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CHAPTER I
INTRODUCTION

Recycling of most of the consumables in manned spacecraft be-
comes essential in extended missions. The most urgent task is to
supply a continuous stream of breathable oxygen to the cabin to
balance the consumption. This can be derived from the metabolically
produced carbon dioxide. In recent years several systems have been
developed for that purpose. They consist essentially of some device
to remove the CO2 so as to keep its concentration in the cabin atmos-
phere below a prescribed level, followed by a reactor to decompose the
CO2 eventually into 02 which is recycled to the cabin.

One particular method has been adopted by NASA as the most practi-
cal and reliable method for missions lasting six months or more. The
recovery of 02 from CO2 is achieved in three stepé. First, CO2 is
concentrated and mixed with H2 in an electrochemical cell (sometimes
called a hydrogen depolarized cell or HDC); the mixture is then trans-
ferred to a catalytic reactor where it is converted into water and
CH4, the methane is theh dumped into space; and finally the water vapbr
is electrolysed in a special electrolysis cell (called water vapor
electrolysis cell or WVE) to O2 which is recycled to the cabin and H2
which is transferred to the concentrator.

Electrochemical CO2 concentration provides several advantages.

The process is continuous and the equivalent weight of the system



needed to maintain the atmospheric level of CO2 concentration (0.25
mm Hg) is considerably lower than the adsorption systems which do the
same duty. CO2 compressors which are frequently needed in other sys-
tems, e.g., in the vacuum desorption from molecular sieves, are
totally eliminated. In addition, the concentration of CO2 protects
the catalyst in the Sabatier reactor from contamination by the cabin
air and supplies the COZ/H2 mixture in proper ratio to the reactor.
The development of the device was undertaken in the past five
years by two private contractors, Life Systems, Inc., and Hamilton
Standard Division of United Technologies. The designs agree in
principle but differ in detailed mechanical design and cperating
conditions. One of the major problems encountered in designing the
CO2 concentrator is the need to use a concentrated carbonate solution
as a cell electrolyte. The air temperature and humidity determine
the electrolyte concentration at steady-state. At a high air relative
humidity the electrolyte becomes more dilute and increases in volume.
This may lead to electrolyte run-off in the gas cavities and is avoided
in the Hamilton Standard design by providing a reservoir to absorb the
excess electrolyte at humid conditions. At a low air relative humidity
the concentration of the electrolyte increases and may exceed the
solubility 1imit. 1In that case precipitation would commence which may
lead to the crossover of the H2 to the air stream causing a hazardous
condition. This should be avoided by proper selection of the carbo-

nate electrolyte and air humidity. K?CO3 was first used but was re-



placed by C52C03 which has a higher solubility. Still, this did not
allow for cell operation at air relative humidities below about 60%.
Below this 1imit the cell performance decreased because of the loss

of electrolyte and precipitation of CsHCO3 at the anode. It was
necessary to use extensive humidity controllers at the air inletl which
added to the total system weight and power requirements. Through its
efforts to overcome this problem, Hamilton Standard introduced aqueous
solutions of a new electrolyte, TMAC or tetramethylammonium carbonate,
which have such Tow water vapor pressures that they can be used safely
for air relative humidities as Tow as 35% without significant change in
performance.

Very recently, Hamilton Standard completed the design and fabrica-
tion of a full-scale device for use in one-man air revitalization sys-
tems and finished a 90-day test program to demonstrate the maintain-
ability and durability of the device with a predicted 1ife of two years
(Huddleston and Aylward, 1975 a,b,c). The HDC and WVE cells are con-
nected electrically in series so that the energy produced by the fuel
cell reactions in the HDC cell is utilized in the water vapor electro-
lysis.

The cost of air revitalization in a spacecraft is measured in
millions of dollars and the final design and operation of the system
should lead to the minimum cost for a certain duty. The economy of
the system is based on two factors: minimum system equivalent weight

and minimum power requirements. The weight appears in cost of pro-



pellant needed to accelerate the spacecraft and it includes the weight
of the HDC cells, WVE cells, Sabatier reactor and other auxiliary
equipment. The power requirements are functions of the current
densities used and the electrical efficiency of the cells. The total
system cost depends greatly on the performance of the HDC cell. For
example, a low COZ transfer efficiency would result in additional
cost of the power needed to make H2 and 0, from the H,0 preduced in
the HDC cell. A poor Hy/CO, flow to the Sabatier reactor would Tead
to a low conversion efficiency which requires additional amounts of
the expensive catalyst and would add to the weight of the system. The
decrease in cell performance if precipitation cccurs would require
extra cells adding to the system weight. It is clear that an optimum
design of the system is unattainable without a mathematical model that
describes the performance of the HDC cell under all possible conditions.
Lin and Winnick (1974) developed a fundamental model of the early
versions of the device which used CsZCO3 electrolyte. The model was
based on the steady-state transport equations and kinetics of the
reactions which take place in the cell. Since then, several changes
have taken place in the Hamilton Standard design; new electrodes and
matrix materials were used and a new electrolyte was empioyed. It
was necessary to develop a new model for the units which use TMAC
electrolyte. The model should be able to simulate the new test data
and predict the ceil performance under all practical conditions. In

that way a clear basis for design evaluation can be obtained and



optimization studies can be started.

This work describes the development of this mathematical mocdel.
The starting point will be to review all information pertaining to
the electrochemical CO2 concentration. This is followed by a brief
description of the cell design, test data and their accuracy, and
all useful information concerning the new electrolyte and modifica-
tions of the cell design. Chapter IV summarizes the equations which
form the basis of the steady-state mathematical model. The impertant
model paranmeters are then evaluated and used to predict the cell per-
formance over a wide range of operating conditions. Conclusions and
recommendations of areas of possible improvements are finally pre-

sented.



CHAPTER II

LITERATURE REVIEW

Introduction

In this chapter several topics are discussed which are inti-
mately related to the electrochemical concentration of COZ‘ These
include the chemical absorption of CO2 in buffer solutions, transport
phenomena in electrolytic solutions, and theory of gas electrodes.
This will be useful in the development of the mathematical model in a

later chapter.

Absorption of €0, in Buffer Solutions

The absorption of CO2 in aqueous solutions can take place by two
mechanisms depending on the pH of the solution. At a pH greater than

10 the basic mechanism predominates

C0, + OH™ 7 HCOg [2.1]
- - 2.
HCO + OH™ 2 €057 + H,0 [2.2]

The first step is slow and rate-determining while the second step is
instantaneous (Kern, 1960). At a pH less than 8 the acidic mechanism

predominates

€0, + Hy0 2 H2C03 [2.3]



HyCO5 + OH™ > HCO; + H,0 [2.4]

3

Here the second step is instantaneous while the first step is rate-
determining. At pH in the 8-10 range, both mechanisms are important.

The rate equation for the first mechanism is

d[Co,] -
- ~—g¢— = k; [€0,] [0H7] [2.5]

The rate constant ki was measured by Pinsent et al. (1956) over the
range 0 to 40°c. The dependence of ki on the jonic strength of the

solution, u, could be represented by an equation of the form
Tog ki =g+ 2y [2.6]

where g is a constant dependent on the temperature and £ is another
constant dependent on the temperature and the jonic species in the
solution.

The rate equation for the second mechanism is

d[C02]
- =gt = ki3 L0051 | [2.7]

The measurements of kii taken by several workers were summarized by

;

Edsall (1968). The ionization constants of carbonic acid as obtained

from cell measurements were reported also by Harned end Owen (1958).
The problem of simultaneous diffusion and chemical reaction was

treated rather extensively by Astarita (1967). He classified pro-

cesses of chemical absorption into different regimes according to the



8

relative magnitudes of the characteristic diffusion and reaction
times. For gas absorption with a first-order chemical reaction, the

process is considered in the fast reaction regime if

.
N

A o ’ 2
D, /hy > 1/k [2.8]

where DL is the molecular diffusivity of the absorbing gas in the
liquid phase, hL is its mass transfer coefficient in the liquid
phase, and k is the reaction rate constant. Under this condition
the absorption rate per unit area of the interface, N, can be calcu-

lated by the following equation derived from penetration theory:

n= Bk (- ) [2.9]
where C+ and C~ are the concentrations of the reactant at the gas-

liquid interface (the gas solubility as ordinarily defined) and the
equilibrium concentration, respectively.

The physical solubility of a gas in a liquid containing electro-
lytes which react with the gas cannot be determined from equilibrium
measurements used for other gases. Only kinetic measurements can give
an estimate of the solubility in that case (Nysing and Kramers, 1957).
However, the solubility can be obtained approximately by the equation

(Van Krevelen and Hoftijzer, 1948)

Tog (CT/C+°) =-cy ‘ [2.10]

where C+ and CJr are the solubilities in the electrolytic solution



and in water, respectively, and ¢ is a coefficient which can be con-
sidered as the sum of elements characteristic of the cations and anions

present in the solution and of the dissolved gas

c=c, *tc_ tcp [2.11]

Transport Phenomena in Electrolytic Solutions

Mass transfer in electrolytic solutions can be expressed by the
Nernst-Planck equation (Newman, 1973) which, in one dimension, has

the form

El--~'1-+ z; Fu; ) + 0 [2.12]

where Nj is the flux of the species j in the x direction, Dj is the

ionic diffusion coefficient, Cj is the-ionic concentration, Z is the

ionic charge, F is the Faraday's constant, uj is the ionic mobility, @

is the electrical potential, and v ig;the bulk velocity of the solu-

tion.

Ionic mobilities at infinite dilution can be calculated from the

Timiting values of ionic equivalent conductance, A;, by the equation
o= A/ |z FA [2.13]
J J -

The ionic diffusion coefficients at infinite di]utfon can also be cal-

culated from the values of Aj by the Nernst-Einstein equation

o] = o] 2
D; = RT A/ lzjl F [2.14]
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where R is the gas constant and T is the absolute temperature. This
equation leads to the following equation for the diffusion coefficient

of a binary electrolyte at infinite dilution, D:

o o o

D" =D, 0. (z, - 2.)/(z, D, - 2.0.) [2.15]

Several experimental methods have been described for the mea-
surement of the conductances and diffusion coefficients of electro-
lytes in concentrated solutions (Robinson and Stokes, 1959)., These
can be combined with the transference numbers, which can be obtained
by cell measurements, to estimate the ionic mobilities and diffusion
coefficients., In the absence of direct experimental data the dif-
fusion coefficients can be calculated from the mean activity coef-
ficients of the electrolyte, Yis by the following equation

o o d Invy,

D=Dn (14 g9ms=)/n [2.16]
where m is the molality and n and no are the viscosities of the solu-
tion and the solvent respectively. This equation is a simplified
form of equations [11-67] of Robinson and Stokes (1959). For more
accurate calculations additional terms are required to account for the
electrophoretic and hydration effects. These terms change the values
by a few percent and certainly are insignificant in the present calcu-
Tations since the diffusion coefficients are reduced drastically be-

cause of the presence of the matrix.
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;,’?y.

The relation between the conductance and vis&osity in concentra-
ted solutions of strong electrolytes is described by the equation

(Wishaw and Stokes, 1954)

e - BE By [2.17]

where A is the equivalent conductance, X is the electric field, and p
and q are arbitrary constants.

In the absence of transference numbers the individual mobilities
and diffusion coefficients in concentrated solutions can be calcula-
ted in a simple way (Lin and Winnick,1974). The ionic diffusion
coefficients can be calculated with the assumption that the relation

between D+, D™, and D is the same as at infinite dilution

D =D, (z, - 2.)/(z,0, - 2.D_) | [2.18]

and

D, = D, D_/D_ ‘ [2.19]

In the same way the fonic mobilities can be calculated from the equiv-
alent conductance. The ionic mobilities and diffusion coefficients
cén‘then be calculated in a multicomponent so]ution-uti1izing their
degendence on the viscosity of the solution. The values of u, and D,

in multicomponent solutions are calculated by the relations

Dm = Dn/nm [2.20]



12

and

u. = u n/nm [2.21]

where the subscript m refers to the multicomponent mixture.

To calculate the effective mobilities and diffusion coefficients
in a porous matrix it is necessary to multiply their values in ma-
trix-free solutions by a matrix labyrinth factor, a. The most widely
used equations for calculating o in a porous medium ake the following

equations by Wheeler (1951) and Mackie and Meares (1955), respectively:

e/2 [2.22]

Q
I

and
e2/(2-¢) [2.23]

Q
1

where € is the porosity.

Electroneutrality is preserved in the solution except in the
double layer near the electrodes which has a thickness of less than
100 R. Because there are several anions (CO%Z HC05. and OH™) in the
solution and only one cation in appreciable concentrafions the concen-
tration of the cation varies across the matrix to preserve solution
electroneutrality. This gives rise to concentration overpotentia]y

in the solution which adds to the power losses of the cell,

Theory of Porous Gas-Diffusion Electrodes

Electrode reactions involving one or more gaseous components re-
quire an intimate contact between the gas and electrolyte in the vi-

cinity of the solid electrode. Because of the capillary forces, this
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can best be realized in a porous electrode. The performance of gas-
diffusion electrodes depends largely on the penetration of the gas
and electrolyte into the electrode pores.

Several models have been described which simulate the microstruc-
ture of the electrode pores and the contact between the gas and elec-
trolyte phases (Bockris and Srinivasan, 1969), but their success de-
pends on the manner of preparation of the electrode. For instance,
teflon added to the catalyst particles in the electrode matrix, such
as those used in the HDC cells, decreases the wetting power of the
electrode. The situation in this case is probably similar to that
shown in Fig. 1 (Austin, 1968). The gas-electrolyte area decreases
as the electrolyte penetrates into the electrode pores towards the
gas side. For a certain gas pressure there is a limit for the elec-
trolyte penetration. The capillary equilibrium in the electrode
pores depends on the surface tension of the electrolyte and the pore
radius (Markin et al., 1966).

The surface tension of the electrolyte depends on the concentra-
tions and specific nature of the ions (Randles, 1963). Highly hydra-
ted ions and tetraalkylammonium ions are classified as surface-active
ions because they tend to increase the surface tension with concentra-
tion at a higher rate than other ions.  Electroosmotic forces also in-
fluence the solvent transport in porous media under the applied elec-
trical field (Lakshminarayanaiah, 1969), and result in the dependence
of the electrolyte circulation on the current density distribution in

the electrode structure (Huddleston and Aylward, 1973).
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Mass transport processes play an important role in the performance
of gas-diffusion electrodes. Convection and diffusion bring the reac-
tants from the bulk gas phase to the electrode surface. Inside the
electrode pores two mechanisms are possible for the transport in the
gas phase; gas diffusion under a concentration gradient and gas per-
meation under a total pressure gradient,

Four types of gas diffusion mechanisms are also possible depend-
ing on the relative magnitudes of the mean free path of the gas mole-
cules and the pore diameter (Austin, 1968). 1In the electrolyte phase
filling of the electrode pores; diffusion, ionic migration, and convec-
tion may all restrict. Convective currents result from temperature
and surface tension gradients in the electrode pores and random fluc-
tuations of the gas pressure. This results in a relatively uniform
concentration in the electrolyte throughout the electrode.

Electrode processes are usually studied in relation to the over-
potential-current density dependence. Electrode overpotential con-
sists of three components; activétion, concentration, and ohmic. The
equations derived for the overpotential-current density dependence on
the basis of simple mathematical models (Bockris and Srinivasan, 1969)
do not predict the correct values because of the geometfic comp1exity
of the practical pore systems. However, they can give insight to the
desirable properties of the electrodes to obtain the maximum power

output from a fuel cell.



CHAPTER III

PROCESS DESCRIPTION AND CELL DESIGN

Process Description

Carbon dioxide is continuously removed from the cabin air as it
passes over the cathode of the HDC cell. Oxygen in the air diffuses
first into the liquid film within the cathode pores and reacts to

form hydroxyl ions
02 + 2H20 + 4e” » A0H [3.1]

CO2 diffuses simultaneously and reacts with the OH™ {ions to form

carbonate ions

€O, + OH™ -+ HCOg [3.2]
- - 2. .
HCOZ + OH™  CO5™ + H,0 [3.3]

Pure hydrogen is fed into the anode side. After diffusing into the

Tiquid film at the anode, it forms hydronium ions

: + - ‘
2H2 + 4H20 > 4H3O + de [3.4]

The lowered pH of the anolyte favors a higher bicarbonate concen-
tration according to the equilibrium [2.2]. These HCO% ions dissoci-

ate to CO, which is removed by the H2 stream

HCOZ ~ CO,, + OH | [3.5]
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Because of the low pH at the anode, the HCO3 ions react to form car-

bonic acid which also dissociates to 002

HCO5 + h0 - H2C03 + OH [3.6]
HyCO5 7 CO, + H,0 [3.7]

These reactions combined result in H20 production, pumping the
CO2 from a low partial pressure at the cathode side to a high partial
pressure at the anode side, and the generation of electrical energy.
The water vapor is carried by the air stream to the WVE cell and the
C03/H2 mixture is fed to the Sabatier reactor. The generated elec-
trical energy is used in the WVE cell. The concentrator cell is

cooled solely by the flowing air stream.

Major Requirements

The main function of the concentrator is to maintain the 002 par-
tial pressure in the cabin atmosphere at about 3mm Hg. However, it
should be flexible enough to accommodate normal atmospheric concentra-
tions of CO2 (0.25 mm Hg). For one-man requirements, a CO2 removal of
2.20 1b/day is needed. With the present design, it is possible to ob-
tain a removal rate of 2.40 1b/day at 3mm Hg (Huddleston and Aylward,
1975c). The concentrator consisted of four identical cells.

Energy reqpirements are also important in Tong-space missions.
The desfgn should allow no more than 50 uV/hr of long term voltage de-
cay rate. The voltage decay rate for the combined WVE and HDC cells

in the present design does not exceed 42 uV/hr. In addition, the con-



18

centrator should show stable performance in the air relative humidity

range of 35 to 90%.

Cell Design
Cell configuration

The concentrator is shown schematically in Fig. 2. It is based
on the "cell pair" concept in which back to back hydrogen electrodes
facilitate the maintainability of the system. The electrodes are
1 ft2 each and this relatively large size is chosen to minimize the
total cell weight by’reducing the percentage of the wasteful peripheral
material. The cathode chamber is made of titanium and it has 96 rec-
tangular air ducts 0.2 " x 0.19" each. The length of the air path is
6 inches.

Hydrogen flows in a serpentine path in a cross fTow manner with
respect to the air stream. The center housing is designed in such a
way as to minimize the pressure drop in the H2 stream (Huddleston and
Aylward, 1973). Hydrogen flows at a rate of 600 cm3/m1n with a back
pressure of 1 psig. The use of pre-bent housing employing spacers of
rigid material guarantees a uniform matrix thickness at the specified
H, pressure (Russe11, 1973).

The cell is provided with a reservoir of porous 'Tissuquartz'
which absorbs the excess electrolyte during cell floeding at humid con-

ditions and returns it to the matrix during drying conditions.
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Cell electrodes

The design of the electrodes is of major importance for cell per-
formance. Both the electrodes in the present design are made of
platinum precipitated on a metallic screen with teflon binder. The
teflon binder, being hydrophobic, minimizes flooding problems. The
amount of catalyst loading and the manufacturing procedure determines
the electrodes performance. The thickness of the electrodes is of the

order of 3 to 7 mils.
Cell matrix

The matrix material and compression are selected to obtain mini-
mum internal cell resistance, chemical stability under the operating
conditions, and maximum CO2 removal efficiency. In the present design,
the matrix consists of one layer of Tissuquartz (18 mils) sandwiched
between two layers of fuel cell asbestos (20 mils each) and the whole
compressed to 25 mils. This matrix set was tested while saturated
with CsZCO3 solution and a six-month endurance test showed that the
matrix maintains sufficient compression resistance (60 psig) to pro-
vide good interface contact between the matrix, electrodes, and

housings (Huddleston and Aylward, 1973).
“Humidity control

Previous versions of the device used CSZCO3 electrolyte (Winnick
et al,, 1974). Cell drying occurred when the air relative humidity

dropped below 60%. At these conditions, CsHCO3 starts to precipi-
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tate at the anode because of its low solubility. This required ex-
tensive humidity control and cell cooling which was acceptable in thé
six-man subsystem.

For a one-man subsystem it is desirable to use an electrolyte
solution which has Tower vapor pressures and thus has higher stabiliiy
in low humidity environments. Investigation led to tetramethylammonium
carbonate (TMAC) which enabled the operation at air relative humidities
in the range of 35-90% (Huddleston and Aylward, 1972). The solubility
of NMe4HCO3 is about 88 wt% at the cell temperature while the solubili-
ty of (NMe4)2CO3 is 52 wt%. Therefore, NMe4HCO3 precipitation is not
a problem as it is with CsHCOB.

The NMeZ jons are somewhat unstable, forming trimethylamine and
methyl ion (Huddleston and Aylward, 1972). The latter reacts with OH™
“ions to form methyl alcohol. 1In the HDC cell, however, proper design
and operation can prevent this decomposition. At the cathode, plati-
num black is a poor decomposition catalyst in the oxygen atmosphere.

At the anode, the pH is normally low and does not promote decomposition

(Huddleston and Aylward, 1972).
Cﬁz removal efficiency

According to the overall cell reaction, as described above, two
moles of CO2 can be transferred for one mole of 02 and two mo]es_of H2
consumed. Since the current produced is proportional to the amounts of
H2 and 02 reacting'this corresponds to 100% current efficiency, i.e.,
when one mole of CO2 is transferred for each two Faradays of electricity.

Sometimes this efficiency is expressed as the "Transfer Index" which is
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the equivalent weight ratio of 602 removed for each pound of 02 con-

sumed. A current efficiency of 100% is equivalent to a transfer index

of 2.75.

At very high partial pressures of CO2 in the air stream the concen-

3
ions concentration increases. This may lead to the transport of COZ as

tration of OH  fons in the catholyte drops significantly and the HCO
HCOS instead of 0032' and this corresponds to 200% current efficiency
since now one mole of 002 is trahsferred for each one Faraday of elec-
tricity. 1In the range of operation expected of the HDC cell the concen-
tration of CO2 in the air stream will not exceed 15 mm Hg. The CO2 is
removed through 0032" ion transport which yields less than 100% current

efficiency. However, it is possible to obtain current efficiencies

slightly higher than 100% if the CO2 concentration exceeds normal levels.



CHAPTER IV

MATHEMATICAL MODELING

Introduction

Two approaches have been used to predict the performance of the
concentrator under various conditions. In the first approach, test
data at selected conditions are used to obtain empirical equations
relating the performance data, e.g., the CO2 removal rate to the im-
portant parameters (Marshall et al., 1974). The second approach is
based on a fundamental model of the reactions and transport mechanisms
which take place in the cell (Lin and Winnick, 1974). This approach
is more useful since the data can be extrapolated with more confidence
to off-design conditions and can predict the effect of unstudied para-
meters. Furthermore, some performance characteristics can be predicted
which are either difficult or impossible to measure. One example is
the variation of the concentration of the different species across
the matrix; which can be used to predict the incidence of precipitation
or, in other words, the Timits of cell operation. These concentrations
can also be useful in qualitatively predicting some of the important
performance parameters, e.g., the anode overvoltage.

In this chapter the various reaction mechanisms and prevailing

equations for the steady-state case are described. These equations are
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then combined to yield the differential equations which are used in
design. The numerical methods used in solving these equations are

also discussed.

Mass Transfer and Reaction Rates

The concentrator is considered to be divided into subcells in the
direction of the air flow and each subcell to be subdivided into five
zones as shown in Fig. 3. In each zone different reactions and mass
transfer processes take place. These are examined separately for each
zone. For convenience, the different species will be represented by
nubers; 1 for HCO,™, 2 for OK™, 3 for C0,°7, 4 for NMe,’, 5 for CO,,

and 6 for HZO'

1. Air zone

In this zone CO2 is transferred from the gas phase to the electrode
surface and then through the cathode pores to the liquid film inside.

The flux of CO2 in this zone, N5, is given by

Mg =h

5 (P

+
~Pe. )/RT [4.1]

5¢c' be

. .. ‘ T
where h5c is the overall mass transfer coefficient, P5C and P5C are
the partial pressures of CO2 in the bulk gas phase and at the gas-
liquid interface, respectively, R is the gas constant, and T is the

temperature. The subscript c refers to the cathode region.
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The relation between ch and the concentration of Cgc in the
liquid film is

t oyt
Pa. = H Cg. [4.2]

where H is the Henry's Taw constant which is a function of the tempera-
ture and the ionic strength of the solution. The average mass transfer
driving force can be taken for any subcell as the logarithmic mean of

the inlet and outlet values
.t. _
(Pc'Pc)1.m. = (AI—AO)/1n(A1/A0) [4.3]

where A is (PC—PZ) and the subscripts I and 0 refer to the inlet and
outlet of the subcell.

The mass balance in the air zone is given by
(PSC)I - (PSC)O = N5 ART/VC [4.4]

where VC is the volumetric air flow rate and A is the geometric electrode

area in the subcell. These equations can be combined together to give a

single expression for Cgc

t 2

Cpe = [(PSC)I - Ng ART/[VC(1-exp{—h5C A/Vc})]]/H [4.5]
In the same way, the water vapor pressure of the electrolyte is given
by

PL. = (Pg)y - Ng ART/AV [1-exp(-hg, AV} [4.6]
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2. Cathode reaction zone

Because of the high pH at the cathode, CO2 absorption proceeds
via the basic mechanism described by equation [2.1] and [2.2]. The
combination between CO2 and OH™ ions is the rate-determining step.

The local rate of reaction, Fes is given by the equation

= t

where ki is the rate constant of reaction [2.1] and Ki is its equili-
brium constant. The secund step is instantaneous and the correspond-

ing equilibrium is established. The equilibrium relation is

C3/(C] 2) = K. [4.8]

11

. The pH at the cathode is usually in the range of 13 to 14
(Huddleston and Aylward, 1973). The rate constant is in the range of
8500 sec_] (mo1e/2)'] (Kern, 1960). The characteristic reaction time

4 o 1.2x'l0'3 s

is thus in the range from 1.2x10° ec. Tne characteristic
diffusion time is dependent on the electrolyte hydrodynamics which can-
not be measured within the pores. However, in packed towers the dif-

3 to 4x10'2 sec

fusion time is usually in the range from 5x10~
(Astarita, 1967). Thus, the condition [2.8] is satisfied and the
reaction can be considered in the fast-reaction regime. Mathematically,

this is expressed by the equation

- et
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where S is the total gas-electrolyte interface area per unit of elec-
trode geometric area and D5 is the diffusivity of CO2 in the electro-
lyte. In these equations the equilibrium constants are calculated

from values at infinite dilution by multiplication by the appropriate

activity coefficients evaluated at average concentrations.
3. Bulk electrolyte zone

The transport of CO%”, HCOs', and OH™ ions in this zone can be
expressed by equation [2.12]. It is conceivable that all the water
produced by the fuel cell reaction is removed by the air stream be-
cause of the high air flow rate compared with the hydrogen flow rate.
This was actually proved by measuring the dew point of the leaving air
stream (Lin et al., 1974). Accordingly, the water flux in the cell

is given by
N6 =~ 1/2F [4.10]

where I is the cell current density. The average molar bulk velocity

of the solution is given by

_1L
V_C ZZ'N'

-T2y N [4.1]1

where zj is the mole fraction of the species j in solution, CT is the
total number of moles per unit volume, and the summation extends
over water and all the species in solution. Since the individual

fluxes are unknown beforehand, an iteration procedure is required.
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However, water represents about 90% of the total number of moles in
solution. For simplicity, it is assumed that the other species do
not contribute to the net bulk velocity of the solution. In that

case the net bulk velocity is given by
v=-1/2 FCT [4.12]

In fact, it is found that the assumption of zero bulk velocity gives
the same results as obtained with the above assumption which means
that the inclusion of the other species in calculating the net bulk
velocity is totally unnecessary.

The individual flux of each component varies with the distance x,

but the following sums are independent of x at steady state:

N] + Ny + N5 = NBT [4.13]

N1 + N, + 2N3 = I/F [4.14]

Here N5T represents the total CO2 flux. Since the cation does not
participate in the cell reaction, its flux vanishes at every point
N4 =0 [4.15]

Substituting for the flux of each component from equation [2.12],

equations [4.13] to [3.12] give the following differential equations:

dc dc
1 do 3 do
Dy o - Pl o D3 ax - 2Fusls I
dc,
+ Dg = = N+ T(C+C4+Ce)/ (2F Cq) [4.16]
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dc dC

ot do . 2 do
Dy ax = Furly ax * Dp gz - Fuply ax
[4.17]
200 3 aruc, 98- - IF 4 1(C.40,420.)/(2FC.)
3 dx 303 o 170+ 23 T
0, Sy by, 9 g /(2FC) = 0 [4.18]
4 dx “4 4dx Tt '

In this zone reactions [2.1] and [2.2] are assumed to be in
equilibrium. The concentrations C2 and 65 are given by the following

equations:

C, = 3/(C] 11) [4.19]

(]
i

5 = Cq/(C,K,) [4.20]

Electrical neutrality also results in the following equation:
Cq = C.|+Cz+2C3 | [4.21]
4. Anode reaction zone

In this zone C02 is released by the decomposition of the HCO£
jons and H2C03 by the reverse of reactions [2.1] and [2.3], res-
pectively. The combined reaction rate constant can be obtained as

follows:

ry = k{C] - kicsCz + k{ii[H2C03] - kiiic566 [4.22]

where ag is the water activity, ki and k{ are the forward and back-

ward rate constants of reaction [2.1], and kiii and k{ii are the
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forward and backward rate constants of reaction [2.3]. The relations

between these rate constants are

K = ky/Ks [4.23]
Kiis = Kiq4/K 44 [4.24]

Since the reaction [2.4] is in equilibrium, [H2C03] is given by
[H,C0,] = Cqag/CoKs, [4.25]

where ag is the activity of water and Kiv is the equilibrium constant

of reaction [2.4]. From equations [4.24] and [4.25] we obtain

k{i.[HzCOB] =k

j [4.26]

111126/ (255 41K4y)

The equilibrium constants Kiii and Kiv are related to Ki by the re-

Tation

KiziKiy = K [4.27]

By substitution of equations [4.23], [4.26], and [4.27] into equation
[4.22] we obtain the following equation for the local rate of CO,
production:

ro= (ke a6/cz)(c1/Ki-0205*) [4.28]

i1
Assuming the reaction to take place in the fast-reaction regime

= Y i
Ng = Sa[DS(kiC2+kiiia6)] (C]/KiC2 CSa) : [4.29]
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5. Hydrogen zone

The released CO2 is removed by the hydrogen stream. The rate of

removal is given by
_ +
N5 = h5a(P5a - P5a)/RT (4.30]

where h5a is an overall mass transfer coefficient in the anode zone.

The equilibrium relation at the gas-liquid interface is

by ot '
Pry = H CLo [4.31]

The mass balance gives the following equation:
T ,
Cgy = [(P5 )y - NART/[V_(1-exp{-hg A/V_})]1/H [4.32]
where Va is the hydrogen volumetric flow rate in the anode zone.

Mathematical Model

The model describing the performance of the cell can be con-
structed from the above-mentioned equations. For simpiicity, the

following dimensionless variables are introduced:

Ny = Nyd/(CxD¥) 3=1,2,.. .45 [4.33]
~- = : * j= 9 ,-'-,5
Dy = D;/D j=1,2
= . * = ¢ o0y
~'= 1 * j= ’ ’4
uJ uJRT/D j=1,2,3
1 = 1d/(FC*D*)
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(P)y = (Pg)y/(HC¥)
K = KC*
ke = k; S2d%cH/p*
k, = k; sZd%cx/ox
6 = ag kypq/ (k;C%)
X = x/d
& = OF/RT
hge = hg Hd/ (RTD¥)
g, = e Hd/ (RTD¥)
V_ = V_Hd/ (ARTD*)
V. = V_Hd/ (ARTD¥)

where C* and D* are characteristic constant values of concentration and
diffusivity and d is the thickness of the cell matrix.
By substitution and rearrangement in equations [4.7] to [4.32],

the following two nonlinear differential equations are obtained:

~ ~

~ o~ dC] ~ o~ dC3 ~
f](C],CB) ;j;“* fz(C],C —== = Npp

)
3 dx

+ 1(c1+c3+55-c]a1/54 - 2E3u3/u4)/(2cT) [4.34]
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~ ~

(G060 Lt £ )d3 I
£.(C,,C +f c N A
3\01aC3) = Ty ™
[4.35]
+ I(C +CZ+ZC3 - C1u]/u4 - Cou 2/u4 4C3u3/u4)/(2CT)
where
e S
fy = Dy#D,(Cy7-Cq/K; ) (ug+2usCq/Cq)/ (ug¥)
+ 2K, 1€/ (K. C,) [4.36]
fp = D (2 +1/K, )(u c +zu3C3)/(u4w)

n ~ 2

“ =2
37DsKs01 7/ (KiCg)

-Ql

+ Da- [4.37]

v~ - sy mn
3 = Dy¥D, (C45-Co/Ky s )[u1+u2 3/ (K51C42) + dugCoC L1/ (ugh)

.h
]

3/(K ) [4.38]

1171

—-h
]

4 4(2C +1/K )(u +UZ 3/(K C ) + 4U3 3]/( 4¢)

~ ~

+ 293 + DZ/(K11C1) [4.39]

and ¥ is given by

b= 02w 20y + Cyfky, [4.40]
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The boundary conditions are

~ ~

67 = (k. CoDg) 0Py ) = Ner/[V_(1-exp{-hg /V_})]

= 2
I

~ ~ ~

1/52 oat x= -y [4.41]

~ ~ ~

- o -
s7 = [k,D (c2+e)] {€1/KCy = (Pg )y

=
!

Ngr/[V, (T-expl-h V. DT} at x =%  [4.42]

te

As it has been assumed, all the water produced by the cell re-
action goes to the air stream. In dimensionless form, equation [4.6]

becomes

Phe = (Pge)p + 1/12V [1-exp(-hg /V,) D) [4.43]
Since the catholyte consists mainly of (NMe4)ZCO3, its vapor pressure

data can be used to obtain the catholyte concentration

. ot
Cy = F(Pg T) [4.44]m

The catholyte temperature for the Hamilton Standard design varies
linearly along the Tength of the air path and can be calculated from
the rate of heat generation and the cell dimensions (Lin et al., 1974).

The rate of heat generation, Q, is calculated by the equation

Q= (AHRN6 - EI/J)A : [4.45]
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where AHR is the heat of formation of water vapor, E is the cell
voltage, and J is the heat/energy conversion factor. The last three

equations provide the additional boundary condition

~r ~ o~ ~ ~

-I + C3/( -] 2) + 2C3 = C4 at X = "'1/2 [4-46]

Numerical Method of Solution

The nonlinear differential equations [4.34] and [4.35] describe
the variation of C1 and C3 across the cell matrix. The concentrations
of other components, C ~2, 4, and C5 are implicitly included in these
equations and can be calculated from the equilibrium relations [4.19]
and [4.20] and the electroneutrality relation [4.21]. The complexity
of these equations, apart from the high non-linearity of the co-
efficients, lies in the fact that these equations include the unknown
parameter, &ST’ which in turn is a function of the boundary conditions.
These boundary conditions consist of two relations between 61 and 53,
[4.41] and [4.42], which implicitly include the parameter QST‘ An in-
dependent boundary condition, [4.44], is obtained from the water and
energy balance on the cell and it relates 61 and 63 at ; = -k,

Shooting methods (Roberts and Shipman, 1971) are suitable for
this kind of two-point boundary value problems. The procedure is to
assume a value for ﬁST’ to calculate E] and 63 at ; = - for this
valug of N5T’ and then to integrate the d1fferent1aT equation from

X = =% to x = %. The boundary condition at x = % can then be calcu-

lated and compared with the guessed value. Some of the shooting
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methods use the difference between the calculated and predicted values
to make corrections for a new guess. However, this cannot be used

here because of the dependence of the differential equation and
boundary conditions on the same parameter, ﬁST' Instead, the new guess
is chosen higher or lower according to whether the calculited value at
X = % is higher or Tower than the guessed value at X = -4,

Successful application of shooting methods greatly depends on the
stabjlity of the numerical integration technique used. Predictor-cor-
rector methods are of interest because of their relative economy in
terms of the number of derivative evaluations required for a given
order algorithm. The method used here is based on a predictor-corrector
algorithm developed by Crane and Klopfenstein (1965). The algorithm is
fourth-order and has higher absolute and relative stabilities than
other predictor-corrector methods. During integration, the step size
is increased or decreased in accordance with the estimated error. This
guarantees a minimum number of calculations for a certain degree of
accuracy which is determined by the accuracy of the computer.

Theories of convergence and inherent stability of the differential
equations (Keller, 1968) cannot be examined for this prob1em. However,
numerical experimentation shows that the solution converges as though

these theories apply.



CHAPTER V

EXPERIMENTAL DATA

Introduction

This chapter summarizes all the test data and experimental in-
formation obtained with TMAC electrclyte. These data will be re-
quired for several reasons. First, they will be used to evaluate
the parameters which cannot be estimated independently such as the
mass transfer coefficients and gas-electrolyte interface area. Second,
they will be compared with the values predicted by the model after the
required coefficients have been calculated. This will indicate.how
close the model simulates the actual processes taking b]ace in the
cell. Fundamental property tests were also made on the‘e1ectr01yte,
electrodes, and matrix separately. These will help in justifying some
of the assumptions made here and to explain some of the obtained re-

sults.

Performance Data

Two sets of performance data have been obtained; analytical cell
data and full-scale cell data. The first series of tests were run to
obtain detailed information on cell operation with TMAC and to com-
pare these results to those obtained with C52C03 electrolyte. The

second series was run to test the long-duration performance under
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design conditions. The design and measurements in each case are des-

cribed in the following:
1) Analytical cell test

The analytical cell was constructed from fuel-cell pair hardware

to give an electrode area of 1/24 ft2

with an airflow path length of

6 inches. The matrix consisted of one layer of Tissuquartz (18 mils)
sandwiched between two layers of fuel cell asbestos (20 mils each)

and the whole compressed to 25 mils. The electrodes were PPF anode
and DS 16-0 cathode (coded names). Air temperature was 70°F. The
main test results included 602 removal efficiency, open-cell voltage,
cathode and anode overvoltages, anolyte and catholyte pH's and IR

drop across the matrix. The pérameters studied were current density
(12-30 A/ft?), Peo  (0.25-4 mm Hg), air velocity (5-15 ft/sec) and

air relative humid?ty (33.6 - 77.2%). Each test condition was run for

approximately two days with at least three data reading: taken each

day. These data were reported by Huddleston and Aylwest (1973).

2) Full-scale cell tests

Several tests have been made on the full cell by Hamilton Standard.
The most recent lasted for 90 days and involved taking data for operating
currents and inlet air PCOZ levels over a limited range (5-18 A/ft2
and 1-3 mm Hg). The air flow rate was fixed at 10 ft3/min per cell

which corresponds to an air velocity of 6.6 ft/sec. Mo other variation
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of test conditions was made except for the decrease of the inlet air
dew point from 60°F to 40°F in the last stage of the program. CO2
removal efficiency and cell voltage were the measured output data.
The data were recorded twice every day and were reported by Huddleston
and Aylward (1975 a,b). The variation of the steady-state removal

efficiency with current density and PCO was summarized in a final

2
report (Huddleston and Aylward, 1975 c) to NASA.

Special Tests

1) Electrolyte tests

The first investigation of the TMAC electrolyte (Huddleston and
Aylward, 1972) was to determine the approximate so1ubi1fty and maxi-
mum dew point depression for the carbonate, bicarbonate, and hydroxide.
Tﬁe‘so1ubility of these compounds at room temperature are 52 wt %, 88
wt %, and 36 wt %, respectively. The depression of the dew point of
these saturated sc¢lutions are 32°F, 55°F, and 28°F, reépective]y. The
electrochemical stability of these compounds decreases in the order:

NMeqHCO3 > (NMe4)2C03 > NMe,0H.

4
The important properties of the three electrolytes were reported
by Aylward (1974). The density measurements were accurate to four
significant figures;'viscosity measurementSVWere accurate to three
significant figures; specific conductivity were accurate o three

significant figures; and electrolyte-water vapor pressures were accu-

rate to + 0.5%.
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The absorption of CO2 in TMAC in the presence of a catalyst was
tested. It was demonstrated qualitatively (Huddleston and Aylward,
1973) that small amounts of the enzyme carbonic anhydrase at very low
levels are effective in accelerating the absorption reaction in TMAC.
However, addition of this catalyst to the electrolyte in the analyti-
cal cell tests showed no significant improvement in the removal effi-
ciency. This indicates that the COZ’ OH™ reaction is not rate con-
trolling under normal operating conditions.

An error analysis study (Russell, 1973) showed that the measured

CO2 removal-efficiencies are accurate to + 4%.
2) Electrode tests

The selection of DS 16-0 cathode for the TMAC cells came after a
series of tests on different cathode designs for cells with CsZCO3
electrolyte (Huddleston and Aylward, 1973). The significant improve-
ment of CO2 remova1 efficiency with increasing electrode porosity was
explained by the increase of the total available gas-catholyte inter-
face area and the increase of the intra-cathode CO2 gas mass transport
rate. This was also explained by the increase of the electrode elec-
tronic resistance with porosity which results in a significant drop-off
in the current density remote from the current collector screen. This
results in a decrease of the electroosmotic pumping of the electrolyte
towards the air side while the capillary force, which is independent
of position from the current collector screen, returns the electrolyte

towards the matrix (Huddleston and Aylward, 1973). Floating-electrode
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tests showed that the cathode overvoltage increases with porosity as
expected.

The anodes are of the PPF type containing 15 mg of catalyst
(platinum) per cmz. Floating electrode tests showed that they have
the lowest overvoltage among tested anodes. In the analytic cell
tests the anode overvoltage obtained is typically one to two hundred
millivolts greater than that obtained with the floating electrode
tests. This was explained by the decrease of anolyte concentration
which was shown to increase the anode overvoltage. The anode polariza-
tion consists mainly of concentration and ohmic components; the activa-
tion component is very small at the operating current densities. Char-
acteristic X-ray examination of the anode showed that over Tong perjods
teflon migrates to the matrix side while platinum migrates to the H2
side. This results in a decrease in the wicking rate of the anode
since teflon is hydrophobjc. This is responsible for the long-term
power decay rate and may be remedied by current interruption and N2
purge (Huddleston and Aylward, 1973). The problem of short-term power
decay is attributed to the formation of a reduced CO2 complex Tayer
because of the low pH of the anolyte; the anode is reactivated by 10

sec. N, purge at one hour intervals (Aylward, 1975).
3) Matrix tests

The effect of matrix thickness was tested for CsZCO3 electrolyte

on the analytical cell (Huddleston and Aylward, 1973). One, two, and
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four Tayers of asbestos were tested at the same compression with thick-
nesses of 12.5, 25, and 50 mils, respectively. The removal efficiencies
(based on COB' transport) at 18 A/ft2 were 66%, 98%, and 106%, res-
pectively. Increasing the matrix thickness lowers the anolyte pH
which was found to increase the chemical attack of the asbestos at the
interface between the matrix and the anode causing the matrix to ad-
here to the anode. With TMAC electrolyte the anolyte pH does not
show as strong a dependence on matrix thickness as with CSZCOB‘ This
reduces the problem of matrix sticking, as observed experimentally
(Huddleston and Aylward, 1973).

For the matrix materials used in the present cell several tests
were made to determine the optimum compression, which results in a
minimum internal cell resistance. The electrical resistance of the
electrolyte matrix combination was measured using a special micrometer
cell (Huddleston and Aylward, 1973). The matrix factor, which repre-
sents the ratio of the conductance of the matrix-electrolyte combina-

tion to that of the free electrolyte, was found to fit the following

empirical equation

_ d
o= FTIE [5.1]

where d is the matrix thickness, f is a compression factor equal to

139337-where d® is the maximum compressed thickness defined as the
original uncompressed thickness multiplied by (1-¢), where e is the

porosity, T is the matrix tortuosity factor, and B is an empirical
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constant dependent on the matrix material and electrolyte. No equa-

tion could fit data obtained for composite matrix material.



CHAPTER VI

MODEL PARAMETERS

Introduction

In this chapter the various parameters required by the model
are estimated from electrolyte properties, theoretical and empiri-
cal equations and performance test data. The detailed calculations
and tables are given in Appendix A. Unless otherwise specified,

the values used here are at 25°C (77°F).

Activity Coefficients

Activity coefficients of electrolytes can be obtained from the

vapor pressures of their solutions by (Robinson and Stokes, 1959);

m
n oy, = (¢-1) + J (6-1)d Inm [6-1]
v 0

where the osmotic coefficient ¢ at molality m is given by
¢ = (-1000/vmM)In(P/P°) [6-2]

Here v is the number of ions in solution per one molecule of

electrolyte, M is the molecular weight of the solvent, and P and

P° are the vapor pressures of the solution and solvent, respectively.
Evaluation of the integrand in equation [6-1] requires measure-

ment of the vapor pressures of dilute solutions. Since accurate
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measurement at low concentrations is difficult, activity coefficients
have been tabulated for only a Timited number of electrolytes
(Robinson and Stokes, 1959). Several methods have been described for
the calculation of activity coefficients where data are available
only for concentrated solutions. Meissner and Tester (1972) con-
structed generalized charts for the calculation of the activity co-
efficients for certain classes of strong electrolytes. Earlier,
Lietzke and Stoughton (1962) computed activity coefficients from
osmotic coefficient data using a four-parameter equation containing
the Debye-Huckel term for the electrsstatic contribution and addi-
tional terms in ionic strength. They later presented a three-para-
meter equation in which the non-ideality of electrolytic solutions
is attributed to both the Debye-Huckel interactions and randomized
fused-salt behavior (Lietzke et al., 1968).

Tetraalkylammonium salts show significant deviation from the
Delye-Huckel Timiting law in dilute solutions (Pethybridge and
Prue, 1968; Wen, 1972). Thus, the above-mentioned methods become
unsuitable. In additicn to the electrostatic and simple hydration
interactions, mutual salting-out and strictural hydration interactions
must be considered. The mutual salting-out effects result from the
fact that other ions distributed about a given ion occupy a volume in
the polar solvent medium but with less polarization than an equal
volume of solvent. In the case of large univalent idﬁs such as NRZ,

these effects are quite significant and can be calculated from the
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partial molal volumes of the cations and anions (Desnoyers and Conway,
1964). On the other hand, the structural interactions, which result
from the compatibility or incompatibility of the hydration of the
ions (Desnoyers et al., 1969) has been described only qualitatively.
These interactions are estimated here by comparison with other
properties of the solution.

Consider the model of Desnoyers and Conway (1964), wherein the
activity coefficients are presumed separable into several component

terms as follows:

Tog v = 109 vg1 * 109 v, + 109 v + 109 vey [6-3]

where the subscripts el, h, so, and st refer to the electrostatic,
hydration, mutual salting-out, and structural interactions respec-’
tively. Equation [6-3] contains one more term, 1ogyst, than the
Desnoyers-Conway equation. Equation [6-3] is assumed to apply from
infinite dilution up to the lowest concentration for which osﬁotic
coefficient data are available. Each term can then be estimated us-
ing appropriate equations, as described below.

The Debye-Huckel equation was used to calcuiate the electro-
static term, Ya1- To account for ion-pair formation, experienced
even in strong electrolytes, Neff (1970) used the following form of
the Debye-Huckel equation replacing the ionic concentrations with

the activities:
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- 0.5089|z,z_] /%-(Zaiziz)

]0 = [6'4]
1+ 0.3291 L ?.(Zaizi )

This equation was tested for NaCl solutions where it was found that
the distance of closest approach, L, was close to the sum of the
crystallographic radii of Na® and C17. This equation is here assumed
applicable for the tetramethylammonium electrolytes with the para-
meter L calculated from the crystallographic radii.

The hydration term, Yps can be calculated either by the equation
developed by Stokes and Robinson (7948) or by the following equation
developed by Glueckauf (1955)

1ogyh = (£-v)1og(1+0.018ym)/v - (&£/v)10og(1-0.018&m)
+ 0.018x(x+E-v)m/[2.303v(1+0.018xm) ] [6-5]

where & is the hydration number and x is the ratio between the
apparent molar volume of the electrolyte and the molar volume of
water. This equation is preferable to the Robinson-Stokes equation
since it does not contain the unknown term 1n 3,

The mutual salting-out term, Ygo> C€aN be calculated for an

electrolyte "MA" from the following equations (Desnoyers and Corway,

1962):

for 1:1 electrolyte

logy,, = (7.156 C/4605)[V_/ (3L )V, /L 4V, /(3L]) + V_/L_] [6-6]
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for 1:2 electrolyte
logy., = (7.156 C/4605)[4V_/(5L,) + 2V /L +V /L +4V_/L_] [6-7]

where Vﬁ and Lj are the partial molar volume and ionic radius for the
jon j. To account for ion-pair formation, the same procedure used in
deriving equation [6-4] was also used in modifying equations [#~5]
and [6-7], i.e. the concentration was replaced by the activity and
the ionic radius was taken as the crystallographic radius.

The final term, Ygg» CAN be calculated by difference for electro-
lytes where activity coefficients are known. According to the
structural interaction model (Desnoyers et al., 1969) this term re-
sults from four types of interactions which depend on the structural
properties of the ions. This term is calculated here for the
tetramethylammonium halides fram their tabulated activity coefficients
(Lindenbaum and Boyd, 1964; Wen et al., 1566; Levien, 1965) and use
these values to estimate similar terms for (NMe4)C03, NMeqHCO3, and
NMe4OH. The strong relation between the activity coefficients of
electrolytes on the one hand and the viscosity B-coefficients and
entropy of hydration on the other hand have been indicated by Gurney
(1962). Desnoyers and Perron (1972) showed that the term (Bj -
0.0025 V;) indicates whether the ion is 'structure-maker' or
'structure-breaker' depending upon whether this term is positive or
negative,respectively. Here Bj is the jonic viscoSity coefficient in

the anes—Do]e equation
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(n-n°/n°) =1+ (2,8, +z8_)C [6-8]

This parameter (Bj - 0.0025 V;) was used as a basis of comparison.
In the case of NMe4HC03, a value of B was interpolated on the basis
of the entropy of hydration, s. The detailed calculations and tables
are shown in Appendix A.

The calculated mean activity coefficients of the three electro-
lytes are shown in Fig. 4. The activity coefficients in multicom-

ponent mixtures can be calculated using the method of Meissner and

Kusik (1972):
1ogr4jm = 1/2(1ogI’4j + Y4]1ogl“41 + Y42109I’42 + Y43109F43) [6-9]

where Y41, Y42, and Y43 are the ionic strength fractions of the
corresponding electrolytes, m refers to multicomponent mixtures, and

F4j is the reduced activity coefficient defined by the equation

/2,2,
= 473
I'4j = ('Yq_j) [6-10]

Equilibrium and Reaction Rate Constants

The equilibrium constants at infinite dilution for reactions
[2-1] and [2-2] are given by the following equations (Harned and
Owen, 1958]: |

1}

log Kio -log Kw - (3404.71/T) + 14.8435 - 0.032786 T [6-11]

log Kii -log Kw - (2902.39/T) + 6.490 - 0.02379 T [6-12]
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where Kw is the jonization constant cof water, which has been re-
ported by Robinson and Stokes (1959). The values of Ky can be

approximated by the following equation:
- log Kw = 4471.33/T - 6.0846 + 0.017053 T [6-13]

The equilibrium constants used in the mathematical model were
calculated from their values of infinite dilution multiplied by the
appropriate activity coefficient ratio. This ratio was calculated
using equations [6-9] with average concentrations estimated for the
three regions; catholyte, anolyte, and bulk electrolyte. These
values do not significantly affect the calculated CO2 flux or the
ca]cu1§ted HCO% concentration at the anode. This eliminates the need
for an iteration procedure to calculate the exact concentrations. The
details of the calculations are shown in Appendix A.

The rate constants for reactions [2-1] and [2-3] at infinite

dilution are giveh by the equations (Pinsent et al., 1956):
log ki = 13.635 - (2895/T) i [6-14]
Tog kiii = 329.850 - 110.541 logT - (17265.4/T) [6-15]

Henry's Law Constants

Henry's law constants were estimated from their values in water
(Perry et al., 1963) multiplied by a factor dependent-on the jonic
strength of the electrolyte (Van Krevelen and Hoftijzer, 1948). At

infinite dilution the Henry's Tlaw constants are approximated by the
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equation

o

H = 10%(13.32257 - 0.132516T + 3.198135x10™% T2) [6-16]

where H is in (mm Hg) 2/gmole. Equations [2-10] and [2-11] were used
to calculate the values of H for the catholyte and anolyte, taking

i, = 0.030, i_ = 0.021, and ig = ~0.01 (Van Krevelen and Hoftijzer,
1948). The value of i, used here is that value reported by these

authors for NH4+ ion since there was no value reported for NMeZ.

Gas-Phase Mass and Heat Transfer Coefficients

The mass transfer coefficients in the air zone were calculated

from the Timiting slope of N5 against (P5 )I at (P5 )I = 0 (Fig. 5).
T c

c
In that case C; vanishes and equation [4-5] reduces tn
C
dN5
T
he = - (V_/A)In[1 - (ART/V ) (55— ] [6-17]
5 c c’/*dP _
C 5 P =0
c b
c
From this equation h5 can be calculated for each air velocity. Test
o

data are available for the analytical cell at air velocity of 10 ft/
sec and (P5 )I of 0.25, 1, and 4 mm Hg. The calculated mass transfer
coefficientcin that case is 233 ft/hr. At air velocity of 5 and 15
ft/sec data are available only at (P5 )I = 0.25 mm Hg. These are
insufficient to calculate the mass trgnsfer coefficient by the Timit-
ing-slope method.

For air velocities in the range encountered in the cell, the

flow is laminar. Two equations are available for mass and heat
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transfer coefficients in rectangular ducts (Knudsen and Katz, 1958).
For uniform wall temperature the heat transfer coefficients are

calculated by;
Nu = Num[1+(0.003+0.039 61/62)RePrde/63] [6-18]
For uniform heat flux the equation changes slightly to

Nu = Nu_[1+(0.003+0.019 61/62)RePrde/63] [6-19]

where Nu is Nusselt number, Nu_ is its asymptotic value, 6] and 8,
are the dimensions of the rectangular section, 63 is the length of
the air duct, de is the equivalent diameter of the air duct and Pr
is the Prandtl number. In the case of mass transfer Nu is replaced
by Sh and Pr by Sc where Sh is the Sherwood number and Sc is the
Schmidt number.

In our case the mass transfer coefficient in the bulk gas phase
can be calculated by equation [6-18]. The value of h5C at an air
velocity of 10 ft/sec is 246 ft/hr calculated at an average cell
temperature. Comparing these values with the value obtained pre-
viously from the limiting-siope method (233 ft/hr), it appears that the
mass transfer resistance in the gas phase within the electrode pores
is negligibly small. Thus, the overall mass transfer coefficient,
h5c, is about 94% of the value calculated by equation [6-18]. Assum-

ing that the overall mass transfer coefficient is 94% of the theoreti-
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cal value, equation [6-18] can be used to calculate h5c' For the
present design this reduces to the following equation for h5C calcu-

lated at an average cell temperature:
h5C = 0.94 (112 + 8.84 VC) [6-20]
where hy_ is in ft/hr and V_ is in ft3/min.

This equation applies for both the analytical and full-scale cells
since the dimensions of the air ducts are the same for both designs.
Other mass transfer coefficients are calculated from equation [6-18]
while the heat transfer coefficients used in the energy balance calcu-

lations (Lin et al., 1974) are calculated from equation [6-19].

Transport Properties in the Electrolyte

The diffusion coefficients of (NMe4)2CO3, NMe4HCOB, and NMe4OH
were calculated from the activity coefficients and viscosity data
(Fig. 6). The detailed calculations are given in Appendix A. The
values of the diffusion coefficients are shown in Fig. 7. For each
electrolyte the diffusion coefficients exhibit a minimum and than a
shallow maximum as the concentration increases. This complex concen-
tration dependence is typical of diffusion in electrolytic solutions
(Bhatia et al., 1957). From these values the individual ionic co-
efficients were calculated by the method described in Chapter II. The

jonic mobilities were also calculated from the equivalent conductance



57

(NMe 4 )5,CO3

NMe 4 OH

C,a mole/(

Fig. 6 Relative Viscosities of (NMe4)2C03, NMe4HCO3,

and NMe40H at 25°C
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data (Fig. 8) by the method also described in Chapter II. To accommo-
date computer calculations, the viscosities, ionic diffusion coeffi-
cients, and jonic mobilities were fit to polynomials. These equations
are given in Appendix A. Although these equations are empirical and
have no real theoretical significance, they are suitable for calcu-
lations because the model is rather insensitive to moderate variations
in the values of these parameters.

The diffusivities of CO2 in the electrolyte were estimated from
their values in water (Perry et al., 1963) usiné the following empiri-
cal equation which was obtained for the diffusion of CO2 in Tiquids
(McManamey and Woollen, 1973):

0.47

D = D°(n°/n) [6-21]

Matrix Factor

The matrix, as mentioned earlier, consists of two sheets of fuel-
cell asbestos with an uncompressed thickness of 40 mils and one sheet
of Tissuquartz between with an uncompressed thickness of 18 mils. The
matrix is compressed to a final thickness of 25 mils. From Fig. 39 of
Huddleston and Ayiward (1973), the corresponding loading is 128 psig.
At this Toading the same two sheets of fuel cell asbestos can be com-
pressed only to 23 mils. This indicates that the Tissuquartz Tayer is
compressed to approximately 2 mils. The matrix labyrinth factors for

the asbestos and the Tissuquartz layers at this compression are 0.342
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and 0.314, respectively, estimated from the conductivity measurements
(Huddleston and Aylward, 1973). The average matrix factor is then
about 0.340. The mobilities and diffusion coefficients are multiplied

by this factor to obtain the effective values in the matrix zone.

Gas-Electrolyte Interface Area

Two parameters must be obtained from test data: the air-
catholyte interface area and the hydrogen-anolyte interface area.
Experimental methods based on adsorption measurements measure the
total internal solid surface area (Srinivasan and Gileadi, 1968).

On the other hand, dilatometry measurements can provide an estimate of
the electrolyte film area extending inside hydrophilic electrodes which
provides the active surface for electrode reactions (Moren, 1975).
Neither of these methods can give an estimate of the true gas-electro-
lyte interface area in partially wetted electrodes as those used in

the HDC cells.

The gas-electrolyte interface area is determined by several
forces acting on the electrolyte surface; gas pressure, electroosmotic
forces and capillary forces. The presence of the asbestos matrix in
the vicinity of the electrode matrix adds another complication be-
cause of the difference in their porosities and their affinity to the
electrolyte. Thus, the true gas-electrolyte interface area can only be

obtained empirically from test data.
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The calculated N5T is independent of the chosen value of Sa
but does depend on the chosen value of SC. The latter parameter
determines the concentration of OH {ons in the catholyte which deter-
mines, in turn, the rate of CO2 absorption reaction and the fraction
of the current carried by the cog' and HCO§ jons in the matrix zone.
The value of S. can be chosen so that the calculated CO2 flux matches
the experimental values for both the analytical and full-scale cells.

In equation [4-9] the term C;/(K:C,) is in the range 10713210711

6

gmole/% while Cgc is 1in the range 107210 gmole/%. The equation can

thus be simplified to the following form:

+

- 1/2
NST = Sc(kiDSCZ) C5C [6-22]

This equation suggests that, with Cgc calculated by equation [4-5],

the value of N is proportional to ((32)1/2

for constant values of SC,
ki’ and D5. At a given total jonic strength, the Tast three parameters
are constant. Figure 9 shows some experimental data obtained with the
analytical cell for a constant air relative humidity, or in other words,
at the same catholyte ionic strength. These values are compared with

k105)‘ The

those calculated using the same value of the parameter (SC

agreement as shown in Fig. 9 is unsatisfactory since this parameter is
presuhab]y 1ndependent of (PSC)I' Better fitting can be obtained if
Ner is assumed to be proportional to C, rather than (Cz)]/2 and the
active area changing with the current density as shown in Fig. 10. In
that case the calculated CO2 flux fit the experimental data within ex-

perimental error as shown in Fig. 11.
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To explain this we must reconsider the nature of the chemical
reaction between 002 and OH™ ions, which is typical of ion-molecule
reactions (Frost and Pearson, 1961). The dependence of the rate
constant on the ionic strength of the solution as given by equation

[2-6] is resolved into the following equation:

log k = log k° + (QCOZ + 20H -

%1 lu [6-23]
where the 2 terms stand for the dependence of the activity coefficient
of the corresponding species on the ionic strength. The subscript I
represents the activated complex which is probably formed as a
reaction intermediate. It is interesting to note the similarity
between this equation and equation [2-10] which describes a com-
pletely different phenomenon, i.e., the solubility of a gas in an
electrolytic solution. It is the term QOH which we need to reconsider
here. This term results from the assumption that the activity co-

efficient of an ion is represented by the following equation:

2.1/2
. /

Togy; = -0.5809 2°u'/%/(1+0.3201 L w2y 4 g [6-24]

J

This equation is a modified form of the Debye-Huckel equation which
is assumed to apply for both the OH™ ions and the activated complex.
In the case of NMe40H the activity coefficients in their solutions
increases sharply with concentration which results in some dependence
of their activity coefficients on C, as calculated for the multicom-

ponent catholyte by equation [6-9]. The activity coefficient of
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the activated complex is probably of the same order of magnitude as
that of NMe4HCO3 which does not change much with concentration. The
result is that the term (ROH—£+) is dependent to some extent on 62
which results in the dependence of ki on C2' The remaining effect
of the jonic strength on the rate constant is accounted for by the
term QCO which is represented by the following equation (Frost and

2
Pearson, 1961).

1ogYCO2 = QCOZU [6-25]

The activity coefficient of CO2 in an electrolytic solution is also

represented by the following equation (Harned and Owen, 1958):

QCOZ = H/H® [2-26]

Combining these equations with equation [2-11] provides an easy method
to predict the effect of the ionic strength on the reaction rate con-—
stant.

The dependence of the gas-electrolyte interface area on the
apparent current density (current per unit electrode geometric area)
is less clearly understood. It is known that the equi]ibrium of the
electrolyte meniscus within the electrode pores depends upon the
pressure differential between the gas and electrolyte, the capiilary
forces, and the electroosmotic forces. In regions of high current
densities close to the current collector screen, the electroosmotic

forces push the electrolyte towards the air side while the capillary
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forces force the electrolyte back into the matrix structure in regions
of Tow current density remote from the current collector screen. It
is believed that any factor which increases the drop-off in current
density remote from the current collector screen, such as increasing
the cathode electronic resistance by increasing its porosity, signifi-
cantly increases the 802 removal efficiency (Huddleston and Aylward, |
1973). This may explain the change of the air-catholyte interface
area with current densities as required to simulate the experimental
data.

The 002 removal efficiency in the full-scale cell tests were
significantly Tower than those obtained with the analytical cell at
the same conditions. The possible effect of the HZ flow rate and
pressure and the cell temperature were investigated experimentally.

It was found that these parameters have little effect on the COZ re-
moval efficiency (Huddleston and Aylward, 1973). The mathematical
model correctly predicts this lack of sensitivity.

The difference between the air flow rates in the analytical and
full-scale cells has 1ittle effect on the CO2 removal efficiency at
the baseline conditions (PC02 = 1-3 mm Hg). The only apparent dif-
ference between the analytical and full-scale cells is the geometric
configuration of the cell electrodes as shown in Fig. 12. Both cells
have the same air path Tength but the width of the electrodes in the
full-scale cell is 24 times of that in the analytical cell. It seems

that this results in a difference in the current density distribution
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in the cathode with a corresponding change in the balance between
the electroosmotic and capillary forces which directly affect the
gas-electrolyte interface.

The variation of the air-catholyte interface area, as shown in
Fig. 11 was empirically fit by the following equations using the
method of Churchill and Usagi (1974):

For the analytical cell

—810.5

So/S* = 3.70 - 3.35/[1 + (0.06 1) [6-20]
for the full-scale cell
_ -8,0.5
SC/SC* = 1.37 - 1.24/[1 + (0.06 1) ~] [6-29]

These equations represent the relative values of SC at a given current
density compared to that at a characteristic current density chosen
arbitrarily at 18 A/ft2 with the analytical cell. The absolute
values of SC cannot be obtained after making the assumption that N5T
is proportional to C,.. Instead, the parameter (NST/EZC) can be
calculated which is directly proportional to Sc' The variation of SC
with current density can then be accounted for in the mathematical
model by multiplying the parameter (ﬁST/EZC) by the appropriate ratio
(Appendix A).

The magnitude of Sa cannot be calculated accurately from the test
data because the value of C2 and C3 at the anode canndt be determined

experimentally with sufficient accuracy. However, the calculated CO2
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transfer rafe and the concentration of C, at the anode are almost in-
dependent of the chosen value of Sa' Thus, it is possible to use an
approximate value of Sa in the mathematical model ignoring any
possible change with current density or with any other relevant para-
meter. The concentration of the hydroxyl ions can be estimated from
the pH measurements of the bicarbonate solutions (Abdel-Salam, 1974)
after assigning a reasonable value to the activity coefficients of

the OH ions. The calculations are shown in detail in Appendix A.



CHAPTER VII

MODEL PREDICTIONS

Introduction

This chapter compares the performance of the concentrator with
that of the model over a wide range of the operating variables. It
also predicts the performance of the cell when one of the design
parameters, e.g. the matrix thickness, is changed from the used
value. The 1imits of stable cell operation in low humidity environ-
ments can be determined from the concentration distribution obtained

by the model.

Effect of PC02

At a constant current density, increasing PCOZ in the inlet cabin
air increases the CO2 removal rate. This is apparent from Figs. 13
and 14 which compare the experimental and calculated rates for the
analytical and full-scale cells. The increase is rather sharp in

the Tow PCO region becoming much slower as PC02 rises above the de-

2
sign baseline condition (3 mm Hg).
In the low PCO region (< 0.25 mm Hg) the process is gas-phase
2

mass-transfer controlled and the increase of N5T is approximately
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linear with P as is evident from equation [4-4]. As P Tevel
CO2 CO2
increases the ionic transport in the matrix zone becomes the con-

trolling step. In this zone the current is carried by the cog‘,
HCO%, and OH ions. Increasing the CO, removal rate at a constant
current density results in a lower fraction of the current carried by
OH™ ions. A lower OH  flux results in a smaller concentration gradient
across the matrix which means a Jower OH™ concentration at the cathode
since there is no significant change in the anolyte pH. Figure 15
compares the calculated OH™ concentration at the cathode in the
analytical cell at a current density of 18 A/ft2 with the pH measure-
ments obtained at different inlet PCOZ' Although these measurements
are crude for this purpose, not only because of the Tow accuracy of

the measurements but also because taking a representative sample of

the catholyte is hard to achieve, they show the same trend as predicted

by the model.

Effect of Current Density

For the same value of PCO , increasing the current density in-
2
creases the CO2 flux, However, the CO2 removal efficiency (current

efficiency), which is proportional to the ratio between NST and I, has
a maximum value at a certain optimum current density. The optimum
current density is higher for higher inlet PCO . This is shown in

, 2
Figs. 11 and 16 for the analytical and full-scale cells.
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This dependence of the current efficiency on current density is
related to the OH™ concentration in the catholyte. Increasing I is
accompanied by increase in CZc’ which, although increasing the rate
of 002 absorption reaction, also increases the OH™ flux in the
matrix zone. The current efficiency is proportional to the ratio
between (N]+N3+N5) and (N]+N2+2N3). Although these sums increase
with current density, their ratio has a certain maximum at a certain
Cy. value. This optimum concentration is also dependent on (PSC)I'
The calculated values of C2C at P60 of 1 mm Hg for the analytical

2
cell are compared with the measured pH values ir Fig. 17.

Effect of Air Velocity

The effect of air velocity on the CO2 removal rate is shown in
Fig. 18 for the analytical cell. The calculated values are compared
with the experimental values. Because of the gas-phas2 mass-transfer
Timitations in the low PC02 region, increasing the air velocity in-
creases the CO2 removal rate in that region. This is also evident
from the Towering of the catholyte pH with the increase in air velocity
(Fig. 19). At higher PCOZ the ionic transport becomes more important,
and hence, the increase in air velocity has no significant effect in

that region.

Effect of Matrix Thickness and Compression

The matrix thickness and compression are chosen on the basis of

the internal cell resistance and other mechanical considerations. How-
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ever, it is desirable to predict the effect of changing the matrix
thickness and compression on the CO2 removal rate. Figure 20 shows
the effect of changing the matrix thickness at the same compression.
Increasing the matrix thickness increases the COZ removal rate up

to a certain 1imit after which the CO2 rate decreases. The initial
increase is attributed to the decrease in back diffusion of the HCO%
jons from the anode to the cathode. The effect of increasing the
matrix thickness on increasing the selectivity of the OH ions as
charge carriers, which have higher mobilities and diffusion coefficients
than the other ions, becomes apparent beyond a certain thickness which
explains the decrease in the CO2 removal rates afterwards.

The same reasoning can explain the effect of matrix compression
which is shown in Fig. 21. Of course, the increase of the CO2 removal
rates on increasing the matrix thickness or compression in the region
around design values is at the expense of the internal cell resistance
and on the anolyte pH which affects the anode overvoltage. Any change
in these parameters should also consider these effects on the power re-

quirements.

Effect of Air Relative Humidity and Temperature

The model predicts a slight increase of the CO2 removal efficiencies
as the air relative humidity decreases. Test data show no significant
effect of this parameter beyond the experimental error limits. This

predicted change may be because the change of the electrolyte surface
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tension with concentration is another factor to be considered in
determining the gas-electrolyte interface area. Obviously, this
cannot be accounted for here because of the empirical nature of the
determination of the gas-electrolyte interface area and the lack of
quantitative correlation with surface tension.

Temperature also has little effect on the CO2 removal efficiency
over a limited range. The effect of increasing the reaction rate
constants ki and the diffusivity of 002 in the catholyte with tempera-
ture seems to be counteracted by the decrease in the selectivity of
the CO32— as charge carrier: as the viscosity of the electrolyte de-
creases in the matrix zone. |

More important is the change of the electrolyte concentration as
the difference between the cell temperature and inlet air dew point
increases. It is important that the concentration of the electrolyte
at any point does not reach the solubility 1imit; otherwise the con-
centrator undergoes what is known as "cell drying" which causes the
hydrogen to cross over from the anode chamber to the cathode chamber.
Since the catholyte consists mostly of (NMe4)2C03 and the anolyte of
NMe4HC03, the pure component solubilities can be used to check on
that condition. Figure 22 shows the distribution of the concentration
of the electrolyte at different points in the concentrator at air
temperature of 70°F and dew point of 60°F. The cell temperature and

water content of the air stream at any point along the air path is
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determined by the current density, air flow rate, and cell voltage.

As seen from Fig. 22 no precipitation is predicted in the concentrator
at any point. Still at a lower air humidity, precipitation may com-
mence at one or the other point in the concentrator. It is clear

from Fiy. 22 that precipitation could commence at the cathode rather
than the anode because of the low solubility of (NM¢4)2CO3 compared
with that of NMe4HCO3. In the example of the computer output shown

in Appendix B this precipitation is indicated at the cathode.

Effect of H2 Flow Rate and Anode Active Area

The effect of changing the H2 flow rate and the anode active area
were investigated. No significant change of the CO2 removal efficiency
resulted on changing their values by several orders of magnitude. A
slight decrease in the anolyte calculated pH was obtained on de-
creasing either the H2 flow rate or the anode active area. The effect
of the H2 flow rate is the same as obtained experimentally (Huddleston

and Aylward, 1973).
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CHAPTER VIII
CONCLUSIONS AND RECOMMENDATIONS

A mathematical model has been developed for simulating the
steady-state performance in electrochemical CO2 concentrators
which utilize (NMe4)2003 (aq.) electrolyte. This electrolyte
which accommodates a wide range of air relative humidity is most
suitable for one-man air revitalization systems. The model is
based on the solution of coupled non-Tinear ordinary differential
equations derived from mass transport and rate equations for the
processes which take place in the cell. The boundary conditiens
are obtained by solving the mass and energy transport equations.
A shooting-method is used to solve the differential equations.

The present model displays two different features from the
previous model of the Cs,CO, units (Lin and Winnick, 1974). It
has been found that better fitting of test data is obtained if the
002 flux across the cell, N5T’ is proportional to the concentration
of the hydroxyl ions in the catholyte, CZC’ rather than the square
root of this concentration. It is known that in conéentrated
solutions the‘va1ue of ki derz~ds somehow on the activity coeffi-
cients of the reacting OH  ions. The mean ionic activity coeffi-
cients of NMe4OH obtained from vapor pressure measurements increase

much more rapidly with concentration than those of alkali hydroxides.
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This may explain the dependence of N5T on C2C rather than (CZC)]/Z.
The second important difference between the two models is that the
assumption of a constant air-catholyte interface area, S., at all
current densities could not be extended to the present model. It
was necessary to assume that the true interface area decreases with
current density and that the decrease is more proncunced in the inter-
mediate region (10-20 ASF). It was also necessary tc use different
values of S for the analytical and full-scale cells to simulate the
test data. It seems that the relatively open structure of the new
cathodes used in these cells promotes the role played by the electro-
osmotic forces in changing the electrolyte equilibrium within the
cathode pores. These forces are dependent on the current-density

and this may explain the dependence of Sc on the current density.

The model has confirmed the importance of the cathode design and
catholyte pH in determining the CO2 removal efficiency; other factors
being of ¥ittle importance in that respect. The CO2 removal rate in-
creases with current density but the current efficiency has a maximum
value at a certain current density. The optimum current density is
dependent on the value of PCOQ'
with current density is more apparent as PCOZ increases. At Tow
values of P.y (< +25mm) the removal rate is significantly increased

2
as the air velocity increases. However, the increase in the removai

The increase of the C02 removal rate

rate is rather limited at these Tow levels of PCO . To attain the
2

atmospheric CO, concentration level (0.25 mm Hg) inside the cabin



90

rather than the baseline desigr level (3 mm Hg), the number of the
HDC cells must be approximately increased four to five times to re-
move the same amount of COZ'

In addition to calculating the CO2 transfer rate at any set of
specified conditions, the model also calculates the concentration
distribution of all the important molecular species. These concentra-
tions are difficult to measure experimentally because of the small
dimensions of the cell. These calculations are important in several
ways. First they can indicate if there is any precipitation expected
in the cell under certain conditions. The concentration overpotential
in the electrolyte can be estimated from the concentration distribu-
tion of the (NMe4)+ jon. The OH concentration at the cathode and
the anode can also be helpful in estimating, in an approximate way,
the electrode overpotential. From these components it may become
possible to estimate the cell voltage beforehand and to understand the
factors which contribute to a low cell voltage.

The capability of the model 1ies in the fact that it is derived
from fundamental mass and energy transport equations with the para-
meters required by the model either independently measured or assigned
reasonable values on the basis of previously developed equations. This
gives us more confidence in extrapo1ation to off-design conditions than
any empirical model. The only parameter that could not be obtained
independently from test data was the air-catholyte interface area.

The variation of this area with current density was easily identified
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since the other parameters were fixed. With the growth of our under-
standing of the nature of porous electrodes and the equilibrium
between the gas and electrolyte within the electrode pores, a method
may be developed to estimate this parameter from measurable proper-
ties such as electrode porosity, pore diameter, and electrolyte
properties. In that case a completely self-independent model can be
developed which does not depend in any way on test data.

Any attempt to improve the removal efficiency should concentrate
on the cathode design and the factors which increase the gas-electro-
lyte interface area. The geometric configuration of the electrodes
may have an important effect in that respect as is shown by the test
data of the analytical cell compared with the full-scale cell. The
search for new electrolytes to accommodate wide ranges of air humidity
should concentrate on higher members of the tetraalkylammonium carbo-
nate series. Increasing the size of the NR4+ radical is accompanied
by an increase in Y, for the carbonate according to the model of the
activity coefficienzg presented in Chapter VI. It should be expected
that the higher members will have lower water activity, and thus, a
greater value of water vapor pressure lowering. Further investigation
of new electrolytes should concentrate on tetraethyl-, tetrapropyi-

and tetrabutylammonium carbonates.



NOMENCLATURE

a activity

A electrode area, ft2
viscosity coefficient defined by equation [6-8], &/gmole

c constant in equation [2-10], 2/gmole

C molar concentration in electrolyte, 1b mdle/ft3

d matrix thickness, mils

D diffusion coefficient or molecular diffusivity, ftz/hr

E cell potential, V

f compression factor in equation [5-1]

F Faraday's constant, 96,487 C/eq

g constant in equation [2-6]

G parameter defined by equation [4-33]

h mass-transfer coefficient, ft/hr

H Henry's Law constant of CO2 in electrolyte, mm ft3/1b. mole

AHR heat of formation of water vapor, cal/gmole

I current density, A/ftz-

mechanical heat equivalent, 4.184 J/cal

reaction rate constant, ft3/1b. mole hr

X &

equilibrium constant, ft3/ 1b. mole
[ constant in equation [2-6], %2/gmole
L ionic radius, R

m molality, gmole/kg

M molecular weight of solvent
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N molar flux, 1b mole/ft® day

p constant in equation [2-17]

P  partial pressure, mm Hg

g constant in equation [2-17]

Q rate of heat generation, BTU/hr

r 1ncal rate of reaction, 1b mo]e/ft3hr

R universal gas constant, 555 mm ft3/]b mole °R

s partial molar entropy of hydration, gibbs/gmole

S gas-electrolyte area per unit of electrode geometric area,
£t2 /it

T cell temperature, °K

u  electrical mobility, 1b mole ft°/J sec

v average molar bulk velocity of bulk solution, ft/sec

V  volumetric gas flowrate, ft3/hr

V  partial molar volume of ion, cm3/gmo1e

X coordinate dimension between electrodes, ft

X electric fieid, V/cm

z ionic charge

Z mole fraction
Greek letters

o matrix labyrinth factor

B empirical parameter, equation [5-1]
Y* activity coefficient

T

reduced activity coefficient, defined by equation [6-10]



difference between 002 partial pressure in the gas phase and
at gas-electrolyte interface, mm Hg.

specific interaction coefficients in equation [A-4], 2/gmole
smaller side of rectangular air channel, ft

larger side of rectangular air channel, ft

length of air channel, ft

€ matrix porosity

n viscosity of solution, centipoise

A jonic equivalent conductance, mhos cm/eq

U ionic strength of solution, gmole/%

\Y number of ions in solution per one molecule of electrolyte

g hydration number

T matrix tortuisity

o) osmotic coefficient

) electirical potential, V

\ function defined by equation [4-40] -

X ratio between the apparent molar volume of electrolyte and
molar volume of water

Superscripts

t gas-electrolyte interface

h equi?ibrium value

- backward reaction

© infinite dilution

*

characteristic value
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dimensionless

Subscripts
a anode
¢ cathode

el electrostatic

G gas

h  hydration

I gas inlet

j ionic species

L 1iquid

m  multicomponent
so salting out

st structural

T total

0 gas outlet

1 HCO,

03
2 oW
3 cof
4 Nre,
5 C0,
6 Hy

i reaction [2-1]
i1 reaction [2-2]

iii reaction [2-3]
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iv

reaction [2-4]
cation
anion

activated complex in equation [6-23]
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APPENDIX A

DETAILED CALCULATIONS

Activity Coefficients

Table 1 contains the activity coefficients of tetramethyl-
ammonium halides used in interpolation in the conceritration
range from 0.1m to 1,5m (the iodide forms a saturated solution

at 0.2715m).

TABLE 1
ACTIVITY COEFFICIENTS OF TETRAMETHYLAMMONIUM HALIDES AT 25°C

m NMe4F NMe ,C1 NMe4Br MMe, 1

4 4

0.1 0.795 0.746 0.7203 0.6985
0.2 0.776 0.683 0.6450 0.6136
0.3 0.778 0.644 0.5976

0.4 0.787 0.617 0.5637

0.5 0.802 0.597 0.5375

0.6 0.823 0.580 0.5160

0.7 0.846 0.566 0.4974

0.8 0.873 0.556 0.4827

0.9 0.902 0.546 0.4688

1.0 0.931 0.539 0.4582

1.2 0.998 0.527

1.4 1.077 0.520

1.5 0.4432
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The electrostatic, hydration, and mutual salting-out terms for
these halides were calculated using equations [6-4], [6-5], and
the modified forms of equations [6-6] and [6-7]. The hydration
numbers used were the same as suggested by Glueckauf (1955), 0.9
for €17, Br™, and 17, 1.8 for F”, and 0.0 for NMe,". The partial
molal volumes tabulated by Millero (1971) were also used. Table
2 shows these calculated terms and the term log Yst obtained by
subtraction from log Yy

The term (Bj - 0.6525 V&) used in interpolation was calculated
from the values of Bj and Vj shown in Table 3 for the ions in
question. These values of (-log Yst) were plotted against the
term (Bj - 0.0025 VS), for the halides and then used to calculate
the same terms for (NMe4)2CO3, NMe ,HCO4, and NMe40H as shown in
Fig. 23. In the case of NMe40H the activity coefficients ex-
ceeded unity. Thus it was inappropriate to use the activities
as a measure of ion density. Instead, the Debye-Huckel term was
calculated using the fonic strength as a measure of the ion
density with the ion size parameters calculated with the follow-

ing equation of Stokes and Robinson (1957):

) - 1/3 }
L; = 0.613 (vj + 18 gj) [A-1]

and



TABLE 2
TERMS IN EQUATION [6-3] FOR THE NMe4—HALIDES

m Tog Yo log Yh Tog Yso log Vst

NMe ,F
0.1 -0.0991 0.0138 0.0054 -0.0197
0.2 -0.1233 0.0274 0.0105 -0.0247
0.3 -0.1390 0.0408 0.0159 ~0.0267
0.4 ~0.1509 0.0540 0.0214 -0.0285
0.5 ~0.1605 0.0670 0.0272 -0.0294
0.6 -0.1689 0.0798 0.0336 -0.0291
0.7 -0.1761 0.0925 0.0402 -0.0292
0.8 -0.1826 0.1049 0.0475 -0.0288
0.9 -0.1885 0.1 0.0552 -0.0286
1.0 -0.1938 0.1292 0.0633 -0.0298
1.2 -0.2033 0.1528 0.0814 -0.0318
1.4 -0.2117 0.1758 0.1024 -0.0345

NMe4C1
0.1 -0.0943 0.0089 0.0062 -0.0481
0.2 -0.1145 0.0177 0.0113 -0.0801
0.3 -0.1268 0.0262 0.0160 -0.1065
0.4 -0.1357 0.0345 0.0204 -0.1289
0.5 -0.1483 0.0427 0.0247 -0.1431
0.6 -0.1540 0.0507 0.0288 ~-0.1621
0.7 -0.1530 0.0585 0.0328 -0.1855
0.8 -0.1572 0.0661 0.0368 -0.2006
0.9 -0.1608 0.0736 0.0407 -0.2163
1.0 -0.1642 0.0809 0.0446 -0.2297
1.2 -0.1699 0.0950 0.0542 -0.2557
1.4 -0.1749 0.1085 0.0603 -0.2779

103



TABLE 2 - Continued

m log Yol log Y, log Yo Tog Yot
NMe4Br
0.1 -0.0924 0.0104 0.0063 -0.0668
0.2 -0.1114 0.0206 0.0113 -0.1109
0.3 -0.1228 0.0305 0.0156 -0.1469
0.4 -0.1308 0.0402 0.0197 ~0.1781
0.5 -0.1371 0.0497 0.0234 -0.2056
0.6 -0.1421 0.0589 0.0270 -0.2312
0.7 -0.1463 0.0679 0.0304 -0.2553
0.8 -0.1500 0.0767 0.0337 ~0.2767
0.9 -0.1531 0.0854 0.0368 -0.2981
1.0 -0.1560 0.0938 0.0400 -0.3167
1.5 -0.1590 0.1332 0.058) -0. 3856
NMe4I
0.1 ~0.0903 0.0127 0.0063 ~0.0845
0.2 -0.1136 0.0250 0.0113 -0.1403
TABLE 3
IMPORTANT PARAMETERS OF THE IONS

Ion B Vf cmdmo1”] s, gibbs mo1™' L A £
F- 0.155 4.2 3.0 1.36 1.8
c1” 0.014 23.2 18.5 1.81 0.9
Br- -0.021 30.1 24.6 1.95 0.9
I~ -0.060 41.6 31.4 2.16 0.9
042 0.7 6.5 -2.0 1.99
HCO3~  -0.040 28.8 28.0 1.33

OH™ 0.181 1.4 2.8 1.33
NMe,”  0.099 84.2 3.47 0.0
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17 HCO3 Br- cl-
0.0! 1 L i 1

-0.1 0.0 0. |
B -0,0025V°

Fig. 23 The ~log v, Term in Equation [6.3] for Tetra-
methylammonium Electrolytes at 25°c
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L=L, +L_ [A-2]

The hydration numbers of (NMe4)2CO3, NMe4HCO3, and NMe40H
were chosen so that the experimental osmotic coefficient data
at the Towest concentrations agree with the value obtained by

the equation (Robinson and Stokes, 1959)

m
¢=1+(1/m)jmd1nY [A-3]
0
The values obtained for these electrolytes are 1.5, 0, and 6.4,
respectively. The small hydration number obtained for NMe4HCO3
may be attributed to a higher degree of association than that ex-
pected by simple structural arguments. The calculated activity
coefficient terms for the three electrolytes are shown in Table 4
while the experimental and calculated osmotic coefficients and
the derived activity coefficients are shown in Table 5.
For concentrations below 0.1m, the activity coefficients can

be calculated by the Guggenheim equation

Tog v, = -0.5809 |z,z_| u'/%/(14ul/2) + v, [A-4]

where vi'

j is the specific interaction coefficient hetween ions i



TABLE 4

OSMOTIC AND ACTIVITY COEFFICIENTS OF
(NMe4)

co

NMeqHCO

AND NMe,OH AT 25°C
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273 3’ 4

m ¢exp %calc Y m ¢exp %calc Y

(NMe, ),C0
0.1 0.726 0.578| 1.202 1.377 0.975
0.2 0.823 0.548| 1.603 1.857 1.88
0.3 0.877 0.545| 2.060 2.417 4.38
0.4 0.924 0.555| 2.584 2.974 11.3
0.5 0.967 0.573| 3.205 3.434 28.6
0.534 0.981 0.981 0.579] 3.934 4.027 90.5
0.848 1.108 0.685| 4.808 4.326 230
NMe ,HCO 5
0.1 0.811 0.685| 1.307 0.604 0.614  0.286
0.2 0.792 0.589| 1.852 0.801 0.313
0.3 0.767 0.526] 2.469 1.012 0.375
0.4 0.743 0.479 3.175 1.158 0.443
0.5 0.720 0.4411 3.989 1.323 0.552
0.6 0.700 0.410{ 4.938 1.405 0.648
0.7 0.680 0.383] 6.061 1.518 0.797
0.8 0.662 0.360( 7.407 1.547 0.913
0.9 0.645 0.340] 9.054 1.619 1.10
1.0 0.629 0.322{11.111 1.688 1.35
1.2 0.614 0.296
NMe ,OH

0.1 0.926 0.863| 1.221 1.505 2.21
0.2 1.008 0.916| 1.939 1.702 3.55
0. 1.113 1.042) 2.747 1.982 6.30
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TABLE 4 - Continued

m d>exp ¢ca1c Y m cl)exp ¢ca1c Y
NNeaoH
0.4 1.183 1.166{ 3.663 2.366 13.0
0.5 1.252 1.31214.710 2.722 27.3
0.5783 1.320 1.320 1.463}5.917 3.198 68.7
TABLE 5

THE TERM LOG Yot FOR THE HYDROXIDES AT 25°C

Li0H NaOH KOH CsOH NMe40H

o o [o] o] [e]
Ly 0.6 A 0.95 A 1.33 A 1.65 A 3.47 A
m

0.1 -0.0694 -0.0416 -0.0253 -0.0091 -0.0179
0.2 -0.1130 -0.0724 -0.0436 -0.0270 -0.0201
0.3 -0.1579 -0.7038 -0.0624 -0.0463 -0.0211
0.4 -0.2033 -0.1366 -0.0803 -0.0638 -0.0218
0.5 -0.2501 -0.1712 -0.0975 -0.0816 -0.0223

and j. From the calculated activity coefficients of (NMe4)2C03,
NMe4HC03, and NMe40H the Vij coefficients were found to be 0.439,
-0.420, and 0.583 mo]e'1, respectively. For comparison the vij
value for MMe,OH is 0.5 + 0.1 mole™! as obtained by cell
measurements (Prue et al., 1971).

According to the structural hydration model (Désnoyers

et al., 1969), the activity coefficients of alkali and tetra-
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methylammonium electrolytes with the same anion vary in a sys-
tematic manner as the cation size increases. Table 5 shows the
calculated log Yot term for the hydroxides which exhibit that
systematic change. _

To test the accuracy of this method, the activity coefficients
of Na2003 were calculated by adding the electrostatic hydration,
mutual salting-out and structural terms, calculated as described
earlier. Since the CO32— and OH™ ions are very similar in their
structural effects (Fig. 23), it is reasonable to use the values
of log Yot OF MaOH in Table 5 for Na,CO,. The calculated ac-
tivity coefficients are compared with the experimental values in

Table 6. These values agree within + 5%.

TABLE 6
ACTIVITY COEFFICIENTS OF Na2C03 AT 25°C

i Ycalc. Yexp.
0.1 0.489 0.466
0.2 0.406 0.394
0.3 0.357 0.356
0.4 0.319 (.332

0.5 0.288 0.313
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Characteristic Parameters

Table 7 contains the characteristic parameters used in calculations.

Table 7

CHARACTERISTIC PARAMETERS

c*, 1b mol/L 0.4495
D*, £t2/hr 1x 1070
d*, mils 30
BT 7.7

Equilibrium and Henry's Law Constants

The concentrations of the different spaces used in calculating
the average equilibrium constants are shown in Table 8. These con-
centrations are approximately the same as obtained at the base con-
ditions (PCO2 = 3mn Hg, I = 18A/§t%, and inlet air dewpoint = 60°F).
Table 8 also contains the factors which should be multiplied by K?

Table 8
AVERAGE CONCENTRATIONS AND EQUILIBRIUM CONSTANTS

(o] [o] . o
G Gy KK ORy/Kgy o MM
_ g mole/4
Cathode Zone 0.003 0.5 1.80 33 8.1 1.686
Matrix Zone - - - 20 4.5 -
-6

Anode Zone 1.8 10 0.018 7.1 _0.85 _ 1.190
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Diffusion Coefficients and Mobilities

Table 9 contains the values of A° and D° for the different ions
at infinite di1utﬁon~ Table 10 shows the calculated diffusion co-

efficients and Table 11 shows the calculated equivalent conductivity.

TABLE 9
EQUIVALENT CONDUCTANCES AND DIFFUSION COEFFICIENTS
AT INFINITE DILUTION AND 25°C

Ion A°,cm29"] equ1’v“1 D°x]05,cm2/sec

co5” 69.3 0.922

HCOS 44.5 1.185

OH™ 198.3 5,278

Niie)y 44.9 1.196
TABLE 10

DIFFUSION COEFFICIENTS AT 25°C

m C 1+ gig% n/n° Dx105,cm2/sec D‘x]OS,cmz/sec
(FiFte ), €0,
0.1 0.0982 0.913 1.12 0.887 0.752
0.2 0.193 0.960 1.21 0.863 0.731
0.5 0.461 1.083 1.46 0.807 0.731
1.0 0.846 1.905 1.97 1.085 0.919
2.0 1.482 4.772 3.15 1.648 1.397
3.0 1.969 5.718 7.47 0.833 0.706
4.0  2.360 6.552 12.1 0.589 0.499




TABLE 10 -~ Continued
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m C 1+ %%%%- n/n° Dx]OS,cmz/sec D'x105,cm2/sec
e ,HCO 5

0.1 0.100 0.820 1.07 0.912 0.908

0.2 0.195 0.752 1.08 0.829 0.826

0.5 0.472 0.610 1.18 0.615 0.612

1.0 0.895 0.465 1.37 0.404 0.402

2.0 1.638 1.649 1.69 1.161 1.156

3.0 2.229 1.730 2.25 0.915 0.911

4,0 2.740 1.787 3.09 0.688 0.685

5.0 3.176 1.850 4.04 0.545 0.543
10.0  4.660 2.100 11.8 0.212 0.211

it ,OH

0.1 0.0991 1.035 1.03 1.958 5.302

0.2 0.196 1.240 1.07 2.270 6.147

0.5 0.480 1.571 1.24 2.469 6.686

1.0 0.917 1.685 1.37 2.397 6.491

2.0 1.711 2.510 2.08 2.352 6.369

3.0 2.357 3.333 2.78 2.337 5.329

TABLE 11
EQUIVALENT CONDUCTANCES AT 25°C
(W, T,C0, e ,ACO, NMe ,OH

C A C A C A
0.49 55.8 0.35 63.7 0.55 193
0.74 46.4 0.72 53.5 1.11 166
0.99 37.9 1.12 44.6 1.67 137
1.26 29.0 1.50 38.7 2.23 112
1.52 22.2 1.90 33.3 2.81 83.1
1.69 17.3 2.32 28.8 3.39 66.7
2.06 11.3 2,72 25.4 3.98 47.2
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TABLE 11 - Continued

(ﬂMe4)ZCO3 NMe4HC03 NMe40H
c A C A C A
2.33 7.36 3.15 21.4
2.61 4.12 3.57 17.1
2.92 1.87 4.02 12.8
4,45 9.64
4.90 7.16

The diffusion coefficients and mobilities (as well as the in-
crease in mobilities for a ten degree Fahrenheit increase) of each
anion were fit to polynomials in concentration of sixth degree. The
coefficients of these polynomials are given in Table 11. The vis-
cosities were approximated by a single polynomial of fourth degree

such that at any point the viscosity is given by

n = n(C] + C, + 2C [A-5]

2 3)
The fitting equation is

2 4

n = 0.8937-1.00938 C + 2.37864 C~ - 1.13294 C3 + 0.17625 C
[A-6]
The change of viscosity with temperature is assumed to be proportiqna]

to that of water.

Cathode and Anode Active.Areas

Instead of calculating the magnitudes of the cathode active
areas, the dimensionless parameters (WS /35 ) was calculated. This
T "¢

parameter is proportional to %é which should also give the same value
o



TABLE 12

COEFFICIENTS OF THE POLYNOMIALS USED IN CALCULATING

THE IONIC DIFFUSION COEFFICIENTS AND MOBILITIES

Parameter c° C] C2 C3 C4 C5 C6
c0,°
Dx105, cmz/sec 0.90718 -1.10333 -0.29669 4.80487 -4,31020 1.25519 -0.10134
u F2 34.395 -47.222 27.566 5.098 -14.045 5.796 -0.754
Au F2 2.437 0.380 -2.072 0.199 0.890 -0.435 0.060
HCO3
Dx105, cm2/sec 1.22224 -3.13108 4.17542  -1.85812 0.2323¢9 0.02796 -0.00587
u F2 44,392 -45.917 40.410 -21.182 6.027 -0.875 0.051
Ay F2 2.415 1.739 -2.139 0.712 -0.069 -0.007 0.001
OH™
Dx105, cmz/sec 5.13441 5.60765 -6.31471 1.45324 1.28160 -0.74001 0.10685
u F2 198.110 -100.195 59.105 -17.696 -3.231 2.461 -0.309
2 , 14.653 -4.307 4,263 - 2.789 0.285 0.155 -0.028

Au F

vLL
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of N5T as calculated from the differential equations which represent
the mass transfer processes in the matrix zone. By trial and error
the correct value of %2 was obtained in each case from which the
value of (NST/EB %2 ) wgs calculated. As this parameter is pre-
sumably constantcatca given current density and total ionic strength,
an average value was calculated for each current density and air dew
point. For example, the average value of this dimensioniess parameter
at 18ASF and 60°F for an inlet dew point in the analytical cell is
2.820 x 106. The relative change of this parameter with current den-
sity is the same as that of cathode active area (Fig. 10).

To calculate the value of Sa we can use the experimental value
of CO2 flux obtained for the full-scale cell at a current density of
18A/ft2, P, OF Im Hg, and V, of 600 cnd/min.  Equation [4-32]

gives a value of 0.004775 gmole/% for C5 . Previous measurement of

the pH in the NMe4HCO3 solutions at a cogcentration of 1.8 gmole/%
under constant pfessure of CO2 was 8.21g (Abdel-Salem, 1974). As-
suming that the pH of the solution measures the hydrogen ion ac-
tivity and the activities of hydroxyl ions are the same as those of
NMe40H at this 1bw concentration, then the ratio C1/C2Ki at the anode
is 0.006508 gmole/%. From equation [4-42] the value of the dimen-
sionless parameter [Q;Bg(ﬁz + G)]]/2 in that case is 1440 units. In-
creasing the value of this parameter by several times has only little

effect on the calculated CO2 removal rate. Therefore this value is

used throughout.



APPENDIX B

COMPUTER PROGRAM

Calculation of the heat, water, and CO2 transport in the cell are
performed by the attached computer program. The program consists of
a main program and several subroutines. The calculations for any set

of conditions proceed as follows:

(1) The subroutine ENERGY calculates the temperature of each subcell
and the catholyte concentration. The subroutine LAGRAN is used in
interpolation from the table of vapor pressure data for (NMe4)2CO3
solutions. (The interpolation is based on the method of Lagrange.
The calculated temperature, catholyte concentration, and outlet air
dew point depend on the current density, cell voltage, and air flow
rate together with the inlet air temperature and dew point. These
parameters must be specified for each case.

(2) An initial guess of the co, flux is made. This is used to cal-
culate the CO2 concentration in the catholyte which is then used to

calculate the OH™ concentration in the catholyte. From this informa-

3
(3) With the guessed value of the 002 flux the differential equations

tion the concentrations of CO%’ and HCO, are obtained at X = -1/2.
[4-34] and [4-35] are integrated using subroutine CRANE. The deriva-
tives are evaluated in each step by the subroutine DERIV. The sub-
routine DIN calcuiates the ionic mobilities and diffusion coefficients.
The subroutine DATAI is used to calculate the equilibrium constants at
the cell temperature. From the calculated CO%’ and HCOE concentrations

at the anode the anode 002 flux is calculated and compared with the
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guessed cathode flux.

(4) The boundary condition at the anode is satisfied when the cal-
culated anode flux is within 5% of the guessed value at the cathode.
This results in an error of no more than 0.01% in the calculated CO2
flux. Convergence is obtained more rapidly if the initial guess and
upper and lTower Tlimits for the flux are reasonable. For any set of
operating conditions the initial guess can be obtained approximately
from Figs. 11 and 16. This reduces the computer time considerably.
(5) When the boundary conditions are satisfied the concentration
distribution across the matrix is obtained for all the ionic species.
If the concentration exceeds the solubility Timit at any point a
warning is issued to that effect. It is sufficient to check the
catholyte and anclyte and not the entire matrix.

The program is written in FORTRAN G1 language. The calculations
were carried out on IBM 360 machine. The attached listing shows cal-
culations for four cases using different operating conditions. In
one case precipitation is indicated when a high current density (30A/

ftz) is combined with a Tow air relative humidity.
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THIS PROGRAM PERFORMS CALCULAT IONS FOR THE MATHEMATICAL MODEL WHICH

STMULATES HEATs WATER ANLC CARBCN CIOXIDE TRANSFER IN EL ECTROCHEMICAL
CO2 CONCENTRATOR{ONE MAN AIR REVITALIZATION SYSTEM )

- THESE CELLS USE TMAC ELECTROLYTE

THE INPUT PARAMETERS REQUIRED BY THE PROGRAM ARE AS FOLLOXS
ZINPUT/ IS A LIST OF PARAMETERS RELATED TO THE €02 TRANSFER
IC=IDENTIFICATION NUMBER » 1 FOR THE ANALYTICAL CELL AND 2 FCR THE
FULL-SCALE CELL
PCO2A= ANODE SIDE PCO2s INLET VALUE USED HEREs, MM kG
BLFALL= LOWER BOUND FDOR TI OF ALL SUBCELLS
BUFALL=UPPER BRYUNC FOR T1 OF ALL SUBCELLS
NTSC= NO. OF TOTAL SUBCELLS
CURENT= CURRENT DENSITY OF THE CONCENTRATOR
PCOZIN= CATHODE (AIR) SIDE INLET PLC2s MM HG
TI= TRANSFER INDEXs LB. CO02 TRANSFERRED PER LBe C2 COGNSUMEs HERE A GUESSEL
VALUE FOR THE FIRST SUBCELL IS USED FOR INPUT
TRANSFER INDEX OF 2.75 CORRESPCNDS TO 100% CG2 CURRENT EFFICIENCY
XD= DISTANCE BETWEEN ELECTRUODESs MILS.
CFM= AIR FLOW RATE, CUBIC FT. PER MINUTE PER CELL{FULL-SCALE BASIS)
= (AIR VELOCITY,,FT/SEC) X 1.52
TIN= INLET AIR TEMPo.
TDEWIN= INLET AIR DEW PCLINT TEMF.
ALL TEMPERATURES ARE IN DEGREE F
VOLT= VCLTAGE OF THE <CELL,s VOLTS
VHV=HYDROGEN FLODW RATEsFT3/MIN.CELL(FULL~-SCALE EASIS)

DESCRIPTIONS OF IMPORTANT INTERNMEDIATE PARANETERS
XP{N)= X~COORDINATE OF THE N-TH NODE AT #WHERE THE VALUES OF CGNCENTRATICGNS

ARE SAVEL
DXP= DISTANCE BETWEEN NOGDES
NSC= THE NO. OF THE SUBCELL BEING SIMULATED
FLUX= FLUX OF SUBCELL CG2 TRANSFER
BUFLUX= UPPER BOUND FOR FLUX
BLFLUX= LCWER BOUND FOR FLUX

e -—



A0 NHANDOHRNOON

o1 gova TV NIOEd

RIFTVAD H00d a0

OO0 N O

H= INITIAL INTEGRATION STEF FfOR CRANE

Y({1)= FIRST DEPENDENT VARIABLE IN CFANE, C1
Y{2)= SECOND DEPENDENT VARIABLE IN CRANE, C3
F(1)= DERIVATIVE QF Y{1)

F{2)= DERIVATIVE OF Y(2)

OUTPUT OF THE MAIN PROGRAM - WHAT THE MAIN
Cl1= BICARBONATE ION CONCENTRATICN

C2= RYDRCXYL IGN CONCENTEAT ION

C3= CARBONATE ION CONCENTRATION

C4=TMA ION CONCENTRATION

PCO2A=0UTLET PCO2 OF ANCLE SIDE

C02 REMOVAL RATE ,C0O2 REMOVAL EFFICIENCY»C02 TRANSFER INDEX

PRGGRAM CALCUL ATES

DIMENSICN XP(101)sC1(101)+C3(1013)5F1(101),F2{101) »CSCATH(40),
STELEC{40),XPP{101)

DIMENSION UIR{4)+DIR(5) +D{5)
LOGICAL DONTSENDONXDKPC

REAL%8 XsYsF o PRECsXHAT sHsFLUX s CURENTs FLUXL » BLFALL oBLFLUX BUFLUX
*BUF» TFLUX JRFLUXSBFLUX

CCMMON /CRANEC/XsY(40) s FL{40)sPREC» XHAT sHsNsNB(40) sMINSINITsDCNT s
*ENDCNX» OKPC

COMMUON EQK2Ms EQKIMy EQK2C »EQKZASEQGKLIASEQKLC yCKRS»s AKDsHCsHASVELC
CRVELAS FENRYCs HENRYASRAK 3PKCyCFN, IC

COMMON /BLK1/FACMAT sTVISF 2 TEMPD

COMMGN /7BLK2/CURENT s FLUX9C4sDTAZsViasV2sV3sV4

COMMON /BLK3/VHV

NAMEL IST/INPUT/ICH»PCO2A»BLFALL +BUFALLeNTSCsCURENT »FCO2INsTIs XD
* CFMsVEVTINsTDEWINSVCLT
THE FOLLOWING IS NECESSARY TC AVOIDE THE INTERRUPTICN OF CRANE SUBROUTINE
WHEN SCME VALUES EXCEEL THE L IMITS OF MACHINE CUMPUTATION (THESE VALUES

DO NDOT AFFECT THE RESULTS BUT ARRISE WHEN SOME TESTS ON THE E£RRORS ARE
MADE)

CALL ERRSET {207s300s+-1)
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CALL ERRSET (208+300s—-1)
CALL ERRSET (209+300.—-13

1 READ(5s INFUT» END=3S959)
IF(IC +EQs 1)WRITE(H»1111)

1111 FORMAT(*1%s 10X, " ANALYTICAL CELL AT THE FOLLOCKING CCNDITICNS 37}

IF(IC «EQe 2)URITE(H1112)

1112 FORMAT("1%,10Xs* FULL SCALE CELL AT THE FOLLOWING CONDITIONS 27%)

WRITE{(6+1113)PCO2INSCTURENT s XDsCFM» TINSTDERWIN

1113 FORMATI?0* 310X e39{1H*I/10X»* INLET AIR PCOZ = *33XsF5:2s3Xs" MM HG

I */10Xs ' CURRENT DENSITY = #f ,3XsF6e2+3Xs? A /FT2 /10X »
2 * MATRIX THICKNESS=® 34X 3FHe233Xe* MILS /10X

3 * AIR FLOW RATE = 1 33X +F62293Xs" FTI/MIN /10X,

4 ¢ AIR TEMPERATURE = "33X+FEeZ23ZXe" DEGs F /10X

5 2 AIR DEW PGINT = ¥ 33XeFHe243X+* DEGa F ¥)
WRITE(S651114)

1114 FCRMAT(*07%,10Xs* OTHER CONDITIONS = *)

WRITE(641115)VOLT»VHVsFCC2A

1115 FORMAT(*9%, 10X, *CELL VCLTAGE = P a3XeFE€e233Xs™® VOLT * /10X
2 ' HYDROGEN RATE = 133X sFBe243Xs? FTI/MIN " /10X
3 ' ANODE PCOZ2IN = 133XsFBeZ2s3Xs* MM HG */10X340(1H*))

CALL ENERGY (NTSCs VOLTs CURENT s TINS TDEWINSCFM 2 TELEC »CSCATH)
THE FOLLOWING STATEMENTS SPECIFY THE MATRIX FACTOR AND THE FACTOR WHICH

SHDULD BE MULTIPLIED BY THE AIR -~ CATHCLYTE AREA TO ACCOUNT FCR THE EFFECT

OF THE CURRENT DENSITY
FACMAT= THE MATRIX LABYRINTH FACTGR
ACAR =AIR-CATHDLYTE AREA FACTOR
FACMAT=434
IF{IC «EQ. 2)G0 TO 111
ACAR=Z+a70-3 435/ (1 e+ (1 o/ DB/CURENT I%*%* B4 )*%e5
GO TO 112 ;
111 ACAR=137-1+424/(1e+{14/7+06/CURENT)x% E,)%k*kaeS
112 CONTINUE
XD=XD/30.
DXP=XD/SO e
XP(1)==XD/2.



DO 3 KP=2,51

XPLKPI=XP (KP—1)+DXP "
3 CGNTINUE
C CURENT

IS NONDIMENSIONLIZED AND THE GUESSED FIRST SUBCELL TI IS
C CCNVERTED INTG FLUX
CURENT=0» 04576%CURENT
FLUX=TI/S5 «5%CURENT
BLFLUX=BLFALL¥CURENT/ 5.5

BUFLUX=BUFALL*CURENT/ 5.5
N=2

NSC=1
R=0 .
LiL=1
THE CATHOLYTE TMAC
NON—-DIMENS IONL IZED
C4C=CSCATHINSC)I/ 7.2
CALL DATAI(TELEC(NSC))
VELC=VELC*®NTSC
VELA=VELAXNTSC
PCO2 IS NON-DINENSIONLIZED
PCO2 IN=FPCO2 IN*HENRY C
PCO2A=PCOZ2A®HENRYA
WRITE(6+401 ) BUFLUXsBLFLUX
401 FORMAT{'0* 10X+ *UPPER FLUX LIMIT=

C
C

CONCENTRATICNS OBTAINEDR FROM THE SUBROUT INE ENERGY ARE
4

*,G12..56/10Xs* LOWER FLUX LIMIT=
. 19+G12.6//)
@g IT=0D
=B H=XD/1+0ES
g G2 5 C5C=PCO2IN%1E6~FLUX/VELC/( 1e~EXP(-HC/VELC))%1.E6
E%E% C5A=PCO2A+FLUX/VELA/ (1 e~ EXP(~HA/VELA))
® R C CORRECTION TO INCLUDE THE EFFECT GF IGNIC STRENGTH OGN REACTIGN RATE CONSTANT
2 v C €02 DIFFUSIVITYs AND HENRY'S LAW CONSTANT
= CKD=2+B20%ACARKSQRT ( (541 /VISCCS (CACKT o2 ) XTVISF )%k o4 7%
v b 1 10.%*(  0E3%(3e6~TeZ%C4C)) IRCKDS
:%E? C2C=FLUX/CKD/ C5C

CA3C=(CA4C—-C2C) /{2.+EQK2C/C2C)



C

C1C=EQK2C/C2C*C3C

INITIALIZE

Y(1)

Y{1)=EQK2M*C3C/C2C

Y(2)=C3C
IF(CIC oL.To
K=0
X=~XD/2 =
XEAT=XD/2 »
MIN=3
PREC=5 .,
FLUX1=FLUX

0+) GO TO 24

WRITE(6.700) FLUX

700 FORMAT( =" 510X 9s47(1H-)1/10Xs"

1612.,6/10X548( 1H-))

H=XD/1 «0E5

ENDONX=e¢ TRUE»

INIT=0
CALL DERIV
XX== o 8

WRITE(6+701 IXXsY(1)5Y(2)+C4
701 FORMAT(//10Xs?

1C =%5Gl2e46)
XN=X
Ci(1)=Cic
C3{1)=C3C
F1L1)Y=F(1)
F2(1)=F(2)
CiIN=ClC
C3N=C3C
FIN=F{(1)
F2N=F{2)
KP1=2

CONT INUE

IF{Y{1))88,88,803

AND Y(2) FOR DERIV AND CRANE

THE INITIAL FLUX AT THE CATHODE 1S %,

=0 3 G1l2e6533X2'ClC =2 3G1260e3Xs2C3C

=% G12e693Xs *C4h



88 LL=LL+1
IF(LL oNE. 33)GO TO 881
FLUX=TI¥CURENT*1 +,1/5.5
‘GO TO 5
881 IF{LL +GTa 7)G0 TO 41
GO TO 24
803 IF(Y{2))89589,805
89 LL=LL+1
IF(LL «NE. 3)GO TO 882
FLUX=BLFALL*CURENT/S. 5
GG TO 5
882 IF(LL «GTe TIGD TO 41
GG TO 26
805 CONTINUE
CALL TCRANE
g X0=XN
C10=C1N
C30=C3N
F10=F1N
F20=F2N
XN=X
CIN=Y (1)
C3N=Y(2)
FIN=F(1)
F2N=F(2)
IF(XeLT+XP{KP1) +0Re KPl +EQe 51) GC€ TC 13
KP2=KP1+1
10 IF(XLTLXP(KP2)) GO TC 11
IF(KP2 .EQe 51) GO TO 11
KP2=KpP2+1
GO TO 10
11 KP2=KP2-1
DO 12 KP=KP1,KP2
SLOP=(XP{KP)—=X0) /{ XN=-Xx0)
c EVALUAT ING AND SAVING VALUES OF €1 AND C3 AT THE NODES



C3(KP)I=C30a+( CIN-C30 ) *SLOF
CI(KP)=C10+(CIN~C10) % SLOF
F1{KP)=F13+(F1N-F10)*SLOP
‘ FRAKP)=F2C+(F2N-F20) %SLOP
12 CONT INUE
KP1=KP2+1
13 CONTINUE
K=K+1
IF{MOD(Ks1000) »EQe 0) WRITE(63514) KsX
14 FORMAT(//10Xs* INTEGRATICN STEP NUMBER ='3G124635Xs*'X =*,G12.6)
IF{K +GTe 2000) GO TO =S
IF({X+H/2e) #LTe XHAT) GO TO B
bt CONT INUE
XP{51 )=X
Cl1(51)=Y(1)
C3451)=Y(2)
XX=e5
WRITE(S6+s2000)XXsY(1)sY{2) 204K
2000 FORMAT(//10Xs? X =% 3G12+633X+4C1A =1 ,3G12¢6s 3XsC3A =23G612+6+3X9'C4
1A =% ,G1246//710X+* THE INTEGRATICN KROUTINE TOOK®'sI4+? + 1 STEPS')
ClA=Y(1)
C3A=Y(2)
IF(C1A) 24+24,.21
21 IF(C3A) 2565,26,22
22 C2A=EQK2A¥XC3A/C1A
C TEST 1IF THE ANODE BOUNDARY CONDITION IS SATISFIED
GC=FLUX—~1440+%{EQK1A¥C1A%1 +ES/ (L2A%1+E6)-C5A)
CRIT = DABS(G/FLUX)
IF{CRIT »LT. ©,05) GO TO 31
WRITE{6+2200) G»CRIT
2200 FORMAT(//10Xs "' GUESSED CATHODE FLUX — CALCe ANODE FLUX IS*+3XsGl2.
16s3Xs *CIFF/FLUX ="+G1246)
IF(G) 26+31+24
24 BUFLUX=FL UX
GO TQ 27



26 BLFLUX=FLUX
c HALF INTERVAL TO DETERMINEC NEWLY GUESSED FLUX
27 FLUX={ BLFLUX+BUFLUX) /2.
IF(DABS{FLUX=FLUX1) +LTs. «D000001)GO TO 36
29 IT=IT+1
IF(IT-50) 5,536
31 CONTINUE
WRITE(6+3101)
3101 FORMAT(?0?,10X+69(1H=))
WRITE(6532100)
3100 FORMAT (//18Xs X ¥ 313X ,%C1% 313X "C2%513Xs *C3%,13Xs ¥ C4?)
WRITE(6+3102) ‘
3102 FORMAT('0%, 10X, €9(1H-))
DO 32 IP=1,51
XPP(IP)=XP(1P) /XD
EGK2 =EGK2M
IF(IP +EQe 1)EQK2=EQK2C
IF(IP «EQs 51)EQK2=EQKZA
Ca=C1 (IP) 42 +%C3 (IP)+EGK2¥C3(IP)/C1{IP)
o) CRI=CI1(IP)I*7.2
w, CR3=C3(IP)*7.2
: %5 CR2=FQK?2 *C3(IP)/CLAIP)*7 2
p4) " CR4=Ca4%7.2
%3 CALL DIN(CR1sCR2,CR3sCR4sDIRSUIR)
v IF(IP «EQs. 1) GO TO 311
%5 IF(MOD(IP, 10) «NE. 1) GO TO =2
L B 311 WRITE(63104)XPP(IP),CR1lsCR24,CR3,CR4
té?ﬁ 3104 FORMAT(//12Xs5(G12e E43X))
IF(IF «EQs 1 +ANDe CR4 «GEe 5.4 )WRITE(653111)
3111 FORMAT(//10Xs? %*WARNING** PRECIPITATIGN EXPECTED AT CATHODE?)
CIF(IP +EQe 51 oANDe CR4 «GEa 7+3)WRITE(E,3112)
3112 FORMAT(//10Xs? **xWARNING** PRECIPITATION EXPECTED AT ANODE') -
32  CONTINUE
WRITE{(6,3103)
3103 FORMAT('0*410X+69(1H=-))




C R IS THE ACCUMULATED SUBCELL FLUX
33 R=R+FLUX ‘
PCO2A=(PCOZA+FLUX/VELA)/HENRYA
PCOZ2IN={PCO2IN-FLUX/VELC) /HENRYC
- WRITE(6s3300) NSCsFLUX
3300 FORMAT(//10Xs* FLUX FOR SUBCELL NUMBER®'»I3,' IS *,G12.6)
IF{NSC «GEe« NTSC) GO TO 35
NSC=NSC+1
BUF=FLUX*105
IFINSC »GTe 2) GO TO 24
RFLUX=FLUX
FLUX=FLUX*0.,98
GC TO 4
34 TFLUX=RFLUX
RFLUX=FLUX
FLUX= (2 o XFLUX=TFLUX ) *( «98
G0 TO 4
35 TI=5 .5%R/ZCURENT/FLOAT (NTSC)
CCCC=R* 0431 /FLOAT {NTSC)
CCCO=CCCLC*44.
WRITE(653502)CCCC,CCCT
3502 FORMAT('D?*+1D0X,*C02 REMOVAL RATE = ®"3G12+6,3X+"' LB MOL/FT2.CAY /2
17TXe® = "4G12+€s3Xs"* LB /FTZ2.DAY?*)
WRITE(H6+3500) TI.PCO2A
3500 FORMAT(//10Xs? TRANSFER INDEX =" 3G124623X+s7C02 ANCDE PRESSURE ='+6G
11246)
EFF=TI%100+/2 .75
WRITE(6+ 3501 )EFF
3501 FORMAT{//10Xs* CO2 REMOVAL EFFICIENCY = *,3XsF5423%5" % ')
GO TO 40
36 CCNT INUE
C IF ANY OF THE‘FBLLGWING STATEMENTS IS PRINTELC GQUT TRY TO USE NEW INITIAL
C VALUES FOR T1 _
WRITE(6 3600 CRITY
3600 FORMAT(//" NON CONVERGENCE®'s3Xs'CRIT =" ,G14.+8)



GO TAO 490
39 WRITE(6,3900)
3900 FORMAT( /7" TOO MANY R—-K STEPS »STOP CALCULATICNS')
c0 TO 490
41 ARITE(H.4100)

41060 FORMAT(//* INITIAL VALUES CUTSIDE FANGE.USE NEW GUESSED VALUES */°*
1 IN THAT CASE THE USER IS ADVISED TO LSE CLOSE VALUES OF TI1 sBUFAL
2L+BLFALL,GODD INITIAL GUESS CAN BE OBTAINED FROM FINAL REPORT NASA
39-12E286(FEB.1678) ')

40 GC TO 1

S99G STOP

END



50

SUBRGOUT INE DERIV

DIMENSICN DE{5)U{4) sFRT(3)

LOGICAL DONTsENDONXsOKPL

REAL*8 X3YsFoaPRECsXFAT s He FLUXsCURENT

COMMON /CRANEC/XsY{40)3F{40) +PRECsXHAT 3HsNoeNB{40)sMINs INIT+DONT »
*ENDONX » OKPC

COMMON EQK2,EQKIM

COMMON /BLK2/CURENT »FLUX2C4sDTA2+,V15V2,V3 V4

CR1=Y (1)%7 .2

CR2=Y(2)%7,2%EQK2/7Y(1)

CR3=Y(2)%7 42

CR4=CR1+CR242 .« *%CR3

Ca4=Y{1)+2.%Y(2)¢Y(2)*EQKZ/Y{(1)

CALL DIN(CR13sCR2,CR3s CR4sDs )

DO 50 I1I=1,3

FRT(II)=U(TII1)*D(4)/U(4)

CONTINUE

WISDUIM4FRT(1I) X(Y(1)—-EQKZ%XY(2)/Y(1))/C4

W2=2e %Y (2)%(1,—EQR2FY{(2)/VY(1)¥%Z2)¥FRT(3I/C4
W3=({2.%Y{1)+EQK2)XFRT(1)/7C4

W4H=D(3) 42 o ¥FRT(3IF( Le—Y(1)/C4)
VI=RW14+W2+D{5 ) %2+ X EQKIM/EQK2%XY (1) /Y (2)
V2=W3+W4—-DIS) *EQK IM/EQKZX [ Y{1)/¥Y(2) )*%2

V3=W 1+ 2. %W24FRT (2)*%ECK2%Y(2)/Y(1)/CA* (1 ~EQK2XY{2)/Y(1)*%2)
V3=V3~-D(2I%XEQK2%XY(2) /Y (1) k%2

V4=W3+2 e W4 HD( 2) XEQK2/7Y( 1I4FRT( 2) #EGKZ2% (1—~Y (1) /C4)/Y(1)
DTA2=V1 XV4-V2 %V3
FLUXX=FLUX=CURENTX(Y(1)+Y(2)=Y(1IXU1)I)70U{4)-2xY(2)*U(3)/U(4))/2.
1 /7.7
CURNT=CURENT~CURENTH(Y(1)+Y(2)%EQKZ2/Y (1 )+2. %Y (2)=-Y(1)*U(12/U(4&)
1 —4o%Y{2)%U(3I/U{4)-YL2ZI*EQKZ/Y( 1)XU(Z) /U 4)) /22777
F(l)Z(CURNT*VZ—FLUXX*V4)/DTAZ
FL2)=(FLUXXY*V3-CURNT*V1) /DTAZ2

RETURN

END
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SUBROUTINE DIN(CR1 sCR2,CR3,CR4sD»U)

THIS SUBROUTINE EVALUATED DIFFUSIVITIES D AND MCBILITIES U FGR GIVEN

CONCENTRAT IONS
CR*S ARE CONCENTRATIONS IN MCLE/LITER
THE NUMBERS ASSOCIATED WITH THE D*S AND U*S ARE CORRESPOND TO THAT WITH

DIMENSION D(5)5U(4)sDCLA{TIsDC2(T7)+DCI(7IUCLI(T7)LUCTLI(T7)>
HUC2{ 7)) UC3(7)sUCTI3(T7I 5 VIER(3)»LLT2(7)

CCMMON /BLK1/FACMAT» TVISFSsTEMPD

DATA DC1/1222236535—3.13108479:4217542244+—1 85811884
1 023239075 «02756468,—+CCEEEESES

DATA DC2/5213441054:5.607€489C8»-5+31470563+1+45324064,

1 1.28159542+-.7400081Z2»+ 106E4EQS/

DATA LC37 +90717802:—1 «10332668+—»2S0689€4+4.80486975

1 —4.3101957851.25519037 5-4.10133989/

CATA UC1/44+3G165773s=45e9174E832,40.40S5€334,-21.182183598 =
* D+0D267 1557 »— «87455289 405072428/

DATA UCT1/2.41549965,1.738643385y—-2.13873683 971171359
*—=o06922713s—a 0069561 «GC1212/

DATA UC2/1S98410978722 s~100,19543755559 104371445 —17.69603863,
¥ —~3e22141€66542246134102+—-430G1221/

CATA UCT2/14-6534768:—4.3079881694 262E92€35,— 278870985
* 2 2B4T486E 94155137525 —62804015/

CATA UCu/34.39514“9a—47 22174EET7 927 SESEE25+5.058308616
1 —14404431884+5.736268€E5+—~275395075/

DATA UCT3/2+43698G43543604E8G52,~2.0724899E59215862643,

1 «BID0114,5,-443544587, 05981754/

CR1I=AMIN1 (CR14+14.4)

CR2=AMIN1(CR2514+4)

CR3=AMINLIL{CR3,14.+4)

CR4=AMIN1{CR4s 14+4)

CR1=AMAX1 (CR1s+1E-7)

CR2=AMAX1 (CR24++1E-7)

CR3=AMAX 1{LR Fs » 1E~T7)

CR4=AMAX1 (CR4 ,«1E-7)

VISM=VISCOS{«R4)

Cc*s
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DO B8 J=1,3

~ULJ)=0.
58 CONTINUE
VISR(1)=VISCOS {(CR1)/V ISM*TVISF
VISR(2)=VISCOS(CR2)/VISNX*TVISF
VISR{3)=VISCOS(2.*CR3I/VISMERTVISF
C D{1) IS EVALUATED AT T=77 ¥ IN PURE SOL'N
DO 61 I=147
C(1)=C(1)+4LCL{I)*CR1**(I-1)
61 CONTINUE
C D(2) IS EVALUATED AT T=77 F IN PURE SOL'N
DG 62 I=1,7
T D(2)=D(2)4DC2 (1) *CR2**{I1~-1)
62 CONT INUE
C D(3) IS EVALUATED AT T=77 F IN PURE SOL'N
BC €3 I=1.7
L(3)=C(3)+DC3 (1) *CRI*x*(I-1)
63 CTONTINUE
C
DO 64 1I=1 .3
64

D(I)=D(I1)*FACMAT*XVISR(1)/.258
CONT INUE

D*S ARE EVALUATED AT THE CELL TEMPERATURE IN MIXTULRE IN MATRIX
D{4) ={CR1%122/1 +18%D{1)+CR2%1 s2/5425%D(2)4+2 4 ¥CR3%1e2/ 923%
*C(3))I/CR4

Ugi)
DG 65 I=14+7

D5 )=1 +8%0D +9375/V ISM*TV ISF¥FACMAT/ , 258
IS EVALUATED 47 THE
CONTINUE

UCD)=U(1) +{(UCI{I)H+UCTI (I D) ATEMPD) *CR1*¥(1-1)
u(1)

CELL TENPERATURE IN PURE SOL®*N
IS EVALUATED IN MIXTURE IN MATRIX
U(1)=U{1)}*VISR(1) /TVISF*FACMAT

U(2) I5 EVALUATED AT T7=77 ¥ IN PURE SOL*N
DG 66 1=1.7

U(2)=U(2)+(UC2{TI)+UCT2(I )*TEMPD ) *CR2%%*( I-1)



CONTINUE
U(2) IS EVALUATED AT THE CELL TEMPERATURE IN MIXTURE IN MATRIX
U(2)=U{2)*VISR(2) *FACNAT
U(3) IS EVALUATED AT THE CELL TEMPERATURE IN PURE SOL'N
DO 67 1=1,7
U(3)=U(3)+(UC3(I)+UCTI(I1I*TEMPD) *CR3*%( [—1)
CCNTINUE
U(3) IS EVALUATED IN MIXTURE IN MATRIX
U{3)=U{(3)*VISR(3)/TVISF3FACMAT
UL4)=(CR1*44 9744 s5FJ (1 IFCR2%44 43/198 D FU(2I+2FXCR3%44.9/
*34..7%U(3))/CR4
RETURN
END
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SUBRGOUTINE DATAI(TCELL)

THIS SUBPROGRAM INITIALIZED THE DIMENSIONLESS PHYSICAL AND CHENICAL PARATERS
NEEDED FOR SIMULATIGNS

FOR PROCEDURES OF NON-DIMENSIONLIZATICN, SEE THE INTERNAL NCTE REFERRED

TCELL IS5 THE ELECTROLYTE TEMPERATURE

EQK2C= K2 IN THE CATHODE ZCNE

EQK2M= EQUILIBRIUM CONSTANT K2 IN THE BULK ELECTROLYTE ZONE

EQK2A= K2 IN THE ANGODE ZCNE

EQK1M= EGUILIBRIUM CTONSTAKRT Kl It THE EULK ELECTRCLYTE ZONE

EGKIC= K1 IN THE CATHOLE ZONZ ‘

EQK1A= K1 IN THE ANGDE ZCNE

CKDS= SQUARE ROOT OF KCDS IN THE CATHCDE ZGNE AT A GIVEN C4

AKD= = SQUARE ROOT OF KACS IN THE ANODE ZONE

HA= HYDROGEN ZONE MASS TRANSFER COEFFICIENT FCR €02

FC= AIR ZONE MASS TRANSFER COEFFICIENT FOR CO2

VELA= HYDROGEN FLOW RATE

VELC= AIR FLOW RATE

CHENRYC= HENRY CCNSTANT FOR THE CATHODE ZONE

HENRYA= HENRY CONSTANT FOR THE ANCCE ZONE

RAK= THE FACTOR B DEFINED IN THE NGTE

FKC= TEMPERATURE FACTOR USED ¥FOR CALCULATING PH

TVISF= TEMPERATURE EFFECT ON THE VISCOSITY CF ELECTROLYTE
TEMPD= TEMPERATURE EFFECT ON SOME DIFFULSIVITIES

CKDS= TEMFERATURE EFFECT OF REACTION FATE CONSTANT

DIMENSIGN T(14),VISCOW(14)
COMMON EQK2M2EQK1IMsEQKZ2Cs EQK2AJEGKLI A2 EQKL Cs CKUSsAKDsHCsHASVELCs
HVELAS FENRYC» HENRY A» RAK»PKLC s CFMy IC
CCMMON /BLK1/FACMAT «TVISF,TEMPD
COMMON /BLK3/VHV
THE DATA OF WATER VISCOSITY AT DIFFERENT TEMPERATURE
DATA TA/9023456+9506 9550300030537 003750377 038004850990 395231004/
CATA VISCOW/ 154651043691 230721621512122519C44905753929135,
K o804 28577468071 5e7612,.7194,.6812/



C

C

C

71

72

73

TEMPERATURE IN CENTIGRADE
TK=(TCELL-32e3/1.8
HEN=(0+98103540 04210 2%TK+3+198135E-4%*TK%*2) % 1eE4
TEMPERATURE IN KELVIN
TK=TK4273 .18
EVALUATION OF REACTION RATE CONSTANT
REACK=10e *%{ 13+ 635-(2ES54/TK))
TEMPD={TCELL-75+)/10.,
PKW=4471.+33/TK~5.08464++017053%TK
PK1=3404+71/TK—- 14+ 8435+0, C327E6%TK—FK¥%
FK2=2902+39/TK=6 ¢4980 40 D 2379%TK~-PKW
IF(TCELL +GTe T(1)) GC TQ 71
TVISF=,8904/{ (VISCON(2)-VISCO®L 1)) /(T(2)~T(1)I*{ TCELL-T(1))+
*VISCOW{1))

RETURN

DO 72 J=2,14

IF(TCELL .GT. T(J)) GC TG 72
Jl=J—-1

J2=J

GO To 73

CONT INUE

J1=13

Jo=14
TVISF=e8904/((VISCOW(J2)=VISCUW(J1II/{T(IZ2)-T(J1) I*(TCELL-T(J1) )+
AVISCOW(J1))

AW=0 .75
FKC=PKW+ALOG10 (7 «2/ AW)
EQK1=10%*PK1
EGK2=10 + % %PK2
EQK1C=EGK1/238%

EQK IM=EQK 1/144.
EGK1A=EQK1/51 »
EQK2C=EQK2/58.,
EQK2M=FEQK 2/32»
EQK2A=EQK2/6. 1



HENRYLC=1 o /HEN/1:686/7 22
HENRYA=1+/HEN/14190/7.2
HC=(2+3952+.1885%CFM) *FEN

VELTC=1+365%CF M¥HEN

FA=5 ¢ EQ0XHEN

VELA= 02366 %HEN *VHV/0 067
CKDS=SART(REACK/{10«%*( 13+ €35—-(2855+/2984)2))
RETURN

END



FUNCTION VISCOS{CS)
C THIS SUBPROGRAM EVALUATES THE ELECTROLYTE VISCCSITY FOR GIVEN CH4

VISCOS=.8937 ~1 0083 E£42%CSH+2 .37863884*LCSk%2—-1+13294407%
HLS3¥3+e17625416%CSHEX4
RETURN

END
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SUBROUT INE ENERGY(NTSEC» VOLTHCURENT+sTINS TDEWINSCFM4TELECL{LSCATH)
THIS SUBPFROGRAM SIMULATES THE HEAT AND WATER TRANSFER IN THE CELL

WVP{TI) IS TKE WATER VAPOR PRESSURE OF PURE WATER AT TEMP. T{(I)

SVP({1s,J) IS THE VAPOR PRESSURE OF TMAC SCLUTION WITH CR4=2%CS5{(J) AT TEMP.,
TI)

RHO7= CENSITY OF AIRs LE/FTx*%3

CP= HEAT CAPACITY OF AIR, BTU/LB-~F

AJd= CONVERSION FACTORs JOULE/CAL

FR= HEAT OF REACTION FOR K2(G) + 1/7202(6) = H20(G)s CAL/G~-MOLE

F= FARADAY'S CONSTANT», AWPS—-SEC/G-EGUIVALENT

BUCTS=NOe« OF CHANNELS IN AIR COMPARTMENT

XAC= LENGTH OF THE AIR CHANNELs FT

YAC= WIDTEF GOF THE CHANNELs FT

ZAC= HELIGHT OF THE CHANNELs FT

LIMNU= LIMIT NUSSELT NOe

AREA= ACTIVE ELECTRODE AREA, FT*%2

AREAMT= MASS TRANSFER AREA, FT%X2

AREAHT= FEAT TRANSFER AREA, FTX*2

AREACS= AIR CHANNEL CROSS-SECTIONAL AREAs FT%%2
W= AIR MASS FLOW RATE> LB/HR

I= CURRENTs AMPS

N6= MOLAR RATE OF WATER PRCDUCTICNs LE~-MUGLE/HR
CH= EQUIVALENT DIAMETER CF AIR CHANNEL, FT
QGEN= RATE OF HEAT GENERATED BY THE CELLs BTU/HR
PH20= WATER PARTIAL PRESSULRE IN AIR FLCWs MNHG
TAIR(J)= AIR TEMPERATURE IN THS SUBCELL J
TELEC(J)= ELECTROLYTE TENPERATURE IN THE SUBCELL J
MU7= AIR VISCOSITYs LB/HR-FT

D57= C02 DIFFUSIVITY .M AIRs FT*%2/HR

D67= WATER DIFFUSIVLITY «N AIRs FT®%2/HR

5C= SCHMIDT NU.

PR= PRANDTL NO.

HTC= HEAT TRANSFER COEFFICIENTs BTU/HR-FTXx%2-F
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MTCS5= MASS TRANSFER COEFFICIENT FOR CC2, FT/HR

MTCHE= MASS TRANSFER COEFFICIENT FOR WATER. FT/HR

PE= ELECTROLYTE WATER VAFCR PRESSUREs MMERG

CSCATH(J)= CATICN CONCENTRATTIUN IN THE CATHOLYTE GF THE SUBCELL J

REAL LIMNUsMU72K7sI1sNE
DIMENSICN T(13)»WVP{13)TELEC(40)+sLCSCATH(40)sSVP(13511)+CS5{11)>
1 JT{2)sPET(Z2)2CST(2) »X{11)+TAIR(41)s FH20(41)sRKH(11)

DATA T/90 53 EC 098D 037037 Ce2ESe 36009550 3500 3454 94003354
1 30./
DATA WVP /36 (7930, 75526:427922224318Be75315e¢77 213429511 ,.09

15962237 27T 36+3095217 24237
DATA RHO7/0.0808/+ CP/0e247/s AJ/A42186/ s HV/1060e7/7s HR/-S5TT97 29/ s
1 R/555+/s F/96500./
DATA RH/1 0 9e97054949 949135 +85034 7635065830551 394249324 +«30/
CATA CS5/700+04C9 2742959142521 652951e7G92¢0692033352eH61+2:757
DATA SVP /3620793075326 927 52224 +318+7651547751329511a809
5% 0cv35e0252Fe87 5250554921 26191802331 5e¢32+12e91510e7795%0
3442 79294209 24+»5B9 2101391 7eEZ914sC89126€2910054+5%00es
32;;7928-10$24-02320033'17p15914J41012.14,10.1415*00’
B3 e T0926018+22¢3791 80925154 SE9135429114319S:64+5%0 0
2T 2569234489 200079 1605501403391 2e049100143E04755%00
23:81 920628917 23691446831 2+38910:419827637232s5%0>
18879 1605980 144525 12e27910e3€E9807127234986e11 s5%0a>
15433913607 911 e17 39 0453709835647 0355e6€E5942713s5%00es
130729948 G9)Be55570233€00935013+34e3293e660+5%0 e
D ab37 0820039500594 228930592659 29395%Ca/
CUCTS=GE
XAC=6e/12
YAC=0+2/12
ZAC=0.19/12,
AREA = 1.
AREAMT=YACKRXALCKDUCTS
LIMNU=2.89
AREAFT=2.0%(YACH+ZAC) R XACXDLCTS

WY e

o

o 0Dy
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AREACS=ZACXYAC

DH=2.,%AREACS/ (YAC+ZAC)

W=CFM*60 + *RHO7

I=CURENT*AREA

N6=1/2./F/453.%3600.,

WE=NG6*18 402

QGEN=—I%(HR/2 o /F+VOLT/AJ) %3600 72524

TAIR(1)=TIN

CALL LAGRAN(TDEWIN» ToWVP»134PH201IN,13,413)

PH20(1)=PH20IN

TSCN=FLOAT(NTSC)

DC 821 J=1,NTSC

TAIR{J+1)=TAIR(J)+QGEN/CP/ W/ TSCN

CONT INUE

DO S4 JC=1sNTSC

TAVE=(TAIR(JCI+TAIR(JC+1) ) /2.

MUT={ (TAVE+460¢) /452 ¢ ) %¥1 «SXBG7 « /{ TAVE+H5654 )% 0o 01709% 2442
K7=0e0140+(TAVE=32,+ ) /180..%0.0043
DE57=+164/(2e54%%2) /144, %3600+ %( ( TAVE+ 460 ) /537, 1 %%1.832
DE7=0256/(2 «54 ¥%2) /144 + %3690 e ¥ ((TAVE+46D+ ) /5374 )%%2.334
RED=DH*CEM/DUCTS/AREACSX*RHG7/MUT*E0

FR=CFE*MU7/K7

SC5=MU7/RHG7/D57

SCE=MU7/RHO7/D67

CONST={0 00340 +019%2ZAC/YAC ) *RED*PR*ADH/ XAC*TSCN/FLOAT(JC)
CONSS=(0..003+0.039%ZAC/YAC)*RED*SCE*CH/XAC*TSCN/FLOATIJC)
CONS6=(D +003+0.039%ZAC/YAC)*RED*SC €xDH/ XAC*TSCN/FLOAT(JC)
HTC=LIMNU*K7/DH*{1 «+CCNST)

MTCS=LIMNUSDS7%( 1. +CONSE) /DH
NTCH=LIMNU*D67 * (1 «+CONS61/DH
TELEC(JC)=TAVE+QGEN/HTC/AREAHT/TSCN
TELEC(JC)I=AMAX1{TAIR(JC+1), TELEC(JC))

PH2O(JC+1 )=(PH20(JC)/ (TAIR(JC)I+460« }+NE/TSCN¥R/CFM/ 60 « ) %
1 (TAIR(CJC+H1)+4EC.)

FH2O0AV=(PH20(JC)+PKF20(JC+1)) /2.
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C

PE=PH2 CAV +N6 *R* {T AV E+460 ¢ ) /AREAMT/MTCSH
PE=AMAX1{PH2OAV PE)

USE LACRANGIAN INTERPOLATION TO DETERMINE WVP AT TELEC(JC)
CALL LAGRAN(TELEC(JC) sT»WVYPs13sWVPTES13513)
CALCULATE WATER ACTIVITYs AWs OF THE CATHCLYTE IN THE SUBCELL

AW=PE/WVPTE
IF(TELEC{JC) »LT. 90.)GC TO 111
WVPTE=36+11%EXP( +0318%(TELEC(JC)~F0e))
AW=PE/WVFTE _
CALL LAGRAN(AWsRH»CSs11+sCSE»11511)
G6C TC 93

111 CONTINUE

DETERMINE A SET OF T(JT(1)) AND T(JT{2))

SUCH THAT JT(1)=J47T(2)-1 AND THAT

T(IT(1)2 TELEC(JC)s T(JT{2)) ARE IN DESCENDING ORDER

DO 85 J=1,12
IF{T(J) +LTs TELEC(JC)) GO TO E€
85 CONTINUE
J=Jd+1
86 JT(1)=J-1
JT(2)=J
IF{JT(1) +GT. $) GO TQ E8
PET (1 )=WVP({1)*AW
DO 87 L=1,11
X{L)I=SVP(1,L)
87 CONTINUE

CALL LAGRAN(PET(1)9sXsCS211sCSEs11511)

GG TG 93

88 IF{(JT{2) «LE. 12) 60 TC 90
PET(2)=WVP(12)*AW
DO 89 L=1s11
X{LI=SVP{12.L)

89 CONTINUE
CALL LAGRAN(PET(2)49XsCS»11,CS5Ea114+11)
GO TO €3

DETERMINE THE CATIGN CONCENTRAT IONS OF A CARBUONATE SOLUTION WITH WATER



C

ACTIVITY AW AT THE TEMPERATURES T(JT(1)) AND T(JT(2))
90 OO0 92 J=1,.2
dTI=dT(IS)
PET(JI=WVPIITI) AW
DO S1 L=1s11
X{L)=SVP{JTJI,sL)
91 CONTINUE
CALL LAGRAN(PET(J)»X>CSs11sCST(J)s114511)
92 CONTINUE
J1=JT{(1)
J2=4T(2)
INTERPOLATE FOR CATION CONCENTRATICN OF ThRE CATHOLYTE AT TELEC(JC)
CSE=CST{1)+(CST{2)-CST(1)I Z{T(J2)-T(J1)I*(TELEC{JICI-T{JI1))
S3 C(SCATHIJSC)=TSE*EZ
94 CONTINUE
PH200U=PH20{NTSC+1)
CALL LAGRAN(PH20OU+WVFsTs+s 13, TDEWOU,13,513)
WRITE(6+,9400) TDEWOU
9400 FOFMAT ('~ %3 10X+ *OUTLET AIR DePas = #53X43F66233Xe" DEGe F )
WRITE(6s9401)
9401 FORMAT('0"»10Xs® NO. OF SUBCELL TAIRIN JAIRCUT TELEC P
1H2Q0IN PH200UT CSCATH')
D0 95 JC=1,NTSC
WRITE(659402) JC»TAIR(JC)sTAIR(JICH1ISTELEC(JC) »PHZ20(JC) »PH2CL(JCH+1)
1sCSCATH(JC)
9402 FORMAT(16XsI123511Xe S{FEeZ94X) sFEnZ)
95 CONTINUE
RETURN
END



SUBROUTINE LAGRAN{(XA»XsYsNyANSsNXsNY ]
C THIS IS A LAGRANGIAN INTERPOLATION RGUTINE
DIMENSICN X (NXJ)sY (NY)
DO 3 I=1sN
PROD=Y{1)
DO 2 J=1sN
A=X{I)=X(J)
IF(A) 1+2,1
1 BE=({(XA-X(J)I/A
PRCD=PROC*E
2 CONTINUE
3 SUM=SUM+PROD
ANS=SUNM

g &

peg ‘:ﬁ

?)ﬁgg
a‘? 3 N

gyt
e

RETURN
END
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SUBROUT INE CRANE CRANOD1O
IMPLICIT REAL*B(A-H,0-2)
HELP 1S LOGICAL VARIABLE SET TRUE IN DERIV WHEN
A DISCONTINUITY OCCURS AND IT IS NECESSARY TO DECREASE THE TIME
INCREMENT AND RESTART THE INTEGRATION BEFORE CONTINUING.
THE Y AND F ARRAYS AND X ARE RESET TO THEIR LAST GGUD VALUES
AND INIT SET EQUAL TO ZERC BEFCRE PRUOCEDING WITH NEW He
THE ARGUMENTS GF THIS SUBROUTINE ARE ALL CCMTAINED IN THE FCLLLOW- CRANGO20D
ING COMMCN STATEMENTs LABELED CRANEC. DRIVER PROGRAM MUST CCNFCRMCRANOO3D

IN ORDER AND DIMENSIONS WITHIN COMMCN/CRAMEC/,THOUGH NOT NECES— CRANDO4O
SARILY IN THE NAMES OF THE VARIABDLES. CRANOOSO
CRANGOG60

LOGICAL IONTINDONXIKPC-IELP

COMMON /CRANEC/XsY(40)sF(40) »PRECs XHAT yHsNsNB{40) sMINSINITH»IGNT »
2INDUGNX s IKPC

IELP=+FALSE.

CRANDOBY

MEANING OF THE ARGUNMENTS ARE AS FCLLOWS CRANOO9D

X THE INDEPENDENT VARIABLE. CRAND100O
Y ARRAY 0OF DEPENDENT VARIABLESs 40 MAXIMUM.

F ARRAY OF DERIVATIVESs FUNCTICNS CF X AND THE Y VECTOR. CRANO120

H STEP SIZE IN X» MUST BE NON-ZERDe. USLALLY MAY BE ALTERECDL CRANG 130

INTERNALLY BY CRANEs AFTER FIRST BEING SET + OR — EXTERNALLY .CRAND140

N THE NOs OF Y S AND F S IN THE SYETEM. USULALLY THE NGO, ALSC <CRANG1ISO

OF COUPLED ORDINARY DIFF. EGQUNSa» CRANUO160

NB AN ARRAY OF FLAGSe IF 4 HOLD ABSCLUTE TRUNCATION ERRLR EST.CRAND170
BELOW A SPECIFIED LIMIT =10.%%(~-FREC) CRANO18C

IF O» DITTG FOR RELATIVE TRUNCATION ERRORCRANO1I9O

ESTIMATE. CRAN2 200

IF =y DISREGARD ThRE TRUNC. ERROR. EST. CRANGZ210

FOR THE Y S WHOSE FLAGS ARE NEGATIVE. CRANDO229

MIN THE MINIMUM NDOs OF STEPS BETRWEEN OCCASIONSE FGR DOUBLING He CRANOZ3O
THE VALUE CF MIN NAY NOT EXCEED 10s NOR EE LESS THAN 3. CRANGS 240

INIT SET TO ZERD BEFORE FIRST CALL, CAUSING THE SR TO INITIALIZE <CRANI250
ITSELF. THEREAFTERs INIT i35 BUMPED INTERNALLYs EACH STEP. CRANOZ260
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DONT A FLAG WHICH IF TRUE FORBIDS ANY CHANGE IN H TO BE MADE
INTERNALLY BY THE SRe. (UNLESS EMNCOMNK=T)

PREC A POSITIVE CONST. APPROXIMATELY EQUAL TO THE NO. OF SIGNIFI- CRAND29C
CANT DECIMAL DIGITS OF LGCAL FRECISION. (BASEC ON TRUNCAT IONCRANO30D
ERROR ESTIMATES MADE INTERNALLYe. EFFECTIVE CNLY IF DONT=T,.)

ENDONX A FLAG WHICH IF SET TRUE 1IN CALLING ROUTINE AND ACCOMPANIED
BY A VALUE OF XHAT «GTs X AT INIT=0 FOR k «GTe U (GR XHAT
olTe X IF H «Te Os) WILL ENABLE SR TU RETURN TO CALLING
PROGRAM WITH X=XHAT AND ENDCNX SET FALSE AS A FLAG TO THIS
EFFECT« DONT WILL BE IGNCRED IN THIS INSTANCE.

XHAT VALUE OF Xs IDEPENDENT SEGMENT, AT WHICH A DISCONTINUITY
OCCURS. USED IN CCNJUNCTICN WITH ENDCNX TO HAVE X=XHAT AT END
CF A STEP.

OKPC A FLAG TC INDICATE THAT AT LEAST CNE PREDICTOR-CORRECTOR STEP
WHICH SATISFIES THE ERRUOR CRITERIA HAS BEEN TAKEN.

CRAND320
THE PARTICULAR PREDICTUR-CCRRECTOR ALGCRITHEM IS THAT PUBLISHED CRANO330

BY CRANE AND KLOPFENSTEIN IN J.A«CeMe VOL 12, PAGES 227—241s APRILCRANO3490

1965, IT IS OF FOURTH ORDERs [eEss TRUNCATIGN ERRORS ARE OF ORDERCRANO3SO

H**5, ~THE ALGORITHM WAS DEVELGCPED TC WNAXIMIZE THE RANGE GF STEF CRAN0O360

SIZE CCNSISTENT WITH ABSGLUTE STABILITY, AND IN A LODSER SENSEs, TOCRANO370

HAVE A G000 RANGE OF RELATIVE STABILITY. THESE RANGESs EXPRESSED CRANU380

AS He NOR@WALIZED BY MULTIPLYING BY PARTIAL DERIV OF Y(=G(X,Y)) WITHCRANO39G

RESPECT TG Ys ARE CRAND40OO
FOR ABSCLUTE C+aGE s HBAR+GE ¢ (-2 +44809) CRANO410

FOR RELATIVE, INFINITY eGEsHBAR +GE e (—e445) CRAND420

THE STARTING PROCEDURE IS THE FRUNGE-KUTTA VARIANT PUBLISHED BY CRANO430

Se GIlll.e CAMBe PHILs S0Cs PRDOCss 47 PSEs(1551) CRANO 440
CRAND 450

TO USE THIS RUUTINEs A SUBROUTINE CALLED DERIV MUST BE FRCVI-CRANO460
DED WHICH USES LABELEC COMMON/CRANEC/AND CALCULATES THE ¥ VECTOR. CRAND470
THE FIRST CALL OF CRANE WILL CNLY CBTAIN F S, 2AND SET INIT=1. EACH CRANO489Q
SUBSEQUENT CALL WILL ADVANCE UNE STEF AND UPDATE XsY AND F, EXCEPTCRAND4IOC
THAT AFTER THREE STEPS, CRANE MAY HALVE H AND RETURN TO INITIAL CRANOSOO
CONDITIONS WITH INIT=4. (THIS BEHAVICR WILL RECUR UNTIL PRECISIONCRANOSLO
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1

200

1S SATISFIED ACCORDING TU AN ERROR ESTIMATE AFTER THREE STEFS.)

PRIOR TO FIRST CALL»s SET INIT X AND Y AND CEFINE THE VALUES
DF THE NB VECTOR» ALSO DEFINE VALUES OF NsMINSINIT(=0)sIDCNT» AND
PREC.  PREC SHQULD AODVISEDLY BE FROM 2.5 TO 7. (NOT NECESSARILY
AN INTEGER)s THOUGH THERE WILL BE NG EFFECT IF IDCNT.NE.D

CRANOS2Q
CRANOS30
CRANDS40
CRANOSS5D
CRANOS60
CRANGS7O0
CRANUS580

PRINTOUT AND TERMINATICN ARE NOT ACCCMPLISEEC BO CRANEC ENOTNCRANOSSD

DG NOT CHANGE XsYsFsN DR H EXTERNALLY UNLESS YOU SET INIT=0,

CRANO 60O
CRANOG10G

EXTERNALLY. HOWEVER, N3 AND PREC MAY EBE CHANGED AT ANY TIME. SET—-CRAN0G62D

TING INITWSLT.0 WILL RESULT IN INHIBITING INCREASE IN H FCR MIN

STEPS, BUT WILL PERMIT CECREASES IN Hs INIT WILL BE POSITIVE ON

EXITTING CRANE AGAIN.

DIMENS ION Q{40)+Y1{40)sYO{40)sFO(40)sF1{40)F2(40)sF3(40)F4(4aQ);s

FS5{40)e¥2(40) SE(10)+Y3{(40),Y4(40)s¥Y5(40)

EGU IVALENCE{ ¥5(1)>0(1))5(R»T)

Y5 AND Q@ ARE NOT BOTH NEEOELD AT THE SAME INSTANT,.

CATA VNU /1 .£258556E-(05/

ViU MAX IMUM ROUNCCFF ERRGR ON UNIVAC 1188 CALCULATED BY
V=ALPHA®BASE®**{(1-1T) WHERE ALPHA = l. FOR ROUNDING MACHINE
AND 5 FOR TRUNCATING MACHINE. BASE IS THE NUMBER BASE FCR
MACHINE (2 FOR 1108),., IT IS NUMBER OF CIGITS IN MANTISSA OF
THE WORD IN MEMORY { 27 FOR 11C8 ).

FIRST EXETUTAELE NEXT

IFCINITIL »2,3

INIT=0

E(MIN)=10.

IF ( N «GTe O «ANDs N oLEe 40 ) GC TO 5

WRITE(6+200)

FORMAT (54 HON WAS NOT A POSITIVE INTEGERW.T.40» ON CALLING CRANE.)
CALL EXIT

IF ( MIN oLTe. 2 ) MIN=Z

CRANOB3Q
CRANO640
CRANOSBS0
CRANGSE60
CRANOG67D
CRANDOGBO
CRANOG&9O

CRANOT710

sk 2 oK Kok K
CRAND720
CRANQ730D
CRANO740

CRANO7990
CRANOBCOU
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ALITVOD

IF { MIN «GTs 12 ) MIN=1Q
IF { INDONX 2ANDs {(XHAT-X)/H +LTw 0s) GO TO 2040

BETA =-DLOG1UO{VNU)}*.3S
70 IF { PREC-EETA ) 1is13,12
12 PREC = BETA

11 IF { PREC +1.Ts 2s ) PREC=4.

CRANOSGOO

C STATEMENT 11 ASSUMES THAT THE OVERSIGHT OF SPECIFYING NO PRECI-

C SILCNs OR PRECISION BELOW 2.0 DECIMALSs SHOULD CALL FOR 4 DECIMALS, CRANOS1D
C VIA INTERNAL CORRECTIGON. ALSO, PREC ABOVE MACHINE ACCURACY IS

C REDUCED T0O MACHINE ACCURACY.

13 PRECN=PREC CRANO930
T=10 e *%{—-PREC) CRANOY940
BOUNDB=T*16.215656 CRANO9S0
BCUNDA=T* .05 CRANOS60
BCOUND=BOUNDA*FLOAT(MIN) CRANOS70
IF{INIT)1155+1155,16 CRANOS80D

1155 CALL CERIV CRANGOS90
©IF {1ELP) GO TO 29090
ASSIGN 18 TO KT
CHxkxxRRUNGE-KUTTA SETUP

17 K=0 CTRAN100OD
IF ({ INDONX +ANDs (XHAT=X)/ {4 e%kt) oLEe 1o ) H={XHAT-X)/4e
ASSIGN 55 TO IS CRAN1010
H1= 2 5%H CRAN1D020
KBC=3 CRAN1G30
IKPC = «FALSE.

GC TC KTs (18, 202)

C IF PROGRAM HAS BACKED UP TO START OF A R-K 60 70 18.
C IF PROGRAM HAS BACKED UP TO LAST PC THEN GG TG 20.
C THIS WwWILL PERMIT PRINTOUT TO “START OVER'.
C ALSO FIRST CALL WITH INIT=0 WILL ALSO PASS THRU 18.
CHXx¥%XkEND R-K SETUP
C THIS IS THE NORMAL <CALL CF DERIV WITH A NEW PC ¥ VECTORs HENCE
C A USEABLE VALUE OF F IF HELP=FALSE.

15 CALL DERIV CRAN13590



C
C

IF {IELP) GO TG 52

18 INIT=1+INIT

19

IF (INDCNX oANDLECABS{ (XFAT—=X)I/XHAT )

INDGNX=+FALSE
IF { IKPC +0ORe INIT

»EQs 1 ) RETURN

2L Te

THE ABOVE IS THE ONLY RETURN FROM INTODE.

INIT EXCEEDS 0O.

L sksk sk

C

C

3

16

20
213

22

24

IF ( PREC -  PRECN )} 70516470
IF { IONT +ANDe IKPC ) GO TO 213
IF ( IKPC ) GG TO 212

K=4

F3{II=F2{1}
F2(I)=F1{1)
FI{I}=FD(1)
FOL1)=F(1)
Y3{IY=v2{1)
Y2(1)=Y1(1)
YI{(I)=YO(I)
Y8{I2=Y (1)

IF { KBC »EQa. ©
KBC=KBC~1
XN=X+H

X=X+H1

RX=e 252893219
ASSIGN 33 TO KS

#»0ORe IONT 3 GO TG 23

CHxpkxgk START OF ONE RK STEP
37 DO 29 I=1sN

AK=E%F{1)
GO TO KS+{33534+30)

32 Y(I)=Y(I)+0.5%A

Q{1i=AK :

VNU *10C.)

NEXT IS REACHED WHEN

CRAN1D60

CRAN1080
CRAN1090
ek A sk ek

CRAN112G
CRAN1130
CRAN1140
CRAN11590
CRAN1160
CRAN1170
CRAN1180
CRAN11390
CRAN1200
CRAN12190

CRAN1230
CRAN1240
CRAN1250
CRAN1260
CRAN1 270
koo Kk
CRAN1280
CRANL290
CRAN13090
CRAN1310
CRANL1320



30

29

219

251

224

1551

36

GC TC 29
Y{I)={(-G{I)—=Q(I)+AK) %, I6ELHEH667+Y{]1)
GO TQ 29

R=RXx {AK~G{X))

QI )=((R+R+RI-RX*AKI+Q( 1)
Y(I)=Y{(I)+R

CONTINUE

GO TO (1531s 224, 219, ZE1),K
RX=1 70710678

GO TO 1551

ASSIGN 34 TO KS

GO TQ 1551

ASSIGN 3D TO KS

X=XN

CALL DERIV

iF { IELP ) GO TO 2020

THIS CALL OF DERIV 15 DBURING R-K CNLY

K=K—-1
IF(K)18,18,37

Cxx%x%% END OQF CNE RK STEP

OO0 ADADNA

DELTAX IS DONEs THE CODING IS A BIT CONPLEX IN GORDER TO MINIMIZE

THE LOUP BEGINNING AT 37 .1IS EXCTD 4 TIMES BEFORE ONE STEP IN
MULTIPLICATIONS AND INBEXING. IT 1S EQUIVALENT TG SLOWER CODEs

AS FCLLOWSsss DO 36 J=1s4 WHEREIN
DO 29 I=1,h+1
AK(I»J)=DELTAXXF(I)

R {IsJI=A{JI*AK(I»Jd)-B(II*Q(])

Y (1) =Y(I)#R(I,J)

Q@ {I) =C({L)+3s% RII»JI-C{IIXAK(IsJ)

2% X= Y(N+1)

CALL DERIV (XsY,F)
36 CONTINUE

RETURN

ACCoe TD Se GIliLLey CAM3e PHIL e SCCwer

VALUES OF A B s AND C ARE BESTaesen

47 +PS6 {19513

THE

CRAN1330

CRANM1340
CRAN1 350
CRAN1360
CRAN1 3790
CRAN1380
CRAN1390
CRAN1400
CRAN1410
CRAN1 420
CRANL 430
CRAN14490
CRANI 450
CRAN1 460
CRAN1470

CRAN1480
CRAN1 490
ok 3ok X ok ko
CRAN15190
CRAN1S500
CRAN1S520
CRANIS53D
CRAN1540
CRAN1550
CRAN1560
CRAN15790
CRAN1580
CRAN1 590
CRAN1600
CRAN1610
CRAN1620
CRANL63D
CRAN1€40
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o0

212

100

28

39 Y(I)=1.547652%Y(I)+2.017204%Y2(1)—1.B67503%xY1L{I1)~.657353*Y3I(1I+S*
1({«3BSE0E124*%F(I)+.,855121303%F2{1)—,3515E9071%F3(1)-F1{1))

490

42

Al J)I=0De531 +=SARTF (45 ) s 1 ++SARTF( e5)91 /6 J=1s4
BlJ)=1lse 51 e—SARTF{(eZ) 31 e+SQRTF(e5) sl /30 J=1 24
C(I)I=0531 e~SARTF(+5) 51 ++SARTF(«S5)»5e 5 J=1+4

FCLLOWING IS REACHED FRCM STMT 16 WHEN KBC={, AFTER PRED—CORR
INITIALIZATION IS COMFELETE.
IF ( INDONX «ANDe (XHAT—X)/(42%E)
IF ( E(MIN) «GT., BOUNLCA ) GUC TO 28
DO 4 I=2,MIN
E(1)=E(1)+E(1)
IF(E(1)-BOUND) 3842828
28 IS USUAL. 38 IS PREPARE TO DOUBLE DELTAX.
DO 39 I=1.N
FS(I)=Fa(1l)
F4(I)=F3(1)
Fat1)=ra2(1)
F2(1)=F1(I)
F1{I)=FO0(I)
FOCI)=F (1)
YS{I)=Y4(1}
Y4(I)=Y3(1)
Y3(I1)=Y2(1)
Y2(I)=Y1(1)
Yi(I)=Y0(I)
YolId=y (1;

«LTe 1 ) GO TD 17

X=X+H

CALL DERIV

IF ( IELFP ) GO TO 2030

THIS CALL GF DERIV IS FIRST WITH PREDICTED Y VECTOR
REACHED WITH LLAST STEP 0OF AN R—K STEP HENCE UNCHECKED GR WITH
LAST STEP A GOOD PCa.

DO 10 1I=2,MIN

AND MAY BE

CRAN1650
CRAN166D
CRAN16790
CRAN168¢0

CRAN1690
CRAN1700

CRAN17590
CRAN1760C
CRAN17790
CRAN1780
CRAN1790
CRAN1800
CRAN18190
CRAN1820
CRAN1 8390
CRAN1840
CRAN1 850
CRAN1860
CRAN1870
CRAN188D
CRAN1890
CRAN19090
CRAN19190
CRAN19290
CRAN1930
CRAN19490
CRAN1950

CRAN1960
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<
72
44
46
47
48
43

C

c
50

C

c

C

c

51

C
52
54

3
C
c

E(1I-1)=E{(1) CRAN1970
E{MINI=D., CRAN1S80
DG 43 TI=1sN CRAN1S90
T=YQ LI I+AKK( G 2xF{ 1)+ 1S kFO(L)+F2(1)-5%F1(1)) CRAN2GOO
FNC=Y(1)-T CRAN2010
AT THIS PUINT, PMC IS PREDICTCR-CCRRECTOR CRAN2020
IF ¢ IONT 2 GO TO 43
IFINB(I))I43s44 47 CRANZ2040D
IF (Y(I))46+43+46 CRAN2US50
ENC=PNC/Y (1) CRAN2060
IF({CABS(PMCI—E(MIN)I43+43+48 CRANZ2G70
E{MINI=DABS(PMC) CRAN20O8BD
Y(I)=T CRAN209D
HEREs E{MIN) IS THE pMAX. TRUNC. ERRGR ESTe.» ABSe CR RELes COVER ICRANZ210C
WHILE THIS REST OF E ARE ITS PREDECESSORS. CRAN21i D
IF(E(HMIN)-BOUNDB)SC0 50,51 CRANZ21290
GO TO IS5(15s55) CRAN21390
15 IS NORMAL AND CALLS CERIVs JUMPING TO 18 TO STEP INIT+1,RETURNCRANZ2140
55 1S REACHED FIRST STEF AFTER A SEGUENCE GF RKG STEPS.(CRC 0510)CRANZ21590
WHEN LARCEST ERROR EXCEEDS BOUNDs STMT 51 IS A BRANCH GGVERNED CRAN2160
BY WHETHER THIS IS GON FIRST P-C STEP OR NOT. 52 IS NORMAL. CRANZ2170
IF { NOT. IKPC ) GO TO £9
52 1S REACHED WHEN LLARGEST ERROR EXCEEDS BOUNDs, FNCTN OF PRECISN.CRAN2190
AX=X-H CRANZ200Q
00 54 I=1sN CRAN2210
Y{I)=YQ0{1) CRANZ2220
FI)=FOLI) CRAN2230
ASSIGN 20 TO KT
IF ( IONT ) GO TO 1000

H= » 625 %H CRAN2240
IELP = J.FALSE. ,

NOTE - ALL STEP SIZE REDUCTIONS GC THRU HERE

EXCEPT CN ENDONX INITIATED RECUCTION.

GO TD 17 CRAN2250
RETURN TO 17 SETS UP RKG INITIALIZATICN CRAN2260



55

62 Y1)l +54T7652%Y(L)+2.017204%Y2(T)~1867503%xY1(1)-.697353%kY3(I)+S*

C
C
c
C
59
60
€1
C
c
38
64
C
23
d
c
c

2020

ASSIGN 15 TO IS
GO TO 5

ABOVE SEQUENCE COMPLETES INITIALIZATICN OF PRED-CCRR RBUTINE.
NEXTs FAILURE OF FIRST TEST AFTER RKG SEQUENCE CAUSES EACKUF 3
STEPS .
X=X~ 4 o %H
DC 60 I=1,N
Y(I)=Y¥3(1)
F{I1)=F3(1)
ASSIGN 18 TO KT
GO TO S3
THE FOLLOWING SETS UP DOUBLING DELTX
REFER TO CARD 1130 FCR RETURN TO RKG INITIAL XZATION.
H=2 .+ %H
DC 64 I=1,N
F2(1)=F3(1)
F3(1)=F5(1)
FO(I)=F (1)
Y2(1)=Y3{1)
Y3(I)=Y5(1)
YO{I)=Y{1)
23 IS REACHED AFTER 2 RKG STEFPS, I E WHEN KBC=0a. (REFe« STTNT 22)
AK= . 0416666667 %H
E(MINI=10.
S=H%2.03169
DO 62 I=1,N
SAME AS STATEMENT 3%
1{ + 98550 E124%F (1) +.895121303%F2(1)—e351589L71%F3{1)-F1(1))
GO TO 40
ABOVE TALLS DERIVATIVE WITH FIRST PRECICTED Y VECTOR.

K = 32-KB8C

CRANZ2280
CRANZ2300

CRANZ3190
CRAN2320
CRANZ2330
CRAN23240
CRANZ2350
CRAN2360
CRAN2370

CRAN2380
CTRAN2400
CRAN2350
CRAN2410
CRAN2420
CRANZ2430
CRANZ2440
CRANZ2450
CRANZ2 480
CRANZ2470
CRAN2489D
CRAN2490
CRAN2500
CRANZ2519D
CRAN25290
CRAN2530

CRAN2540
CRANZ550
CRAN2560
CRANZ2570



SI EDVd TVNIOIYO0

RITTVA® ¥00d d0

X =XN— K%H
GO TO (2021520222023 ) K
2021 DO 2024 I=1.N =

F(1) = FO(1)
2024 Y(I) = YO(I)
GO TO 61
2022 DC 20625 I=lsN
F(I) = F1(1)
2025 Y(1) = Y1{(1)
GO To 61
2023 DO 2026 I=1sN
F(I) = F2{1)
2026 Y{(I) = Y2(1)
GO TO 61
C
2030 IF ( IKPC ) GO 710 52
GO TOo S9
C

1000 WRITE (£:1001)

1001 FORMAT (*OTHKE USE OF A FIXED STEP SIZE (DONT=TRUE) IS INCOMPATIBLE
+ WITH USE OF HELP IN CERIV AND IS GENERALLY USELESS.*/" RUN ABORTE
«Ce')

CALL EXIT
C

2000 WRITE(6,2001)

2001 FORMAT('0 CRANE WAS CALLED WITH INITIAL VALUES UNACCEPTABLE TO DER
»IV. CASE ABORTED. *)

CALL EXIT
C
2040 INDONX = »FALSE.
WRITE{652041)

2041 FORMAT('"OVALUES OF ENDONXs XHATs X» AND H ARE NGT COMPATIBLE.

+s RUN ABUORTED.')

CALL EXIT
END CRAN2580



ANALYTICAL CELL AT THE FOLLOWING CONDITIONS 2

s e s ok sk vk ok oo ¥ ok e sl v ook aeok o st i o o oK stk i e sl ok o ok o Sk ok ok

INLET AIR PCU2 = 4200 PP HG
CURRENT DEMSITY = 3TL.00 A /FT2
MATRTIX THICKNESE= 28.40 MILS
AIR FLLW RATE = 1€ 420 FT3/MIN
AIR TEMPERATURE = T7C.00 CEGs. F
AIR CEwW POINT = 44 30 DEGe F
CTHE® CCRDITICNS 3

CELL VOLTAGE = T2 30 VCLT
HYDFUGEN FATE = 07 FT3/MIN
ANODE PCUZIN = e MM OHG

& e vl ok sk Sk ol ok ol vk sl e oz A e i o sk s S e e ol 3 ol e 3R e o sl ok e ke s ok ke

QUTLET AIFK D.F, = 47461 DFG. F
N, OF suRCcriLL TATRIN TAIRQUT TELFC PH2OIN

1 T2.00 T2 .82 73 .34 & 37
z T72.EC TE.58 TEL.T5 6.54
3 7559 TE 39 7990 B.T77

UPPER FLUX LIMIT= ~EGRERD

LOWEF FLUX LINIT= 2374400

THE INITIAL FLUX AT THE CATHODE IS «4GQZ2TN

e oo o s S i b, S, ek i, A W, o i i, P S . ki IV i OO, S s i S S0 s I, AN i e et i o O i A O A s Mt e e .

PH20OCUT
6HeB4
677
Tal1

CSCATH
S.57
S5.47
2,29



d Jd0
JVNIDING

RIrTvnd oo

8T HOvg

ClC = +.196621D-74 C3C = .335x72 C4C = JT773765
ClA = .491241D-01 C3A = L127676D-06& Cap = 491244E-01

THE IMTEGFATICN RQUTINE TOCK 267 + 1 STEPS
GUFSSED CATHODE FLUX — CALC» ANGDE FLUX IS ~335.884 DIFF./FLUX = £72.844

e, e i o, T Y P M e . SV S A v Sk PR R S Sy . Y o A e VR e P o S S M o AR . T i VT O ot o S A

C4C = J7737H2

ciC =

cCaC = 773764

X =—.5C0000 C1C =

C4C = TF737H4

A A e g g O . S, T A i s Yo o . e e e s At o (ot B e e S . s e o . oS o o e e S ot S o . . . S



ST EDVd TVNIDIIO

ALITVAD 9004 J0

THE INITIAL FLUX AT THF CATHGDFE IS 2224160

et e e et S . T s T ik A PO, . Vo e A i i . T et ittt A

X ==500025 CLC = +179413D~-LC4 C3C = »,331397 CaC = »TT73764

s e o S S e o oo T e e oo S ot o s B . e O o e Ml i e, i . I . o i o, e Y, . e s S Thr SO frv i e AR e

THE INITIAL FLUX AT THE CATHQDE 1S «E1188C

o e i e iy T o o i ote S aim o e i o i it o i i s s o o it . o Y e . S i T . A . Y P e . 0

X =—. 50000 C1C = 187827004 C3C = .333528 CaC = 773784

X = 800000 ClA = 205702 C3A = L46748340-05 C4A = 205011

THE INTEGRATICN ROUTINE TOCK 238 + 1 STEPS

GUESSED CATRODE FLUX - CALC. ANCOF FLUX IS =154 .23% DIFF-/FLUX = 311.19°
THE INITIAL FLUX AT THE CATHOCE IS 5179270
X ==a500002 Cl1C = .183559D-1n4 C3C = +332467 CaC = 773764

X = <BH0oNC ClA = «1262440-G4 C3A = 5136851

THE INTEGRATICN FOUTINE TOOK 72 + 1 STEPS



GUESSED CATHODE FLuX — CALC. ANGDRE FLUX 1S 2 IQ3QA74 DIFF./FLUX = 1.91743

i o vary . o P . (4 Vo s P s A s It S0 b g, o . o i P e i sl kY Pt o) a0 PR WS O S St . T ek P . it - i e ot s

X == 8CRR00 ClL = L 1856700-04 C3C = »,333r20 C4C = 773764

X = SEONCOD C1A = 248467 C3A = +.349174D-"1 Ca4A = 316282

THE INTEGPATICN FOUTINE TLLK 137 4+ 1 STEPS

GUESSED CATHQLE FLUX. - CALC. ANCDE FLUX IS SOB60R3 DIFF./FLUX = 1.8571%9
THE INITIAL FLUX AT THE CATHDRE IS 2513240

X == <B0000G0 CIC = +18B6873SD-24 C3C = .333264 C4C = JT73TEE

X = LBOR0ND Cla = L239710 C3A = «1279360H-N4 C4A = 239732

THE INTEGEATICN RCOUTINE TDOK 225 + 1 STEPS

GUESSEL CATHGDE FLUX ~ (ALC. ANOSE FLUX IS ~53.8911 DIFF «/FLUX = 182.938



THE INITIAL FLUX AT THE CATHOLE IS5 «214020

e . P 2k Yo Sk T v . s e ot T S v P i P ok o o e L A e A S o o o W it A S i b o o e T T

H

X == 800000 Cl1C = «186202D-04 C3C + 233132

i

X = BN ClA = 262080 C34a W25NETEDR-T L

THE INTEGRATICN FOUTINE TCCK 222 + 1 STEFS

GUESSED CATHODE FLUX — CALC. ANUDE FLUX IS —47 3095

THE INITIAL FLUX AT THE CATHODE IS «51441C

X ==, 500000 ClC = «18592¢D-04 C3C = 4333766
X = 50335073 ClA = .2752&8 C3A = 5657292074

THE INTEGHATION KCUTINE TOOK 1549 + 1 STEPRS

GUESSFD CATHODE FLUX -~ CALC. ARGDFE FLUX IS —-13.5%612

s i o e e ot . et ) B o, Y e i o RS et i o Mo e S s TR B e . Vo Yo e . i b o it

THE INITIAL FLUX AT THE CATHOLDE IS + 5146105

o o o oo . s i T A bt i . S e A o o e . U A A i, e e S s V. e T i e W S o M S e . o i

C4C = 773764

C4A = L262101

DIFF./FLUX = 93.7109

wTT37HR4

c4c

C4A

]

e 2TH41Y

NIFF«/FLUX = 38.7265
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1
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o0
fe}
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D
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5
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L
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i

»1858730~-04 C3C

X

o

ceen

fe

CT1lA « 282327 C3A

il

THE INTEGRATION ROUTINE TOCK 1€1 + 1 STEPRS

GUFSSED CATHODE FLUX - CALC. ANODF FLUX IS5

i o v s Sy e 00 . e i . it S s o et — e - ——

THE INITIAL FLUX AT THE CATHODE IS « 514702

o i i e s O i it o i e . A it o e e . S . o . S, o T O o, i S . o s . o . e S e S .

X =-—.5300000 C1C = .185736D-04 c3cC
X = 2508030 ClA = +2729%5 C3A

THE INTEGFRATION ROUTINF TOOK 1324 + | STEPS

GUESSED CATHODE FLUX — CALC. AMODF FLUX IS

THE INITIAL FLUX AT THE CATHODE IS .514654

S o g e G S ik e i St S . D e S P W o Y e St o o ot o T i (i e Y S Pl o T e i s o, i s St .

X == 800000 CIC = .188B770D-24 Cc3C

X = 25200 0n CIA = 282932 C3A

]

« 333733

2291471023

+3337216

210528600-21

= 323024

« 124 8430-72

cacC

C4A

2 TT7T3784

2829140

DIFF./FLUX

cac

C4A

i

il

«TT7T37EL

- 263537

DIFF/FLUX

cac

C4aA

it

WTTITES

T+55321

166861
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THE INTEGRATICN ROUTINE TCOK 142 + 1 STEPRS

GUESSEL CATHDRDE FLUX — CALC, ANUODE FLUX IS ~2 157754 DIFF./FLUX = 306824
THE INITIAL FLUX AT THE CATHODE IS «514678

X ==.5000729 ClC = .1857&£30-0C4 C3C = ,33372¢ C4C = 2773764

X = «J85CLO00C Cla = .27928¢C C3A = L46GURSHN-02 C&4A = . 28RER8C

THE INTEGRATIGN FUUTINE TOOK 134 + 1 STEPS

GUFESSEL CATHCODE FLUX — CALC. ANDODE FLUX IS BT LUT DIFFL/FLUX = 1434277
THE INITIAL FLUX AT THE CATHODRE IS «S146A06

K == BOOCLD CiC = »18B6761D-C4 C3C = .3337°22 CaC = T737%4

X = JSLoocn Ci1a = .2817¢C¢ C3A = .2B1&6830-02 C4A = 2BET4D

THE INTEGRATICN RQUTINE TEGCK 1237 + 1 STEPS



DIFF./FLUX =

O
o
n]

C4A

DIFF./FLUX =

cacC

C4A

i

il

~T7376E4

~285921

«274171

fTTRTE4

« 285633

GUESSED CATHCDE FLUX — CALC. ANODE FLUX IS P A24552
THF INITIAL FLUX AT THE CATHODE IS « 5146
X =—.8onean Cl1C = »1857€£D-"4 C3C 2333023
X = E5CDGA0 ClA = .282586 T3A 2 168239D-02
THE INTEGRATICN RGUTINE TCCK 142 + | STEPS
GUESSED CATHLDE FLUX = CALC. ANODE FLUX IS 0141105
THE INITIAL FLUX AT THE CATHODE IS + 514657
X =—.5800007 CI1C = ~1E8E76E8D-54 €3¢ »333224
X = «SBLLN0AN ClAa = 282792 C3A <1 A20FRD-102
THE INTEGFATICN RGUTINF TCOK 1492 + 1 STEPS

X 1 ca €3

ca

-

"



— < BLCCO0 s 73794 €EE~-D4 2 775425 239777 5.57104

*EWARMING*% PRECIPITATICN EXPECTFD AT CATHODE

— 2299529 « 178827F-03 s A44T0N2%G 1.584811 4.14341
~ e GOQGEIE-Q1 + 25890 T7F-43 «278£18 1,64838 3.57563
10001 + SEBBEZF—03 2116676 153351 3.18419
IC00C01 +£158143 « 1043252E-03 1.24278 3.020781
SSTLLCD 203610 +113S71E-25 e 122268E-0C1 2. 35655

FLUX FCR SUBCELL MNMUMBER 1 IS « 5146957

UPPER FLUX LIMIT= « 514660
LOWER FLUX LIMBIT= 514654

. 8 . e e e 5358, s O . P 80 AN e, S S e SRS A o P . M e i . . S i St e b S T i i e b e b e o i

THE INITIAL FLUX AT THE CATHODRE IS «E04384
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O Y00d ao

»

Vd TVNI

Kirrvn

ST HD

«210254D-04 T3C = 2327879 CaC = 762133

It

X ==.500000 cic

f

X = «85CCLCT ClA = 201070 T3A = L422115D~-05 C4a 2 2C 1075

THE INTEGRATION ROUTINE TCOCOK 255 + 1 STERS

GUESSED CATHODF FLUX — CALC. ANODE FLUX IS -182%.414 DIFF./FLUX = 357.706

-t oo . b T Ty o o o o T . . ki ot S e L S o i (o, e S S Ol Mo o o S Y Tt o, e

THE INITIAL FLUX AT THE CATHODE IS «B29512

X == H5000D0 ClC = +2062460-T4 C3C = 326998 C4C = 7OLI332
X = 500000 ClA = 2197939 C3A = .8688H6D-01 C4p = J37171¢
THF INTEGRATICN KRCUTINE TOOK 12% + 1 STEPS
1.394%9 RDIFF/FLUX = 2.73710

GUFSSED CATHUDE FLUX ~ CALC. ANODE FLUX IS

o o e o i o S Yo o 2 2O S . . o ot e, e, =P A o . ), o . e, e s, S . S o i, i SO0 M, T e o . St

et . i . e S0t AR . e e P S e, o S e et A S el A o e D P W e i el il o P, . . . D o o, Y S T

X =—a.80000C C1C = . 208289D-04 C3C = 327440 C4C = 27601332



X = .8000CE Cla = 241159 C3A = .997317D0-Q%5 Can = 241178

THE INTEGRATICN ROUTINE TOOK 222 + 1 STEPS

GUESSELD CATHUDF FLUX — CALC. ANGDE FLUX IS -174,796 DIFF./FLUX = 206.724

b o e e, Yo St s . o . Y. e, i . e e Y. P o i, g, s i o . it k. S s . e s o S S S .Y e e e

THE INITIAL FLUX AT THE CATHDODE IS S0R225

e Y e, i, At A . i o WA, . . A s, S e S O TS PO VAR VD, i e A Vo, o e, g S Sk e s, S T e . k. S e o S .

X =—eo80000C ClC = 2207250D~0C4 C3C = .32722% C4C = 767133

X = 500000 ClA = 26939% C3A = ,275996D-04 C4A = 269445

THE INTECFATICN ROUTINE TODR 204 + 1 STERS

GUFSSEL CATHODE FLUX — CALC. ANODE FLUX IS —~4AR.1474 DIFF./FLUX = 9

Dol
0
o]
ot
N

« B

X =—,0800000 ClC = «2206747D-04 C3¢ = ,3271n9 Ca = ~TEM13R
X = 8¢eaecoe ClA = 287258 C2A = L,163542D-03 CaA = L2R7585
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RIrTead €ood ao
ST HDVd TVNH

THE INTEGRATICN ROUTINE TOOK 173 + 1 STEPS

GUESSEDR CATHUDE FLUX — CALCs. ANDDE FLUX IS =7 72239

e e e o b . . Ly s o o . . oo Mo Moy mad S . o At Sk ] S N it e e, e o S i S o e e b e o S o

e e i o s i b v HA e . e et . . o B e O L T M, et . S Vo e S T

1]

X =—a5L0000 Cl1C = 206496004 C3C « 327754

281862D-31

#BOON0G ClA = .24985% C3A

x
]

THE INTEGRATION ROUTINE TODK 126 + 1 STEPS

GUESSFD CATHODE FLUX — CALC. ANODE FLUX IS 1.372%7

i A o4 b e o s S S vt S} e e T G e S AT P A ey S S s S o e P . s s — . T A . o T o o7

X ==.800007 Cl1C = L. 2066220-"4 C3C = 327971

i

X = L2000 ClA « 2B4R52 C3A = .3764662N-22

THE  INTEGPATICN ROUTINE TCOK 129 + 1 STFPS

GUFSSEL CATHUDE FLUX - CALC. ANDPRE FLUX IS 1.1474%C

DIFFW/FLUX = 15.17%6

« Z2622G

]

C4A

DIFF./FLUX = 2.£3956%

cacC « 765133

1

C4A = 296385

DIFF W /FLUX = 2.25400
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e s PO s e, T . i . . s i e e o e e, i, b o e T . e . e B A ot A e T e e o e e e e S

X == 800004 Tl = L20e684D-04 C3C = .32779% Cal = 7619132
X = 28CLCCh ClA = 289450 C3A = .391825D-03 C4A = 295234

THE INTEGRATION FOUTIMNE TOOK 149 + 1 STEPS

GUESSED CATHODE FLUX —~ CALC. ANODE FLUX IS —2. 464837 CIFF./FLUX = 4.,84307

e v Tt St iy e e Y ot P s M D S o e T S e HTY i . s e S N . 08 SO S . e Tt e . S e i

X =—,B0000C C1C = 2T&653D-24 C3C = 327788 CaC = 760133

X = Le000C0 ClA = 286761 C3A = ,1123%580-"2 Ca4A = ,292018

THE INTEGRATION FOUTINE TOCOK l14€ + 1 STEPS

GUFSSED CATHODE FLUX — CTALC, ANODE FLUX 1S «STarg4E-71 DIFF./FLUX = 919360

A i et e S . . T Pt o D s T e o S S gt Al i s T i S s it S ) i, T e ol M i o . Pt S S o S

i s . . 2 S e S . e B Y it sk S i v St ) o o A b sl 4 At g i e s S o Y e ot e Yot ot ot e et



X = 500000 CLC = <27665H69D-04 C3C = 3272722 C4C = TENL33

I
il

X = 500000 C1lA «2R9B23 C3A «5Q33420-23 C4p = 291710

THE INTEGRATION RGUTINE TOOK 144 + 1 STEPRS

GUESSED CATHUDRE FLUX = CALCe. ANUDE FLUX IS -1.15821 DIFF /FLUX = 2.27561

o e o e e e e i it o . e T S0 Al O S P M . ot W o e . e . St Sl o ot T e M o o o e e i e

e A e o o 9 i ot At e i i T il ARt S . . s . (. b T o i ot S R b S o et e i, P S St i L Mt o o it M iR

X ==—a 8QCR00 C1C = 2TE6610-34 C2C = 327790 C4aC = .76T133

il

X = JBCNLCC ClA » 289BRBE C3A = 7971430-73 Cap = 291483

THE INTEGRATICN ROUTINE TCOK 143 + 1 STEPS

GUESESED CATHODE FLUX - (ALC« ANCDE FLUX IS = 5T48T0 DIFF./FLUX = .991338
THE INITIAL FLUX AT THE CATHGCE IS5 Lopegs

X m=EB{0n0 C1C = L276657D-24 C3C = 327789 CaC = L7H7123
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31 oV,

(1A = < 2B9R7C C3A = 8G484TD-03 C4A = 291667

X = SJBONNGG
14€ + 1 STEPS

THE INTEGRATIOM PCUTINE TOGK
GUESSED CATRUDE FLUX — CALC. ANGDE FLUX IS ~ 296205 DIFF/FLUX = ,S81GER

THE IMITIAL FLUX AT THE CATHOCF IS
X =m—a BOOOH0 ClC = +27°6€E52D-24 C3C = .3277°8% CHC = L,T76e0133
X = «B5Co0on ClA = 289823 C3A = ,171488D-12 Can = 291883
THE INTEGRATICN ROUTINF TOOK 135+ 1 STEPS
= 186427

CTALTW. AMNULE FLUX IS -~ e F4BARARAL-T] DIFF./ZFLUX =

GUESSED CATHDODE FLUX -~

e e e’ i R e i M S o S Mt o s A S it ol S T S o o Hid o i b e 4 it et !

e e S S S s W S e Yk e et Yooh P e Tt S Sl A s A s, e, A Y . i . i v i S it HAMY St it s e i D s i e e s

X m=m—a BOOO0E CIC = 2066540 —24 CRC = «3277°#H8 CaC = 76133
Ca4a = L291893

LSOCCT0 C1A = »2BG808 C3A = LIN4231ND-02

THE INTEGRATION FOUTINE TOUK 1324 + 1 STEES



GUESSFEL CATHODE FLUX — CALC. ANODE FLUX IS -+ 552602001 DIFF./FLUX = L,10R765

. yore o b i ot St i s oo Pt Y St 1S o e A S s A S A s TS e A S A ot R S T S O B T A ol i T A

e o i, A e e e s P o o S s . A N ol s S U, T ! . e, S S i i e o Yo, o S o e i . S W ] i Al et

X == 85L0007 C1C = 296683204 C3C = .3277928 C4C = L760133
X = LELODDC ClA = .28¢78% C3A = 108642D-72 C4A = 291958

X Ci c2 3 C4
~HO00 w8209 1 3F-N4 WTE2TRI 2235504 5.47289
FERWAENINGR%: PRECIPITATICN EXPFCTEND AT CATHCODE
= 259T 4G » JGEPEFF 32 2GGEBEITR 1884303 4.13728

- GLGOHOF~D1 «PBE1IGHEF-02 2 27721¢€ 1.58771 3.59293



2100nN] « @T7267LE-03 s 769111E~01 le55240 3182869
» 3T0O001 «H3GIEZ ¢eF16CSRIE-NSG 1.21768 Z.0T7841]

2S00 070 208645 e GATT4SF -G48 « 7TR222NF-02 2«1721¢C

i e A e i e A ot et S A . e e e M, e S e, i T A e el e o, B el S b S e e, S e i 2 . o . . St et o Al ol . WP S s i s SR e S St D s i oo e

FLUX FOR OSUBCELL NUMBER 2 IS ~ 878688

UPFER FLUX LINMIT= 508083
LOWEF FLUX LIMIT= LS0&8¢88

- e o P St Gt Vs VO S e i e . . S i . P e iy S S e Mo e S vl e it . e b V026 et (i e ot ot e L e . e

THE INITIAL FLUX AT THE CATHORF IS s 8G3253

ot~ M . G o S0 S o o o . b HO T . i e . PO S S T, T W S o T A Vol T A’ e SO s ot o e s e s .

X == BLLoNN C1C »2379960~24 C3C = 3177433 T4C = 734042

it

il

«270445D~-0R can

1]

X = LBO0A00 ClA = 182768 C3A 2182174

THE INTEGRATICN RRUTINE TCUK Z44 + 1 STEPS

GUESSED CATHODE FLUY ~ CALC. ANGDE FLUX IS ~222.983 DIFFL/FLUY = 452,724

e S . T . A S it St P Sk o i S o St M. . S . g o . . Y e, o, . Sk, T . S P oS . o T e o o S o



THE INITIAL FLUX AT THE CATHOCE IS «S01121

X == 500007 CicC

it

«2308210-024 C3C = 2316463 Car = ~734L42

X = #5C0000 C1la

il

263814 C34 = ,1895752D~74 Can = 2263881

THE INTEGRATION RUUTINE TOCK 211 + 1 STEPS

GUESSED CATHCODE FLUX — CALC. ANIDE FLUX IS ~E5 8044 CIFF «/FLUX = 133.486G
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THE INITIAL FLUX AT THE CATHORE IS « SNENSE

o S s s T P i A Y et b S SO e e . S . SO S o St o ot A e e S S A T e it . Sty S ot A S0 S

X ==.5000020 Cl1C = .227317D-04 C3C = 215793 CaC = .734"42

X = SEORCO0 ClA = +2166977D-03 C38 = 1758H/8AD Cabh = J3A6E376

THE INTEGRATICN ROUTINE TCOGGK €5 + 1 STEPS

GUESSFD' CATHODE FLUX - CALC. ANCDF FLUX IS 1.7802% DIFF/FLUX = 2.£2487
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X ==500000 c1cC

fl

+ 229062D—24 C3C = .31612¢ C4C 2734242

]

X

ft

2BTOLNC Cla

il

0 514951D-01 C4A = 4343419

1

.240427 C3a

THE INTEFGRATION RLUTINE TCOK 122 + 1 STEPS

GUESSED CATHOQRE FLUX — CALC. ANODPE FLUX IS 1.7%5607 RIFF «/FLUX = 3.49758
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THE INITIAL FLUX AT THE CATHODRE 1S 2502175
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X == BC0LOIN Cl1C = 229%42D~-"4 C3C = 315257 C4aC = 7347042
" X = J80Angn C1A = 281985 C3A = JA4RBAHITO-TAL Cah = L2R2CED
THE INTEGRATIGN KOUTINE TOOK 199 + 1 STEPS
GUESSED CATHODE FLUX — CALC. ANODRE FLUX IS ~23.1674 DIFF./FLUX = 8§, Qg7
THE INITIAL FLUX AT THE CATHODE IS .502536
X = o BOLENO C1C = .220800D-C4 C3C = 316213 C4C = 734042
X = JBLhARD ClA = .29241& C3A = «213184D-"3 Cah = .292F54



THE BOUTINE

TAOK

1868 + 1 STEPS

o,
e, -

GUESSFD CATHDRDE FLUX ~ CALC. ANODE FLUX IS -5,37424
THE INITTIAL FLUX AT THE CATHCCF IS 502842

X == B0 ClC = 22928104 CZC = 318171

X = 500000 ClA = .2778%2 C3A = .158284D-01
THE INTEGRATICN FGUTINE TOOK 128 + 1 STEPS

GUESSED CATHODRFE FLUX — CALC« ANCDE TLUX IS 1.£8€877
THE INITIAL FLUX AT THE CATHRLCFE IS «EN2719

X == 500000 ClC = .229391D-14 C3C = 3181722

X = LEOONDG ClA = 2942195 C3A = L116TAOD—0E

THE INTEGFATION RQUTINE

TLOK 131 + 1 STFPS

——
DIFF../FLUX

10,6937

cac 2734042

C4A « 3NAK/4LG

]

DIFF./FLUX

c4cC 734042

i

Can 2 EAB33RE

i



GUESSEDN CATHCNDE FLUX - CALC. ANODE FLUX IS » 417887 DIFFL/FLUX = ,8172€9
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X ==B07000 cic - 229446004 C3C = 316273 Catl = 734042

X = 500000 Cl1A = L,283633 C3A «3BLYIHED-T3 CA4A = 294305

4

THE INTFGRATICON FOUTINE TOGOK 152 %+ 1 STEFS

GUESSED CATHODE FLUX - CALC. ANCODE FLUX IS —2 37277 DIFFL/FLUX = 4.72744

THE - INITIAL FLUX AT THF CATHODE IS 50268

(o " e 1 e e O e S AR s e 9 . T P o S A e e . 2 D e 8 i o . ik . i Ak e o et i et 484 S ot D o

A T34042

it

X == 00nont ClC = .229418D-04 C3C = 3186197 c4cC

X = JE0Q000 ClA = 294072 C3A = «591956D-13 C4A = 95256

THE INTEGRATICON FOUTINE TOUK 142 + 1 STEPS
GUESSF[ CATHODE FLUX — CALC. ANCDE FLUX TS -2 AN HBRY NIFT./FLUX = 1.703532
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THE INITIAL

X = J5CCCCn

FLUX AT TBE

C1C =

cia =

THE INTEGFATICN FOUTINE

GUFSSEL CATHGDE FLUX -

CALC.

CATHODF IS

« 2294 05D-04

« 294152

2 SN277T4

C2C

C3A

1l

TCOK 134 + 1 STEPS

AMODE

FLUX

iIs

+ 3161965

«792341D-23
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THFE INITIAL FLUX AT THE CATHOCE IS
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X = WJE0ocar

THE INTFGRATICN ROUTINE TOOK 1485 + 1

GUES

SED. CATHUGIL!

ClC =

ClAa =

FLUX -

C/-\LC »

- 229398004

2294117

ANGDE

50271

C3C

C3A

STEPS

FLUX 15

2

» 31861923

2382661 D-03

.125881
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c4C =

CaA =

DIFF./FLUX =

Cag =

Can

DIFF./FLUX

295

7347042
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2734042
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«249805H



X == EC0CCC cicC «229401D-04 C3C = 316194 CaC = .734742

il

X = .5¢L007 Cl1A = .2G4144 C3A = .8728830-123 C4A = ,28B5890

THE INTEGRATION ROUTINE TCOK 135 + 1 STEPS

GUESSEDNM CATHODE FLUX - CALC. ANCDE FLUX 1S =« ANTIG2E-01 DIFF./FLUX = .80G807E—-0"1
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THE INITIAL FLUX AT THE CATHODE IS «BL271C

X == 500000 CIC = +2293¢3D-n4 C3C = 316194 C4C = 734042

X = LEB00000 ClA = .294133 CRA = 917470GD-13 CapA = ,295968

THE INTEGRATION FCUTINE TOOK 3129 + 1 STEPRS

GUESSED CATHEDE FLUX — CALC. ANUDE FLUX IS SA4TEHBIE-01 CIFFL/FLUX = ,946172FE~01
THE INITIAL FLUX AT THE CATHODE IS 52709

X =—a5L0000 C1C = 2229400D-024 CIC = 218194 CAC = 734042

X = «5rCoen ClA = 2641328 C3A = »902101D-03 C4A = 2986472
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THE  INTEGRATICN ROUTINE TOOK 134 + 1 STEPRPS

X C1 c2 <3 C4

= SCL0CT «G11272E-04 s 731743 2027560 5.28503
. 299G9G »217680E~03 445662 1.82748 4.1008&
- CGCLAGE~L1 »319576E~-03 275163 1.858647% 3.58828
~1L00D1 | cOCALE1IF-03 +I1EHETE2E-D1 1.56€C17 3.21285

2 3C00NDL + 722812 ) « BYQ1OUTE-—"4 119705 3.11704%

LBO0O0n " 2. 1177% +H85413D3FE-76 +»H409513E-T2 2.13078

FLUX FDRF SURCELL NUMBFR 3 IS 5027009

[

€02 REMCOVAL KATE

i

+ 21628EE~-01 LB MCL/FT2.0AY
964858 LE /FT2.DAY



TRANSFER INDEX = 2.8384¢C CL2 ANCDE PRESSURE = 176.352

C02 FEMOVAL. EFFICIENCY = T4.12 %



FULL SCALFE CELL AT THE FOLLOWING COMNDITICNS =
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INLET AIP pPC22 = 1.C0 MM HG
CURRENT DENSITY = 18,00 A /JFT2
MATRIX THICKNMNFSS= 1C.00 MILS
AIF FLUW RATE = 1L, 00 FT3/¢1IN
AIR TEMPERATURE = TCa0C CFG. F
AIR DEW PGINT = SCe G0 DEG. F
CTHER CONDITIONS @

CELL VOLTAGE = Ca20 VCLT
HYLFCGEN RATE = L7 FT3/MIN
ANCDE FCOG2IN 0,0 MM HG

s sesie ek vk S S e sk s ok ook e ook sl 3R ko o ok o 3 ok ok ok e ok Sk e

CUTLET ATFR DeFeo = £1.1% CEG. F
N OF SURCELL TAIFIN TATIRCUT TELEFC PH2OTN PH200UT CSCATH
1 TLCC T4 64 7716 Q.22 Q61 459

UPPED FLUX LIMIT= 2249600
LOWEF FLUX LINIT= L &24000D-01
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X == 2500080 Cl1C = +34F15£D-C4 C3C = 260527 C4C = 637927
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ALV

TyNmorad

§I @Hvd

X

THE

= LE0NNOC

ClA = 443485 C3A

GUESSED CATHGDE FLUX ~

CALCW» ANCDRE FLUX 1

INTEGFATION ROUTINE TOGK 20€ + 1 STEPS

S

E2B54GED-2 4

—67 22489

IMNITIAL FLUX AT THE CATHOCDE IS 1868

THF
X =—.ECONN0
X = LBC0LAND

THE INTEGRATION

GUESSED CATHOERE

CI1C = 188104 -"4 Cc3cC

ClA =

FOGUTINE

FLUX -

» 2EBLLED-04 CZA

TCOK 46 + 1 STEPS

CALC» ANCOE FLUX IS

2262691

2358172

ST1R203

it o i i s s s s S A e e 430 M e o o Y e i it M . . il Sy P T AY. Toh ATV s it v it vt ol T e Sk ot o

¥ = WBoncon

ThE

INTEGRATION

Cia =

FLOUTINE

«23BEQQNR-T4 C3C

« 3473909 C3A

TUUK 118 + 1 STERS

2 279325

«B74G37D-"1

C4A

L4 435090

DIFF./FLUX

C4A

W£37C1R

DIFF /FLUX

Cac

Can

L£4G, 045

F.ET 223



GUESSED CATHGDE FLUX - CALC. ANGRE FLUX 1S #HAYHT

THE INITIAL FLUX AT THE CATRHORFE IS 2162240

i . . L . . k. Al bt . o, o b L e S bt SR A M it S A e e D Sk e Tk e S D e e o o Yt i Do i i e e

1l

X S—B800000 Cl1C = ,288295%D-14 C3cC s 2RB424

X = JE5onnnn ClA = 454207 C3A = .1472720-"3

THE INTEGHATICUON RCUTINF TOCK 181 + 1 STEPS

GUES Efr CATBGRE FLUX - CALC. ANCDFE FLUX IS —P2HeNAT7

o e e et T 0t S Ttk e St . i ot M . i S, . e e S, o A . i T S b Y . ot Sy St e M e, o bt i A

X == 00nnor ClC = «262578D-04 C3C = 2829517
X = Lu8OT200 ClA = 64583584 C3A = 3128850-072

THE INTEGREATICON ROUTINF TOUGK 127 + 1 STEPS

GUFESSELD CATHODE FLUX — CALC. ANUDE FLUX IS ~wH14720

C4LC = 637924

C4A = 4354487

DIFF./FLUX = 160,814

Cat. = 637922

Caa = J4A5BFRP1

DIFF J/FLUX = 2.64R62
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THE INITIAL FLUX AT THE CATHODE IS «171630

X == 800000 ClC = 282421D-04 C3C = ,282659 CaC = £37922

X = L80an0n ClA = L,401177 C3A = 529592001 C4A = E27097

THE INTEGRATION RCUTINE TCOK 119 + 1 STEPS

GULSSED CAYHODE FLUX - CALC. ANCDFE FLUX T3 «BH3I00 DIFF./FLUX = 3.28147

THE INITIAL FLUX AT THE CATHODE IS 217070401

. o P St . i e SO (i i VS, s . k. a1 S i o ) e o 0 et o S A e S i Pt S o sk DS S o 3t e e it v

X == 500000 CIC = 256444D-74 C3C = 281747 C4C = L£37923

X = W5rconn Clp

i

433483 C3A

~24G1730-"1 Ca4A = L403304

THE INTEGFATICN FOLUTINE TOOK 120 + 1 STEPS

GUESETD CATHRDE FLUX = CALC. ANODF FLUX 158 « 4 7R837 DIFF./FLUX = 2.79874
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THE INITIAL FLUX AT THE CATHODE IS 2 lLHG2A7T
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X =—aGraonc CIC = 2594¢70-n4 C3AC = ,28213R4 CaC = .HAZTVR23

i
]

X = «SCC020 ClA » 448823 C34A «1194770-71 C4A = 472718

THFE INTEGRATIUN RQUTINFE TOOK 122 + 1 STFPS

GUE SSLI» CATHOUE FLUX - CALC. ANCCE FLUX IS + 3743239 DIFF./FLUX = 1.7980%5
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THE INITIAL FLUX AT THF CATHAODE 1S 1EERTD

At e Yow i g e (O bt Wl e N, T . S8 e, (s A e M} S s v i Vo T vy St i e Yo . A9 R P o e G S T b . o o e o . o o

- AL o ClC = .261034D-04 C3C 252328 Ca4C = 637923

it

X = #E0N0en ClA = 455125 C3A FT251T7D-2 C4A = J4€ 8575

THE INRTEGRATICON ROGUTINE TOLK 121 + 1 STEPS

GUESSED TATHUODF FLUX - CALC. ANCDE FLUX IS «BNLAH8E -] DIFF/FLUX = 298749

i i it et e . i W G . St At v b s B o Vo s T o St Ve ol o e e ek S e T oy e O o, S s e N it o i e e .

THE IMITIAL FLULX AT THE CATHODF IS S1EELTS

. fo . o i T B, St S, St i o e e, M e e . W M i b o B Sk o ma. Mt Wt Sore e Vo s o ok G S dat it o S o > e e 2

¥ me B OT0D ClT = 261805074 C3rC = 282421 CT4C = L637927
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X = <S84Go000 ClA = .45758" C32A = 4672440-72 C4A = 4659

THE INTEGEATICN EGUTINE TCCK 128 + 1 STEPS

GUESSELR CATHCDE FLUX - CALC. ANCRE FLUX 15 — 274022 DIFF/FLUX = 1.27956

R Z—=Qa EOO000 ClC = «261419D-04 C3C = +282374 Ca4C = 6376273
X = JGeogon ClAa = 4564273 C3A  SB563GR4D-"2 C4A = +4ETTTG

THE IMNTSGRATICN ROUTINE TOOK 120 + 1 STERS

GUESSED CATHODE TLUX — CALC. ANCDBE FLUX IS —eB15741E-T1 DIFF./FLUX = 361872

X =m=,80N"200 ClC = 2261227D-"4 C3C = 28R 30 C4C = JEIT7G23
X = L2000 Cla = 455793 C3A = 6177228072 CTAA = L46R13AR

THE IMTEGFATIUN RCUTIME TOCK 12¢ 4+ 1 S3TEPS
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—L SR ON s 1C3770F-C3 2527021 2.032Q2 4 .50296
— . 2665098 « 3DCR20GE-N3 2E4 8BB4 2« TALEHBR 4.378859
— S NGRQATSRE-T1 e 3TERCEE -T2 W 2ARGP2RF-1 228175 44 1G2ART
A0 2 le4187¢ » 514466524 1.49648 4a4l281
e ITALN2 2.27811 2201 RBITE-T4 « G4 R2970 4,.1€6471
SETT TG 3+.28171 2 34E£2TLE-NE 444260 -N] 3. R7T 50

FLUX FUER SURCFEFLL NUMRER i Is 162221

ClU2 FENMOVAL RATE = 2TR2TEI9F~12 LE MQOUL/FT2.DAY
£ 320152 LB /FT2.DAY

il

TRANSFER INGEX = 1.35273 CC2 ANODF PRESSURE = SEL.S1ED
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ANALYTICAL CELL AT THE FOLLOWING CONDITIUNS

¥ o 3o ke ok ok ke o ek e sl weade v sk ol kBl skl e ode e ok ook R ke sk

INLET AIR PCO2 = 0,25

CURKENT DENSITY = 2100
MATRIX THICKNESS= 2%.0C
AIFP FLOGW RATFE = 22.00
AIR TENPERATURE = 7.0
ATE DEW PCOINT = 6L 00
CTHER CCNDITIONS =

CELL VOLTAGE = Ca.20
HYDRLGEN FATE = 07
ANODE PCUG2IN = CeF

MM HG

A FFT2
MILS
FT3/8IN
DEG. F
DEGs F

VCOLT
FT3/7MIN
My HG

> e ¢ A e e el R ot o ol sk sk o o Rk e ol e 9 o s R ke e o ok e ok sk e koo o

OQUTLET ATR DaPe = &0 .80
N OF SUBCFLL TAIRINM
1 VAYRREE N

UPPER FLUX LIMIT= 137127

LOWER BYUX LIMIT= 49020 CD-01

CEG. F
TAIRDOUT TELEC PH2DIN
T2.47 75.91 13.29

—— s e i o s A i e o i i e

THE INITIAL FLUX AT THE CATHODE IS .9984700-01

e e s o . Tt ot S o MO0 it S i P i oy e o . S A O . W S, o o

S

X me 000020 C1C = ,3783270-05 C3C = 143521

PHZODUT CSCATH
13.51 2.85
Cat. = 534187



X = SECQP0CY ClA =

TS INTEGRATICN FQOUTINE

GUESSEL CATHGDE FLUX -

«212672D~-05 C3A

TCCK 46 + 1 STEPS

CALC. AMODE FLUX IS

—

«8G8IBTL-01

« 364382

e . . o i o v e o e o Pt S s S e e o i Y et e, S it Sl . Y. . S W S e i e . e s i oo P oo e

CATHCDE IS « F48RNCD-0]

e e o i e o e oy i o S A T e e A e e . T e it e L R Tt S e T S S Yo o A FoA o L . A i . A o v

THE INITIAL FLUX AT THE

X = BCIoTr Cia =

THE INTEFGRATION FOUTINE

GUESSEDR CATHUDFE FLUX -

THF INITIAL FLUX AT THE

« 225412 C34A

TOOK 282 + 1 STERPS

CALC. ANEDF FLUX IS

2214871

2 3INOHRAD-"S

=204 1 REx

o e A 2 k. Sk T N e, WS e e Sy o M A, SOV s e e k) i it i i S o ok T A i S gt e O o R e Y i

X = LBeopen ClA =

THE INTIGRATION ROUTINE

2 TEYTT72D-05 C3cC

«3CR1IO8 34

TEUK 2531 + 1 STEPS

1!

i

1827734

«2212830-74

C4A = LIHEB3N
DIFF«/FLUX
C4aC = 2534161
Caup = 225418
DIFF . /FLUX
CAC = 5241540
Ca4A = 3TAHIG3

r—4

3+E4GEA

40€E2 .32
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GUESSFEL CATHODE FiLUX - CALC. ANODFE FLUX IS =75 .3655

———— i — o e — e o ot e e s S S o A e Y s . e i, o At e o S i i

X ==.500000 ClC = «S570335D~-05 C3C = 169997

X = 4500090 ClA = +231888D—-04 C3A = 172447

THE INTEGRATICN ROUTIME TOCK 55 + 1 STEPS

GUESSEL CATHODE FLUX — CALC. ANODE FLUX IS «3416C8

o St ot . i . o e . Vi e e 30 S e 0. s . e Yo W, o K e . b YO Vo Al . o i . Y P T S S i 0

X ==a500C00 C1C = 676271D-45 C3C = 187261

=
Eifﬁ‘ X = L8C2000C ClA = 421335¢C C3A = +105745

THE INTEGRATICN ROUTINE TODK 1€9 + 1 STEFS

GUESSED CATHODE FLUX - CALC. ANOBLE FLUX IS 0 322466

LIFF«/FLUX

DIFF+/FLUX

C4A =

DIFF«/7FLUX

= 3+640€6

356395
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THE INITIAL FLUX AT THE CATHODE IS «B89ZC0D-01

e e e e et i e o . T Y o i o Pl Y e o . B e et ket i T ot (e S S . A St o s St ot . bt e ot e Ve i et

X ==L.5¢00n0 ClC = ,732326D-05 C3C = »184837 C4C = 534158

X = 500000 ClA = ,329358 C3A = »248240D-04% C4A = 3306047

THE INTEGRATICN ROUTINE TOCK 171 + 1 STEPS

GUESSED CATHUDE FLUX - CALC. AMNODE FLUX IS —2%23480 DIFF./FLUX = 228,835

e P e Sk o, et S o ke o it S e e A T " A T i A . i it T o . i, e e . MO A T Yo it o e st

THE INITIAL FLUX AT THE CATHODE IS «B97VDCDL-01

X ==y BLON0D C1C = .703906D—-05 C3C = .182591 CaC = 534158

X = 545000 ClA = .296242 C3A = .365867D-21 Cap = L,369416

THE INTEGRATION ROUTINFE TOOK 111 + 1 STEPS

GUESSED CATHODE FLUX — CALC. ANODE FLUX IS «284160 DIFF «/FLUX = 3.16789
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X ==500000 ClC = - 7173905D~-05 C3C = 183724

X = 500000 ClA = .335818 C3A = .424364D-N3

THE INTEGRATION ROUTINE TORK 137 4 1 STEPS

GUESSED CATHODE FLUX - CALC. ANODE FLUX 19 -4,45613

X == BL00C CiC = »718890D-0% C3C = .18316C

X = .5CH900 ClA = L32484%¢ C3A = 110968011

THE INTEGRATION ROUTINE TCGOK 119 + 1 STEPS

GUESSED CATHODE FLUX — CALC. ANODE FLUX IS « 155338
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X =~ 8CC0C0 C1C = »714394D-05 C3C = +183443

c4acC

can =

«-534158

+ 336668

DIFF«/FLUX

c4C

C4A

« 534158

» 347043

DIFF./FLUX

c4C

il

4y

4158

4928451

1.73582



X = .5CC000 ClA = ,335626 C3A = L177566D0-112 C4A = 339177

THE INTEGRATICN ROUTINE TOOK 120 + 1 STEPS

GUESSED CATHCDE FLUX - CALC,. ANOGDE FLUX IS ~2 8316599 RIFF./FLUX = 9,13345

T e e e T e OO e, W e e, A i, ot . S, S S e e Nt e i . s e o A s . i M < S s O PO i oAl A At . v < o

2 7T12641D-25 C3C «183302 C4C = 534158

X =—+5CC2C0 cic

X = .5Co0n0n ClA = .331461 C3A

i

« 246127012 C4A = 4342383

THE INTEGRATION FOUTIME TCOK 119 + 1 STEPS

{u

GUESSED CATHODE FLUX -~ CALC. ANODE FLUX 15 — 2 359644E-01 DIFF «/FLUX = 472934

THE INITIAL FLUX AT THE CATHODE IS +8%48260-21

X ==5C0000 ClC = ,711768D-058 C3C = 183231 C4C = .534158
X = 300000 ClA = .328285 C3A = .816982D-22 C4A = 344607

THE INTEGRATICN ROUTINE TOOK 117 + 1 STEPS



GUESSED CATHODE FLUX - CALC. ANODE FLUX IS 2886851E~-01 DIFF./FLUX = .990778

THFE INITIAL FLUX AT THE CATHODE 1S .894634D-N1
X == B5L00G0 C1C = .712203D-05 C3C = .183267 C4C = 534158
X = 500000 ClA = »329927 C3A = ,676351D-0G2 Ca4A = L,343454

THE INTEGEATICON KOUTINE TODK 123 + 1 STEPRPS

GUESSED CATHODE FLUX - CALC. ANCDE FLUX IS s JHBT7AZF-T1 DIFF./FLUX = 408852

s S22t S ot ot ot S A s o o o i o s o S o} it i A e ol . o S i A, ol i S Y S, bt WO it

THE IMITIAL FLUX AT THE CATHODE IS +8946230-061

i (e - <200 . i . ! S e e o . S U o ot o Al e V00 o . i oo . . S ot i b U o, o e, i 0 s S

fi

X =—.5000CE cic «712422D-05 C3C = 183284 C4Cc = L,534158

X = 200000 Cla = .3383706 C3A

i

=612240D-02 C4A = ,342911

THFE INTEGRATICN FCQUTINE TCOK 117 % 1 STEPS

T T e T T T O T T S T N N T S T I N N T N N L N N T L N N L L A N S N o e T e e S e =E s am =



—« 5020 L0 ~EB3NCIFE-04 1,20€60 1.31965 3.84592
—22GUC GG «648D13E-0:4 « 953987 1.31811 3.59£28
— 2 9GGEHRYE-N + 91323 €E-0 4 « HBO442 l.34248 337449
21001 e 21234€E-C3 # 310108 140404 3.11840
PRCLE AL A ] «3C3280E-N1 «756634F 03 1.4572% 3.00559
«S5TOU 0O 238108 «4535QEE-25 «439372E-01 245896
FLUX FLR SUBCELL - NMUMBER 1 1Is .894623D~01

i

CO2 REMDVAL FATE «3BCSB2E-C2

» 168656

LB MOL/FTZ2.DAY
LE /FT2.DAY

il

TRANSFER INDEX = .537634 CC2 ANCDE PRESSURE = 31.0086

C02 REMOVAL EFFICIENCY = 12.55 %



FULL SCALE CELL AT THE FOLLCWING CONCITIONS =

o
&

i 23 e g e s sl e K oo e s e s sk sk e e e S e sl ok sk s el ook ok Sk ik

A
ki

&5 INLET AIR PCO2 = 10400 MM HG
§5" CUREENT DENSITY = 1000 A /FT2
‘:cg MATRIX THICKNESS= 2%.0C MILS
Eainl AIF FLOGW RATE = 10.00 FT3/MIN
E’,ﬁ’ ATR TENPERATURE = 7€a00 DEG. F

s@ AIR DEW POINT = 6C 00 DEG. F
& OTHER CONDITIONS 2
CELL VCLTAGE = 0420 VOLT
HYDROGGEN RATE = Ce7 FT3/MIN
ANODE PCOZ2IN = 0.0 MM HG

¢ 3 e Sedesk skl ol seske ook sl o ke sk ok sl sde Sl ol sie S ol ol e sk Sk s ofe

OUTLET AIR DePe = BC 62 DFGe F
N3, OF SUBRCELL TAIFIN TAIROUT TELEC PH201IN
1 Fh.0n T73.09 T4 T8 13.29

UPFER FLUX LIMIT=  .232¢60
LORWER FLUX LIMIT=  .166400

s e e e i e i . . SO e Sl i, S A St e e . ot it S T P e TR . O, W it P e e i, . Yore e e e i i o

THE INITIAL FLUX AT THE CATHODE IS 195680

o o o . i e . S et i e s P S e . s —— —— . 10 . . . i Vo .

== BRo0O0 C1C = «913678D~-03 C3C = 258806

PH200UT CSCATH
13.57 374
C4C = +8203°7



X = #560000 C1A = 208585 T3A = .3874710-21 C4A = 356080

THE INTEGRATION ROUTINE TOOK 94 + 1 STEPS

GUFSSED CATHODRE FLUX - CALCe. ANODF FLUX 1S «599134 DIFF/FLUX = 3.57127

THE INITIAL FLUX AT THE CATHODE 1S 2 18304C

X ==,.500000 Cl1C = L100282D~02 C3C

= «258861 C4C = H20347
X = JH/{NCOR ClA = 324463 C3A = 636822074 C4A = L,324591
THE INTEGEATICN ROUTIME TOOK 152 + 1 STEPS
GUFSSED CATHODE FLUX - CALCe ANGDE FLUX IS —283.9639 DIFF«/FLUX = 158.238
THE INITIAL FLUX AT THE CATHODE IS +191367
X ==L.5000A00 C1C = .9563120~03 C3C = +258834 CaC = S20326
X = 500008 ClA = 329863 C3A = «18G45CH~13 C4A = 4330242

CTHE INTEGRATICN RUUTINE TOOK 132 + 1 STEPS



GUESSED CATHODE FLUX = CALCs ANGDRE FLUX IS ~9.5907¢6 DIFF./FLUX = 50.1189

it e s bt e e o o . i S i e T 4 e . Bt A Mt A e s . e i st S . Sy e T S £ T . . Pt . e, It s . St b e

THE INITIAL FLUX AT THE CATHODE IS .165520

e e i i o i A A i o ot S e e L S P o i s o S i S . o -t e S - e

X ==L.500200 C1C = .534%42D-23 C3C = .2582821 C4C = ,L,E827316
X = JEBOOnRG ClA = .328B4327 C3A = .383880D-22 C4A = 336114

THE INTEGRATICN’ROUTINE TCOK 97 + 1 STEPS

GUFSSED CATHODE FLUX — CALC. ANGDE FLUX 1S ~ 218477 DIFF./FLUX = 1.11742

- o s - i o . e 7 . o e A

THE INITIAL FLUX AT THE CATHODRE IS 2163440

o i e i ) gm0 . 0 b — - — [P

+ 520321

1

X ==-5C{0DC C1C = »9485310D-03 C3C = »258828 c4cC

X = 500000 ClA = 331277 C3A = .396723D-23 C4a «332C7¢C

THFE INTEGRATICN RUOUTINE TOCK 11f + 1 STEPS

GUESSFL CATHUDE FLUX — CALCe ANCDE FLUX 1S ~4+24515 NIFF«/FLUX = 2194586



THE INITIAL FLUX AT THE CATHODE IS 1644873

X == 500000 C1C = .9398870~03 C3C = «25R824 C4C = 520319

X = 500000 ClA = «3315£3 C3A = .B852478D-03 C4A = 333268

THE INTEGRATICN ROUTINE TODK 172 + 1 STEPS

GUESSED CATHODE FLUX — CALC. ANODE FLUX IS —1.E9388 DIFF/FLUX = B8.19559
THE INITIAL FLUX AT THE CATHODE IS 188000

X =—.500000 ClC = +9372130-93 C3C = .258R22 C4C = 520318

X = 2500003 ClA = .330912 C3A = »,166907D-32 CaA = 334250

THE INTEGFATICN ROUTINE TOGK 99 + 1 STEPS

GUESSED CATHODE FLUX — CALC. ANCDE FLUX 1S —2 455919 DIFF «/FLUX = 2.3380%5

o, . e i S ot i T D . b S o O o S s o o e, S . ke, Al . e e o e . e et it A o . S A . it <2 s

THE INITIAL FLUX AT THE CATHODE IS +165260

S e ot s . s s OOS P e, P o e M S P e, i . e ey S s e e ik AR i It VA sy oy e b e . v i k. e . o s o . o



==« 5000CC C1C = .935876D-D3 C3C = .258821 CAC = .527317

X = «BEU0000 Cla - 329958 Cc3a »2541580-02 C4A

+335741

i
li

THE INTEGRATICN ROUTINE TCOK 97 + 1 STEPS
GUESSFDr CATHCDE FLUX — CALC. ANCDE FLUX IS —«46636BE~-T1 DIFFL/FLUX = 236152

o s o o e o e . Vot i S o b o . T W i > Skt bt — i

THE INITIAL FLUX AT THE CATHODE IS +19€360

X ==.5CN000 ¢ C1C = .935228D-03 C3C = «258821 C4C = 820317

X = L500000 C1A = 329264 C3A = +313947D-22 C4A = .323HE843

THE INTEGRATION RUGUTINF TGCOK 97 + 1 STEFS

GUFESSFDI CATHGDE FLUX ~ CALC. AMNUIDE FLUX IS «1N2662 DIFF./FLUX = 525423

. bt e e S . e o i e e o o e P . Yo . e S g I S O . o it b i W, S M S oo o b o VD Ut . st S T i, s

THE INITIAL FLUX AT THE CATHODE IS »1395325

X =—.800000 | CIC = «9355410-03 C3C = .253821 C4C = .€20317



X = 800000 ClAa = L,329631 CIA = .282554D-02 C4A = .335282

THE INTEGRATICN ROUTINE TCCK 97 + 1 STEPS

GUESSEDR CATHGDE FLUX — CALL. ANCRE FLUX 1S5 -32736918~-"1 DIFF./FLUX = 164337

- e g S~ " o i S . i e . S e, S S, i it ek . it o . o ot i i O, N, P S o e i A . T

X ==+ ECTGCL Cl1C = .9357080-23 C3C = 258821 L4C = 527317

X = «5CO000 ClA = 329798 C3A = 268087D0-22 C4A = L,32515@

THE INTEGRATION ROUTINE TOOK &7 + 1 STEPS

R T S T N L T S N T T S S L S L S S S N N N S S S S N S T L N S N T S T N N o R s N TN N RS E R SE=E

X Cl1 c2 Cc3 C4
~«S5CLCN0 2 371TC2E-C2 »125131E~-21 1.86351 32743226
- 290 YUY 2475508 »154255£-03 1.62076 3.71718

—~ e GQGGEBUE~T1 1.09363 +»534455E-04 1.29182 3.67572



2100001 1.48795 « IGCBIL4E-NL »3B89T3 346597

DRGSR WA | 182531 + 157657E-04 +HBAE8T4 339708
#SCREO0 2«37454 +192894F-"5 » 183230F-N1 241315

FLUX FOR SUBRCELL NUMRER 1 IS «19u282

C02 REMUVAL RATF = »841710E-C2 LB MOL/FT2.DAY
’ = «37{352 LE /FT2.DAY
TRANSFER INDEX = 2.34726 Ca2 ANODE PPRESSURE = 867 .6904

€02 REMOVAL EFFICIENCY = BS5.36 %



