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ABSTRACT

There is increasing interest in hydrdgen—ermine fuel
~cells as both priméry and regenerative energy storage
systems. One promising design for a hyergeh—bromihe fuel
cell ié a negative half cell having only a gas phase[ which
is separated by a éationic éxchéﬁgé membrane-frdm a
positive half cell having an aqueous electrolyte. The
hydrogen gas and the aqueous bromide solution are_stored
external to the cell. |

In order»fo.calculate the energy_storage capacity'
and to predict and assess the performance of a single cell;
the open circuit potential (OCV) must‘bé estimated for
different states of cha:ge, under various conditions.

Theoretical expressions were dérived to estimate.
the OCV of a hydrogen-bromine fuel cell. In these
expressions temperature, hydrogen pressure, bromine and
thdrobrdmic‘acid concentrations were taken into
conéideration. 'Also included are the effects of the Nafion:
membrane separator and the various bromide complex:species.
Activity coefficients were £aken into account in one of the
expressions. The sensitivity of these parameters on the

calculated OCV was studied.

ii



Experimenté were completed to measure the OCV of a
‘hydrogen-bromine fuel cell at various states of charge of a.
celi with initial charge capacities of 35%-HBr and 48% HBr.
Rates of membfane and solution equilibrium were also
studied.

The theoretical expressions were useful in
assessing the effecté of various parameters on the OCV. The
variables .which were found to have a significantzeffgct'on
the OCV through either experimental or theofetical‘study:
were: hydrogen pressure,vtemperature,‘hydrobromic acid and
‘bromine concentrations. The type'of Nafion membrane
separator‘had an insignificant influence on the OCV.. The
agreement between the predicted and the actual OCV might be
improved with kﬁowledge:of'the activity coéfficients, and
of the chemistry of bromide species in concentrated

solutions.
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CHAPTER I

INTRODUCTION AND BACKGROUND

There has been increasing interest in recent years’

in hydrogen-halogen rechargeable fuel cells as both primaryA

and regenerative energy storage systéms.» They can be

Acéupled'with éolar cell systems to .provide tﬁé poWé;~
necessary to charge the hydrogen-halogen battery [113.
This, élong with the high energy densities of'these'
systems, make them candidates for space power applications.

The types of hydrogen-halogen batteries that have
‘been studied are the hydrogen—chlorine, hydrogen-bromine,
aﬁd hydrogen-iodine. The hydrogen-chlorine and hydrogen-
5romine syétems are compafable in terms of efficiency and
hea£ rejection, but the hydrogen-iodine is less efficient
"[2]. The advantage the hydrogen-bromine system has over
the hydrogen—chlorine system is the high solubility of
bromine in“hydrobromic acid, whereas chlorine has a low-
:solubility in hydrochloric acid.

The electrochemical reactions for the hydrogen-
bromine system are reversible, and the use of polymer
"electrolytes has eliminated cell_gaps, Consequently, good
energy storage efficiencies can be obtained even at high

current density operation.
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A high power density sygtem,‘where there is a high

'raterf energy delivery, is important becausé'it is'usefﬁl

for'siﬁuations requifing either high or low power. .The

power density of a system is diréctly proportional.to its-

current density, so high-cﬁrrent densiﬁy operatibn is
desirable. | | |

Operation at high current densities requires

reactor designs which enhance mass transfer rates. _A flow -

system is necessary to improve méss transfer per formance

and aid in thermal management.

1.1 Hydrogen-Bromine Fuel Cells

The flow system design for a hydrogen-bromine cell
is a negative half-cell having only a gas phase which is
separated by a solid'polymer ionic conducting membrane from
a positive half-cell having a flowing aqueous electrolyte.
Figure l shows a schematic of the hydrogen-bromine energy
.storage system. The hydrogeh and bromine formed are stored
external»to the cell, the hydrogen stored in the form of a

‘metal hydride.

1.1.1 Reactions and Battery Operation
The overall reaction taking place in the cell

during charge can be written as:

HBr(aqg.) + electrical energy + 1/2H,(g) + 1/2Br,(1)

The energy is stored in the form of bromine in the
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Figure 1. Schematic of a hydrogen-bromine energy storagé
system.
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electrolyte reservoir and as hydrogen gas in the hydrogen
reservoir. Because df this, the totai energy“stofage as
Watt-hours.depends primarily on the reservoir size, rather
than on thé size of the cells [3].

The use of solid polymer electrolytés combined with
electrodes promoting good mass transfer make it possible to .
operate the cell with current densities in the range of 300
mA/Cm2 (4]. 1In praétice, the configuration for a multicell
battery ié bipolar construction, with the electrodes in
direct contact with the solid polymer electrolyte, which is
a proton conducting membrane. ‘ |

1.1.2 Advantages and -Disadvantages of Hydrogen-
Bromine Fuel Cells

The major advantage that the hydrogeﬁ-bromine
battefy has over other fuel cell systems is that the
positive electrode overpotential during the charge reaction
is negligible, as is its polarization during the discharge

reaction. Therefore, the reaction
Br~™ I 1/2 Br, + e

approacheé thermodynamic reversibility [3].
Other advantages the hydrogen-bromine system
possesses are:
1. fast electrode kinetics cause a high electric to.
electric‘efficiency [5];

2. the cells can be operated at high current densities;
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3. a flow gystem improves mass transfer performance
and aids in ﬁhermal management; |

4. because of the high solubility of bromine in
hydrobromic acid, phere is less concern regarding mass
£ransfer limitations; and

5. the'fuei cell can be operated with shallow
discharges, and can tolerate both over charge and under
discharge [5]. |
| Another advantage is that the use of a solid-
polyﬁer electrolyte (SPE) allows the anode and the cathode
to be operated at different pressures. This means that
hydrogen can be p:oduced at a pressure high enough for
vstorage as a metal hydride or as a compressed gas without
further compression.

VA major disadvantage to any flow cell system is the
external pumping energy necessary for‘operation and the
associated efficiency 1loss.

There are also some disadvantages specific to the
hydrogen-bromine system. They are: |
| lg_ the weight of the aqueous phase containing bromine,
and its solubilizer;

2. the high corrosivity of bromine and hydrobromic
acid; and | |
3. the open circuit'voltage is dependent on the state

of charge of the bromine reservoir [3].
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Another disadvantage_to the system is the
complexities inherent to the lack of knowledée regarding
the mechanism of charge transport within the cation
exchange membrane used as the solid polymer electrolyte.
1.2 Background on the Devélopment of the Hydrogen-Bromine

Fuel Cell

The major components of a hydrogen-bromine fuel
cell were studied for the development of a<feliab1e, long—
lived system. The areés studied include electrodes,_
materials of construction, electrolytes, and membranes. |

Long-lived electrodes with high current density>
operation are desired. Teflon-bonded platinum black gas-
diffusion anodes and porbus‘carbon or graphite catﬁodes
have been found to be capable.of long term, high current
density operation with no significant degradation [7].

Because of the corrosive behavior of bromine and
hydrobromic acid, materials that could’be used for cell
construction were determined by sqaking samples in aqueous
concentrated HBr / Br, solutions [6]. It was found that
ghe acceptable metals include platinum, platinum—ifidium,
titanium-palladium, tantalum, and niobium. The tri- or
~ tetra-fluoroethylene polymers, Teflon, Kynar, and Halon,
" were ‘also found to be bromine resistant.
| Besides being resistant to the corrosive properties
of bromine[ the SPE used mﬁst permit transport of hydrogen

ions and prevent the transport of the bromine containing
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'species.' The transport of bromine species would'éause the
discharge reactionszﬁo occur without'electrochemical
benefit, and also causes the degradation of the hydrogen
electrode due to bromine attack. Perflubrinated sul fonic
acid membranes, Nafion,:havé been used since they are
chemicélly.inert, highly permeable to cations, and preclude
 passage of anions [41.

Becausé‘the electrode Kkinetics of a hydrogen-
bromine fuel ceil are fast, the voltage and coulombic
efficiencies are primarily determined by the voltage drop
across the membrane. This means that the efficiency 1is
strongly related to the membrane conductivity and reactant
permeation across the memﬁrane. Good conductivity can be
achieved by boiling the membrane in water to swell the
polymer matrix, but the effects of this do not lést if the
membrane is allowed to dry [51].

Bromine has a very low solubility_in water, so a
solubilizer must be present in the.system. The bromine
needs to be dissolved in as little unreacting solvent as
possible due to the weight considerations for aerospace
applications.

A study showed that thé cell resistance was three
to eight times higher in the charged state for a cell with

'a salt solubilizer, (e.g., NaBr, KBr, LiBr, NHjBr, CsBr,
NaCl or SrBr,), than for a cell with an HBr solubilizer

[6]. This was believed to be due to fewer available
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hydrogen ions within the membrane for charge transport.
For cells that were substantiaily discharged, the salt
solubilizers had 1it£le impact on the cell resistance. For
these reasons, HBr is the preferred solubilizer for

bromine.

1.3 Goal of this Research

Since the open circuit voltage is dépendent on the
state of charge of the electrolyte, multicell systems ﬁse
switches to control the number of cells being used to meet
the fequirements at any given time. Therefore, the open
circuit potential must be known as a function of the state
of charge of the.bromine solution reservoir.

This research waé done to develop a theoretical
expression capable of finding the open circuit potential of
the hydrogen-bromine cell for a given hydrogen partial
pressure, hydrobromic acid and bromine concentrations,
operating temperature, and type of membrane separator.

| Experimental work was dohe to confirm the
theoretical development. The rates of membrane and
solution equilibrium were measured to determine the length
of time required for the membrane to come into equilibrium

with the solution.



CHAPTER II

LITERATURE REVIEW

2.1 Reported Values of the Open Circuit Potential

Work had been done previously to determine the open
circuit potential of a hydrogen—brohine fuel cell. The
details of this work were either not thoroughly reported,
_or the system was significantly different, causing the
.reported values to be unusable for the system presently
being studied.

Yeo and Chin [5] ‘reported an émpirical equation
which can be used to calculate the open circuit cell

voltage. The open circuit voltage, E,, is expressed as:

o 12.36X -4
Eo = + {# - (T-298) | 4.3+1.861n HBr | x10 |

1-Xupr _
+ 4.31x107°T (ln £y + ln apgy ) - (2-1)
2 2
where
12.36X
~1.073 - 0.0567 1n HBr (0.016<Xpp,<0.11)
R ““HBr
- ' 12.36X
$=| 1.095 - 0.1042 1n HBr (0.11<Xpp,<0.28) (2-2)
1-XpBr - |
i 12.36X
1.336 - 0.2581 1n HBr (0.28<Xyp,<0-58)
o ~X4Br

9
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.whgre
T - temperature in ©K
XHér - weight-fraction of hydrobromic acid
sz - fugaqity of hydrqgen gas

pr, - activity of Brziin the electrolyte

This equation was determined tﬁrough experiments
where-the eleqtrolyte was aqueous HBr, rather than an
aqueous solution of brOmine'and'hydrqermic acid. The
hydrogen and bromine terms used in this expression are the
theoretical Nernst—type terms added to approximate the‘
effects these values would have on the open circuit'voltage
[8]. Note that the expres§ion

R_ = 4.31x1075 | - (2-3)

2F
follows the Nernst expression form. They state that the
activity of the bromine can be taken 55 unity for bromine
presént as a liquid phase. It seems £hat thésé
expressions assume that bromine is saturated in the
hydrobromip acid solution for all states of chargeﬁ
HoweQer, this is only true for high states of charge.
Therefore, this equation does not accurétely reflect the
open circuit potentials where the bromine content is below
its solubility limit in the hydrobromic acid solution.

Analysis of the term 12.36Xyp./(l1-Xgp,) reveals
that it is a conversion of the weight fraction of HBR to -

its molality. This means that expressions (2-1) and (2-2)
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are Nernst-type expreséions in terms of‘hydrobromic écid‘
concentratioq; The first and second terms of (2-1) contaih
numerical values found through a regression of data, and
are assumed to represent the acﬁivity coefficient effecté
on the activity of hydrobromic acid, as would be found in av
theoretical Nerns£ expression. | |

This correlation was determined using temperature
studies, but not through experiments of hydrogen pressures.
A Nafion 115 membrane was used as the solid polymer
~electrolyte for these experiments. _A computer program that
calculates the open cifcuit vbltage using this correlation
is given in Appendix A. |

Some General Eleétric open éircuit voltage data
were giVen [9]. That report provides the temperature and
:pressure used in the experiments and the measured open
circuit potential at four different states of charge. The.
initial and final HBr concentrations were given. The
concentrations were reported in weight percenﬁages, and it
is unclear whether these values include the weight of the
bromine present 1in the solution. Furtherhore, no
information‘on the membrane was provided.

Experimental work to measure the open circuit
_potential 6f a hydrogen-bromine cell waé done by Glass and
Boyle [3,6]‘using the system éhown in Figure 2. A
hydrobromic.aCid solution was prepared, and half was placed

in the hydrogen half cell, compartment C. Bromine was
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Figure 2. Schematic of experimental cell used by Glass and
Boyle [3,6] to measure open circuit voltage . of a
- hydrogen- bromine fuel cell.
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mixed with the remaining acid, and placed in thé bromine
half‘cell, compartmeni A. The hydrogen electrodes were
gplatinized‘platinum, and ﬁhe bromine electrode was shiny
platinum.  The values reported for the open circuit
volﬁage were referenced against a hydrogen electrode. It
is not clear whether the reported potentials were correéted
to standard conditions of a normal hydrogen reference
eléctrode) i.e., 1 atm. hydrogen pressure, and unit
activity of hydrogen ions. Also, no membrane was used in
thei; syétem, therefore the values found in these
experiments may not adequately represent those of the flow

cell SPE system considered in this research.

2.2 Nafion Membranes as Solid Polymer Electrolytes
The Nafion membrane is an ion containing polymer.
Nafion has’a perfluorinated ethylene backbone with side
chains of the form ' ‘
-(O-CFz—ﬁF)xOCFZCFZSO3H

CF3

where x is usually one [4; 241].

The hypothesis that the ions in Nafion are
clustered is generally accepted, but has not been verified,
especially in acidic electrolyteé (41,
| Yeo [10] states that the sﬁructure of the membrane
can be described as a microphase-separated system in which

a matrix of low ion content is interspersed with ion
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clusters. Part'of the water contained iﬁ the membrane is
associated'with the sul fonic acid groups, part with the
organic matrix, and the remainder forms hydrophilic ion
Clusters.

Yeo and McBreen [4] found that the membrane
fesistivity is permanently reduced after it has been heated
once, so the membrane should be preheated to at least 70°C
before it is used. This is apparently due to an increase
in the water content of the membraﬁe;. They also found that
the membrahe conductivity is about one order of magnitude
less than the conductivity of the free electrolyte.

| Yeo and McBreen [4] also studied the permeation of
bromine through Nafion.: They found that the bromine
. diffusivity in the membrane decreased with increasing acid
concentration. This is due to the decrease of the water
content of the membrane with high acid concentrations. The
rates of bromine permeation were lower than they expected,
and this is believed to be due to the complexing of bromine
to form tribromidé and pentabromide ions.
2.3 Equilibria of Aqueous Bromine and Hydrobromic

Acid Solutions

The equilibria présent in aqueous solutions of
hydrobromic acid and bromine were studied by Jones and
Baeékstrom [11]. The equilibrium constants of the

reactions
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Bry + H,0 2 HY + Br~ + HBro
Br, + Br~ I Br3
2Br2_+ Br~ I Brg

were determined frbm conductance measurements. 'The
equilibrium constant for the hydrolysis reaction.was found
to be 5.8 x 1079, For the complexing reactions forming
tribromide and pentabromide, the equilibrium constants were
found to be 16 and 40, respectively. These values were
determined at the solubility of bromine in water at 25°C,
which is equivalent to 0.2141 molar, of which 0.2098 mole
is éresent as Bry- |

Work was done by Will [12] to determine the
tribromide concentrations in aqueous solutions made using
high concentrations of bromide ions and bromine. He found
thaﬁ essentially all of the bfomine originally added

reacted to form tribromide.



CHAPTER III

THEORY

The open circuit potential of a fuel cell is the
potential of the cell at equilibrium, where no current is
.flowing ;hrough the cell. The properties a fuel cell
possesses at the open circuit condition can be determined
theoretically_' through thermodynamic relationships and

material properties.

‘3.1 Derivation of the Openvcircuit Potential Expression

A theoretical éxpression was derived to determine
the open circuit potential for the SPE hydfogen—bromine
fuel cell depicted in Figure 3. _The open circuit potential

for this hydrogen-bromine cell can be expressed as:
FU = =F(® -0 ) = u -u (3-1)

The symbol uj represents the electrochemical
potential of species i.

In the- a phase, the reaction is-

1/2 H, 2 H* + e

SO

e H H -
) (3-2)
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a 8 a6

Pt (s) Membrane C (s) Solution

H* H* | /' HY

HZ s+ : . s+
R - Br™
Br™ Z Bry
Bry . Brg
Brg Zzg Brz
Brz Ho,0
H20 //

F‘igure 3. Diagram of species present in each phase of the
SPE hydrogen-bromine fuel cell.
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At equilibrium, the eléctrochemical potentials of

the hydrogen ion in the a and B phases are equal, therefore

. a : o
et | (3-3)
K H |

The reactions taking place at the a“ electrode are:

1/2 Br, + e~ T Br-
3/2'Br2 + e” I Brj
5/2 Brz + e~ Brg
1/2 Bry + e~ L 3/2 Br-
1/4 Brg + e~ - 5/4 Br-
"3/2 Brz + e~ 2 5/2 Brg

S

The hydrolysis reaction of bromine is neglected due to its
extremely low equilibrium constant [11].-

By _éombining the equations in such a way ‘as to
eliminate dependent reactions, three independent reactions

are found. They are:

Br, + Br- 2 Br3
ZBPZ + Br- 7 Br;
1/2 Br2 + e~ 2 Br-

These equations describe the solution phase chemistry of.
the § phase. .
The electrochemical potentials of the electrons in

the a“ and § phases are equal.
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ey = W (3-4)

The bromine oxidation reaction can then be

described by
: 8 8 8 :

TR T - 1/2 v (3-5)

e Br- . Br‘z .

Because some of the bromine reacts to form

tribromide and pentabromide, the electrochemical potential
of bromine can bé,written as

s j | § | )
PBr =l )+ Cu (3-6)

§ 5§ $
- u ) + 1/2b, (u -
i B Br

1]
Br- _ L
2 3 8r- rs Br

following the stoichiometry of the reactions, where aj, bj:
and c¢; are the mole fractions of the Br3~, Brg~, and Br,

formed in their respective orders. Also, by definition,

ap + by +cp =1 (3-7)
where
=4
C
Brj : (3-8)
o S — r; o
EBrz * CBr; ¥ CBrg
=6
cBrg ‘ (3-9)
bl = . -
=5 =85 . =8 _
CBrz * CBrg * CBrs
=6
CBFZ
C, * = — — 3-10
£ + oo + s ( )
Bra, Bry Brs



The open circuit potential becomes

a B 6§ 1/2[a. ( 6
= - L - +
FU 1/2 uH u uBr' La, “Br

H+
2

s $ $ ]
+ 1/2 bl(uB - - u_ ) +c o

r
s 8 »

Using the definitions given by Newman [13],

a * a
n =y -+ RTin p
H H H

2 2 2
B 'er (xe ) + RTIn( Py’ )
= n n{m Y
uH+ | H+ | Hf wt
Ty = RT1 (Ad
8r” n Br‘)
-3 3
ul RT) (A6 ) = RTI (#e Talae o
- = n = n ~) + o
Br Br- Br ) RT n(mBr YBr
S RT1 (AG )
- = n -
'uBr Br
" g 5
n RT1 (xé ) RT1 (xe ) 1 S
Br2 ' Brz Br2 ( Br YBr

)
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(3-11)

(3-12)

(3-13)

(3~14)

(3-15)

{3-186)

(3-17)

Substituting these'expressions into the equation

for the open circuit potential gives
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pe L/2
FU = 1/2 RT1m® RT1na® i
‘ qu - HY ~ nXBr_ + RT]n(m mG s )
H* Yu+ MBr- Ygr-
s . ,
A é
1/2[a,;RT1n( k] ) ars
+ a In(—w———) + 1
Br="8raz Br-"8Brs
§ o 5 ‘ 5 (3-18)
+ alRTynABrz + by RT]nABrz + C, RT]nABrzj
By definition [13] there is the relétionship
Yy Ty | , ©(3-19)
Thelequilibriﬁm relationships also exist [11]:
ABrg :
——— = K; = 16 '
§ 9 ! A 3-20)
’\BP‘ABFZ (
Agrg
—_— = = ' =21
5 52 K2 40 (3 )
Br-"8r,

By combining the above equations, the open circuit

potential expression becomes:

FU = 1/2 w* - RTImA], - ; 0
’ Hy H+ 'RT1anr-+ 1/2 RT1nag,
NEYERRNNVE (3-22)
Py a,s :
+ RTI H2 lBFz _ ' .
RT1n 3 + 1/2[a, RTInK, + 1/2 b RTI1nK ]
I+ pp- : ! ! 2"

The standard potential is defined to be

'9. ) . ) ) 3]
FU = 1/2 u* - RTIn - RT1nx + 1/2 RT1nA (3-23)
’ H2 H+ Br- Br :
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so the open circuit potential expression now becomes:

1/2 1/2

a §
a

' 8 sz » Bra

FU =_FU  + RTln

+ 1/2[a,RTInK, + 1/2b;RTInkKz]
dy+ %gp- -
(3-24)

Neglecting activity coefficients of the ions gives the

following expression:

.a 1/2 5 1/2

P, - PO
_ e H2 . BPZ
FU = FU™ + RTI1n RS + 1/2(a;RTInK, + 1/2b,RT1nK,]
. m,, . m
H+ Br-
(3-25)

The molalities can be expressed in terms of molarity

units by the relationship.

oG (3-26)

where C, and M, are the concentration and molecular weighﬁ
of the solvent, respectively. |

The concentrations of the bromide species in the
solution and of the hydrogen ion concentration in the
membrane must.be determined in order to calculate the open

circuit voltage of the system.

3.2 Calculation of Equilibrium Bromide Concentrations
The equilibrium concentrations of the bromide
V compounds for the solution or § -phase are calculated using

the symbols
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Ci 2 concentration at equilibrium of species i

Ci

initial concentration of species i

where the subscript s refers to a uni-univalent supporting
electrolyte (e.g. NaBr, LiBr).

The principle of electroneutrality requires that:

T.+C =°¢C + C + '
CH+ s _ Br- Brs Brg (3-27)

It is assumed that the cation concentration in the ¢ -phase

is unchanging and known.
-C 4+ = C + (3—28)
c =c (3-29)

The various anion concentrations change during
equilibration, but are subject to the condition that

bromine atoms in unit volume are conserved.

Br Br Br 3C3r- ¥ SCBr_ " (3-30)
2 2 3 5

]
(ep}
]

+
N
(qp]

C +¢C +
s Tyt ¢

These changés are due to the complexing reactions

Br3’

-

2Brp + Br~ . Brs

where the equilibrium constants are simplified from (3-20)

and (3-21) to be:
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C

Bry ‘ :
= = = Ky =16 _ ~(3-31)
Br= “Bra -
cBrg ’ _

‘Br- “Bra

'~ Combining equations (3-27) through (3-32) gives. a
cubic equation which can be used to solve for the
equilibrium bromine concentration:

0 = 2C + (32¢ - 32c -3 -2)C + (80C

Br‘2 -( Br2 .S ZCH+ ) Br2 ( Br2

- 160C - 160C - 32) T 2% . got¥ 3
H+ S Br2 Br2

(3-33)

The root of this equation can be found using the
bisection technique, as this method will insure a
reasonable vaiue to the root calculated. After the
equilibrium bromine concentration is known, the bromide,

"tribromide, and pentabromide concentrations are found as

follows:

C.+¢C
Cop = s HY (3-34)

T T2

1+ 16Cg,  + 40C3

C = C C 3"35
Care = 16T5, Tgp. ( )
_ _aaF2 T (3-36)
Cars 40T .. Cqe-
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Fo; the high states of charge, whére two liqdid

.phases argipresent.in.the s -phase, the equilibrium
concentrations are found by assuming the second liquid
phase isvpure_bromine with unit activity [5]. This reduces

equatlons (3 20) and (3-21) to be
- €,

Br§

16

n
e
-
"

(3-37)

= Kz = 40 e  (3-38)

‘thus allow1ng the cohcentratlons of brémlde, tribromide,
and pentabromlde to be readily calculated.
3.3 Derlvatlon.of Expre551on to Estlmate Hydrogen Ion
Concentration in Membrane

A_poténtial difference develops bétween two phases
of adjbining electrolytes at equilibrium if the phase
boundary is not permeable to all ions [14]. The hydrogen-
bromine fuel cell has a cation exchange membrane, which
restricts the passage of>anions. This potential difference
is expressed in terms of concentrations ih the derivation

of the open circuit potentidl expression where

. 8 B . '
WH+ F VH+ : : (3-39)

This'inequality is accounted for by use of Donnan

principles, and is derived as follows.
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The condentratidn of the hydrogeh_ion in the"
membranefwas found using the conditions of
electroneutrality’in the 8 and & -phases, and the fact that
-the electfocheﬁicai potentials of an ion in the B8 and .&6-
phases are equél at equilibrium. |
| Following the definitions'of equilibrium in Newman
[13], the eiectrochemical potential of a reference ion in

solution can be written as

= RTIn + z Fo '
un cn n _ (3-40)

and for all other ions present,

. Z. .
- ~ - i
Wy = RTIn ti + ziF¢.+ RT(lnfi - 7: 1nfn)
2.
+ RT(]na? - = lnae)
Z, n (3-41)

Since the electrochemical potentials of an ion at

_ z. _
the phase boundary are equal, the term RT(lna? - 7l In az)
‘ : n

cancels out, because it is independent of phase. The
. 7.
approximation that the RT(lnfi - ;l In fn)terms are equal
_ ' - : n
for the 8 and § —-phases is made. Therefore, for the

hydr¢gen ion,

RTIn ¢ ’ o g

. n =

H+ + Fo RT1n CH+ + F¢ (3_42)
S 6 8 8 | '

RTIn C - F® = RTIn C - Fo _ (3-43)
Br= : Br- '
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Similar equations were written for all ions in the
system. Combination of these equations leads to the

relationships

B = 8
5 T s TR g
CH'+ = Br§ = E_S.. = Brs = CBr-
c,.B8 = 6 B =& ~ 38 (3-44)
H+ CBrg CS CBr§ Cgr-
The conditions of electroneutrality are:
8 phage C : C ’ T g T g ‘f ? |
- + - +T o+ +C 3-45
. R+ s gp-  Br- Br- R ‘ )
3 . 5
§-phase ¢ S + C ° f'd T ° [ ’
- = + + -

with the assumption that the amount of solution absorbed by
the membrane is negligible.
,Combinihg equations (3-44), (3-45), and (3-46)

leads to the equation

o " 5 § 2 B
5 Cq * //Eﬁ *A(Cy, + G5 ) : CH+6
Chys = 5 o Ci (3-47)

where Cg is the fixed anion concentration Qf the membrane.‘



CHAPTER 1V

EXPERIMENTAL SYSTEM AND PROCEDURE

. An experimental syStem was designed and built to
measuré the open circuit potential ofglhydrogen—bromine
fuel cell{_ The variables to be studied were HBr and Br,
Concéntration, hydfogen partial pressure, and'type)of

Nafion membrane. Estimated rates of membrane and solution

equilibrium were also measured with this system.

4.1 'Equipment
4.1.1  Experimental éystem
Figure 4 is a schematic of the system used for
experimental measurements. A listing of the equipment used
is given in Appendix C. All parts Qere constructed of
Teflon or glass\due to the high corrosivity of hydrobromic
acid and bromine. |
The hydrobromic acid solution was sparged'with
nitrogen to femove oxygen from the system to obtain mofe
reproducible.results. The solution was mixed in a storage
tank_thatIWas immefsed in a water bath. The solution was
pumped through the cell, using a Teflon piston pump chosen
.because of the low flow rates. A staﬁdard calomel

reference electrode was inserted into this lihe. A

28
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Figure 4. Diagram of experimental system for measuring
open circuit voltage.
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thermistor atAthe cell entrance measures the solution
temperature to determine as closely as pbssible the actual
‘cell temperature. Thére are pressure gages at the cell.
outlets{:follpwed by needle valves to maintain'equa;
pressure in eéch half cell. |

| Detailed diagrams of the hélf cells are shown in
Figures 5 ‘and 6. Both half cells were machined of TFE
- Teflon blocks. The cell was designed around the congtraint-
of the size of the catalytically active region of the SPE
membrane electrode assembly. A drawing of the membrane
electrode assembly is shown in Figu:e 7. The electrode
materials bonded tb the membrane are é plaﬁinum.black
catalyst on the hydrogeﬁ side and a proprietafy catalyst
of Electrochem. Inc. bonded to the Nafion 120 membrane on
the bromine side [151.

For some experiments, the Nafion 120 SPE membrane
electrode assembly was replaced by a Nafion 117 film
(equivalent weight 1100, thickness 0.178 cm. {12]). The
Naf_ion 117 film does not have an electrode bonded to it. In
‘either case, a 52 mesh platinized platinum screen was
pressed against the membrane on the gas side, with a 52
mesh shiny platinum screen placed behind it, which was spot
welded to a platinum lead wire. |

The hydrogen flow field Was'designed‘to provide the
most support for the platinum screens‘and membrane with

minimal contact area. This was done by cutting v-shaped
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grooves perpendicular to each other across the su;face of
thevcellf This creates pyramids which were subsequently
machined down 0.012" to alioQ placement of the platinum
séreens. 

The bromine half cell contains a éarbon‘feltA
electrode and a graphi£é block current collector. The
geometry of £hé carbon felt electrode is as shown in Figure
6. This design allows for open regions at the chamber
entrance and exit, to prevent solution hold up in the cell,
and thus maintain constant and uniform_concehtration

throughout the electrode.

4.1.2  Electrometer ‘and Data Acquisition System

Voltage measurements were taken with a Keithley 617
Programmable Electrometer which was controlled by an IBM
PC. The software used for this was the Keithley DAS Plus
.500. This electrometer was chosen for these measurements
because of its high impedance ( > 200 x 1012 ohms.) and its
high accuracy ( about 0.05% ) [16]. 1In order to measure
"the cell voltage and the'voitage from the reference
electrode to a half cell, a relay was built. A schematic
of the relay circuit is shown in Appendix C.

A program was written using Keithley DAS Plus 500
software to meésure the required voltage readings. A
flowchart of the program is shown in Figure 8 and the Basic

code of the program is listed in Appendix E.
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4.2 Experimental Procedure

All solutions used in this study were pre?ared from
Fisher Scientific analytical grade chemicals and from
deionized and distilled water. Ultra-high purity hydrogenA
aﬁd nitrogen froﬁ Linde Co. were usedf

The hydrobromic acid solution was plaééd'in the
storage reservoir, then nitrogen spafged for at least two
hours. Theﬁ; the acid solution was drawn into ﬁhe
reference electrode holder, and'a,sample of the HBr
solution was taken for titration. (See Appendix F.)
Bromine was added to the storage tank, ‘and then the
experiment could be started. Before each experiment, the
solution was titrated to.insure'that the bromine concen-
tratién'was unchanged. (see Appendix F.) The same
solution could be used for all experiments involving the
same concehtrations Qf'hydrobromic acid and bromine.

The complete experimental start up procedure is
outlined in Appendix D. The solution was mixed throughout
each experiment. During each experiment, voltage
measurements were taken across the cell and between the
bromine and reference electrodes.

The cell voltage was measured by the ‘electrometer
with the hydrogen electrode was common. ' In the bromine

electrode measurements, the bromine electrode was held as
"common and the potential was measured with respect to a

reference electrode. (See wiring diagram in Appendix C.)
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This procedure allowed correct reédings of the magﬁitude of
the potential - although the sign convention must carefullf.
be interpreted. -

Voltage measurements were taken every second.

During the first hour of each,experiment, the average value

.of these measurements was recorded every fifteen seconds.

For the remainder of the experiment, the average voltages

were recorded every minute. The median time between the

" reported measurements was also recorded.

4;2.1 Determination of Equilibrium Conditions

Equilibrium was considered to be reached when the
recorded cell voltages differed by less than 0.0002V over
the past ﬁen minutes. Because of the way in which the
program was written, ﬁhis condition could be met for more
than ten minutes before equilibrium waslconsidered to be
reached. (See Figure 8.)

After the equilibriﬁm condition was met, the

temperature at the cell entrance was placed into the data

file by the operator, and a titration was done to verify

‘that the bromine concentration had not changed during the

experiment. This was necessary because of the high vapor

pressure of bromine.

4.2.2 Measurement of Rates of Solution and Membrane
Equilibrium

In order to measure the rates of solution and.

membrane equilibrium, the hydrobromic acid and bromine



38
solution in the storage Feservoir was spiked with bromine 
after the equilibrium condition had been met for at least
seven minutes. This was done by pouring'bfomine into the
storage fla#k. The system was then allowed to
equilibrate. The transient voltages after the addition of

bromine provide information on the rates at which the

.system reaches equilibrium'after the solution concentration

is altered;

e



CHAPTER V

RESULTS AND DISCUSSION

The open circuit voltage of a hydrogen-bromine feel
cell was determined both theoretically and experimentally.
These studies were done to determine.the effects’of
-electfelYte eoncentraﬁion, type of Nafion membrane,

operating temperature, and pressure.

5.1 Computaeion of Open Circuit Voltage
5.1.1 Calculation Procedure

Computer programe were written to calculate the
open circuit poﬁential of a-hydrogen—bromine fuel cell
4using the theoretical expression derived in Chapter III.
The algorithm used in these programs is shown in Figure 9,
and tﬁeir FORTRAN lisﬁings are given in Appendix B.

These programs, OCV1 and OCVACT, calculate the open
circuit voltage of the hydrogen-bromine cell for a given
temperature, hydrogen pressure, brohine and hydrobromic
acid concentrations; These concentrations can be given in
terms of weight percentages or molalities. The programs
can calculate the open circuit voltage with or without a

Nafion membrane present. If a uni-univalent supporting
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élect;olyte (e.g., NaBr, kBr) is present in the system, its
concentrétion and molecular weight must also be provided.

If the concentrations are:given in weight
percentages, the molal concentrations are caléulated.
Then,'the density of the soiution-phase electrolyte is
determined_from.a curve fit of the millieéui&alenté of
bromine atoms ?er gram of water versus solu;ion density

data of Glass.and Boyle [3]. The equation is .

P = 1.017686873 + 0.04488363995EQ - O.OOO4914449546EQ2

(5-1)
where
P - solution density (g/cc)
EQ - equivalents.of bromide ions, defined by
EQ = mg _ + 2mpp, + 3mpr3- + 5Mprg- (5-2)

where the concentration terms are the molal bromide,
beomine, tribromide and pentabromide concentrations. For
this correlation it does not matter if the bromine is
present as Br~, Br3‘,.Br5', or Br,. For calculation of
solution density with a supporting electrolyte present, the
aésumption is made that the size of the cation is small
, comparéd to the size of the bromide-ion. This allows tﬁe
bromide ion of the supporting electrolyte to be included in

the solution density calculation.
For systems with a membrane, the fixed anion

concentration of the membrane can be calculated using the
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ion cluster model of Nafion, discussed in Chapter II.
Using this model, the fixed ion concentration of the

membrane, Cgp, is given by [10]

10004 £
= e i (5-3)
EW £, fy
where
EW - equivélent weight of the membrane
de - density of electrolyte absorbed by the membrane
f, - weight fraction of electrolyte absorbed by the
| o membrane
f, - fraction of ionic groups in ion clusters

£, ~ fraction of electrolyte in ion clusters

Due to the hydrophilic nature of the ionic groups theA
ratio of £;/f, is assumed to be one {10].

For calculation of the fixed anion concentration of
_ the membrane, the density of the electrolyte absorbed in
the membrane is assumed to be the same as the density of
»the'solution phase. The weight fraction of the electrolyte
ébsorbed can be determined by an empirical expression given

by Yeo and Chin [5]

fo = . 0.323 | (5-4)
1l + 0'068CHB1’

where Cypr is the molarity of the charged bromide species

in the solution phase, or the molarity of the hydrobromic
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acid given as input to the program. This equation was
determined for a syétem using a Nafion-115 membrane, with -
an equivalent weight of 1200, and was assumed to be valid
for-any-type of Nafion membrane.-

Aftér calculating the fixed ion cohncentration of
the membrane, ﬁhe hydrogen ion'concehtration of the

membrane can be found using equation (3-47). If no

membrane is present in the system, the hydrogen ion -

concentration used. in equation (3-25) 1is that of the
solution phase. .

| A curve fit of the data of Glass [6] is used to
getefmine whether the bromine concentration in the solution
is above the solubility limit. The second order polynomial

used to describe this data 1is

CURVE = 0.2526794598 + 1.057577737Cy, +

0.0487321524Cy .2 (5-5)

where

CURVE - solubility limit of bromine (molar concentration)

Cy+ ~ molar hydrogen ion concentration of solution phase

Two liquid phases are present when

Cgr, > CURVE | ' (5-6)

If two liguid phases are present, the second phase is

considered to be pure bromine, with unit activity, and the
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equilibrium distribution of the bromide species is found
directly from equations (3437) and (3-38).

.If the.bromine concentration is below the
solubility limit, thé‘bisection method is used to determine
the equilibrium bromine concentration from the cubic
equation (3-33). This method insures that the root
caiculated is of a reasonable value. Once the equilibrium
bromine concentration is known, the others are easily
calculated;

The program OCV1 determines the open circuit
potential of a hydrogen-bromine fuel cell using equation
(3-25), which neglects activity coefficients of all
species. The program OCVACT détermines the open circuit
voltage of the fuel cell using equation (3-24) using the
approximation that

N B - 57
Yuer = YBr- = YH+ (5-7)

whére YHBi is evaluated at the concentration of charged
bromide species in the solution phase. The ?olynomial used
to calculate the hydrobromic acid activity coefficient was
determined through a third order curve fit of the activity

coefficients given by Balko [2]

Y gpr = 0.9418152476 - 0.03224218452my, +
0.045343504my,2 + 0.015525929my 43 (5-8)
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5.1.2 Comparison of Calculations with Literature Data

The values calculated from_the open circuit voltage
equations (3-24) and (3-25) were compared to the values
given by G.E. [9]. For these cases, the weight percentages
of HBr and Brp were calculated two ways. First, it was
assumed that the weigh£ 6f Br2 was not used in the
determination of the given initial and final values of the
weight'percenﬁages of hydrobromic acid. Second, it was
assumed that the weight of bromine was included in the
~given weight percentages.

The equilibrium voltage was also calculaﬁed using
the empirical correlation (2-1) and (2-2) of Yeo and Chin
[51]. The concentrations.used in the calculations were
found by the same two methods aé described earlier, for
comparison of these values to the data of G.E. and the
values found by the thedretical expressions, (3-24) and (3-
25). The results are tabulated in Table 1 and in Figures
10 through 12, where the 45 degree line signifies where
perfect ag;eement with the'reported data would lie.
| In general, the values calculated by OCV1l are
 greater than the data of G.E. or of the correlation of Yeo
and Chin. This result was attributed to the fact that ocvl
neglects the activity coefficients, which,seems~plausibie)
since this system is of concentrated solutions. For the
‘lower states of charge, the values'calculated by OCVACT are

lower than the values calculated by 0OCV1l, but larger than



Table 1. Comparison of values calculated from open circuit potential
equation to those given by G. E. [9] and values calculated from
empirical correlation of R.S. Yeo and D-T. Chin [5]. The
temperature is 23 C, pressure is 1l bar for all cases. In the
calculations, U® is taken to be 1.088V according to [17].
Voltages in parantheses include estimated activity coeffi-

cients.
Case i Method 1 Method 2 Yeo & Chin G. E.
Start at 48% HBr 0.976V 0.955v 0.793V (1) 0.74vV
40% HBr at eq. (0.876V) (0.827V) 0.749V  (2)
Start at 48% HBr 1.157V 1.043V 0.978V (1)  0.96V
20% HBr at eq. (1.151V) (1.015V) 0.946V  (2)
Start at 48% HBr . 1.183V 1.167V 1.056V (1) 1.20V
10% HBr at eq. (1.186V) (1.166V) 1.006V (2)
7% HBr . 1.066V 1.094V 1.02V
7% Br, (1.068V)

W W

(1) Xygy = HBr (2) Xpgr = HBr

Waer * WH,0

Wapr * Wpr, * Whyo

9y
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the data of G. E. At the higher states of charge, there
'is little effect from the activity correcﬁion. For the
highest state of charge, the open ¢ircuit voltages
. calculated by OCV1 and OCVACT are somewhat lower than those
measured by G.E. |

Figure 12 is a comparison of the open circuit
voltages calculated by OCV1l and OCVACT to those calculated
by the correlation of Yeo and Chin [5]. At the lowest
state of charge, the voltages calculated by OCVACT were
lower than the voltages calculated by OCV1l, but larger than
the values calculated from the correlation of Yeo and Chin.
At the high staﬁes of charge, where two solution phases are-
presént, the open circuit:voltages calculated by OCVACT and
OCV1l are nearly equal.

The calculated results of OCVACT provide reasonable
estimates considering the fact that the true activity
coefficients of bromide ions in this ternary solution are
not known, nor aré the activity coefficients of hydrogen
ion in the Nafion membrane. At high concentrations of
hydrobromic acid, the activity coefficients of HBr are
large, and might be larger in a solution with bromine
present.. Also, the activity coefficient of protons in the
membrane is unknown. At higherIStates of charge, the

activity coefficient of aqueous hydrobromic acid decreases.

At concentrations less than one molal, the activity

coefficient of hydrobromic acid is less than unity [18].
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In the case of comparing the calculated values with
the G.E. data at the high bromine concentration, . the
éalculatedAvalues are less than the expefimental value of
G.E. This may be due to ﬁhe fact that the equilibrium
constants for the'bromiﬁe complexing reactions are for
dilute solutions, andvmay not be valid in solutions of high
bromine concentrations.’

The effects of these equilibrium constants were
studied through use of the computer program OCKEFF, listed
in Appendix B. It allows the open circuit voltage to be
calculated using equilibrium constants of the complexing
reactions other than those in equations (3-31) and (3-32).
The results of this program are shown in Figures 13 and 14.
They show that the effects of the equilibrium constants are
negligible at low states of charge, where the bromine
concentration is small, and increase with increasing
bromine concentration. The magnitude of the effect of
multiplying or dividing the equilibrium constants by five
at 79.2% of charge was about one hundred millivolts.

The open circuit voltages of a hydrogen-bromine
fuel cell with no solid polymer electrolyte.were calculated
for compgrison to the values of Glass and Boyle [3] using
programs OCV1 and OCVACT. The results are shown in Table 2
and Figure 15. For solutions with high HBr concentrations,
the»voltageé.calculated by OCV1 are significantly higher

than the data of Glass and Boyle. However, the values
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mparison of values calculated from theoretical
open circuit potential expression to those
found by Glass and Boyle [3] at 30 C, 1 atm.
U® is taken to be 1.084V according to [17].
Voltages 1in parentheses include estimated
activities.

Calculated ‘ } Glass
from and
Theory . Boyle
0.940V . . 0.692V

(0.766V)
0.949V 0.748V
(0.810V)
0.978V ' 0.884V
(0.892v)
1.108V ' 1.076V
(1.104V)

. 0.978V 0.704V
(0.803V)
1.019V _ 0.880V
(0.935V)
1.084v | 1.032vV.
(1.065V)
0.990V 0.729V
(0.815V)
1.038v . 0.895V
(0.953V)
1.032V 0.888V
(0.928V)



55

1.2
“4+0ov
¢ OCVACT
1.1 - ¢
+
o
+#
I~ +
% 1.0 4 + :
> ¥ +
+ o
+ 0
5 ()
0 0.9 - o
v
9
Py}
°
9 s
o 08 - o °
0 .
°
0.7 4
0.6 T I I I 1

0.6 ' 0.8 1.0 1.2

OCV Data of Glass (volts)

Figure 15. Comparison of open circuit voltages calculated
by OCV1l and OCVACT to the data of Glass
[3,6]. ' '



56
calculéted by OCVACT are much closer to the expe;imental
data. At intermediate bromine concentrations, the results
are similar, but the calculated values are in better
agreement with the reported data. At'high bromine
concentrations, the valueé calculated by both programs
approach measured values. -This comparison at different
states of charge shows that the activity coefficients have
a significant effeét on the open circuit potential,
especially ‘at high HBr concentrations. Also, the agreement

between OCVACT estimates and reported data is surprisingly
good considering that activity coefficient data for this

system are not accurately known.

5.1.3 Effects of Parameters on Open Circuit Voltage

The effects of several parameters on the open.
ciréuit véltage of the hydrogen-bromine fuel cell were
studied using the program OCV1. The results of these
calculations were to help identify which parameters produce
a significant effect which could then:be'expefimentally
observed using the system described in chapter 4.

The open circuit voltages were calculated for 25,
45, and 75°C. From equation (3-25) the temperaiure

dependence of the U® term is given by the equation

u® = 1.0873 - (T-298.15)x541x10-6 (5-9)
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wbere
U8 - standard potential
T - Kelvin température-
The other terms of (3—25) are also dependent on the
temperature. The results of these calculations are shown
in Figure 16. The témperature effect is greatest at low
states of charge. At high states of charge, the second
term of equation (3-25) increases, causing a lesser
temperature”dependehce. An increase in temperature causes
a decrease in the open circuit voltage, as prediéted by
equation (5-9). '

Thé effects of memﬁréne equivalent weight on the
open circuit Qoltage were ‘examined. The results are shown
in‘Figure 17. Membrane equivalent weights of 1100, 1200 -
and 1500 were studied, using the assumption that equation
(5-4) is valid for any type of Nafion membrane. The
eqﬁivalent weight of the membrane was determined to have
little effeét on the open circuit voltage.

Also, the effects of varying the hydrobromic acid
and bromine concentrations were calculated using OCV1. The
results of these studies are shownvin Fighres 18 and 19.
In Figure 18, open circuit voltage is plotted against the
bromine concentration with constant hydrobromic acid
concentration. For a given hydrobromic acid concentration,
the.open circuit voltage increases with increasing bromine

concentration. Also, the voltages . are lower for the
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solutions with higher hydrobromic acid concentrations. The
curvé for a solution with 10% HBr (1.37 molal HBr) shows
that at higher bromine concentrations, the solution forms
two phases, éausing the bromine>concentration to have no
effect on the open circuit voltage, since the aétivity of
the bromine is constant with a value of unity.

| The step chaﬁge in the 1.37 molal HBr curve of
Figure 18 indicates the presence of a two phase solution,
~and is an artifact of the method used to define the
activity of bromine. Prior to the presence of a second,
pure bromine phase in the solution, the majority of the
bromine complexed to form tribromide and pentabromide.
Therefore, the molality of the bromine after equilibration
was significantly less than unity, and was defined t§ be
equal to the bromine activity. When two liquid solution
phases where present, the bromine activity was assumed to
be unity in calculation of the open circuit voltage,
causing the diséontinuity in the calculated open circui£
voltages.:

Figure 19 shows the openAcircuit voltage as a
function of hydrobromic acid concentration for constant
" bromine concehtrations. The open circuit voltage decreases
with increasing HBr concentrations. Higher voltages were
calculated for the solutions with higher bromine

concentrations.
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Both Figures 18 and-19 reflect the trends expected
from the first two terms of (3-25). 1If ¢0mp1exing_of the
bromine to form tribromide and-éentabromide ions did not
occur, these would be the only two terms needed to describe '
the open circuit voltage. To determine the effects‘of the
complexing‘réactions on the épen circuit voltage, a
relationsﬁip bethen the open circuit voltage and the molal
hydrobromic acid concent;ation for a constant bromine
concentration was examined. This result should be a line
with a slope of =59 mv at 23°C if the effects of the
complexing reactions on the open circuit voltage are
insignificant.

Table 3 shows the results of a linear regression
and r2, which represents the goodness of fit of the line,
where perfect fit is represented by r2 equal to one, and a-
poor fit by r2 of zero. The results indicate that the.
complexing reactions are less significant for lower bromine
concentrations, and more significant when the bromine
concentrations are high. The linearly regressed lines aré.
shown in Figure 19. |

The effects of the complexing reactions on thelopen
.circﬁit voltage can also be seen in Figure 18. If
complexing reactions of the bromine species do not occur, a
'plot.of‘the open circuit voltage versus ﬁhe>bromine
concentration would give a line with a slope of -30 mV.‘

Table 4 shows the results of a linear regression on the
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Table 3. Results of a linear regression of ln(m Br) versus
the open circuit voltage calculatedfky ocvl for
constant bromine concentrations.

Bromine : Linear'Equation r?
Concentration that Describes OCV . . Goodness of Fit
7.95% 1{05511—0.052557 In(myp,) 0.993450
17.88%  1.09757-0.060954 ln(myy.) ~ 0.993030
27.82% ” 1.18477-0.103431 1n(mygp,) 0.944587

37.76% 1.18729-0.098084 1n(mgp, ) 0.967060
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Table 4. Results of a linear regression of ln(m ) versus
' the open circuit voltage calculated by OCV1l for
constant hydrobromic acid concentrations. '

_ Hydrobromic Acid Linear Equation L r?
Concentration that Describes OCV - Goodness of Fit
10% * 1.0717140.039961 1ln(mggp) 10.98124
208 1.02017+0.027412 1n(mg,,) 0.98961
L 308 o.98935+o,021273 1n(mgysy) 0.99565
40% © 0.96601+0.018838 ln(mg.,) = 0.99717

* Regression only includes points prior to the solubility

limit of bromine in .10% HBr.
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caléulatéq‘opeﬁ circuit voltages, at'concentrations below
the ;qlubility limit' of bromine in sblupion“ and the
goodnessAof.fit parametéf, r2._ These regressionsﬂshow'that
-due to‘tﬁe complexing reactions, the slope is near 30 mV in
the first two cases, however the line fit is not as good,
thus indicating that a.signifiéant quantity of the bromine

complexes to form tribromide and pentabromide.

5.2 Expérimentélly Determined Open Circuit Voltages

Open circuit voltage measurements were made for
four states of charge of solutions with initial charge
capacities of 48% and 35% HBr. The effects of pressure and
meﬁbrane equivalent weights were also studied.
VExperimental'resultslare tabulated in Appendix H, along
With samples of experimental data. |

The effects of the membrane types on the open
circuit voltage of a hydrogén-bromine_fuel cell were'
determined experimentally. A comparisbn was made of two
tybe‘of mehbranes. They were a Nafion 117 membrane with an
equivalent weight of 1100, and a catalyzed Nafion 120
membrane with an equivalent weight of 1200.  These
membranes were chosen for comparison beéausé, although
Nafion 120 is no 1onger‘commercially available and has been
replaced by Nafion 117, Nafion 120 was the type that was
purchased from General Electric with electrodes bonded to

it; plafinized platinum on the hydrogen side, and a
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proprietary noblg metal catalyst of Electrochem Inc. on the
bromine side. -

Figure 20 shows experimental results for the two
membrane types at concentrations corresponding to 58.5%
state of charge for ah electrolyte capacity of 48% HBr. It
shows reproducibility within the limits of‘experimehtal
error. Similar eqhilibrium voltages for the two systems
are predicted. This is because the ratio of the equivalent
‘weights is close to unity in equation (5-3), so the fixed
ion concéntrations of the membranes are about the same.
Tﬁis means that the difference in the hydrogen ion
concentrations of the membrane will be small, having little
effect on the open circuitivoltage.

Table 5 shows the open circuit voltages
determined for a system with a Nafion 117 membrane, a
pressure of 2 psig, and room temperature operation. These
experiments were done for a 16.7% state of charge of a
solution with é-capacity of 48% HBr. The open circuit
‘voltagesAfound in these experiments have an average value
" of 0.733V, .with a standard deviation of 0.034V.

~Table 5 also shows the results of four experimentsv
done for ﬁhe same conditions of concentration, temperature
and pressure; except the Nafion 120 membrane electrode

assembly was used. The average open circuit voltage of

these experiments is 0.737V, with a standard deviation of

Q.OO6V. Thus, the effects of different Nafion membranes
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.Opeh circuit voltages for 16.7% state of charge

Table 5.

: of solution with an initial charge capacity of
48% HBr. All experiments conducted at room
temperature, and pressure of 2 p.s.i. The SPE
used in these studies was either a Nafion 117
.membrane, or a Nafion 120 membrane electrode
assembly.

Membrane Open Circuit Voltage. (V)
Nafion 117 0.745
Nafion 117 0.780
Nafion 117 0.688
Nafion 117 0.719
Nafion 120 MEA 0.744
Nafion 120 MEA . : 0.740
Nafion 120 MEA _ ’ 0.732
Nafion 120 MEA _ 0.731
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afe negligible, although these experiments appear to be
more reprodﬁcible than those with the Nafion 117 membrane.

'The‘reasoﬁ for less reproducible data with the'l
Nafion 11? system could be related to slow deactivation of
the platinized platinum electrode in that system. (e.g.,
caused Dby the dry environment). The high surface area
platinum catalyst on the Nafion‘léo.membrane is less iikely
to deactivate. Also, the precious metal catalyst on tﬁe“
bromine side_éf the.Nafion 120 membrane may keep bromine
species from.diffusing across the separator. Thefefore,
deactivation of the platinum hydrogen electrode in the
Nafion 120 system is less likely.

Experiments yeré also done to determine the
magnitude of the effects of the hydrogen pressure And the
bromide solution pressure on the open circuit voltage. This
was accomplished by altering the hydrogen or bromine.
pressdre during an experiment; 2 psig to 4 psig. 4The
effeéts of aLteringithe hydrogen pressure are shown in
Figure 21. The results show that for pressure increases,
the voltage sharply rises a couple of millivolts, then
falls to a value higher than that prior to the changé.
When the pressure is reduced to 2 psig, the voltage drops a
feWxnillivolts, then rises rapidly to a vélue less than
that before the change.

'The effect of pressure changes in the aqueous

electrolyte for one experiment is shown in Figure 22;
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The effects of liquid préssure changes are not as
pronounced -as for those of the hydrogen. When the
solution pressﬁre is increased, the voltage increases
slightly, then oséillates to a value close to that prior to
the change. For'ajdecrease in the pressure, the voltage
decreases slightly, then oscillates to a value close to-
that prior to the change. In one of the experimenté,
equilibrium was reached, even though thé solution pressure-
was being altered. |
A détailed analysis of the effects of altering
the half cell pressures during operation is beyond the
scope of this research. However, the theoretical
expression (3—24, does no£ depend on the bromine pressure,
so the effect of changing the solution pressuré value is
expected to be negligible, as was shown. Since the
‘hydrogen pressure is a term in the expression, the effect
of altering this value is expected to be more significant,
and this was shown to be true.

The effect of the hydrogen pressure on the opeh
circuit potential of the hydrogen-bromine cell at 16.7%
state of charge was determined for three pressures.‘ The
open circuit voltage of the cell was plotted against the
log of the square roét of the preséure. The fesuiting
graph should be a ling with a positive slope of.30 mV/atm.
This plot is shown in Figure 23, which_shows that a

regression would be meaningless. Because the experimental
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ineccuracies.involved;in'measuring tﬂe'open circuit
pqtentiel-of this system,.are'on the order of the
~differences expected due to the pressures studied, this.
trend could hot be detected. However; due‘to safety -
considerarions, operation at higher pressures was not
attempted. Therefore, the remainder of the experiﬁents
-were conducted at a pressure of 2 psig. "Also, due to
safety considerations, all experiments were conducted at -
room temperature. |
| The experimentally determined open circuitAvoltages.
of'hydroéen bromine fuel cells with initial charée
capacities of 48% and 35% are given in Tables 6 and 7.
Although the experiments:were not completed at the same
temperature, the expected effect of the temperature
difference on . the open circuit voltage is less thap 3 mv.,
and was considered to be insignificaﬁe.

The mean experimental values and the error
incurred ih the estimation of the mean within a 95%
confidence interval [19] are shown in Figure 24. Note that
the results of the experiments with a charge capacity of
35% HBr are much more reproducible than those with en
electrolyte capacity of 48% HBr.

For both the 35% HBr and 48% HBr electrolyte
capaeity solutions, the 79.2% state of charge electrolyte
_WAS'a'tWO phase liquid, where the second phase is

considered to be pure bromine. For these experiments at
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Table 6. Open circuit potentials determined experimentally
- for an electrolyte capacity of 35% HBr, Nafion
120 membrane electrode assembly, room -
temperature, 2 p.s.i. Reported error is that
in estimation of mean within a 95% confidence
level. o
State-of-Charge N Mean Error
(3) - (v) (v)
16.7 4 o 0.854 0.001
37.5 2 0.916 0.000
58.5 3 0.988 . 0.001
79.2

2 1.107 . 0.013

N = number of experimental values

All experiments were done at a pressure of 2 psig, and
temperatures between 23.7 and 25.4 C.. :
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Table 7. Open circuit voltages determined experimentally
for an electrolyte capacity of 48% HBr, room
temperature, and 2 p.s.i. Reported error is
the error incurred in estimation of the mean
within a 95% confidence interval. - ' '

State-of-Charge ‘Membrane N Mean Error

(%) ~ (Nafion) | vy V)
16.7 120 MEA .4 0.737 0.009
16.7 - 4 117- ¢ 4 .0.733 - 0:054
37.5 . 120 MEA 3 0.802 0.023
58. 5 120 MEA 2 0.897 -  0.022
58.5 117 1 0.898 -
79.2 120 MEA 2 1.068 0.000

For all experiments, the pressures were 2 psig, and the
temperatures were 24.4 C to 27.4 C.
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the'48% capacity electrolyte, equilibrium was not reached,
although-the_voltage stayed fairly constant at 1.068V, but
then began to decline. See Figure 25. 1In one experiment
for the 79.2% state of charge determined from a 35% HBr
soiution, equilibrium appeared to be reached et 1.108V.
However, in the other experiment, the voltaée‘steyed

constant for several minutes a£ 1.106?, then began to
decline.

Because this is the.only state of charge where
.equilibrium was not achieved the cause may be related to
the presence of a two phase electrolyte, or perhaps
catalyst deactlvatlon due to the high bromine
concentration. These experiments suggest that the more
~concentrated solutions are not as stable as the less
concentrated solutions.

5.3 Comparison of Experimental Data to Prev1ously Reported
and Theoretical Open Circuit Voltages

The open circuit voltages predicted by others and
the theoretical expression were compared to the results
measured experimentally in this research.

Figure 26 is a comparison between the experimen-
tally meesured open circuit voltage of this work apd the
‘open circuit voltage reported by G.E. [9]. This comparison
is-ﬁade assuming that the weight fraciions of HBr that
correspond to the reported open circuit voltages included

the weight'of bromine in the solution. The 45 degree line
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reptééents:pérfect agreement between the data of G.E. and
 the”6pen{circuit voltages measured here. The values
reported by G.E. are greater than those determined
experimentally. - This could be due to the reported HBr
fractions not including the weight of brqmihe.

| FigqresiQ? and 28 are comparisons of the open
circuit voltages measured éxperimentally to those
calculated from the éehi—empirical correlation of Yeo and
Chin [5] for solutions with initial charge éapacities.of
35% HBr and 48% HBr. The correlation predicts sohewhat
greater'open circuit voltages than those founé
expe;imentally,ét the lower states of charge._-At the
highest state of chargé, the open circuit voltage predicted
by Yeo and Chin was less than that found expérimentally.
These differences are thought ﬁo be due to the absence of
bromine in the experiments:performed by Yeo and Chin [8]
: whén developing their corrélation.(2—1); they treated the
bromine effects theoretically. Their correlation also
neglected the effects of tribromide and pentabromide
formation. |

| Figures 29 and 30 show a comparison of the

experimentally'measured open circuit voltages to the
calculated values for cells with initial charge capacities
of 35% and 48% HBr. The voltages calculated by neglecting
"~ the aétivity coefficients (program OCV1l) are greater than .

the measured values. At the lower states of charge
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program OCVACT, with estimated HBr activity coefficients,
calculates voltages closer to those found expefimentally.
Héwever, the agreement is nét as good as éhown earlier in
comparison to the data of Glass, (section 5.1.2). This
indicates  that the uncertainty of accounting for activity
of protoné in the membrane may be the cause of the
discrepancy. . As the state of-charge increases, the effects
of the actiVity coefficients decrease, so at the highest
state of charge, the voltages calculated by OCVACT are
actually greater than those found experimentally. |

These compdrisons accentuate the faét that know-
ledge of'the‘actu;l bromine, hydrogen ion, and bromide ion
activity coefficients»afe necessary for a theoretical

expression to accurately predict the open circuit voltages

of a hydrogen bromine fuel cell.

5.4 Rates of Solution and Membrane Equilibrium

To qualitatively determine the rates of solution
and membrane equilibrium, experiments were dbne where
additional bromine was added to the solution after
equilibrium was p;actically reached. The resulting
transieﬁt voltages across #he cell and of the bromine
electrode relative to a reference é;ectrode were analyzed.
The cell voltages during these experiments are shown in
Figure 31. These experiments were conducted for 16.7%

state of charge for a solution with a capacity of 35% HBr.
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For about the first minute after the.bromine
addition, the increases in the voltage across the cell and
the voltage of the bromine electrode relative to the
reférence electrode were equal. Figure 32 is a plot of the
transient voltages (potential minus the potential prior to
bromine addition). The short-time transient may be due to

mixing effects and kinetic effects of formation of bromide

complexes.

Then, the transient potential difference of ﬁhe
bromine éleétrode-began to increase faster than the
transient potential difference across the cell. After
several minutes, the transient potential difference of the
bromine electrode was Ewo millivolts higher than the
transient potential difference across the cell. This
"difference is believed to be due to the liquid junction
between the solution and the membrane.

The junction potential is caused by the differenqe
of electrochemical potentials for an ionic species between
the solution phése and the membrane phase. This is caused
by tﬁe diffusion of ions in the membrane. The cause,
magnitude and time dependence of this effect cannot be
Qerified theoretically without knowledge of the transport
properties in the membrane [20].
| Figure 33 is a plot of the rate of the voltage
changes after the addition of the bromine. It shows that

- the rate of cell and bromine electrode transient potentials
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are egual during the first minute. This suggests that the
membrane does not act as a capacitor, otherwise there would

be evidence of a time delay in the cell potential.



'CHAPTER VI

SUMMARY

6.1 Conclusions
The following conclusions based on this researéh
can be made:

1. An expression was derived for predicting the open
circuit voltage of a hydrogen-bromine fuel cell and is
useful for assessing the effects of various parameters.

2; Analysis of the literature data and this data
suggests that protonvact;vity in the membréne may have a

significant influence on the open circuit voltage.

3. Knowledge of the actual activity coefficients,
~especially of protonslin the membrane, should improve the
agreement between the predicted and actual open circuit
voltages. |

4. The effects of the complexing reactions, in which
tribromide and pentabromide ions are formed from the
bromide ions and bromine, are significant at high states of
chérge, so that knowledge of the equilib;ium constants of
these reactions may improve the prediction of the open
circuit voltage at higher states of_charge.

5. The»effect §f membrane type was determined
experimentally using Nafion 117 and Nafion 120, the latter

93
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having electrode materials bonded to it. Although the mean
open circuit voltages found ﬁsing these two systems were
similar (0.733V and 0.737V, respectively), the error in the
measurements taken with thé.Nafion 120 membrane electrode
was considerably less (+0.054V for Nafion 117 vs. +0.009V
for Nafion 120, respectively).

6. The effect of fluctuations in hydrogen pressure on
the open circuit voltage was found to be significan;.' The
. effects of pressure on the bromide solution were found to
be negligible.

7. The open circuit voltages for solutions with a
charge capacity of 48% HBr have a lower open circuit
voltage (order of 100 me than those found for solutions
with a charge cabacity of 35% HBr. This means that there
is a>tradé off between the open circuit voltage and the
charge capacity.

8. The effect of operating temperature was determined
theoretically. The open circuit voltage decreases with
increasing temperature. The magnitude of this temperature
effect is greatest at low states of charge, and is
considerably less at high states of charge.

9..The variables which were found to have a
sigpificant effect on the open circuit voltage through
.either experimental or theoretical study are: hydrogen
pPressure, temperature, hydrobromic acid and bromine

concentrations.
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6.2 Recommendations
The following recommendations can be made:

1. Experimental work should be done to measure the
activity of protons in Nafion membranes in contact with
concentrated agueous hydrobromic acid and bromine
solutions.

2. Experimental work should be done to measure the
activity coefficients of bromide ion and bromine in aqueous
hydrobrdmip acid and bromine sqluﬁions within the

concentratiCn ranges of interest for this energy storage

system;

“ 3. Tﬁéﬁéﬁpilibrium constéﬁis:of the complexing
reactionsvbffbébmidé ions and bromine to form tribromide
and pentabromide.ions should be experimentally measured in
these concentrated soiutions.

4. After acquiring necessary experimental thermo-
dynamic data of this system, the expression for predicting
the open circuit potential of the hydrogen-bromine fuel
cell should be tested rigorously and refined to account for
concentrated solution behavior. |

| Sf Experimental.work should be done to measure the
effects‘of larger hydroggn pressures énd higher.operating

temperatures on the hydrogen-bromine fuel cell.



1.

8.

lo.

REFERENCES

Johnson, E. L., "Recent Progress in Photovoltaic /
Electrochemical Energy System Applications,”
Electrochemistry in Industry, U. Landau, E. Yeager,
and D. Kortan, editors, Plenum Press, New York, 1982,
p. 299. .

~ E. N. Balko, "Heat Rejection and Thermal Efficiency in

Model Hydrogen-Halogen Fuel Cell Systems," dJournal of
Applied Electrochemistry, 11, p. 91, (1981).

Glass, Werner, and G. H. Boyle, "Performances of
Hydrogen-Bromine Fuel Cells," Fuel Cell Systems, ACS
Advances in Chemistry Series %47, 203, o).

Yeo, R. S., and J. McBreen, "Transport Properties of
Nafion Membranes in Electrochemically Regenerative
Hydrogen / Halogen Cells," J. Electrochem. Soc., 126,

p. 1682, (1979).

Yeo, R.S., and D-T. Chin, "A Hydrogen-Bromine Cell for
Energy Storage Appllcatlonsﬂ'J Electrochem. Soc.,
127, p. 549, (1980).

Glass, Werner, "Hydrogen-Bromine Fuel Cell," Ionics,
'%nc., Cambridge, Mass., Contract No. AF19(604)-8508,
1964).

Barna, G.G., Frank, S.N., Teherani, T.H., and
L.D. Weedon, "Lifetime Studies in Hydrogen-Bromine
Fuel Cells," J. Electrochem. Soc., 131, p. 1973,
(1984). "’ \ ,

Communication with D-T. Chin, Oct. 29, 1985.

General Electric Experimental Data, obtained from
NASA-Lewis Research Center, N. Hagedorn, Jan. 1984.

Yeo, R. S., "Ion Clustering and Proton Transport in
Nafion Membranes and Its Applications as Solid Polymer
Electrolyte," J. Electrochem. Soc., 130, p.533,
(1983). .

96



11.

12.

13.

14.

15.

16.

17.. -

18.
1o.
20.
21.
22.

23.

24,

97

Jones,Grinnell and Sven Baeckstrom, "Equilibria in

Agueous Solutions of Bromine and Potassium Bromide,

'J.A.C.S., 58, p. 989, (1936).

Will, F. G., "Bromine Diffusion Through Nafion Per-
fluorinated Ion Exchange Membranes," J. Electrochem.
Soc., 126, p.36, (1979).

Newman, John, Electrochemical Systems,'Prentice-Hall,
Inc., 1973.

Vetter,‘Klaus J., Electrochemical Kinetics, Academic
Press, New York, 1967. :

Communication with A. B. LaConti, Electrochem. Inc.,
Aug. 1985, '

Keithley Model 617 Programmable Electrometer
Instruction Manual, Document Number 617-20I-01 Rev. B,
1984. ) '

Millazzo, G. and S. Caroli, Table

Harned, Keston and Donelson, "Thermodynamics of
Hydrobromic Acid in Aqueous Solutions," J.A.C.S., 58,
p. 989 (1936).

Walpole, R.E., and Myers, R.H., Probability and
Statistics for Engineers and Scientists, 2nd. ed.,
Macmillan Publishing Co., New York, 1978.

Smyrl, W. H., and John Newman, "Potentials of Cells
with Liquid Junctions," Journal of Physical Chemistry,
72, No. 13, p.4660 (1968). .

Diehl, H. and G. Smith, Quantitative Analysis,
Elementary Principles and Practice, John Wiley and
Sons, Inc., New York, 1952. p. 324-9.

LaHurd, Debbie A., "Experimental Evaluation of the
Chrome-Chlorine Battery," Master's Thesis, The
University of Akron, 1984.

-Gileadi, Eliezer, Interfacial Electrochemistry: An

Experimental Approach, Addison-Wesley Pub. Co., 1975.
. 217.

Yeo, R. S., "Dual Cohesive Energy Densities of Per-
fluorosul fonic Acid (Nafion) Membrane," Polymer, 21,
p-432 (1980). ‘



APPENDICES

98



APPENDIX A

COMPUTER PROGRAM TO CALCULATE OCV FROM EMPIRICAL

CORRELATION 'OF YEO AND CHIN £5]
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120

130

140
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160

® 178
180

190

200

210

220

239

, 240

® 250
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280

290

300

310

320

330

® 349
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370

380

399
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410

o 420
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431

432

433

434

435

: 436

® 440
4590

460

478

480

490

500
: 510
: 520
® . 53p

naoaaoaonononan

nonNno

nao

noonao

100

181

192

103

ORIGINAL PAGE: IS
OF POGR QUALITY 100

PROGRAM YEO AND CHIN
PROGRAMMER: SHARON FRITTS

THIS PROGRAM CALCULATES THE OCV OF THE H2-BR2 BATTERY USING THE
CORRELATION OF R.S. YEO AND D-T. CHIN. THE INPUTS TO THIS PROGRAM
ARE THE TEMPERATURE, H2 PRESSURE AND WIEGHT PERCENTAGES OF HBR AND
BR2

REAL MBR2, MHBR

WRITE (6.108)

FORMAT(S5X, 'WEJGHT PERCENTAGE OF HBR')
READ (5,*) XHBR

WRITE (6.101) .
FORMAT(S5X, 'WEJGHT PERCENTAGE OF BR2')
READ (5,*) XBR2

WRITE (6,102)

FORMAT(5X, 'TEMPERATURE, CENTIGRADE')

READ (5,*) T

WRITE (6,103)

FORMAT(5X, 'HYDROGEN PRESSURE')

READ (5,*) PH2

CALCULATE HBR AND BR2 MOLALITIES TO CALCULATE DENSITY THEN
CALCULATE MOLARITIES

MBR2=1000*XBR2/(159.818*(100-XBR2))

MHBR=1000*XHBR/ (80.917*(100=-XHBR))

EQ=2*MBR2+MHBR

DENS=1 ~0 04983275934*EQ+0 68197743373*E0"2 2. 0247340&994'50"3
&+0.003635063042*EQ**4-0 0002914127657*EQ**5+@ Q00812965@1373*EQ
&**6-3.001481576E-7*EQ**7+2.817081558E-9*EQ**8
CHBR=100O*CENS*MHBR/ (1000+808.917*MHBR)
CBR2=1POQ0*DENS*MBR2/(10908+159 818*MBR2)

R=8.3143

T=T+273

F=96487 .

CHECK TO SEE TF BR2 IS SEPARATE PHASE

CURVE=0.088733789318+2.394484059*CHBR-4.445906568*CHBR**2+
6&7.722716276*CHBR**3-7 001672287*CHBR**4+3.348377237*CHBR**5~

&0.7771662813*CHBR**6+0 .05887092684*CHBR**7+.002968743831*CHBR**8

185

106

JF( (CBR2-CURVE) .GE. @) ABR2=1
IF ((CBR2-CURVE).LT.0®) ABR2=CBR2*1000/(10@0*DENS-159.8*CBR2)

THIS CORRELATION USES WETGHT FRACTIONS OF HBR EXCLUDING THE WEJGHT
OF BROMINE. SO A NEW WEIGHT FRACTION OF HBR 1S CALCULATED.

XH20=10@-XHBR-XBR2

XHBR=100*XHBR/ (XH20+XHBR)

VAL=ALOG{12 36*XHBR/100/(1-XHBR/100))

JF{{XHBR/1€O) .LT.@ 11) PHI=1.873-9 BS6T*VAL

JF((XHBR/1@0) .GE.@.11.AND. (XHBR/160) .LT.0@.28) PHI=1.095-.1042*VAL
JF((XHBR/10€) .GE @ 28} PHI=1.336-0.2581*VAL
OCV=PHI-(T-298)*(4.3+]1 B6*VAL)*1E-4+4.31E~ -S*T*ALOG(PH2*ABR2)
WRITE (6.105) ABR2

FORMAT(5X, 'BROMTNE ACTIVITY'.Fé6 3)

WRITE (6.106) ocv

FORMAT(SX, 'OPEN CIRCUIT VOLTAGE IS', F8.4)

END
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Example Output of YEO

run.
YEO 91/02/86 13:27-42

WEJGHT PERCENTAGE OF HBR
240 .
WEIGHT PERCENTAGE OF BR2
?27.95 -
TEMPERATURE, CENTIGRADE
7?23

‘HYDROGEN PRESSURE

21

BROMINE ACTIVITY @.540

OPEN CIRCUIT VOLTAGE IS @& 8543
STOP
TIME #.1 SECS



'APPENDIX B

FORTRAN LISTINGS QF OCVl, OCVACT AND OCKEFF
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230
240
250
260
270

280

290
3090
310
320
339
340
350
360
379
388
390
400
410
420
430

459
460
. 470
480
494
509
51@
520
530
548
559
560
570
580
599
600
610

paAcnonNANnN

[eNeNeNe]

OO0

99

100

191

102

183

104

105

122

123

11
115

103
ORIGINAL PASEIS
OF POOR ‘QUALT
oCVv1
PROGRAMMER: SHARON FRITTS'.

THJIS PROGRAM CALCULATES THE OPEN CIRCUIT POTENTJAL OF THE HYPROGEN-
BROMINE CELL FOR A GIVEN TEMPERATURE, HYDROGEN PRESSURE,
BROMINE AND HYDROGEN BROMILCE CONCENTRATION. IT ALSO INCLUDES THE
EFFECTS OF A SUPPORTING ELECTROLYTE, IF PRESENT:. JF A MEMBRANE

7S PRESENT. THE DONNAN EFFECTS ON THE HYCROGEN JON CON-
CENTRATION 1S USED IN THE EXPRESSION.

REAL MBR2, MHBR, HBR, NERNST,MSE

WRITE (6,99)

FORMAT( 2X, ' TEMPERATURE, C')

READ (5,*) T

WRITE (6,100)

FORMAT ( 2X, 'HYDROGEN PRESSURE, ATM')

READ (5,*) PH2

WRITE (6,101)

FORMAT(2X, 'TF THE COMNCENTRATJONS OF BR2 AND HBR ARE GIVEN IN')
WRITE (6,102)

FORMAT(2X, 'WETGHT PERCENT, JINPUT 1: JF THEY ARE IN MOLALITY,')
WRITE (6,103)

FORMAT( 2X, ' INPUT 2.')

READ (5,*) I

WRITE (6,104)

FORMAT(2X, ' BROMINE COMCENTRATION')

READ (5,*) BR2

WRITE (6,105) )

FORMAT(2X, '"HYCROGEN BROMILE CONCENTRATION")

READ (5,*) HEBR

WRITE (6.122)

FORMAT(2X, 'TS MEMBRAME PRESENT? (] FOR YES, @ FQR NO)')

‘REAL (5,*) J

TF (J.EQ.3) GO TO 11

WRITE (6,123)

FORMAT (2X, 'MEMBRANE EQUIVALENT WEIGHT')

REALD (5,*) EW

WRITE (6,115) .

FORMAT(2X, *CONCENTRATION OF SUPPORTING ELECTROLYTE, MOLARITY')

" READ (5,*) SE

120

121

IF (SE.EC.@.) GO TO 10

WRITE (€,120)

FORMAT(2X 'SUPPORTI!NG ELECTROLYTE')
READ (5,12!)

FORMAT(AS)

- WRITE (6,1:6)

116

10

FORMAT(2X, 'MOLECULAR VEIGHT OF SUPPORTING ELECTROLYTE')

“READ (5.*) wT

THE CONSTANTS ARE CEFINED

R=8.3143

" T=273.15+T

F=96487.
JF (T.EQ.1) GO TO 1
JF (I.EQ.2) GO TO 2

FOR THE CQ!CENTRATIONS GIVEN IM WEIGHT PERCEMTACES, THE

‘MOLALTTTES CF IR AND BR2 ARE FOUND FOR USF JN LATER CALCULATTIONS



ORIGINAL PAGE: 18
OF POOR QUALITY 104

620 1 XBR2=BR2
630 XHBR=HER
640 XSE=SE
650 MBR2= 1000*XBR2/(159 818*(100.-XBR2))
660 MHBR=10@8*XHBR/ (80.917*(1¢0.~-XHBR))
670 IF(XSE.EQ.0) GO TO 3
680 MSE=100@*XSE/ (WT*(100.-XSE) )
690 GO TO 3
708 C
710 C FOR THE CONCENTRATIONS GIVEN IN MOLALITIES, THE CONCENTRATIONS
720 C ARE FOUND IN.-WEJGHT PERCENTAGES FOR USE IN LATER CALCULATIONS
738 C
740 2 MBR2=BR2
750 MHBR=HBR
760 MSE=SE '
779 . XHBR=100.*80.917/(1600.+MHRBR*8@.917)
..780 C- - . . . - P . .
790 C THE EQUIVALENTS COF BROMINE ATOMS PER KG SOLUTION ARE FOUND FOR
809 C USE JN CALCULATION OF THE SOLUTTON LENSITY USING A SECOND
8ld C ORDER POLYNOMIAL CURVE FIT OF THE DATA OF GLASS AND BOYLE,
828 C " PERFORMANCE OF HYDROGEM RROMJNE FUEL CELLS", FJUFL CELL SYSTEMS,
eig (of ACS ADVANCES TN CHEMISTRY SFRIES #47, P.203, (1965).
8 c
850 3 =2*MBR2+MUBR+MSE
86d . DENS 1. 017686873+0 ©4488363995*EQ-4. 9]4449546F—4*EQ*'2
878 C . i
880 C THE MOLAR COKCENTRATIONS OF THE SOLUTTON ARE CALCULATED AFTER
890 C THE DENSITY OF THE SOLUTION IS KNOWN
908 C .
910 CHBR=1000.*CENS*MUDR/ (iC0C.+80.917*MHBR)
920 CBR2=1000.*DENS*!1RR2/{1000.+:59.818*MBR2)
930 CSE=1000.*CENS*NSE/ (1000, +WT*MSE)
9400 CH=CHRR
959 C .
960 C IF A MEMBRANE IS PRESENT IN THIS CELL, SOME EXTRA CALCULATIONS
970 C REQUIREL. THEY ARE, THE WEIGHT FRACTTON OF ELECTROLYTE ABSORBED
98¢ C BY THL MEMORANE, THE FIXEC ANION CONCENTRATIOU OF THE MEMBRANE,
990 C THE [IYDROGEYN TON CONCENTRATION T¥ THE MEMBRANE, AND ITS ACTIVITY
1000 C .JF NO MEMBFANE TS PPESENT, THESE CALCULATIONS ARE SKIPPED.
1vig C .
1020 TF (J.EQ.5) GO 70 6
1030 C
1040 C THE UEJGHT FRACTTON OF THE ELECTROLYTE ARSORBED RY THE MEMBRANE
1050 C WAS EMPTRICALLY EETERMTNEC AS A FUNCTION OF THE MOLAR CONCENTRATTON
1p60 C BY R.S. YEQ AND D=T. CHTN T "A HYDROGEN-BRROMINE CELL FCR ENERCY
1078 C STORAGE APPLICATIONS," J. ELECTROCHFM. SOC., 127, P. 549 (i980)
1080 C :
1090 WTF=0.323/(1+0.068*CLiBR)
1100 C
1110 ¢ THE FIXELD ANTCN CONCENTRATION OF THE MEMBRANE TS CALCULATED BY
1120 C AN EQUATION REPORTEC RY R.S. YEO, "JON CLUSTERING AND PROTON
1139 C TRANSPORT T NAFTON MEMBPALES ..." J. ELLCTROCHEM. SOC.,130,
1149 C P.533, (1983)
1159 C :
11606 . CR=1P00.*LFNS/WTF/EW
1178 C
1180 C THE HYCPCCEN TON CCNCENTRATION TN THE MEMBRANE JS CALCULATED FROM
1196 C AN EQUATTCY [IRIVEC THROUGCH USE OF DONNAN PRINCJPLES, AND THE
1200 C ACTIVITY GF THE {YMROGEM JON IS FOUND FOR USE IN THE NERNST
1218 C EXPRESSTON
1220 C
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CHM= (CR+SQRT(CR**2+4* (CH+CSE)**2) ) /2*CH/ (CH+CSE)

AHM=CHM*1000/ (1000*DENS-1.008%CHM)

WRITE (6,112) CHM

FORMAT (/2X, 'MEMBRANE PROTON CONCENTRATJON',6F8.4,' MOLES/LITER')
Go TO 7 :

IF NO MEMBRANE IS PRESENT, THE ACTIVITY OF THE HYDROGEN JON IN THE
SOLUTION PHASE JS FOUND FOR USE IN THE MERNST EXPRESSION

AHM= CH‘lﬂﬂﬂ/(lﬂﬂﬁ*DENS 1. 008*CH)

THESE CALCULATTONS CETERMINE WHETHER THE BROMINE CONCENTRATION IS
ABOVE THE SOLUBJLITY LIMJT, USING A CURVE FIT OF THE DATA OF GLASS,
"HYDROGEN-BROMJINE FUEL CELL", TONJCS,JINC., CAMEB<IDGE, MASS.,
CONTRACT NO. AF19(604)-8508, (1964)

CURVE=0.2526794598+1.857577737*CH+0.0487321524*CH**2

IF THE DATA JS RELOW THE SOLUBILITY LIMIT, THE EQUJILIBRIUM BROMIDE
COMPOUNLC CONCENTRATIONS MUST BE CETERMJINED BY THE BISECTION METHOD
WHICH SOLVES THE CUBJC EQUATION FOUND THROUGH COMBINATION OF THE
REACTION EQUJILIBRIUM CONSTANTS AND ELECTRONEUTRALITY CONDITJONS.
THE EQUILJBRJIUM COMCENTRATJONS CAN BE EASILY FOUND JF THE BROMINE
CONCENTRATION JS ABOVE THE SOLUBJLITY LIMIT, THROUGH USE OF THE
EQUILJIBRJIUM CONSTANTS OF THE COMPLEXING REACTTONS.

TF((CBR2-CURVE) .LT.@) GO TO 4

ABR2=1

WRITE (6,200)

FORMAT(2X/2X, 'BROMINE 7S IN SEPARATE PHASE')
CBREQ=(CH+CSE) /57

CBR3EC=16*CBREQ

CBRSEQ=40*CBREQ

CBR2EQ=CURVE

GO TO 5

CALL BJSECT(CBR2, CH, CRR2EQ, CSE)
CBREQ=(CH+CSE)/(1.0+16.*CBR2EQ+40.*CBR2EQ*CBR2EQ)
CBR3EQ=i6.*CER2EQ*CBREQ .
CBRSEQ=4¢.*CRREQ*CRPR2EQ*CBR2EQ
ABR2=CBR2EQ*.:0C0/ (ICOO*DENS-159.818*CBR2EQ)

THE POTENTIAL CUE TO COMPLEXJNG OF THE BROMIDE TONS AND BROMINE

_ TO FORM TRIBRCMILCE ANLC PEMTADROMICE JONS IS FOUND

5

SUM=CBR2LQ+CBR3EO+CRR5EQ
COMP=0.5*(CRR3EQ/ SUM*R*T/F* (ALOG(16.) )+@.5*CBRSEQ/SUM*R*T/F* (ALOG(
&49.)))

THE ACTJVITY OF THE BROMIDE JON JS FOUND, AND THE NERNST POTENTIAL
1S CALCULATED, USING THE STANDARD POTENTIAL OF 1.0873-541E-6*(T-
298.15) GJVEN BY MILAZZO AND CAROLJ, TABLES OF STANDARD ELECTRODE
POTENTJALS, WILEY, NY, 1977, p.284-5.

ABR=CBREQ* 1000/ ( 1CG0*LENS~79.909*CBREQ)
NERNST=1.0873+ALOG(SCQRT{2H2) *SQRT(ABR2) /AHM/ABR) *R*T/F+(T-298. 15)'
&(-541E-6)

THE OUTPUT OF THE PPOGRAM IS GIVEN

" WRITE (6,106) CES

106

FORMAT(2X/2X, "CENSJTY OF DELTA PHASE',Fl10.6," G/ML*)
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WRITE(6,107) CBR2EQ _

127 FORMAT(2X, 'EQUILIBRJIUM BROMINE CONCENTRATION',F9.6,' MOLES/LITER')
WRITE (6,108) CBREQ

1968 FORMAT(2X, 'EQUILIBRIUM BROMIDE CONCENTRATIJON',F9.6,' MOLES/LITER')
WRITE(6,189) CBR3EQ

. 109 FORMAT(2X, 'EQUILJBRIUM TRIBROMICE CONCENTRATJON',F10.6,°' MOLES/LIT)

&ER"') :
WRITE (6,110) CBRSEQ : .

110 FORMA?(ZX,'EQUILIBRIUM PENTABROMIDE CONCENTRATION',F108.6,' MOLES/L)

&ITER' .
WRITE (6,111) NERNST

111 FORMAT(2X, 'NERNST.POTENTIAL',F10.6,' VOLTS')
WRITE(6,113) coMp ,

113 FORMAT(2X, ' 'POTENTTAL DUE TO COMPLEX FORMATION',F10.6,' VOLTS')
TOTAL=NERNST+COMP ) : -
WRITE (6,114) TOTAL _

114 FORMAT(2X, 'TOTAL POTENTJAL',F10.6,' VOLTS'/) . . . G
END" '

THIS SUBROUTINE USES TIE BISECTION METHOD TO DETERMINE THE
EQUILIBRIUM BROMINE COMCETRATION WHICH JS THE ROOT OF A CUBIC
EXPRESSION

SUBROUTTNE BISECT(CBR2, CH, CBR2EQ, CSE)
REAL MID
A=0.
B=2.
FA=2*CBR2 -
1 MIC=(A+R)/2. ) - :
FM=2.*CBR2+(32.*CBR2~32.*CH~32.*CSE~2. ) *MID+(8C.*CBR2-160.*Cli-32.
C-160.*CSE) *MID**2-20*MTD**3
JF (FA*FM.LE.U.) GO TO 2
A=MIC
FA=FM
GC TO 3
2 B=MID
3 JF (ABS(D-A).LE.C.000601) GO TO 4
GO TO 1
4 CBR2EC=(A+D)/2
RETURN
END



Example Output of OCV1

run .
OCVl 01/02/86 13:87:41

TEMPERATURE, C
223

HYDROGEN PRESSURE. ATM

?1

IF THE CONCENTRATIONS OF BR2 AND HBR ARE GIVEN IN
WEIGHT PERCENT. INPUT 1. IF THEY ARE IN MOLALITY
INPUT 2.
- 721
BROMINE CONCENTRATION
2 ~?7 95 o e . -
HYDROGEN BROMIDE CONCENTRATION
240 :

IS MEMBRANE PRESENT? (1 FOR YES O FOR NO)
21

MEMBRANE EQUIVALENT WEIGHT
21200

CONCENTRATION OF SUPPORTING ELECTROLYTE MOLARITY
20

MEMBRANE PROTON CONCENTRATION 10 @001 MOLES/LITER

DENSITY OF DELTA PHASE 1.391439 G/ML

EQUILIBRIUM BROMINE CONCENTRATION @.906682 MOLES/LITER
EQUILIBRIUM BROMIDE CONCENTRATION 6.204001 MOLES/LITER
EQUJILIBRIUM TRIBROMIDE CONCENTRATION @ 663274 MOLES/LITER
EQUILIBRIUM PENTABROMIDE CONCENTRATION O 0411084 MOLES/LITER
NERNST POTENTIAL ©.920367 VOLTS

POTENTJAL DUE TO COMPLEX FORMATION @ ©34837 VOLTS

TOTAL POTENTJAL @ 955205 VOLTS

STOP
TIME @.2 SECS !

107
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ORIGIMAL PAGE IS
OF POOR QUALITY
108 -

OCVACT
PROGRAMMER: SHARON FRITTS

THJS PROGRAM CALCULATES THE OPEN CJRCUIT POTENTJAL OF THE HYDROGEN-
BROMINE CELL FOR A GIVEN TEMPERATURE, HYDROGEN PRESSURE,
BROMINE AND HYDROGEN BROMIDE CONCENTRATION. IT ALSO JNCLUDES THE
EFFECTS OF A SUPPORTING ELECTROLYTE, JF PRESENT. IF A MEMBRANE
JS PRESENT THE DONNAM EFFECTS ON THE HYDROGEN ION CONCEMNTRATION

JS USED JN THE EXPRESSION. ESTIMATES OF ACTIVITY COEFFICIENTS
OF HBR ARE JINCLUDED.

JMPLICIT REAL (A-H,0-2) '

DOUBLE PRECISITON. MBR2, MHBR, MBR, NERNST,MSE
WRITE (6,99) : '
FORMAT{ 2X, 'TEMPERATURE, C')

READ (5,*) T '

"WRITE (6,100)

FORMAT(2X, 'HYDROGEN PRESSURE, ATM')

READ (5,*) pH2 i

WRITE (6,101)

FORMAT(2X,'JF THE CONCENTRATIONS OF BR2 AND HBR ARE GIVEN IN')
WRITE (6,102) -

FORMAT{2X, 'WETGHT PERCENT, INPUT 1: JF THEY ARC TN MOLALJTY,')
WRITE (6,103) '

FORMAT(2X, 'TNPUT 2."')

READ (5,*) T

WRITE (6,104)

FORMAT({2X, 'BROMINE CONCENTRATION')

READ (5,%*) EBR2 :

WRITE (6,195)

FORMAT(2X, 'HYLROGEN BROMILCE CONCENTRATION')

READ (5.,*) I'BR

WRITE (6,122)

FORMAT(2X, 'TS MEMBRANE PRESENT? (1 FOR YES, @ FOR NO)')
REALC (5,*) J :

IF (J.ECQ.V) GO TO 1i

WRITE (6,123)

FORMAT (2X, ‘MEMBRANE EQUIVALENT WEIGHT')

REAC (5,*) EVW

WRITE (6,i15)

FOPMAT(2X, 'CONCENTRATINYN OF SUPPORTING ELECTROLYTE, MCLARITY')
READ (5,%) SE

JF (SE.EQ.C.) GC TO 19

WRITE (6€,12()

FORMAT(2X, 'SUPPORTINC FLECTROLYTE')

REAC (5,12.)

FORMAT(A5)

WRITE (6,116) :
FORMAT(2X, 'MCLICULAR WEJGCHT GOF SUPPORTING ELECTROLYTE')
READ (5,*) uT

THE CONSTALTS ARE DEFINED

R=8.3143

T=273.i5+T

F=96487.

IF (I.EQ..) CC TO i
TF (I.1mQ.2) ¢C TO 2
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FOR THE CONCENTRATIONS GIVEN JIN WEJGHT PERCENTAGES, THE
MOLALJITIES OF HBR AND BR2 ARE FOUND FOR USE JN LATER CALCULATIONS

XBR2=BR2

XHBR=HBR

XSE=SE
MBR2=1000*XBR2/ (159.818* (100.-XBR2))
MHBR=10@0*XHBR/ (80.917* (10@.~XHBR) )
JF(XSE.EQ.8) GO TO 3

MSE=100@@*XSE/ (VT*(100.-XSE))

GO TO 3

-FOR THE CONCENTRATJONS GIVEN IN MOLALITIES, THE CONCENTRATIONS

ARE FOUND IN WEIGHT PERCENTAGES FOR USE JIN LATER CALCULATIJIONS

MBR2=BR2
MHBR=HBR
MSE=SE
XHBER=100.*80.917/(1000.+MHBR*80.917)

4
THE EQUIVALENTS OF BROMINE ATOMS PER KG SOLUTION ARE FOUND FOR
CALCULATION OF THE DENSTTY OF THE SOLUTION USJNG A SECOND ORDER’
CURVE FIT OF TIHE PATA OF GLASS ANC BOLYLE IN T{'E ARTICLE
"PERFORMANCE CF HYDROGEL BROMINE FUEL CELLS", FUEL CELL SYSTEMS,
ACS ADVANCES IN CHEMISTRY SERLES #47, P.2083, (:965).

EQ=2*MBR2+MHBR+MSE :
LENS=1.017686873+0.04488363995*EC-4.914449546E~-4*EQ**2

THE MOLAR CONCENTRATIONS CF THE SOLUTJON ARE CALCULATED AFTER
TUE CENSITY OF THE SOLUTION TS KMNOWN

CHBR=1000.*DENS*MHBR/ (180C.+80.917*MHDR)
CBR2=100C.*CENS*MBR2/ (1000.+159.818*MBR2)
CSE=10€8.*[ENS*MSE/ (1000.+WT*HMSE)
CH=CHBR

TF A MEMBRANE TS PRESENT TN THIS CELL, SOME EXT~? CALCULATIONS
REQUIREL. THEY ARE, THE WETGHT FPACTION OF ELECTROLYTE ABSORBED
BY THE MEMERANE, THE FYXED ANTON CONCENTRATICN CF THE MEMBRANE,
THE HYDRCGEM TON CONCENTRATICM TN THE MEMBRANE, AND ITS ACTIVITY.
TP NO MEMEBRANE TS PRESENT, THESE CALCULATIONS ARE SKTPPEC.

IF (J.EQ.0) GC TC 6

THE WEJGHT FPACTION OF THE ELECTROLYTE ABSORBEL BY THF MEUMBRANE
“AS EMPIRICALLY DETERMTNEC AS A FUNCTION OF THE MOLAR CONCENTRATION
BY R.S. YEO AKD D-T. CHJIN IN "A HYCROGEN-BROMINE CELL FOR ENERGY
STORAGE APPLJICATJONS," J. ELECTROCHEM. SOC., 127, P. 549‘(1980)
WTF=0.323/(i+0.068*CHBR)} "

THE FIXED ANJON CONCENTRATION OF THE MEMBRANE 7S5 CALCULATED BY
AN EQUATION REPORTED RY R.S. YEO, "JION CLUSTERING AND PROTON
TRANSPORT IM NAFTON MEMBRANES ..." J. ELECTROCHEM. SOC.,13@,
P.533, (1983) '

CR=1000.*TENS/VTEF/EW

THE HYDRCGF! TOL CONCENTRATJION TN THE MFMBRANE JS CALCULATED FROM.
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AN EQUATION DERIVED THROUGH USE OF DONNAN PRINCIPLES, AND THE
ACTIVITY OF THE HYDROGEN JON IS FOUND FOR USE JN THE NERNST
EXPRESSJION

CHM=(bR+soRT(CR**2+4*(cn+csE)**2))/2*CH/(CH+CSE;
AHM=CHM* 190008/ (1@00*CENS~-1.008*CHM)
GO TO 7

JF NO MEMBRANE 1S PRESENT, THE ACTIVITY OF THE HYDROGEN JON IN THE
SOLUTJON PHASE IS FOUND FOR USE IN THE NERNST EXPRESSION

AHM=CH*1000/ (1000*DENS-1.008*CH)

THESE CALCULATIONS DETERMINE WHETHER THE BROMJNE CONCENTRATION IS
ABOVE THE SOLUBILITY LIMIT, USING A CURVE FIT OF THE DATA OF GLASS,
"HYDROGEN-BROMINE FUEL CELL", TONICS,INC., CAMBRIDGE, MASS.,
CONTRACT NO. AF19(604)-8508, (1964)

CURVE=0.2526794598+1.057577737*CH+0.0487321524*CH**2

JF THE DATA JS BELOW THE SOLUBJLJTY LIMIT, THE EQUILIBRIUM BROMICE
COMPOUND CONCENTRATIONS MUST BE DETERMINED BY THE BISECTJION METHOD
WHICH SOLVES THE CUBIC EQUATJON FOUND THROUGH COMBINATION OF THE
REACTION EQUILIBRIUM CONSTANTS AND ELECTRONEUTRALITY CONDITIJOKNS.
THE EQUJLIBRIUM CONCENTRATIONS CAN BE EASILY FOUND JF THE BROMINE
CONCENTRATION TS ABOVE THE SOLUBIJLITY LIMIT, THROUGH USE OF THE
EQUILIBRIUM CONSTANTS OF THE COMPLEXTNG REACTJONS.

IF( (CBR2~CURVE) .LT.9) GO TO 4

ABR2=1

WRITE (6,200) .

FORMAT(2X/2X, 'BROMTNE IS IN SEPARATE PHASE')
CBREQ=(CH+CSE) /57

CBR3EQ=16*CBREQ

CBR5EQ=40*CBREQ

CBR2EQ=CURVE

GO TO 5

4 CALL BISECT(CBR2,CH, CBR2EQ,CSE)

CBREC=(CH+CSE)/(1.0+16.*CBR2EQ+40.*CRR2EC*CBR2EQ)
CBR3EQ=16.*CBR2EQ*CBREQ b
CBR5EQ=40.*CBREQ*CBR2EQ*CBR2EQ

ABR2=CBP2EQ*100U/ (10008*DENS-159.818*CBR2EQ)

THE POTENTIAL DUE TO COMPLEXJING OF THE BPOMIDE JONS AND BROMINE
TO FORM TRIBROMILCE AND PENTABRONMICE JONS 1S FOUND

SUM=CBR2EC+CBR3EG+CBRSEQ
COMP=0.5* (CBR3EQ/SUM*R*T/F*{(ALCG(16.))+8.5*CBRSEQ/SULM*R*T/F* (ALOG(
&40.)))

THJS SECTJON CETERMINES THE ACTIVITY COEFFICENT OF HBR FOR THE
CONCENTRATION OF BROMIDE TONS DETERMINED TO BE PRESENT AFTER
SOLUTION EQUILIBRATION FROM A CUBJC CURVE FIT OF THE CATA REPORTED
BY E.N. BALFKO

MBR=MHBR .
GAMMA=0.9418152476-0.03224218452*MBR+0.045343504*MBR*MBR
&+@.015525929*MNBR**3

THE ACTIVITY OF THE BROMJCE ITON IS FOUNMND, AND THE NERNST POTENTJAL
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JS CALCULATEC USING THE STANCARD POTENTJAL OF 1.0873-541E-6*(T-
298.15) GIVEN BY MILAZZO AND CAROLJ, TAELES OF STANDARD ELECTRODE

POTENTJALS, WILEY, NY, 1977, P.284-5.

ABR=1000*CBREQ/ (1000*DPENS-CBREQ*79.909) *GAMMA
AHM=AHM*GAMMA
NERNST=1.0873+ALOG(SQRT(PH2) *SQRT(ABR2)/AHM/ABR) *R*T/F+(T-298.15) *

&(-541E-6)

106

107
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109

110

111
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114

2
3

4

THE OUTPUT OF THE PROGRAM IS GIVEN

WRITE (6,106) CENMS

FORMAT( 2X/2X, 'DENSJITY OF DELTA PHASE',F1€.6,' G/ML')

WRITE(6,137) CBR2EQ

FORMAT(2X, 'EQUILIBRIUM BROMJINE CONCENTRATIJON®'.F9.6,' MOLES/LJITER')
VIRITE (6,108) CBREQ

FORMAT( 2X, 'EQUJILIBRIUM BROMIDE CONCENTRATION',F9.6,' MOLES/LITER')
WRITE(6,109) CBR3EQ

FORMAT(2X, 'EQUILIBRIUM TRIBROMIDE CONCENTRATION',F1@0.6,"' MOLES/LIT
&ER') . : . . - :
WRITE (6,110) CBRSEQ

FORMAT( 2X, 'EQUJLIBRIUM PENTABROMJILCE CONCENTRATION®.F192.6,' MOLES/L
&JTER') :

WRITE (6,111) NERNST

FORMAT(2X, 'NERNST POTENTIAL',Fl10.6,' VOLTS')

WRITE(6,113) COMP

FORMAT(2X, 'POTENTIAL DUE TO COMPLEX FORMATJON' . Fl10.6,' VOLTS')
TOTAL=NERNST+COMP :

WRITE (6,114) TOTAL )

FORMAT(2X, 'TOTAL POTENTIAL',F18.6,' VOLTS'/)

END

THIS SUBRCUTINE USES THE BISECTTION METHOD TO CETERMINE THE
EQUILIJIBRTU: BROMTNE CONCETRATION WHICH IS THE POOT OF A CUBIC
EXPRESSTICN

SUBROUTINE PTSECT{CBR2, CH, CBR2EQ, CSE)

REAL MIC

A=0.

B=2..

FA=2*CBR2

MID=(A+B)/2. .
FM=2.*CBR2+(22.*CRR2-32.*CH-32.*CSE-2.) *MIC+(8C.*CBR2~160.*CH=-32.
C-160.*CSE)*MIC**2-80*NIL**3 .
JF (FA*FM.LE.(.) GC TO 2

A=MID

FA=FM

GO TO 3

B=MID

IF (ARS(n-A).LE.(.QCOGVI) GC TO 4

GO TO i

CBR2EQ=(A+T)/2

RETURN

END
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Example Output of OCVACT

run . .
OCVACT ©1/15/86 13:58:53
TEMPERATURE, C
223
HYDROGEN PRESSURE, ATHM
21
JF THE CONCENTRATJIONS OF BR2 ANLC HBR ARE GIVEN IN
WEJTGHT PERCENT, INPUT 1:; JIF THEY ARE IN MOLALITY,
INPUT. 2.
?21 :
BROMINE CONCENTRATIO
?27.95
HYDROGEN BROMJDE CONCENTPATION
240
IS MEMBRANE PRESENT? (1 FOR YES, 0 FOR NO)
21 o :
" MEMBRANE EQUJVALENT WEJGHT
21200

CONCENTRATJION OF SUPPORTING ELECTROLYTE, MOLARITY
20 :

DERSITY OF DELTA PHASE 1.393303 G/ML

EQUILJBRIUN BROMINE CONCENTRATION ©.006683 MOLLCS/LITER
EQUILIBRIUM BROMICE CONCENTRATION 6.212220 MOLES/LITER
EQUILJBRIUM TRIBROMILE CONCENTRATION ©.664248 MOLES/L’TER
EQUILIBRIUM PENTABROMIDE COKCENTRATION ©.€:11098 MOLES/LITER
NERNST POTENTJAL 0.791697 VCLTS

POTENTJAL DUE TO CCI'PLEX FORMATION 9.5348382 VOLTS

TOTAL POTENTIAL {.826S535 VOLTS

sTOP
TIME 0.2 SECS
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319
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510
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530
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OCKEFF

PROGRAMMER: SHARON FRITTS

THIS PROGRAM CALCULATES THE OPEN CIRCUIT POTENTIAL OF THE HYDROGEN-
BROMINE CELL FOR A GIVEN TEMPERATURE, HYDROGEN PRESSURE,

BROMINE AND HYDROGEN BROMIDE CONCENTRATION. IT ALSO JNCLUDES THE
EFFECTS OF A SUPPORTING ELECTROLYTE, IF PRESENT. JF A MEMBRANE

IS PRESENT, THE CONNAN EFFECTS ON TRE HYDROGEN JON CONCENTRATIONM

IS USED TN THE EXPRESSION. THE K VALUES FOR THE COMPLEXING
REACTIONS ARE VARIED. : i

REAL MBR2, MHBR, HBR, NERNST
VRITE (6,99)
FORMAT( 2X, 'TEMPERATURE, C')
READ (5.*) T

WRITE (6,100) .

"FORMAT( 2X, 'HYDROGEN PRESSURE, ATM')

READ (5,*) PH2

WRITE (6,101) .

FORMAT(2X, 'IF THE CONCENTRATIONS CF BR2 AND HBR ARE GIVEN IN')
WRITE (6,102) ’
FORMAT(2X, 'WEJGHT PERCENT, FINPUT i: JF THEY ARE IN MOLALITY,')
WRITE (6,103) : :
FORMAT(2X, 'TNPUT 2.')

READ (5,*) I

WRITE (6,104)

FORMAT(2X, 'BROMINE CONCEMTRATION')

READ (5,*) CR2

VRITE (6,1i05) - :

FORMAT( 2X, 'liYCROGEN DRROMILE CONCEMNTRATION')

REAC (5,*) HBR

WRITE (6,:22) .

FORMAT(2X,'TS MEMBRANE PRESENT? (1 FOR YES, ©& FOR NO)')

REAC (5,*) J

IF (J.EQ.€) GO TO ii

WRITE (6,:123)

FORMAT (2X, 'MFMBRANE EQUTVALENT WEJGHT')

REAL (5,*) L4

WRITE (6,127)

FORMAT (2X,'FACTOR TO MULTIPLY K FCR TRIBROMIDE REACTION BY')
REALC (5,*) TRI

WRITE (6,128)

FORMAT (2X,'FACTCR TO MULTIPLY K FCP PENTAPROMIDE REACTJION BY')
REAC (5,*) PENTA g ’

THE COMNSTANTS ARE DREFTLELC

R=8.3143
T=273.15+T

F=96487.

TF (F.EQ..) GO TO 1
JF (7.EC.2) GO TO 2

FOR THE COLCENTRATIONS GIVEN IN WEJGHT PERCENTAGES, THE
MOLALJITIES OF HBR Al BR2 ARE FOUND FOR USE I& LATER CALCULATIONS

XBR2=BR2
XIiBR=FBP .
MBR2=1000*NER2/(259.818%(:0€.-XAR2))
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MHBR=10€0*XHBR/ (80.917*(100.-XHBR))
GO TO 3 -

FOR THE CONCENTRATIONS GIVEN IN MOLALITIES, THE COHCENTRATIONS
ARE FOUND IN WEJIGHT PERCENTAGES FOR USE IN LATER CALCULATIONS

MBR2=BR2

MHBR=HBR :
XHBR=100.*80.917/(1000.+MHBR*80.917)

THE EQUTVALENTS OF BROMINE ATOMS PER KG SOLUTION ARE FOUMD FOR
USE IN CALCULATION OF THE SOLUTION DENSITY USING A SECOND

ORDER POLYNOMJAL CURVE FIT OF THE DATA OF GLASS AND BOYLE,
"PERFORMANCE OF HYDRCGEN BROMINE FUEL CELLS", FUEL CELL SYSTEMS,

. ACS ACVANCES IN CHEMISTRY SERIES #47, P.203, (1965).

EQ=2*MBR2+MIBR
DENS=1.017686873+0.C4488363995*E0-4.914449546E-4*EQ**2

. THE MOLAR CONCELLTRATIONS OF THE SOLUTION ARE CALCULATED AFTER

THE CENSJITY OF THE SOLUTJON IS KNOWN

CHBR=1800. *DCENS*MHBR/ (1000.+80.917*MHBR)
CBR2=1(00.*DENS*MBR2/ (1000.+159.818%MBR2)
CH=CHBR

JE A MEMBRANE IS PRESENT IN THJS CELL, SOME EXTRA CALCULATTONS
REQUIRELD. THEY ARE, TUE WEIGHT FRAUTION OF ELrRCTRCLYTE ABSORBED

"BY THE MEMBRANE, THE FIXED ANJON CONCENTRATION OF THE MEMBRANE,

THE HYDROGEN TON CONCENTRATION IN THE MEMBRANE, AND ITS ACTIVITY.
JF NO MEMPRANE JS PRESENT, TIHIESE CALCULATIONS ARE SKIPPED.

TF (J.EQ.9) GO TO 6

THE WETCHT FRACTION OF THE ELECTROLYTE ABSORBED BY THE MEMBRANE
WAS EMPTRJCALLY CETERMINEC AS A FUNCTJION OF THE MOLAR CONCENTRATION
BY R.S. YEC AND D-T. CHIN JN “A HYCROGEN-BROMIMNE CELL FOR LCNERGY
STORAGE APPLTCATJIONS," J. ELLCTROCHEM. SOC., 127, P. 549 (1980)

WTF=0.323/(1+C.068*CHlBR)

THE FIXEC ANJON CONCENTRATICH OF THE MEMBRANE 7S CALCULATED BY
AN ECUATICN REPORTED BY R.S. YEO, "TONN CLUSTERINMNG ANC PROTON
TRANSPORT T! NAFTCYN MEMBRANES ..." J. FLECTROCUEM. SOC.,139,
P.533, (:1983)

CR=1000.*DRENS/WTE/EW

THE HYDRCCEN TON CCHCENTRATION TN THE MEMERANE TS CALCULATED FROM
AN EQUATION DERJVECD THPOUGH USE OF DCNNAM PRINCIPLES, AND THE
ACTIVITY OF THE HYCROGEN JON JS FOUND FOR USE IMN THE NERNST
EXPRESSTION

CHM={(CR+SCRT(CR**2+4* (CH)**2))/2*CH/ (CH)
AHM=CHM*: 000/ (1000*DENS-1.208%CHM)

WRITE (6,:.2) CiM

FORMAT (/2X,'MENPRANE PROTOM COMCENTRATIONM',F8.4,' MOLES/ LITER')
GO TO 7 : .

JF NO MEMPPANMNC TS PRESENT, THE ACTIVITY OF THE HYDROGEN JON JN THE
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SOLUTION PHASE 1S FOUND FOR USE JN THE NERNST EXPRESSJON

- AHM=CH* 1009/ ( LUGO*DENS-1.008*CH)

THESE CALCULATIONS DETERMINE WHETHER THE BROMINE CONCENTRATION IS
. ABOVE THE.SOLUBJLITY LIMIT, USJING A CURVE FIT OF THE DATA OF GLASS,
"HYDROGEN-BROMJINE FUEL CELL", JIONICS,JNC., CAMBRIDGE, MASS.,
CONTRACT NO. AF19(6C4)-8508, (1964) :

CURVE=ﬁ.2526794598+1.ﬂ57577737'CH+0.0487321524'CH"2

TF THE DATA 1S BELOW THE SOLUBJLITY LIMJIT, THE EQUJILIBRJUM BROMIDE
COMPOUND CONCENTRATIONS MUST BE CETERMINED BY THE BJSECTJON METHOD
WHICH SOLVES THE CUBJIC EQUATION FOUND THROUGH COMBINATIJON OF THE:
REACTION EQUILJBRIUM CONSTANTS ANC ELECTRONEUTRALITY CONDITIONS.
THE EQUILJIBRIUM CONCENTRATJONS CAN BE EASJLY FOUND JF THE BROMINE
CONCENTRATION JS ABOVE THE SOLUBILITY LIMIT, THROUGH USE OF THE
EQUILIBRIUM CONSTANTS OF THE COMPLEXING REACTIONS.

JF((CBR2-CURVE).LT.3) GO TO 4

ABR2=1 :

WRITE (6,200)

FORMAT(2X/2X, 'BROMINE IS JN SEPARATE PHASE')
CBREQ=(CH)/(1+16*TRI+40*PENTA)
CBR3EQ=16*CBREQ*TRIJ

CBRSEQ=4@*CBREQ*PENTA

CBR2EQ=CURVE

GO TO 5

CALL BJISECT(CBR2,CH, CBR2EQ, TRI, PENTA)
CBREQ=(CH)/(1.0+16.*CBR2EQ*TRI+40.*CER2EQ*CBR2EQ*PENTA)
CBR3EQ=16.*CBR2EC*CBREQ*TRJ ,
CBR5EQ=40.*CBREQ*CBR2EC*CBR2EQ*PENTA

. ABR2=CBR2EQ*10900/ (1 000*DENS-159.818*CBR2EQ)

5

106

197

108

109

THE POTENTIAL CUE TO CCMPLEXING OF THE BROMIDE JONS ANDC BROMINE
TO FORM TRIBROMICE AND PENTABROMIDE JONS JS FCUND

SUM=CBR2EC+CEBR3EQ+CBRSEQ
COMP=@.5* (CER3EQ/ SUM*R*T/F*(ALOG(16.*TRI) )+0.5*CBRSEQ/SUM*R*T/F*
&(ALOG(40.*PENTA)))

THE ACTIVITY OF TIE BROMICE TON IS FOUND, AND THE NERNST POTENTIAL
JS CALCULATEC, USING THE STANCARC POTENTJAL OF 1.0873-541E-6*(T-
.298.15) GIVEN BY MJILAZZO AND CAROLY, TAELES OF STANCARC ELECTROCE
POTENTIALS, WILEY, XNY, 1977, P.284-5.

ABR=CBREQ*i:{00/ (1O0CO*DENS-79.909*CRREQ)
NERNST=i.0873+ALOG{SCRT(PH2) *SCRT(AER2) /AIM/ABR)*R*T/F+(T-298.15)*
&(~541E-6)

THE OUTPUT OF THE PROGRAM IS GIVEN

WRITE (6,i¢6) DENS

FORMAT(2X/2X, 'CENSITY GF CDELTA PHASE',F10.6,' G/ML')

WRITE(6,1C7) CBR2EQ

FORMAT(2X, 'EQUILIBRJUM BROMINE COMNCENTRATIJON',F9.6,' MOLES/LITER')
WRITE (6,1C8) CBREQ

FORMAT(2X, 'CCUTLTERIUM BROMJILCE COMCENTRATION',F9.6,' MOLES/LITER')
WRITE(6,139) CBR3LQ

FORMAT (2X, "ECUTLTBRIUM TRIBROMJDE CONCENTRATION',F10.6,' MOLES/LIT
&ER"')
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1820 WRITE (6, 110) CBRSEQ
1830 118 FORMAT(2X,'EQUILIBRIUM PENTABROMIDE CONCENTRATION', F10.6,' MOLES/L
1849 &ITER')

1850 WRITE (6,111) NERNST
1860 111 FORMAT(2X, 'NERNST POTENTIAL',F10.6,' VOLTS')
1870 WRITE(6,113) CoMP

1880 113 FORMAT(2X, 'POTENTJAL DUE TO COMPLEX FORMATJON',F10.6,' VOLTS')
1890 TOTAL=NERNST+COMP

1900 WRITE (6,114) TOTAL

1910 114 FORMAT(2X, 'TOTAL POTENTJAL',F10.6,' VOLTS'/)

1920 END

19308 C . :

1940 C THIS SUBROUTINE USES THE BISECTION METHOD TO DETERMINE THE
1950 C EQUILIBRIUM BROMINE COMNCETRATJOM WHICH IS THE ROOT OF A CUBIJC
1968 C EXPRESSTON '

1978 ¢ ’

1980 SUBROUTINE. BJSECT(CBR2, CH, CBR2EQ, TRJ, PENTA)

1996  REAL MID

2000 ‘A=0.

2010 B=2. .

2020 FA=2*CBR2

2030 1L MID=(A+B)/2.

2040 FM=2*CBR2+( 32*CBR2*TRI-32*CH*TRI - 2)*MID+(ae*csaz*PENTA-lea*PENTA
2950 &*CH=-32*TRI) *MID**2-80*PENTA*MID**3

2060 JF (FA*FM.LE.9O.) GO TO 2

2070 A=MID

2080 FA=FM

2090 GO TO 3

2100 2 B=MID

2110 3 IF (ABS(B-A).LE.Q. 000@01) GO TO 4

2120 GO TO 1

2130 4 CBR2EQ=(A+B)/2

2140 RETURN

- 2150 END
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'Example Output of OCKEFF

run

OCKEFF €1/02/86 13:24:18
TEMPERATURE, C

223

HYDROGEN PRESSURE, ATM

71 " '
~ IF THE CONCENTRATIONS OF BR2 AND HBR ARE GIVEN IN
WEIGHT PERCENT, INPUT 1: IF THEY ARE IN MOLALITY.
INPUT 2. o

21 ' -

_BROMINE CONCENTRATION

?27.95 '

. HYDROGEN BROMIDE CONCENTRATION

248

.1S MEMBRANE PRESENT? (1 FOR YES, @ FOR NO)

21 _ '
MEMBRANE EQUIVALENT WEIGHT

71200 A '
FACTOR TO MULTIPLY K FOR TRIBROMIDE REACTION BY

25

FACTOR TO MULTIPLY K FOR PENTABROMIDE REACTION BY

75

MEMBRANE PROTON CONCENTRATION 10 0081 MOLES/ LITER

DENSITY OF DELTA PHASE 1.391439 G/ML

EQUILIBRIUM BROMINE CONCENTRATION ¢ ©01385 MOLES/LITER
EQUILIBRIUM BROMIDE CONCENTRATION 6 198020 MOLES/LITER
EQUILIBRIUM TRIBROMIDE CONCENTRATJION @.685959 MOLES/LITER
EQUILIBRIUM PENTABROMIDE CONCENTRATION O 002375 MOLES/LITER
NERNST POTENTIAL @.909371 VOLTS

POTENTJAL DUE TO COMPLEX FORMATJION @.0855725 VOLTS

TOTAL POTENTIAL @.956096 VOLTS

sToP -
TIME .2 SECS



APPENDIX C

'EXPERIMENTAL EQUIPMENT

A'listing of the experimental equipment is given
in Table 8. It specifies the manufacturer and catalog
number ofuallﬂmajor'pjeges of equipment. The types of
tubing used were FEP Teflon flexible~tubing, and machined
TFE Teflén tubing. The fittings were either injection’
molded PFA Teflon or machined TFE Teflon.

Figure 34 shows the wiring diagraﬁ for experimental
data acquisition. The relay circuit shéwn in Figure 35 was

constructed for this research.
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Table 8. Experimental

Bromide Solution
Storage Flask:

Bromide Solution
Stirrer:

Constant Temperature
Bath:

Thermistor Thermometer:

Thermistor Probe:

Bromine Solution Puamp:

Needle Valves:

Pressure Gages:

Reference Electrode:

Equipment

6954-77 Ace Glass, 1000 ml. Flask,
Flask, Four Necks, One Threaded,
Thermometer neck internally
threaded, Teflon bushing to hold
Jmm thermometer, and Vitomn O-

-rings. Side Necks T 20/40 -

fitted with 5031-10 Twin Ace-
Thread adapators, T 24/25 joint,
Teflon bushing and Viton O-rings
to hold 7 mm tubing. Center neck,

T 20’40, fitted with stirrer.

Cole Parmer R-4740-00. Closed
system stirrer with T 24/40 joint.
Has glass shaft, Teflon blades and
seal assembly, Viton O-ring. Used
with Cole Parmer’s variable-speed
stirrer, R-4335-00 with speed

range of 500-7500 rpm, up to 5
gal. bath,

Neslab Instruments Co., T 9/10 W,
heats to 100 C.

Cole~-Parmer R-8110-20 digital
thermistor thermometer. Resolu-
tion to 0.1 degree in both Celsius
and Fahrenheit with accuracy of
+0.1% of reading. For 0 to 50°C
gperating temperature.

Cole-Parmer Liquid Immersion Probe
R-8110-20. 5" Pyrex Glass probe
with time constant of 4.2 sec.

All-Teflon piston pump, model no.
7149-10 Cole Parmer 0.0-2.4
l1/min., pressure to 14,9 psi, =40
to 150 C.

Teflon TFE Needle valves, Cole
Parmer R-6393-60. 0.2 gpm maximum
flow at 1 psig. 75 psig. maximum
pressure.,

Oto 30 psi gage with Fluorocarbon
Co. GPO-42 all Teflon body
protector.

Standard Calomel Reference
Electrode, Fisher Scientific 13-
639-52, Prefilled with saturated
KCl solution.
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APPENDIX D

EXPERIMENTAL PROCEDURE

The steps taken to begin an experiment after the

.solutions are.prepared as described in Chapter IV are
listed below:

| l. Turn electrometer on three hours before experiment
is to begin.

2. Turn on watér bath one hour before.experiment is
to begin. |

3. Activate the platinized platinum screen by the
method described in Appendix F. (When necessary, strip the
platinum screen and platinize it again.)

4. Place platinized platinum screen in the hydrogen
half cell, then place platinized side of membrane (when
catalyzed Nafion 120 separator is used) between half cells,
and bolt the cell together.

5. Connect cell to line, and connect leads.

6. Turn on stirrer, and collect solution sample for
titration to determine bromine content. See Appendix F.

7. Enter storage solution temperature, pressure, and

'sOlution concentration into computer program.
8. Set the hydrogen flow to the desired pressure.

9. Prime the pump, then begin pumping solution.
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10. Wait fifteen seconds for the solution to'flow}
through cell;&then begiﬂ data acquisition.
| At the completion of an experiment:

1. Turn off the hydrogen. .

2. Turn off.the pump. Disdonneqt the cell, rinse the
membrane ahd platinized platinum with distilled deionized
watér, then place'both.in.a beaker of distilled deionized
- water. a |
3. Cdﬁ;tubing at cell enﬁranqe anﬁﬂexit to prevent

evaporationiofibromine from storage.

4. Take a:solution sample for tiﬁﬁation,bthen turn

off the stirréfﬁand electrometer.



APPENDIX E

BASIC CODE OF DATA ACQUISITION PROGRAM FOR

KEITHLEY PLUS 500 DATA ACQUISITION SYSTEM
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10 REM Program used in data acquisition of hydrogen-bromine cell open circuit
20 REM voltage and rates of solution and membrane equilibrium data.

30 REM

40 REM Programmers: Sharon Fritts, Doug Smith and Gail Lance

50 REM :

80 REM Note: An uncommented version of this program was used to collect

70 REM experimental data since comments slow running time considerably.

80

90

100
110
120
130
140
150
160
170

RSC,

180

REM
PRINT “IF CONTROL UP IS PRESSED THE PROGRAM IS TO STOP"
REM :
REM These lines initialize the Plus500 software system.
REM .
CLEAR ,63000! ' GPIB-PC Rev. B.1
IBINITL = 63000! ' BASICA Declaration File

IBINIT2 = IBINIT1 + 3 !

BLOAD "bib.m", IBINIT1

CALL IBINIT1(IBFIND, IBTRG, IBCLR, IBPCT, IBSIC, IBLOC, IBPPC, IBBNA, IBONL, IB
IBSRE, IBRSV, IBPAD, IBSAD, IBIST, IBDMA, IBEOS, IBTMO, IBEOT)

CALL IBINIT2(IBGTS, IBCAC, IBWAIT, IBPOKE, IBWRT, IBWRTA, IBCMD, IBCMDA, IBRD,

IBRDA, IBSTOP, IBRPP, IBRSP, IBDIAG, IBXTRC, IBSTAX, IBERRX, IBCNTX)

190
200
210
220
230
240
250
260
270
280
290
300
310
320
330
340
350
380
370
380
390
400
410
420
430
440
450
460
470
480
490
500
510
520
530
540
550
560
570
580
590

NAS$="gpib0":CALL IBFIND(NAS, INTERF1%)

NA$="dev15":CALL IBFIND(NAS,ELECTRX)

VX=&H102:CALL IBPOKE(BRDOX%,VX)

V%=27:CALL IBPAD(ELECTRX,VX)

VX=1:CALL IBSRE(INTERF1X,VX)

REM

REM This command locks out the front panel of the electrometer.
REM

CMD$=CHRS$(&H11):CALL IBCMD(INTERF1%,CMDS)

CLS

REM Initialize pressure, temperature and concentration arrays.
DIM PT(5)
REM Initialize the voltage and time storing arrays.

DIM VOLT1(2048)

DIM VOLT2(2048)

DIM TIME(2048)

INPUT "WHAT IS THE PRESSURE";PT(1l)

INPUT "WHAT IS THE TEMPERATURE";PT(2)

INPUT "WHAT IS CONCENTRATION OF HBr"; PT(3)
INPUT “WHAT IS CONCENTRATION OF Br2"; PT(4)
REM

REM Sets the clock to zero.

REM

X$="00"

TIMER=XS

REM :

REM Initialize time buffer, number of voltages read.
REM . .

TBUF=0:D=0

REM .

REM Clears the electrometer

REM

CALL IBCLR(ELECTR%)

REM

REM Command that sets the function and range for measuring VOLT1
REM

CMD$="R2FOCOT5X"
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800 REM
810 REM Sets voltage source to be used to trip the relay, and then
620 REM command string that sets function and range for measuring VOLT2
630 REM
640 V$="D1V+10201X"
650 CME$="R2FOCOT501X"
6680 REM
670 REM Command string that turns off voltage source.
680 REM
690 V1ig="00X"
700 REM .
710 REM Intialize the checks to be used throughout the program.
720 REM
730 X=0:SCOUNT=0:LCOUNT=0:CHK=59
740 REM If cursor up key is pressed, go to routine that saves data
750 REM
780 ON KEY(11) GOSUB 2550:KEY(11) ON
770 REM i :
780 REM Turn off voltage source, then insert a time delay of 130msec.
790 REM read voltage to be used to find VOLT1 with electrometer, then convert

800
810
820
830
840
850
880
870
880
890
900
910
920
930
940

- 950

960

970

980

990

1000
1010
1020
1030
1040
1050
1060
1070
1080
1090
1100
1110
1120
1130
1140
1150
1160
1170
1180
1190

REM it to a numerical value. If this voltage is about OV then beep.
REM

CALL IBWRT(ELECTR%,V1$)

CALL IBWRT(ELECTR%,CMDS$)

V%=9:CALL IBTMO(BRDO%,V%)

V%=8

CALL IBTMO(BRDO%,V%)

RD3=SPACE$(50)

CALL IBRD(ELECTR%,RDS$)
RD=VAL(MID$(RDS$,5,18))

IF ABS(RD)<6.000001E-04 THEN BEEP
REM

REM Turn on voltage source to trip the relay, then insert a time delay
REM of 130msec, read voltage used to find VOLT2, then convert reading
REM to a numerical value. If this voltage is about OV then beep.
REM

CALL IBWRT(ELECTR%,V$)
CALL IBWRT(ELECTR%,CMES)

V%=9

CALL IBTMO(BRDO%,V%)

V%=8

CALL IBTMO(BRDO%,V%).

RE$=SPACE$(50)

CALL IBRD(ELECTR%,RES)

RE=VAL(MID$(RE$,5,16))

IF ABS(RE)<6.000001E-04 THEN BEEP

REM

REM Reads the time into minutes, and calls it SBUF
REM :

T$=TIMES

A=VAL(MID$(TS8,1,2))*60

B=VAL(MID$(T$,4,2))

C=VAL(MID$(T$,7,2))/60

SBUF=A+B+C

REM

REM Increment number of voltages read, and sum voltages to find VOLT1 and
REM VOLT2 into V1BUF and V2BUF as they are being read for averaging later.
REM

D=D+1

V1iBUF=V1BUF+RD
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1200 V2BUF=V2BUF+RE

1210 REM . ) .

1220 REM If the time since the last time a voltage has been averaged and

1230 REM recorded is less than 15 seconds, go to 740 for more voltage readings
1240 REM . -

1250 IF(SBUF-TBUF)<=.25 GOTO 760

1260 REM g

1270 REM Find median time between sets of recorded voltages, and average the
1271 REM during this time and store them in arrays Voltl and Volt2

1280 REM

1290 TIME(X+1)= (SBUF+TBUF)/2

1300 TBUF=SBUF

1310 VOLT1(X+1)=V1BUF/D

1320 VOLT2(X+1)=V2BUF/D

1330 REM

1340 REM Reset number of voltages used in averaging to zero, print recorded
1350 REM voltages on screen

1360 -REM . .
1370 D=0 ) .
1380 PRINT "THE VOLTAGES AND TIME ARE",VOLT1(X+1l), VOLT2(X+1), TIME(X+1),X ,SCOU
NT

1390 REM

1400 REM If number of times egquilibrium condition has been met is zero, set
1410 REM last recorded voltage to be that used for determining equilibrium
1420 REM criteria

1430 REM

1440 IF SCOUNT =0 THEN VOLT=VOLT1(X)

1450 REM

1460 REM If equilibrium condition is met, increment SCOUNT, otherwise, set
1470 REM SCOUNT to be zero

1480 REM . .

1490 IF ABS(VOLT1(X+1)-VOLT)<.0002 THEN SCOUNT=SCOUNT+1 ELSE SCOUNT=0

1500 REM

1510 REM Increment space number in storage array, and check to see if equil.
1520 REM.condition has been met for ten minutes. If so, go to data storage.
1530 REM
-1540 X=X+1

1550 IF SCOUNT=40 THEN GOTO 2550

1560 REM

1570 REM Reset voltage buffers, and if experiment has been running less than one’

1580 REM hour, return to line 740 to read more data.

1590 REM

1600 V1BUF=0:V2BUF=0

1610 IF (SBUF<60) THEN GOTO 760

1620 REM

1630 REM Calculate the number of minutes the equilibrium criteria has been met.
1640 REM Check to see if the cursor up key has been hit to stop the program and
1650 REM store the data.

1660 REM

-1670 LCOUNT=SCOUNT\4

1680 ON KEY(11) GOSUB 2550:KEY(11) ON

1690 REM

1700 REM Turn off voltage source. then insert a time dalay of 130 msec. Read
1710 REM voltage to be used in determining VOLT1 with electrometer, then

1720 REM convert voltage to a numerical value. Make sure voltage is not zero.
1730 REM :

1740 CALL IBWRT(ELECTR%,V13)

1750 CALL IBWRT(ELECTR%,CMD$)

1780 V%=9:CALL IBTMO(BRDOX%,V%)
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1770 V%=8

1780 CALL IBTMO(BRDO%,V%)

1790 RD$=SPACES$(50)

1800 CALL IBRD(ELECTR%,RDS)

1810 RD=VAL(MID$(RD$,5,18))
1820 IF ABS(RD)<6.000001E-04 THEN BEEP

1830 REM

1840 REM Turn on voltage source to trip the relay, then insert a time delay
1850 REM of 130 msec, read voltage to be used to find VOLT2, then convert it
1860 REM to a numerical value. Make sure this voltage is not zero.

1870 REM

1880 CALL IBWRT(ELECTRX,V3)

1890 CALL IBWRT(ELECTRX CMES)

1900 V%=9

1910 CALL IBTMO(BRDO% VX)

1920 V=8

1930 CALL IBTMO(BRDO%,VX)

1940 RE$=SPACE3(50) :

1950 CALL IBRD(ELECTR%,RE$)

1960 RE=VAL(MID8(RE$,5,16))

1970 IF ABS(RE)<6.000001E-04 THEN BEEP

1980 REM

1990 REM Reads the time into minutes, and call it SBUF

2000 REM

2010 T$=TIMES$

2020 A=VAL(MID$(TS$,1,2))
2030 B=VAL(MID$(T$,4,2))
2040 C=VAL(MID$(TS,7,2))
2050 SBUF=A+B+C -

2080 REM

2070 REM Increment number of voltages read, and sum voltages to be used to

2080 REM determine VOLT! and VOLT2 .into V1BUF and V2BUF as they are being read
2090 REM for averaging later.

2100 REM

2110 D=D+1

2120 V1BUF=V1BUF+RD

2130 V2BUF=V2BUF+RE

2140 REM

2150 REM If it has been a minute since the last time a voltage has been

2160 REM recorded or averaged, go to 1860

2170 REM

2180 IF(SBUF-TBUF)<1 THEN GOTO 1680

2190 REM

2200 REM Find median time between recorded voltages, and average voltage during
2210 REM this time and store in VOLT1 and VOLT2 arrays. Reset voltage counter
2220 REM to zero, and put recorded voltages and time on the screen.

2230 REM :

2240 TIME(X+1)=(TBUF+SBUF)/2

2250 TBUF=SBUF

2260 VOLT1(X+1)=V1BUF/D

2270 VOLT2(X+1)=V2BUF/D

2280 D=0

2290 PRINT"THE VOLTAGES AND TIME ARE",VOLT1(X+1),VOLT2(X+1), TIME(X+1),X,LCOUNT
2300 IF LCOUNT =0 THEN VOLT=VOLT1(X)

2310 REM

2320 REM If number of times equilibrium condition has been met is zero, set
2330 REM last recorded voltage to be that used for determlnlng equilibrium

2340 REM criteria in the next reading

2350 REM

2360 REM If equilibrium condition is met increment LCOUNT, otherwise, set it to
2370 REM be zero.

*60
/80
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2380 REM

2390 IF ABS(VOLT1(X+1)-VOLT)<.0002 THEN LCOUNT=LCOUNT+1 ELSE LCOUNT=0
2400 X=X+1

2410 REM

2420 REM If equilibrium condition has been met for ten minutes, go to data
2430 REM storage section of program.

- 2440 REM

2450 IF LCOUNT=10 THEN GOTO 2550

2460 V1BUF=0:V2BUF=0

2470 REM

2480 REM If it has been one hour since the electrometer was zeroed, rezero the
2490 REM electrometer, otherwise continue reading data.
2500 REM

2510 IF CHK<58 THEN CHK=CHK+1 ELSE CHK=0

2520 IF CHK>0 GOTO 2540

2530 CHK$="Z0XC1XZ1XCOX": CALL IBWRT(ELECTRX,CHKS$)
2540 GOTO 1680

2550 V%=0:CALL IBONL(INTERF1%,V%)

2560 CALL IBONL(ELECTRX%,VX)

2570 REM

2580 REM Store data in file.

2590 REM

2600 CMD$=CHR3$(&H14):CALL IBCMD(INTERF1%,CMD$)
2810 INPUT"WHAT DO YOU WANT TO NAME THIS RUN";AS$
2620 INPUT"WHAT IS THE FINAL TEMPERATURE";PT(5)
2630 Bg=".prn"

2640 C3=A3+B3

2650 Yi1$=" VOLT1"

2660 Y23=" VOLT2"

2670 Z$="MINUTES"

2880 OPEN "o",#1,C$

2690 PRINT #1,Y18,Y28,78

2700 CLOSE #1

2710 OPEN C$ FOR APPEND AS #1

2720 FOR Y=1 TO X+1

2730 PRINT #1,VOLTi(Y), VOLT2(Y),TIME(Y)

2740 NEXT Y

2750 CLOSE #1

2780 OPEN C3 FOR APPEND AS #1

2770 PRINT #1,PT(1),PT(2),PT(3),PT(4),PT(5)

2780 CLOSE #1

2790 END



APPENDIX F

TITRATIONS AND OTHER EXPERIMENTAL PROCEDURES

A. Mohr Titration for Hydrobromic Acid Concentration

The hydrobromic acid concentration was Aetermined
after sparging the aqueous hydrobromic acid solution in thev
storage ténk with nitrogen, to-insure that the.corréc£
concentration was still present in the solution. The Mohr
titration method was used [21]. This method involves
titration with silver nitrate, with a sodium chromate

indicator.

B. Titration for Bromine

The bromine concentration was measured before and
aftef each experiment to determine whether any bromine had
evaporated from the aqueous hydrobromic acid and bromine
solution. This was done through titrations with sodium
thiosulfate and a potassium iodide indicator. The method
used is the same as the method used by LaHurd [22] for
determination of chlorine concentration, except the sodium
thiosul fate concent;ation for titration was 0.1 molar and

0.2 ml solution samples were used.
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C. Platinizing the Platinum Screen

The platinum hydrogen electrode was platinized and
activated using the electrochemical method of Gileadi (23].
The electrode was activéted by polarizing anodically and

cathodically dilute sulfuric acid pridr to each experiment.



APPENDIX G

SAMPLE CALCULATIONS

I. Bromide Solution Concentrations

The bromide species concentrations were calculated
for a 48% HBr charge capacity solution in the following
manner. | | |

Tﬁéybasis used in these calculations was 100 g. of
solution. ?Thié initial solution is-éomposed of 48 g. HBr,

and 52-g.vﬁéﬁgr. The solution was then hypothetically

-charged to:féfm bromine, ‘with the assumption that all of

the hydrogen ions released in the reaction
HBr 2 1/2 Hy + 1/2 Bry

héd‘been transported through the membrane and were no
longer present in the solution. It was also assumed that
the amount of water in the solution is unchanging. The
cohcentrations were determined for solutions where the

reported weight fractions excluded the weight of bromine,

and for solutions where the reported weight fraction

included the weight of bromine.

The molecular weights used in the calculations are

80.917 for HBr and 159.818 for bromine.

132



133

1.1 Reportéd Concentrations Excluding Bromine Weight
Because computer programs OCV1l, OCVACT, and OCKEFF
require-the wéiéht fraction of bromine as input to £he
program, reported concentrations which excluded the weight
of bromine were treated in the following manner.
The initial solution was found to have 0.593 moles
'of HBr. The weight of HBr in the solution was found

through iteration by
Wypr = X/(X+52) | (G-1)

where X is the repqrtedeeight fraction of HBr [9]. The
quantity of bromine in the reported solution was found

through conservation of bromide ions in the equation

1/2(0.593 moles Br - Wyp,/80.917) 159.818 = Wg,» (G-2)

where wi‘='weight of species i.
Then, the weight fraction of HBr in a solution
which includes the weight of Br, must be found, so both the

HBr and Br, concentrations input to the program are defined
by the same method. The weight percentage of HBr input to

the program was given by

XuBr = War/ (WuBr*WBr,+WH,0) | (6-3)

where X, is the weight fraction of species i. The weight
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fraction of Br, jis found in the same manner. The solution

concentrations found by this method are listed in Table 9.

1.2 Reported Concentrations Including.Bromine Weight

Open circuit voltages were calculated for
comparison to the data of G. E. [9],.using the assumption
that the reported weight fractions of HBr included the
weight of bromine. These were also the concentrations
used in the e#pg{imental measuremen£ of the open circuit
voltage for varigus states of'charge of a system with a
charge capacity of 48% HBr. |

The weights of bromine and HBr were calculated from
a solution with a known weight percentage of HBr, through

the equation

W
Xupr = - HBr (G-4)
1/2(48=Wyp, ) 159.818/80. 91 T+Agg, ¥52

which combines the definition of weight fraction with
conservation of bromide ions and the first term of the
denominator is Wp,.,. Because Xyg, was reported, Wyg, was
found by iteration. The total solution weight is then
‘calculated, along with Xpr2- The solution concentratioﬁs
calculated by this method are listed in Table 1O.

The solution concentrations used in determining the
'open circuit voltage of a cell with a charge capacity of
35% HBr were calculated using an equation similar to (G-4).

The soOlution concentrations are given in Table .11.
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Table 9. Solution concentrations calculated from weight
fractions of HBr that exclude weight of bromine
for comparison to data of G. E. [9].

XHBr . ¥XBr,
Start with 48% HBr |
40% HBr at eq. » 34.7 , 13.2
Start with 48% HBrx
20% HBr at eq. _ 13.1 ' 34.7

Start with 48% HBr
10% HBr at eq. . 5.8 41.9



136

Table 10. Solution éoncentrations for various states of
' " charge from 48% HBr charge capacity.

State of Charge B Xupr XBrz
16.7 g 40 7.95
37.5 | - 30 17.88
58.5 A 20 : : 27.82

79.2 10 o 37.76
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Table 11. .Solution concentrations for various states of
charge from 35% HBr charge capacity.

State of Charge XHBr. - XBr,
16.7 : 29,17 ' 5.78
37.5 | 21.88 ’ 13.02
58.5 14.54 | 20.21

79.2 . 7.29 4 27.49
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II. .State-offCharge
. The states-of-charge reported in Tables 10 and 11
are calculated from the weight fractions 6f HBr in

solutions which include the weight of Br,. The equation

used for this calculation is

S.0.C. = IOQ(l—XHBr/xHBrO) . (G-5)
where XHBro is the charge capacity of the solution.

] : .

III. Curve fits of Data

Polynomials were estimated from régression of the
data of Glass and Boyle [3], and of Glass [6] and Balko [2]
4to estimate the solution denéity,'bromine solubility limit .
and activity coefficients of hydrobromic acid. These curve
fits were done in APL, and are attached. The vectors given
as output are the polynomial coefficients for the equation -
with the dependent variable to the zeroth, first, second,

and, when necessary, third power.



CURVE FIT OF SOLUTION DENSITY TO MOLAL CONCENTRATION»

.OF BROMIDE SPECIES OF GLASS AND BOYLE (3]

MEQBR ¢ 0 2 5 10 12 15 20 25 27.5
RHO ¢ { 1.108 1.25 1.42 1.5 1.57 1.7 1.82 1.9
DENS ¢ RHO B MEQBR « . # 0 { 2

DENS '
1.017686873 0.04488363995 "4.9144495461 4
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- CURVE FIT OF- GLASS' [6] SOLUBILITY DATA

OF -BROMINE IN AQUEOQUS HBR

CHBR ¢ 0.2 0.4 0.6 0.8 1.0 1.5 2.0 2.5 3.0
CBR2 ¢ 0.44 0.68 0.91 1.15 1,39 1,95 2.55 3.15 3.90
CURVE ¢ CBR2Z B.CHBR » . * 0 1 2

CURVE
0,2526794598 1.057577737 0.0487321524
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CURVE'FIT.OF BALKO [2] ACTIVITY COEFFICIENT DATA

IN AQUEOUS HBR

MHBR ¢ 01 2356789
LdGGQM € 0 "0.055 0.073 0.229 0.565 0.788 0.915 1.049 1,199
GAMMA ¢ 10 + LOGGAM
GAMMA :
1 0.881048873 1.183041556 1.6943378 3.672823005 6.137620052 8.222426499
11.19437883 15.81248039
GAMHBR ¢ GAMMA B MHBR » , # 0 1 2 3

GAMHBR
0.9418152476 70.03224218452 0.045343504 0.015525929



APPENDIX H

EXPERIMENTAL DATA

The results of the. experiments to measure the
équilibrium_bf the hydrogen-bromine fuellcell Qith a charée
capacity of 48%:HBr are listed in Table 12. 'They'are
listed in the order.of descending states of charge. The
.results of the studies to determine the effect of pressure
on the open circuit voltage are also included. This Table
combines the results obtained using the Nafion 120 membrane
electrode assembly and the Nafion 117 membrane.

The results of the experiments to measure the open
circuit yol;agg§mat various states of charge of a solution
with a charge capacity of 35% HBr are listed in Table 13 in
the order of descending states of charge. The experiments
SPIKE3 and SPIKE4 are included here with the open circuit
voltages measured before the addition of bromine.

Experiments SPIKE3 and SPIKE4 were conducted to
meaéure the rates of solution and membrane equilibrium, and
the results are given in Table 14. The voltage-time output
of the data acquisition program is also given in. Table 15.
The first column of data is the cell voltage, the second
column is the reference to bromine electrodes voltage, and

the third column is the time in minutes. The last row of
142
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each data set reported hereireCOrds the pressure (psig),
solution storage temperature (C), weight fractions of HBr
and Br,. and the'témperature at the cell.iniet at the
completion of ihe experiment.

| The outpu; of experiments PRESCHG, BRPCHG, BRPCHGI,
and BRPCHG2 are‘éiyen in Table 1l6. In PRESCHG, the
hydrogen pressufes were changed duringioperation. In
BRPCHG, BRPCHG1l, and BRPCHG2 the solution pressures were
changed during“operation. Equilibrium was reached in
experiment BRPCHG1. |

The outputs of the experiments LLMMM1l and LLMMS1
are given in Table 17. These experiments compare the:
effects of a Nafion 120 cgtalyzed membrane to a Nafion 117
membrane for experiments conducted at 59.2% state of charge
6f a solution with a charge capacity of 48% HBr.

The data of éxperiments LLLHM1 and NLHM2 are given
in Table 18. LLLHM1l is an experiment for a solution at
79.2% state of charge from a solution with charge capacity
of 48% HBr. Equilibrium was not reached during this
éxperiment. NLHM2 is an experiment representing 79.2%
state of charge of a solution with a charge capacity of 35%
VHBr. This was the only experiment conducted at 79.2% state
of charge (two liquid phases are present) where equilibrium

was reached.



144
. The data of experiments LLHLS, MLHLS3, and HLHLS
‘are given in Table 19. These experiments are for a Nafion

117 membrane, solutions with 40% HBr and 7.95% Bry. The A

experiments were conducted at hydrogen pressures of 2 psig,l

8 psig, and 12 psig.
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Table 12. Results of experiments to measure OCV of
hydrogen-bromine fuel cell with charge
capacity of 48% HBr.

Name Nafion P T X HBr X Br2 OCV  Ref. Timé
Cpsi) (O (D (O ) (V) (min.)

LLLHMI | 120 2. 24,4 10 37.76 1.062 1,032 175
LLLHM2 120 2 24.4 10 37.76 1.064 1.032 90
LLLLS 117 2 26.5 10 7.95 1.014 0.788 93.5
LLLLS2 117 2 27.2 10 7.95 1.017 0.789 80.5
LLMMM1 120 2 25.5 20 27.82 0.899 0.898 81.8
LLMMM2 120 2 26.2 20 27.82 0.894 0.889 144.2
LLMMS1 117 2 26.1 20 27.82 0.898 0.895 82.7
LLNNM1 120 2 24,2 30 17.88 0.815 0.818 31.1
LLNNM2 120 2 24.7 30 17.88 0.795 0.816 135.2
LLNNM3 120 2 25.4 . 30 17.88 0.796 0.825 150.9
LLHLM 120 2 27.4 40 7.95 0.744 0.611 S57.4
LLHLM4 120 2 26.8 40 7.95 0.74 0.628 117.8
LLHLMS 120 2 26.2 40 7.95 0.732 0.666 90.7
LLHLM7 120 2 25.6 40 7.95 0.731 0.75  53.4
LLHLS 117 2 26.5 40 7.95 0.745 0.55 28.5
LLHLS1 117 2 26.8 40 7.95 0.78 0.642 149.7
LLHLS4 117 2 26.2 40 7.95 0.688 0.641 194.9
LLHLS7 117 2 25.5 40 7.95 0.719 0.752 125.9
MLHLM 120 8 27.8 40 7.95 0.741 0.611 210
MLHLS 117 8 26.8 40 7.95

MLHLS2 117 8 26.6 40 7.95

MLHLS3 117 8 25.4 40 7.95 0.703 0.615 81.5
HLHLS 117 12 25.6 40 7.95 0.738 0.615 76.5

|
!
1
|
i
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Table 13. Results of experiments to measure OCV of
hydrogen-bromine fuel cell with charge
capacity of 35% HBr.

NHLM2 yes
SPIKE3 yes
SPIKE4  yes

22.9 29.17 5.78 0.855 0.835 12.1
24.2 29.17 5.78 0.853 0.837 53.5
24,4 29.17 5.78 0.854 0.826 36.5

Name Nafion P T _ X HBr X Br2 OCV Ref. Time
' ( psi) (C) (%) (%) (v) (V) (min.)
NLHM1 yes 2 25 7.29 27.49 1.105 1.051 40
NLHM2 yes 2 24.6 7.29 27.49 1.108 1.045 40.8
NMMM 1 yes 2 24,2 14.54 20.21 0.963 0.95 24.1
NMMM 4 yes 2 24,6 14.54 20.21 0,988 0.939 15.6
NMMM6 yes 2 24,7 14,54 20.21 0.988 0.937 39.7
NMMS1 no 2 25.4 14,54 20.21 0.978 0.94 25.4
NNNM1 yes 2 24.2 21.84 13 0,916 0.876 12.7
NNNM2 yes 2 23.9 21.88 13.02 0.916 0.878 47.4
NHLM1 yes 2 23.7 29.17 5.78 0.854 2.003 57
2
2
2
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Table 14. Results 6f rates of solution and membrane
equilibrium experiments.

SPIKE3 SPIKE4
Before Bromine Addition
X HBr , 29.17 29.17
X Br2 5.78 _ 5.78
ocv (V) 0.853 0.854
Ref. (V) 0.837 0.826
Time at Br2 Spike 53.5 36.5
After Bromine Addition
X HBr ' 27.58 27.58
X Br2 10.93 " 10.93
0oCvV (V) 0.862 0.864
Ref. (V) 0.849 0.837
Time at Equilibrium 847 88.7
Temperature (C) 24,6 | 25

" Pressure (psi) 2 2
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Table 15.

Voltage-time data of experiments SPIKE3

"and SPIKE4.
' SPIKE3
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Voltage-time data of experiments PRESCHG,

Table 16.

BRPCHG2 and BRPCHG.

BRPCHG1,

PRESCHG
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Voltage-time data of experiments LLMMM1

Table 17.

and LLMMS1.
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Voltage-time data of experiments LLLHM1

Table 18.

.and NLHM2.
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Voltage~time data of experiments LLHLS,

~ MLHLS3 and HLHLS.

Table 19.
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