migration of electrons from the zirconia tube to the melt. As YSZ is predominantly an
ionic conductor, its electronic transport number is rather small [7-10]. Therefore, by short
circuiting the YSZ tube with the melt, the rate of oxygen extraction can be increased, and
the current in the external circuit can be analyzed to model the deoxidation process. The
principle involved in this deoxidation process is schematically represented in Fig 1a and
1b.

Some of the advantages of the new refining technique are listed below:
1) Practically no harmful by-products in the form of dust, gas or slag are generated.
2) The refining device operates as a galvanic (current producing ) cell, and therefore no
external EMF source is necessary. This refining technique is thus more energy efficient as
it converts chemical energy directly into electrical energy.
3) The reactants and by-products are gaseous and hence no inclusions form inside the
melt.
4) Reducing gases containing Hy, CH4 and CO can be used to refine the metal without

running the risk of increasing the H or C content of the metal.
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CHAPTER 2
LITERATURE _RESEARCH

Korousic and Marincek [11] in 1968, were among the first few to do research in
deoxidizing molten metal using a solid electrolyte. In their experiment, they used a hollow
one end closed, magnesia- stabilized zirconia tube which contained molten copper. This
tube was immersed in a crucible containing copper melt. Molybdenum rods were
immersed in the copper melt inside and outside the zirconia tube, and an

external EMF was applied to drive the oxygen from the copper melt inside the zirconia
tube, to the copper melt outside the zirconia tube. The purpose of their experiment was to
demonstrate the feasibility of using the oxygen ion conducting property of stabilized
zirconia to extract oxygen from molten metal.

In 1972, Fisher and Janke [12] used an external EMF to deoxidize a steel bath. In
their experiment, they used a stabilized zirconia tube (one end closed) which was
immersed into a molten steel bath, A noble metal/gas electrode, or a liquid metal electrode
with a graphite contact rod was used as the anode. A metal lead wire inserted into the
molten steel bath served as the cathode, and an external EMF was applied to deoxidize the
steel melt. The steel melt was stirred by mechanical means. Fisher and Janke found in their
experiment that the rate of deoxidation of the melt remained constant between oxygen
concentrations of 0.047 and 0.016%. However, below oxygen concentration of 0.016%,
the rate of deoxidation of the melt decreased with oxygen content. Therefore, they
concluded that the O2- jon transport through the solid electrolyte was the rate controlling
step in the oxygen concentration range of 0.047-0.016%. But, below an oxygen
concentration of 0.016% the rate controlling step was the diffusion of oxygen ions from

the melt to the melt/zirconia interface.

12
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In 1973, Oberg et.al. [13] did a similar experiment on copper melts, i.e. used an
external EMF to deoxidize copper. Their experimental set up consisted of a calcia
stabilized zirconia crucible which contained the copper melt. The outside of this crucible
was coated with platinum and was exposed to air. The platinum served as the anode, while
the copper melt served as the cathode. The melt was stirred by induction stirring and an
external EMF was then applied to drive the dissolved oxygen from the copper melt,
through the solid electrolyte, into the air. Oberg et. al. conciuded that the rate controlling
step for the deoxidation reaction was the transport of oxygen in the electrolyte at higher
oxygen concentrations in the melt ( > 90 ppm), and transport across a boundary layer in
the melt at the melt/ electrolyte interface when the oxygen concentration in the melt was
below 45 ppm.

One of the problems associated with using an external EMF to deoxidize the melt is
dissociation of the electrolyte [13]. If high external EMF is used, the oxygen concentration
at the melt/electrolyte interface will become very low, and this will result in the
decomposition of the electrolyte. In addition, if this method is used at high temperature
(e.g. steel making temperatures), the high electronic conductivity of the electrolyte
appreciably decreases the current efficiency. For calcia stabilized zirconia (CSZ) the
current efficiency is reported to be around 30% when the oxygen concentration in the steel
melt is below 300 ppm [14-15].

Therefore, in view of the above mentioned problems, in 1981 Iwase et.al. [16]
proposed a galvanic method for deoxidizing steel using a solid electrolyte. In their
experiment, they inserted an one end closed CSZ tube into a molten steel bath (1823 K)
contained in an alumina crucible, and passed a mixture of CO/CO5 through the tube. At
around 1823 K, the residual electronic conductivity in CSZ allows the electrons and
oxygen ions to migrate in opposite directions under an oxygen chemical potential gradient,
This way the steel is deoxidized. However, the residual electronic conductivity decreases

exponentially as the temperature is lowered and therefore this technique is not suitable for



deoxidizing molten metals at lower temperatures such as copper. Iwase et.al, stirred the
steel melt by bubbling argon during the deoxidation experiments. They found that when
the oxygen concentration in the steel melt was in the range of 580-200 ppm, the rate
controlling step was the transport of oxygen across a boundary layer in the melt at the
melt/electrolyte interface. This result is different from the one that Fisher et.al. [12]
obtained. The reason for this is that in Iwase's experiment the stirring intensity of the melt
was lower and therefore the mass transfer coefficient of oxygen in the melt was smaller,

In the experiment described in this thesis, a YSZ tube ( one end closed) is coated
inside with a Mo-ZrO7 cermet electrode. A reducing gas is passed through the tube, the
cermet electrode is electrically short circuited (externally) to an inductively stirred steel
melt and the tube is dipped into the steel melt. The chemical potential gradient of oxygen
across the YSZ electrolyte tube is used to deoxidize the steel melt (i.e. no external EMF is
utilized). However, these experiments are different from the experiments performed by
Iwase et.al [16].

Thr major differences are listed below:
1. By erternally short circuiting the Mo-ZrOy cermet and the steel melt, this process does
not rely on the residual electronic conductivity of the zirconia for oxygen migration
(Fig. 1). As a result this deoxidation process is faster and it can also be used at lower
temperatures,
2. The equivalent electrical circuit representing the deoxidation process is shown in
Fig. 2. The external (sho:t circuit) current generated during the deoxidation process is a
very accurate real time analytical tool that can be used for modeling the deoxidation
process. Iwase et.al. relied on the oxygen analysis of the pin samples to model the
deoxidation process and that interrupted the thermal and mass balance of the system.
3. Induction stirring was used instead of argon bubbling and as a result the mass transfer
coefficient was higher and the deoxidation process was much faster.

4. The initial oxygen concentration in the steel melt was below 670 ppm and therefore the

14
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hercynite phase did not form, At 1873 K, the hercynite phase forms when the oxygen
concentration in the melt is over 750 ppm [17]. In the experiments conducted by Iwase et.
al., the hercynite phase formed. The formation of the hercynite phase could complicate the
interpretation of the deoxidation process because it can dissociate as the melt is

deoxidized,
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CHAPTER 3
EXPERIMENTAL APPARATUS

The schematic of the experimental apparatus used in these deoxidation experiments
is shown in Fig 3. An alumina crucible containing 0.7-0.8 kilograms of low carbon steel is
placed inside a graphite crucible which is then placed inside an alumina furnace tube. This
furnace tube is sealed using a water cooled brass cooling plate and is placed inside the
coils of an induction furnace. The graphite crucible is thin walled (3.8x 103 m)andasa
result it allows some amount of induction stirring in the steel melt. At the same time, the
graphite crucible evens out the temperature gradient in the inner alumina crucible
(containing the steel melt) and prevents it from cracking.

The water cooled brass plate contains six openings. Five of these openings are
for argon gas inlet, argon gas outlet, thermocouple ( S-type, Pt-10% Rh vs. Pt) which is
enclosed in a one end closed alumina sheath, electrode lead wire and refining device. The
last opening is used for taking out molten steel samples for analysis,

The refining device consists of a one-end-closed 8 weight % yttria stabilized
zirconia tube (length = 0,089 m, OD = 0.0127 m, ID = 9.525x 10-3 m). The inside of the
YSZ tube is coated with a molybdenum-zirconia slurry and is allowed to dry for 24 hours,
The slurry is made by mixing 58.32 weight % Mo (Johnson Matthey, 99.9% pure), 14.72
weight % yttria stabilized zirconia (TOSOH, TZ-8Y), and 27.19 weight % PVA (poly
vanyl alcohol) solution. The slurry coated zirconia tube is then heated to 1473 K in an

environment of hydrogen gas (flow rate = 120 ml/min) and argon gas ( flow rate =500



Fig 3: Experimental Apparatus
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ml/min) and held for 1 hour. The flow chart representing the steps involved in the making
of the cermet is shown in Fig 4.

The open end of the cermet coated zirconia tube is then sealed to an open ended
alumina tube by a ceramic adhesive ( Ultra-Temp 516, Aremco Products, Inc.). The
sealing process involves applying the adhesive, heating for 8 hours at 363 K and then
heating for 1 hour at 523 K. This process is then repeated until the joint between the
zirconia tube and the alumina tube becomes gas tight. Cement (X-9 Plaster from Crucible
Refractory Co. ) is also applied to increase the strength of the sealing. The gas tightness of
the entire refining device is then measured with a vacuum pump (Nalgene, Neward
Enterprises).

The inside of the refining device is flushed with reducing gas (99.9% Hj ,
Matheson Gas Company). Flowrates of 200 - 300 m!/min are used. The oxygen partial
pressure in the reducing gas exiting the refining device is monitored with an oxygen sensor
(ZIRCOA, type AACC). A molybdenum wire is sintered to the molybdenum-zirconia
cermet and is connected to one of the terminals of a bi-polar switch. The other terminal of
the switch is connected to the electrode lead wire which dips into the molten steel. This
lead wire is made by mixing Lag g4Srg 16CrO3 powder ( Seattle Specialty Ceramics )
with 6% PVA solution and compressing it around a molybdenum wire using an isostatic
pressure of 40,000 psi for 5 minutes. The purpose of the 6 % PVA solution is to act as a
binder. In addition, the electrode lead wire is sintered during the experiment by holding it
0.01 m above the melt for 20 minutes before it is immersed into the steel melt.

During the experiment, the low carbon steel is melted in the induction furnace. The
molten steel is maintained in an inert atmosphere of argon gas with a trace of forming gas
(3000 ml/min of Ar + 100 ml/min of forming gas). Forming gas is a mixture of 95% Np
and 5% Hp . The partial pressure of oxygen in the gas above the steel melt is found to

correspond to 550 ppm of oxygen. By taking several steel samples before inserting the



Fig 4: Steps involved in the making of the Cermet
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refining device into the melt, it is verified that the gas environment above the melt is not
causing any deoxidation of the melt.

Once the refining device is inserted into the melt, the bi-polar switch can be operated
either in the open circuit mode, in which case it will read the electrolyte cell voltage, or it
can be operated in the short circuit mode, in which case it will read the short circuit
external current. At the end of the experiment, another steel sample is taken in order to

find out the final oxygen concentration in the melt.



CHAPTER 4
THEORETICAL ASPECTS

As illustrated in Fig 5, the steps involved in the deoxidation process include:

1) transport of oxygen dissolved in the melt, from the bulk metal to the melt/electrolyte

interface.

2) electrode reaction at the melt/electrolyte interface : O (melt) + 2e- —> 02-

3) diffusion of oxygen ions through the electrolyte to the electrolyte/reducing gas
interface.

4) electrode reaction at the electrolyte/reducing gas interface:
02- - 2¢ + (1/2)02(2)

5) diffusion of oxygen molecules through the porous electrode into the bulk of the
reducing gas.

Under conditions of high temperature and relatively small current densities (0.5-

2.5 mA/cm?2), steps 2,4 and 5 are known to be very rapid, and therefore not rate
controlling [18). Hence, the two steps which are likely to be rate controlling are
oxygen diffusion in the melt (step 1), and/or transport of oxygen in the electrolyte
(step 3).

The equivalent circuit for the deoxidation process is shown in Fig 2. According to
this circuit, it is apparent that the total resistance of the solid electrolyte cell can be
divided into three parts: the ionic resistance Rion (ohm), the electronic resistance
Re (ohm), and the external resistance Rex (ohm). Therefore, from this equivalent circuit

the total resistance Ruwa (0hm) is equal to,
Re x Rex

Reotal = Rion +
Re + Rex

131

d
Oion X A ’

where Rion =

22



Fig 5. Steps involved in the Deoxidation Process
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d = thickness of the zirconia tube (m), gion = ionic conductivity (ohm-Im-1), and A=
interfacial area of electrode/electrolyte (m2).

According to the Nernst equation,

RT Ln Po,(melt)

En=
4F  Poj(red.gas)

[4]

where En = Nernst Potential (Volts), T = temperature of the steel melt (K),
R = gas constant (J/K.mole), Po}(melt) =oxygen partial pressure at the melt/electrolyte

interface (atm.), Po}(red.gas) =oxygen partial pressure in the reducing gas (atm.).

Using eq.[3] and eq.[4], the ionic current, i (Amperes) can be written as

Po),(melt)
E. _RT Po;(red.gas)
Ruml—4F d +R°XR°"
OinA  Re+Rex

Iion =

5]

In addition, the diffusion of oxygen across the boundary layer at the melt/electrolyte
interface can be described by using Fick's first law. In order to simplify the analysis, all

activity coefficients are taken equal to unity.
X
J=-D—=-axAC 6
o (6]

D
here a = —
wher 5

In the above equation, J = oxygen flux in the melt (ppm. m/s), D = diffusivity of oxygen in

the melt (m2/s), o = mass transfer coefficient of oxygen in steel (m/s), AC = difference in



the oxygen concentration between the bulk, and the melt/electrolyte interface (ppm), and
= thickness of the diffusion boundary layer (m).
Assuming that there is no accumulation of oxygen ions at the melt/electrolyte

interface the ionic current can also be represented in terms of the oxygen flux in the melt :

~_ 2FJApmer _ 2aAF(Cb — Ci)pmen
fion = 3 = 5 l7l
Mo x 10 Mo x 10

where M. = mass of oxygen (kg), A= interfacial area of electrode/electrolyte (m2), Pren =
density of steel (kg/m3), C» = concentration of oxygen in the bulk (ppm), and Ci =
concentration of oxygen at the melt/electrolyte interface (ppm).

From mass balance consideration, the following equation will hold:

l[ion X Mo X 106
C=C- | TSV 18]

where C. = initial oxygen concentration in the steel melt (ppm), and Mmex = mass of the
steel melt (kg).

Using Sievert's Law, eq.[5] can be modified to the following form:

RT Ln Ci(melt)
2F  Ci(red.gas)
Rtoul

9]

Iion =

where Ci(melt) = oxygen concentration at the melt/electrolyte interface (ppm), and
C: (red. gas) = oxygen concentration in the reducing gas (ppm).
The relationship between the oxygen concentration, and the partial pressure of

oxygen can be represented by the following equations:
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) 1
Ci=Ks(Po,)?, Cr=Ks(Po;)?

where Ks = Sievert's constant. This constant can be calculated from the free energy

change of the following reaction;
07(g) = 20 (melt) [10]
In this thesis, the free energy data calculated by Elliott et.al [19] is used.

Eq.[9] can be rewritten as:

2F[Iioanoul ] }

Ci = Crexp{ =T

[11]

By combining egs. [7], [8] and [11], the following equation can be derived:

6 t 6
Cex {2F[ImnRunal]} LionMo x 10° _ ILoanox 10 [12]
RT 2aAF pnen o 2FMmen
Eq. [12] can be differentiated to obtain
_ Jion x Mo X 10°
dlion - 2FMue [13]
dt 2CFRuouwl Mo x 106 dC:
K+ + K
RT 2aAF Phmelt dLion
2FTionRiotat
here K =exp(———
where xp( RT )

Eq.[13] depicts the variation of the ionic current as a function of time. Thus, if the

ionic current can be determined from the measured external short circuit current during



the deoxidation experiments, the entire process can be analyzed/modeled and the validity

of the theoretical analysis checked.

27



CHAPTER 5
RESULTS AND DISCUSSION

From the equivalent circuit shown in Fig 2, the following relationship between the

external current and the ionic current can be derived,

Re
Re+ Rex

[14]

Iex = Iion X

Em

where Rex=—

ex
Em = Open circuit EMF (Volts). Derivation of the formula to calculate Rex is shown in
Appendix A,

In our experimental conditions Rex ~ 3 - 4Q. The low external resistance indicates
that the molybedenum-zirconia cermet is a good electrical conductor, and has good
adherence to the zirconia tube. K.C.Chou et. al. [20] analyzed nickel-zirconia cermets
prepared in a similar manner, and found that the cermet was porous, electrically
conducting, and had good adherence to the zirconia tube.

From eqs.[13] and [14] and assuming that Re and Rex are relatively constant during

the experiment, one can also write:

_ Iex X Mo X 106
dlex _ 2F1\'61msu [15]
dt  2CFRuu o Mox 10° . dC: [ R. ]K2
RT 2aAFpmen  dlex [ Re + Rex
2 FleRim R R
where K2=exp £

RT

28



In addition, C: can be calculated utilizing the following formula (derivation of this

formula is given in Appendix B)

30Lch+ch
KsxRT: R
r= N i)+ 16
Vxl.lelOsprx[ Hao(1) F ] 16}

where Ks = Sievert's constant, T2 = room temperature (K), V = flow rate of reducing gas

(m3/min) , Nu20(i) = flow rate of water vapor in the reducing gas (moles/min), and Kr =

equilibrium constant for the following equation:

H, +%02 - H,0 17

To celculate the equilibrium constant, the thermodynamic data from Kubaschewski et.al.
[21] is used.
When the current is small, the current dependent terms in the denominator of eq.[15]

become negligible, and it can be rewritten as:

dlex - chaApnelt Ilsl
dt Mmclt
Integrating eq.[18] gives
In(lec) — In(E%,) = - ZAL™ (¢ _ 1) [19]
« Mmclt

where I°, = short circuit external current (Amperes) at time to (min.).

29



Using experimental values of the external current, eq.[19] can be used to calculate
the mass transfer coefficient of oxygen in steel melts.

Plots of Ln(IL) versus time for four deoxidation experiments (A-D)are shown in Fig
6-9. As can be seen from the figures, eq.[19] has a good fit with the experimental values.
The regression coefficient obtained for these four experiments is in the range 0.98-0.99.
The value for the mass transfer coefficient for the experiments A-D, along with other
experimental parameters are given in Table 1. The very minor fluctuations in the mass
transfer coefficient for the different experiments is probably due to the fact that the
amount of induction stirring in the steel is dependent on its position within the induction
coils of the furnace. As can be seen in Table 1, the temperature for experiment A-C is
1873 K. In order to see the effect of temperature on the mass transfer coefficient,
experiment D was performed at a temperature of 1893 K. However, the mass transfer
coefficient remained in the same range as the other experiments, suggesting that the
activation energy is not very large.

Eq. [15] can be used to model the external current versus time curve. The values for
a and Rex for the deoxidation experiments are listed in Table 1. The value for Rion
(Gon = 2 x 10-3 Q-1m~1) is obtained from the literature [22]. By assuming different
values for R., and using one experimental value of I at any given time, it is possible to
solve eq.[15] and model the short circuit current versus time curve. The value of R. that
best fits the short circuit (external) current versus time curve is reported in Table 1. The
modeled external current versus time curve is superimposed over the experimental curve
in Fig 10a-13a. It can be seen that the actual and the modeled curves agree well with each
other. The close match between the actual and the modeled external current curves shows
that the assumption made in eq.[15] that R. does not fluctuate much during the course of
the experimentlis justified, and a mean value for Re can be used. Since R is known to

_l 2l
vary as (Po,) 4 [23-27], this means that during the course of the experiment (Po,) *
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K]

across the electrolyte does not vary significantly, Using the mean value of Re, the ionic

transport number can be calculated by the formula

Oion _ Re
Oc + Oion Re+ Rion

120]

tion =

where @ = electronic conductivity (Q-Im-1). Using eq.[20], it is calculated that
tion ~ 0.8 .

By analyzing eq. [15] with respect to Fig.10a-13a, it is seen that the flat portion of
the external current versus time curve (zone 1) is controlled by total resistance of the
electrolyte, Ruwu . The region in the external current versus time curve characterized by an
exponential decay (zone 2) is controlled by the mass transfer coefficient of oxygen in steel.
By using eq. [14] and the modeled external current versus time curve it is also possible to
plot the ionic current versus time curve. The ionic current versus time curves for
experiment A-D are shown in Fig 10b-13b.

The initial oxygen concentration in the steel melt (Co), is found from the oxygen
analysis of the steel pin sample. Using this value of C., Eq.[8] and the ionic current
versus time curves shown in Fig 10b-13b, the variation in oxygen concentration in the melt
as a function of time is determined for all the experiments (Fig 14-Fig 17). As can be seen
from the figures, the modeled curves agree well with the final oxygen analysis of the steel
pin samples. The steel pin samples were analyzed by Allegheny Ludlum Corporation (they
used the Leco Combustion method for oxygen analysis and their accuracy range was 3-10
ppm of oxygen). The reason for taking only two steel samples per experiment was to

minimize the fluctuation in the thermal equilibrium.
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Fig 10a. External Current vs. time curve for Experiment A
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Fig 11b. Ionic Current vs. time curve for Experiment B
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Fig 12b. Ionic Current vs. time curve for Experiment C
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CHAPTER 6
SUMMARY AND CONCLUSION

In this thesis we have demonstrated the feasibility of deoxidizing steel melts by short
circuiting a solid electrolyte cell. The solid electrolyte cell consists of a one-end-closed
yttria stabilized zirconia tube. This tube is coated with a molybdenum-zirconia cermet, and
is inserted into the steel melt. A reducing gas is blown inside the tube, and the
molybdenum-zirconia cermet is then short circuited with the steel melt. The deoxidation
process is analyzed, and mathematically modeled. It is found that the short circuit external
current versus time curve has two distinct zones. In zone 1, the current is leveled and is
controlled by the total resistance (Ruwu ) of the short circuited cell. In zone 2, the current
decreases exponentially, and is controlled by the mass transfer coefficient of oxygen in the
melt. The deoxidation kinetics can be enhanced by increasing the mass transfer coefficient
of oxygen in the melt (by increasing the stirring intensity in the melt) and by decreasing the

total resistance (R ) of the short circuited cell.



APPENDIX A

Considering SHORT CIRCUIT conditions

E
R ion nl l jon
R. le
I 1 S
—] 4
| ex
1 ~
| I— [
Rex

where En = Nernst Potential (V)
Tion = Ie + Iex [A]
En = LRec + LionRion (B]
En = limRion +IeRex ~ [C]

Subtracting eq.[B] from eq.[C] gives
IeRex = IcRe (D]

Multiplying eq.[A] by Rion gives
TionRion = IexRion + IeRion [E]

Substituting eq.[E] into eq.[B] gives
En = IeRe + IeRion + IexRion [F]

Substituting eq.[D] into eq.[F] gives
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ER. = Iex[Rech + ReRion + RexRion]

Eq.[G] can be rearranged to the following form
Re

Iex =
RcRex + ReRion + RexRion

[G]

Considering OPEN CIRCUIT conditions

where En = Open circuit EMF (V)

IRe = En [H]
IRe+I, Rn=En  [I]
=1 ]
En=Eo-I Rm  [K]

Using eq.[I] and eq.[J],
En= I.ion (Rlon + Re) [L]

Using eq.[K] and eq. [L],

En = En( R‘”RJ: Rey ™M

R jon

E

n
rion

< —

e

5
[d

nQ [z E
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Combining Short Circuit and Open Circuit equations

Using eq.[G] and eq.[M]
I = 7 [N]
R.. +( ReRion )
Re + Rion

Since the external resistance (Rex), is much larger than the ionic resistance of the

electrolyte cell (Rim),
1 1
>>—
Rion ch
1 1 1
—+ >>—
Re Rion ch
Rex >> !
1 1
—+
Re  Rion
Therefore, Rex >> R:Rion
Re+ Rin

Using this relationship, eq.[N] can be approximated to the following form
Em
ch =

e
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APPENDIX B

Derivation of formula for C, under short circuit conditions

Hy + 172 0y = H,0
Initial no. of moles/min Nua(i) Noa(i) Nh20(i)
Immediately after short circuit ~ Nra(i) Noz(i)+Noz(s.c.) Nh20(i)
Equilibrium after short circuit ~ Nu2(i)-2X  Noa2(i)+Noz(s.c.)-X Nu20(i) +2X

Total number of moles = Nt = Nu2(i)+Nn20(i)+No2(i)+Noz(s.c.) -X

Ko = Puzo (Nu20(i) + 2X)(NT)%

P2 x (Poz)% i (Nn2(i) - 2X)[No2(i) + Noz(s.c.) — X]%

where Kr = equilibrium constant.
As Kb is large (at 1600°0C), and the hydrogen gas relatively pure, therefore
Noz(s.c) >> Noa(i), X = Noa(s.c.)
In addition, as Nu2(i)>>2X, the equilibrium constant can be modified to the following

form:

Kp = [Nyo(i) + 2N02(s‘. c.)]
Ny ())(Po})?

where Po), = oxygen partial pressure in the reducing gas.

In addition, Noz(s.c.) = §—O-Iiﬂ, and Nu2(i) = —B—Tz——; where V is the volume in
4F Vx101x10
m3/min and T is the room temperature (K)
Therefore,
: RT: 30ion
Po;)? = Nnu2o(i) + , and
(Poz) Vxl.lelO’prx[ hzo(i) F ] an
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Ks x RT: . 30Len
= N + '
VX LOIX IO XKy o) +—1=]

where C: = oxygen concentration in the reducing gas, and Ks = Sievert's constant,

From equivalent circuit diagram (Fig 2),

Lion = ch[ R+ ch]
R

Therefore,

Re+Rex)

_ KsxRT: : 301"‘(
P = 5 Nh20(i) +
V x1.01x10° xKp

F
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