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FOREWORD
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SUMMARY

A steady-state computer simulation model of an Electrochemical Depolarized
Carbon Dioxide Concentrator (EDC) has been developed. The mathematical
model combines EDC heat and mass balance equations with empirical corre-
lations derived from experimental data to describe EDC performance as a
function of the operating parameters involved. The model is capable of
accurately predicting performance over EDC operating ranges. Model simula-
tion results agree with the experimental data obtained over the prediction
range.

Eight experiments were conducted in support of the mathematical model to
study the effect of the cell matrix on cell internal resistance (formation
factor); anode gas pCO, levels; process air flow rate; current density,
process air inlet pCO,5 matrix thickness; electrode thickness; thermal con-
ditions within a celli and the transient response of a cell to changes in
process air inlet pCOz, current density and air flow rate.

A computer program was written for the numerical solution of the mathematical
expressions describing system performance. The program was written in
Fortran IV for use on a Univac 1108 Digital Computer.

INTRODUCTION

In an Electrochemical Depolarized Carbon Dioxide Concentrator (EDC} numerous
physical, chemical and electrochemical processes interact simultaneously.
These processes can be experimentally defined and characterized mathematically
for computerized solution to predict EDC performance as a function of the
operating parameters involved. In addition to predicting performance, the
mathematical model can be used to optimize subsystem designs and performance,
and aid in integrating an Electrochemical Carbon Dioxide Concentrator Sub-
system with other regenerative life support subsystems.

In parallel to the devii?pment of a Six-Man Electrochemical Carbon Dioxide
Concentrator Subsystem“~’, a program was completed to

1. define the electrochemical carbon dioxide (CO,) concentration
process to analytically determine the relatiofiship between EDC
performance and the operating parameters and to provide a basis
for assumptions made;

2. perform eight experiments to supplement previously obtained
data and to sugg?rt the development of an analytical mathe-
matical model;

3. transcribe the experimentally defined functional relationships
between operating parameters and EDC performance into mathe-
matical expressions (empirical correlations) for computerized
solution; and

(1) All references cited are listed at the end of the report.
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4. prepare a computer program to predict EDC performance by solving
the empirical correlations obtained and EDC heat and mass bal-
ance equations as a function of the operating parameters
involved.

The theoretical work completed was used to gain an understanding of the processes
involved in the electrochemical concentration of CO, and to define where experi-
mental results were needed. The computer program pfepared was based on experi-
mental performance results and did not necessarily incorporate the theoretical
work completed.

The following sections summarize the results of the program.
ELECTROCHEMICAL CARBON DIOXIDE CONCENTRATION

Carbon dioxide is removed from a flowing air stream as it passes over the cathode
of an EDC cell. Each cell consists of two porous electrodes separated by a
porous matrix containing an aqueous solution of cesium carbonate (Cs,CO.).

Plates adjacent to the electrodes provide passageways for distributifn 3f the
process gases and electrical current over the electrode surfaces. The specific
electrochemical and chemical reactions are detailed in Figure 1.

Moist air containing CO, is fed into the cathode where the electrochemical
reaction _of oxygen (0,)"in the air, water (H,0) and electrons forms hydroxyl _
ions (OH). Hydroxyl®ions then react with the CO2 forming carbonate ions (CO, ).
The output from the cathode compartment is moist air at a reduced CO, partial
pressure (pCOz). At the anode side hydrogen (H.,) is fed into the ce%l. The
electrochemical reaction of the H, and OH to fo¥m H.,0 and electrons decreases
the concentration of OH in the el8ctrolyte at the afiode. Carbon dioxide is
produced in the resulting equilibrium shift completing its transfer from the
cathode compartment to the anode compartment. The output from the anode compart-
ment is CO, mixed with unreacted H,. The overall reaction is exothermic and

is accompaiiied by the formation of“electrical energy.

EDC Performance

The performance of an EDC is reflected by CO2 removal efficiency and electrical
efficiency.

Carbon Dioxide Removal Efficiency

Inspection of the overall reaction as based on the C03= transfer mechanism

02 + 2C02 + 2H2——-an2C02 + 2H20 + Electrical Energy + Heat

shows that two moles of CO, can be transferred for one mole of 0. consumed.
This represents a €O, remoVal efficiency of 100%. The equivalen% weight ratio
is 2,75 1b of CO2 removed for each pound of O2 consumed. This ratio has been

referred to as the Transfer Index (TI).
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To gain a better understanding of the dependency of the CO, removal process
and, hence, removal efficiency upon the operating parametefs involved, the CO
mass transfer process was subdivided into five steps. They are (1) air cavity
transfer, (2) cathode reactions, (3) electrolyte transfer, (4) anode reactions
and (5) H2 cavity transfer,

¥

Air Cavity Transfer. Carbon dioxide in the process air stream diffuses in
the cathode compartment to the electrode surface and then through the elec-
trode pores to the gas-electrolyte interface. The air cavity CO. transfer
rate can be estimated using a convective mass transfer coefficiefit. The
equation for air cavity CO2 transfer is

0

2
Where
NCoz = CO2 transferred, 1b/hr
kc = convective mass transfer coefficient, ft/hr
A = transfer area, in2
pCO, = €0, partial pressure in air stream, psia
o

pCO2 = CO2 partial pressure at the gas-electrolyte interface, psia

=
n

molecular weight of C02, 1b/1b mol
R = Universal Gas Constant, ft-1b/1b mol-R
T = absolute temperature, R

Air cavity CO, mass transfer rate, therefore, depends on pCO.,; k , a function
of process aif flow rate; cathode compartment and electrode feomStry and the
physical properties and diffusion coefficients of the gases involved; tem-
perature; and pressure. The physical properties and diffusion coefficients
can be assumed constant with negligible error over typical EDC operating
ranges in temperatures (60-80F) and pressure (14.7 psia). For a given EDC
cell geometry and normal temperature and pressure conditions, air cavity CO
mass transfer rate is assumed to be only a function of process air flow ratf
and pCOz.

Cathode Reactions. Carbon dioxide reacts with e1ectrochemicig}y-generated
OH at the cathode to form CO3 in two consecutive reactions

co, + oOH o—= HCOS_

HCO,” + OH  —™ €0.” + H,0

3 3
In strong basic solutions the equation for the reaction rate 15(4)
-d [C02]

—gr— = k [C0,] [OH ]
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Where

k = second order rate constant, 1l/mol-sec

{C02] CO, concentration, mol/1

[on7]

OH concentration, mol/1

The CO., available for reaction is in equilibrium with pCO ° at the gas-
electrolyte interface in the electrode pores. The OH aviilable for reaction
is a function of cell current density, and k is a function of temperature. For
the cathode reactions, CO, transfer rate is a function of pCOz,‘cell current
density and temperature.

Electrolyte Transfer. Carbon dioxide as CO, and unreacted OH diffuse _
through the bulk electrolyte to the anode. “Since current is carried by CO_ ,

CO, mass transfer is the sum of molecular and convective diffusion and ionic
mifration under the electrical potential gradient between the two cell electrodes.
The equation describing the transfer of charged ?E?cies through electrolyte
solutions is given by the Nernst-Planck equation

dC,

N. = =D, admz.Fu.C. & 4 C.v

j jdx i i) dx i
Where

Dj = diffusion coefficient of j

z, = electrical charge of j

F = Faraday's constant

u. = electrical mobility

C, = concentration of j

P = electrical potential

x = transfer distance

v = bulk fluid velocity
For transfer through the electrolyte, v can be assumed to be zero. The mass
transfer rate through the electrolyte then is a function of the diffusion co-
efficients, electrolyte composition, matrix structure, temperature and current

density.

Anode Reactions. Carbonate ions react with electrochemically formed H20 to

form €0,. As H,0 is formed the equilibrium shifts from CO, to bicarbonate
ions (HEU3 } 7

H,O + CO3 -— HCO3 + CH

2
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At the lower anolyte pH levels, two parallel reaction mechanisms can take
place
k1 )
1. HCO, ——=CO, + OH

3 =72
- S - -
2. HCO3 + HZO _,m_m¥2c03 + OH

T?kz
— H20 + CO2

The equation describing the reaction rate is

dfco,] kK A _ - K
—gr— EI [HCO3 ] - k, [C02][0H ]+ k2 [H2C03]- E; [COZ](aHZO)
Where
kl, k2 = reaction rate constants
Kl’ I(2 = gquilibrium constants
aHZO = activity of H,0

The concentration of dissolved €O, is in equilibrium with the anode gas pCO

at the gas-electrolyte interface In the electrode pores. For the anode reagtions,
CO, transfer rate is a function of anode gas pCOZ, cell current density and
temperature.

Hydrogen Cavity Transfer. Carbon dioxide diffuses through the electrode pores
and into the anode gas stream. Hydrogen cavity CO, mass transfer rate can be
estimated using a convective mass transfer coefficlent similar to the air cavity
mass transfer coefficient. The equation for H2 cavity C02 transfer is

_ o
Noo, = Uke) (A (Mgg ) (pC0,” - pCO)/RT

Where
pC0,, pC02O and kC are evaluated for the H, cavity conditions.

Electrical Efficiency

The electrical energy produced by the electrochemical reaction in the EDC is
a function of the current density and the cell voltage. The theoretical open-
circuit voltage is 1.23 volts. In practical applications, and with current
flowing, cell voltages of less than 1.23 volts result. Electrical efficiency
is therefore reflected by cell voltage with high cell voltage representing
high electrical efficiency.

Cell voltage is the sum of the reversible electrochemical reaction veltages
(ER) overvoltages (EO) and concentration polarizations (EC) at each electrode

6
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and the voltage loss due to the internal resistance of the electrolyte-filled
matrix (E.[.). The expressions for E,, E, and E. can be derived from thermo-
dynamic considerations. However, E;p depends oni electrolyte matrix conductivity
for a given matrix material and con%lguration (i.e., matrix compression,
porosity, etc.).

A general equation can be used Eg)describe cell voltage as a function of cell
current density and temperature
i -1

E = ER - (a 1Ini + bi + ¢cln (

) ¢ D
Where

1]

a, b, ¢ and d = constants

E = cell voltage, volt

i = cell current density, ASF

T = cell temperature, F
i, = limiting current density, ASF

L

The constants in the equation depend on temperature and the electrode-electro-
lyte matrix-electrode structure and properties and can be found using cell
performance data for a specific EDC design. The limiting current density
depends on ancde gas flow rate and sz, and air flow rate and p02.

Operating Parameters Affecting EDC Performance

S5ix major operating parameters affect EDC performance. They are
1. pCO2 in the air supplied to the cell,
2. current density at which the cell operates,
3. air flow rate through the cathode compartment,

4. pCO, in the H, stream,

2
5. H, flow rate through the anode compartment, and
6. temperature level at which the cell operates.

The effect of each parameter on CO, removal and electrical efficiencies has
been characterized experimentally.

EDC Hardware

The mathematical model developed is based on Life Systems' EDC cell design.
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Figure 2 is a schematic of the concentrator cell. The cell consists of a
cathode and an ancde gas compartment, two current collectors with gas compart-
ment spacers, two electrodes, and an electrolyte matrix. Figure 3 is a photo-
graph of the cell parts. The basic materials of construction are Life
Systems' baseline electrodes, asbestos electrolyte matrix, nickel expanded
metal (Exmet) gas compartment spacers, nickel current collectors, and poly-
sulfone structural cell frames. The cell utilizes externally air-cooled fins
attached to the anode current collector to remove the waste heat generated

by the electrochemical reactions. The materials of construction and cell
dimensions are summarized in Table 1.

EDC Control

Steady-state EDC operation requires that H,0 and heat generated in the electro-
chemical cell reactions be removed to maintain cell moisture balance. Cell
temperature is controlled at a set differential temperature above the process
air inlet dew point temperature., This control scheme allows the process air
humidity and cell electrolyte concentration to remain in balance as generated
HZO and heat are removed.

Water Removal

The H,0 generated in the electrochemical reactions must be removed from the
cell %y the process air stream. (Some H,0 is removed in the H, stream but

due to the low flow rates this can be asSumed negligible.) Fofr steady-state
it is necessary to balance the amount of H O that is added to the process air
stream such that the electrolyte concentration remains constant. The equation
for the H20 produced in an EDC is

W=7.4x10" (N) (1)
Where
W = H,0 produced, 1b/hr
N = number of series-connected cells
I = cell current, amp

Process air humidity conditions in which all the H,0 is not removed would

result in a decrease in the electrolyte concentratlion. The resulting volume
increase may cause electrolyte to be deposited in the gas cavities. Should

more than the electrochemically-formed H,0 be removed, the electrolyte con-
centration would increase and the resulting volume decrease may cause electrolyte
precipitation or electrolyte to be pulled out of the electrode pores (the result
is a cell failure allowing gas to cross from one cavity to another).

Heat Removal

For the electrochemical reactions involved, the cell voltage derived from the

heat of reaction, is 1,25 volt. The net heat praduced by an EDC is given by the
following equation.



Life Systems, Jnc.

Cell Matrix

Anode

/Caihode

AN

LU

{ oad

Control

.\M__.\.\\\ wﬁ\\\\\\\\\.\\ Ll \ VAN 4\
\ OSSNSO Y/ SNSRI \

i.\\ VI TTE T ¥ Ll

\ LH2

L v

Process Air—ﬁ \l l /—*H2+COZ

Process Air

EDC CELL SCHEMATIC

FIGURE 2



Life Systems, Jnc.

SLivd 179D Dad

£ HJuN9Id

10




Life Systems, Jne.

TABLE 1 EDC CELL CHARACTERISTICS

Active Area (per cell) 0.244 Ft* (4.1 x 8.6 In)

Air Cavity Height 0.082 In

H2 Cavity Height 0.062 In

Cell Matrix 0.030 In, Asbestos

Cell Frames Injection-Molded Polysulfone
H2 Current Collector Nickel 200

0, Current Collector Nickel 200

Gaskets Ethylene Propylene

11
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Q = (1.25-E) NI x 3.419

Where
Q = heat produced, Btu/hr
I = the current, amp
E = cell voltage, volt

The net heat produced is absorbed by the process air, the H2 stream and the
cooling air so that

Q= MM, + AH + AH|

Where
AHa = heat removed by the process air
AHh = heat removed by the process H,
AHc = heat removed by the process cooling air

TEST PROGRAM
A successful Test Program supplemented previously obtained performance data for
1-, 3-, 15- and 90-cell EDC designs and produced specific operating data for
current density, pCO, and air flow variations that would aid in mathematically
characterizing EDC pérformance.
The testing was parametric in nature and a single-cell EDC was used. The
three-cell test facility also developed under NASA Contract NAS2-6478 was '
modified for single-cell testing and was used for the experiments. A schematic
of the test facility is presented in Figure 4. Specifically, the test
facility has the capability of varying process air flow rate, dew point and
pCO,, H, flow rate, current density and cell temperature.

A series of eight experiments were completed to support the EDC mathematical
model development. They were

1. formation factor determination,

2. effect of anode gas pCO2 variations,

3. air cavity mass transfer coefficient determinationm,
4, effect of low current density,

5. effect of matrix thickness,

6. effect of electrode thickness,

12
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7. EDC temperature profile determination (thermal gradient), and
§. EDC transient response to step changes in operating conditions.

The baseline test conditions of the experiment are given in Table 2. Table
3 summarizes the ranges over which the test parameters were varied.

Formation Factor Determination

The formation factor is defined as the ratio of the observed internal resistance
(IR) of the cell (electrolyte-filled matrix} divided by the IR of the electrolyte.
The formation factor for Life Systems' EDC cell design was determined for two
concentrations of Cs COS' A Kordesch-Marke (K-M} Bridge was electrically con-
nected in series witﬁ a“single-cell EDC. The interrupted current from the

K-M Bridge allowed the measurement of cell IR as a function of current density.
The formation factor was calculated using the K-M Bridge IR measurements and
C52C03 conductivity data.

The results of the current density span for each C52C0 concentration are
presented in Figure 5. The formation factor for thé 6%.5% Cs CO3 charge con-
centration was 6.2, For the 55% Cs,CO, charge concentration %he formation
factor was found to be 5.8. (The formaAtion factor calculations are given in
Appendix A.) The results of the two formation factor determinations agree with
experimental error and the average value, 6.0, can be used for the formation
factor.

Effect of Ancde Gas pCO2 Yariations

The effect of anode gas pCO., levels on EDC CO, removal and electrical efficiency
was determined for a pCO, rdnge of 0-690 mm Hg (at a total anode gas pressure

of 760 mm Hg). Carbon dioxide was added to the inlet H, stream to simulate

the various pCO, levels. The results of the experiment are presented in Figure
6. Carbon dioxide removal efficiency remained constant (TI = 1.98} through

640 mm Hg while cell voltage decreased steadily at approximately 0.2 millivolts
per mm Hg. At 690 mm Hg or 90.8% by volume of CO, in the anode compartment, both
TI and cell voltage decreased to 0 and 0.09 volts, respectively.

The minimum H, flow rate for normal EDC operation is 1.3 times the stdichio-
metric amount required by current. The maximum EDC anode gas pCO, level then
is 585 mm Hg (assuming 1.3 x stoichiometric H, flow and TI = 2,75J. For normal
operating conditions the anode gas pCO, level™is never greater than 253 mm

Hg (assuming 3 x stoichiometric H, flow and TI = 2.75). Anode gas pCO, level
then has a negligible effect on EBC performance causing only a slight 3ecrease
in cell voltage over the EDC's typical operating range.

Air Cavity Mass Transfer Coefficient Determination

The air cavity convective mass transfer coefficient was determined for an EDC.
The convective mass transfer coefficient, k_, was estimated using the following
equation (see Appendix B for derivation)

b

k = AV
c

14
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TABLE 2 BASELINE CONDITIONS FOR MATH MODEL EXPERIMENTS

Process Air Inlet

Flow Rate
Pressure

Dew Point
pCO2

P02

Process H2 Inlet
Flow Rate
Pressure

Cell

Current (Current Density)
Temperature

Electrolyte
Charge Concentration

15

0,44-0.50 Scfm
Ambient

50 *2F

3,0 £0.,2 mm Hg
3.1 Psia

300 +30 cc/Min
Anbient

4.88 Amp (20 Asf)
{Process air inlet
dew point + 20) t1F
Cs,C0

6125 20.5% w/w
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TABLE 3 SUMMARY OF MATH MODEL PARAMETRIC CHARACTERIZATION CURVES

Experiment Performance
No. Description Variable(s)
1 Matrix Formation Current Density;
Factor Charge Concen.
2 Anode Gas pCo, Inlet anode gas
Variations pCO2
3 Air Cavity Trans- Air Flow; pCO2
fer Coefficient
4 Low Current Current Density,
Density Test pCO2
5 Thin Matrix Test Current Density
6 Electrode Thickness Current Density
7 Thermal Gradient Current Density,
‘ Inlet Relative
Humidity
8 Transient Response Operating Time

" after step changes

in Current, Density,
Air Flow and pCO2

10-40 Asf for 55% and
61.5%

.2-0.8 Scfm for 1.0, 1.5,
.0 and 10.2 mm Hg

5-30 Asf for 0.5, 3.0 and
9.0 mm Hg (nominal)

10-40 Asf
10-40 Asf

80% and 63% RH at 20 Asf,
B80% RH at 40 Asf

0-24 Hr for 20-30 Asf,

30-20 Asf, 0.48-0.91 Scfm.
0.91-0,49 Scfm, 3.0-5.5 mm Hg,
5.0-2.8 mm Hg

(a) Variable ranges not specified are at baseline conditions.

Curve(s) Reflecting
Results

Figure S

Figure 6

Figure 7

Figures 8 and 9

Figure 10

Figure 11

Figures 13 through 15

Figures 16 through 21

IH[ SmIISAS 1Y
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Air Pressure, Psia : Amb.
Air Inlet pCO.,, mm Hg : 5.0
Air Flow Rate, Scfm : D.44
H2 Flow Rate, Slpm : 0.3

o0
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3.0 | T I Test Number 1 147C-2
Operating Time, Hr : 269
Number of Cells |
Current, Amp : 4.88
Electrolyte : C52C03
2.50 Charge Concentration, % : 61.5
Temperature, F : 67 %1
Air Inlet Dew Point, F : 50 %]
Air Pressure, Psia ¢ Ambient
Air Inlet pCO,, mm Hg : 2.78
- Air Flow Rate, Scfm : 0.46 *0.02
2.0? fo) A ~ H, Fli:;v Rate, Slpmp : (0).3\10.02 -4 1.
O N
\ H 0
L]
|
— 0.
1.5 ;
T |
-1 0.
|
i
= G.
§
i
1.0l : - 0.
! - o.
P~ A __ — (
—— A A A —_ | - 0.
0.5 T~ |
' - 0-
‘\\\\‘
Fay —10
!
0 | | ! | | | Ql 0
100 200 300 400 500 600 700 800

Anode pCOz,nm1 Hg

FIGURE & EFFECT OF ANODE GAS INLET PCO

2

Veltage, Volt

U SWIISAS 1Y



Life Systems, Jne.

constants

K
=2
]

-1
1}

volumetric air flow rate

At low inlet pCO, levels (51.5 mm Hg at 20 ASF) air cavity mass transfer is
rate-controlling“and CO., removal is a function of the process air flow rate

and pC0,. At high pC0,“levels (25.0 mm Hg at 20 ASF) air cavity mass transfer

is not Tate-controlling and, hence, air flow rate has less effect on CO2 removal.
By measuring T! as a function of air flow rate at pCO, levels of 1.0, 1.5 and
2.0 mm Hg, A and b were calculated giving k  as a funCtion of process air

flow rate. Also, the air flow test was run for 10.2 mm Hg to show that air

flow had little effect on TI at higher pCO, levels. The results of the experi-
ment are shown in Figure 7. The calculatea values of A and b for 1.0, 1.5

and 2.0 mm Hg are

A= 113.9, b = 0.49 at 1.0 mm Hg
A= 90,8, b = 0,36 at 1.5 mm Hg
A= 88.3, b =0.41 at 2.0 mm Hg

The correlation of data to the general equation derived for kc was good,
verifying that air cavity mass transport is rate-controlling &t 1.5 mm Hg.

Effect of Low Current Density

At low current densities (510 ASF) only a small amount of CO, is transferred
making normal experimental transfer measurements inaccurate.” For this experi-
ment, a different technique was used to measure CO, transfer. A tube of
ascarite was placed in the anode gas exit stream siich that the H, and CO

flow entering the ascarite tube and the H, flow leaving the ascaXite tubé€
could be measured. Since all the CO, in fthe anode gas stream was absorbed by
the ascarite, the difference in the %1ow rates of the two streams equalled the
amount of C02 transferred.

EDC performance was determined as a function of current demnsity for 5.0, 7.5,
10.0, 20.0 and 30.0 ASF at 0.5, 3.0 and 9.0 mm Hg (nominal) inlet pCO, levels.
The results of the experiment are presented in Figure 8. These resul%s were
cross-plotted in Figure 9 to show the effect of current density on EDC per-
formance at a given pCO., level. The results of the experiment for 20 and 30
ASF agreed with results previously obtained for TI as a function of current
density and pCOz.

Effect of Matrix Thickness
EDC performance was determined as a function of current density for a 0.010-
inch thick asbestos matrix as opposed to the standard 0.030-inch matrix used

in Life Systems' EDC cell design. The results of the experiment are presented
in Figure 10. The CO2 removal efficiency was lower for the thinner matrix

19
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(TI = 1.2 as opposed to 2.1 for the 0.030-inch baseline matrix) indicating that
for the shorter diffusion length, cell concentration gradients were such that
CO2 backdiffusion inhibited CO2 transfer. Cell voltage was not affected.

Effect of Electrode Thickness

EDC performance was determined as a function of current density for 0.005 inch
thick electrodes, as opposed to the standard 0.010 inch thick electrodes used
in Life Systems' EDC cell design. The results of the current density span are
presented in Figure 11. The thinner electrodes increased TI from 2.1 for base-
line configuration to 2.35. Cell voltage was unaffected. The increase in TI
indicates that the electrode thickness improved air cavity convective mass
transfer by decreasing the distance CO2 has to diffuse through the electrode
pores.

EDC Temperature Profile Determination (Thermal Gradient)

A temperature profile for an EDC cell was obtained for three process air heat
load conditions: an air inlet relative humidity (RH)} of 80% and 63% at 20

ASF and 80% at 40 ASF. Ten thermocouples were placed in the air cavity adjacent
to, but not touching, the cathode. Two thermocouples were inserted, one each

in the air inlet and air outlet manifolds. Two thermocouples were inserted

in the cell matrix in the same plane as two air cavity thermocouples. The
thermocouple location schematic is presented in Figure 12. The temperature
profiles for the three process air heat load conditions are presented in Figures
13, 14 and 15. There was only a small difference in temperature between the
thermocouples located in the cell matrix and those located in the air cavity.
The air cavity temperature then reflects cell matrix temperature and can be
used for moisture balance control.

Transient Response

EDC performance was measured as a function of time for step changes in current
density, air flow rate and pCO,. Step changes were made for one increase and
one decrease in each of the three operating parameters and EDC performance was
monitored as a function of time until equilibrium was reached. The transient
responses in EDC performance for the six step changes are presented. in Figures
16 through 21.

Transfer Index was measured on both the H, side and air side to determine
transient differences in the CO. removed from the process air and concentrated
into the process H,. No transient differences were observed as the H2 side
and air side TI medsurements agreed in experimental accuracy.

The step decrease in current density required the longest time for the EDC to
regain equilibrium - 10 to 24 hours. The step increase in air flow required

3 to 4 hours for the EDC to regain equilibrium while both pCO2 changes and the
increase in current density and decrease in air flow required approximately

2 hours. Each cell voltage responded in 1 to 2 hours after a change in current
density with only negligible effects being observed for the other parameter
step changes,

24
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EMPIRICAL CORRELATIONS

Experimental results graphically define the interaction between the major
operating parameters and EDC performance. These graphically defined relation-
ships were transformed into empirical correlations or mathematical expressions
for use in the computer simulation program,

Empirical correlations were required for the computer simulation model in four
areas

1, CO2 removal efficiency,
2. cell voltage,
3. moisture tolerance, and
4, heat removal.
CO2 Removal Efficiency

The TI was experimentally found to be a function of process air inlet pCOz,
current density and process air flow rate as predicted by theory. A combination
of the results obtained in the mathematical model experiments and data selected
from previous tests on 1-, 3-, 15-, and 90-cell EDC designs yielded the set

of data points shown in Figure 22. These data provided ithe basis for the
empirical correlation for TI as a function of process air inlet pCO,, and current
density. A fifth-degree polynomial was fitted by the least-squares method
through the data points obtained for 10, 20, 30 and 40 ASF. The equation used

in the data fitting program was -

- i
TI = L 8, (pCO,)
i=1

Where

S,
i

the constants for a given current density.

Similar equations were added for 15, 25 and 35 ASF to aid in interpolating
between curves. The values for S, are given in Table 4. Simultation curves -
for 10, 20, 30 and 40 ASF drawn through the data points on Figure 22 verify
prediction. As can be seen, the simulation curves obtained using the polynomial
relationship describes the data within experimental error.

The effect of process air flow was incorporated into the TI correlation by
using a normalized value for the inlet pCO., as a function of air flow rate.

The correlation derived for the normalized pCO2 was based on experimental results
and is given by the following equation

2
P, = pCO, x (v/0.a4) (045 - 0.0045 pC0,?)

Where
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TABLE 4 VALUES FOR 5; CONSTANTS

Current Density

Y SWISAS 1Y

8%

Asf S1 Sy Sz 54 Sc
10 1.75187 -5.11449x107! 7.75073x10" 2 -5.92584x10™° 1.79862x10™%
15 1.42306 -2.71935x10°%  2.10187x1072 -3.4839x10"% -1.8475x107>
20 1.08190 -1.10821x10"F  _8.1408x107° 1.96350x10™°  -8.5832x10™°
25 9.0258x10"" -1.05068x10°1  2.5161x107> 2.8694x10™ -1.3673x107°
30 7.1551x107 > -7.2213x1072 2.4297x10"° 9.08x10°° -3.48x10"7
35 6.1612x107} -5.5237x107% 3.803x10™7 2.8605x10™7 1.5623x107°
40 5.2087x10" 1 -3.5100x1072 -1.4939x107> 3.5115x107% -1.4808x107°
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Pa = corrected pCOZ, mm Hg
= volumetric air flow rate, scfm
pCO2 = process air inlet pCOz, mm Hg

A comparison of experimental data and the simulation curves for TI as a function
of process air flow rate at 20 ASF is presented in Figure 23.

Based on the two correlations for TI, a combined polynomial describing TI as
a function of pCO2 and process air flow rate at each current density can be
written as

: _ 2 5
TI = Sl,jpa + SZ,jPa + ... * SS,jPa

Where
j = 1 at 10 ASF, 2 at 15 ASF, ... and 7 at 40 ASF
Cell Voltage

As predicted by theory, experimental results show cell voltage was to be a

funetion of current density and temperature. Data obtained for cell voltage
as a function of current density (at 78F) were fitted to the general voltage
current relationship as presented in the theoretical cell voltage discussion.

Cell voltage data obtained as a function of temperature were used to correct
the voltage current correlation on temperature values other than 78F. The
temperature correction was found to be a constant 5 mv/F. The resulting
empirical voltage correlation is

E = 0.729 - 0.22 1nI + 0.008 I + 0.005 (T-78)
Where .
E = cell voltage, volt
I = cell current, amp
T = cell temperature, F

Figures 24 and 25 show the simulation curves and experimental data for cell
voltage as a function of current density and temperature, respectively.

Moisture Tolerance

For proper EDC performance the cell must remain in moisture balance as pre-
viously defined., The computer simulation model must, therefore, insure that

the operating conditions are within the cell moisture tolerance. In the

actual operation of an EDC, the cell (air out) temperature is controlled at

a set differential temperature above the process air inlet dew point temperature.
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The temperature difference is controlled at a value determined by the nominal
range in process air humidity conditions and current density (H20 production) .

Once the magnitude of the temperature differential is set, the cell temperature
control scheme will maintain moisture balance based on the incoming process

air humidity conditions. Should humidity conditions fall outside the nominal
range, the cell temperature control scheme may be unable to maintain cell
moisture in balance.

The moisture tolerance of a cell initially charged with 61.5 % 0.5% w/w Cs CO3
at current densities between 10 and 40 ASF has been determined experimenta%ly
to be given by the following set of conditions.

< < T, - <
1. 9.5 -T1 - DP, =13 and 9.5 -T, - DP, =13 7
< < < < <
2. 4-T1 - DP1 =14, 7 =T, - DP, -19, 9.5 -(T1 - DP, + T2 - DPZ)/Z
and either
< -
13 =T, DP,,
or
<
10 5(T, - DP) + T, - DP,)/2
Where
T = process air inlet temperature, F
DP1 = process air inlet dew point, F
T2 = process air outlet temperature, F
DP, = process air outlet dew point, F

One of the two conditions must be met to maintain moisture balance. These
conditions are shown graphically in Figure 26. )

Heat Removal

For the computer simulation, it is assumed that there is sufficient heat removal
capacity in the cooling air (flow rate and temperature) to maintain cell tem-
perature (and, hence, moisture balance) at the required level. For a given
cooling air temperature, the cooling air flow rate required to maintain cell
temperature must be calculated, Two correlations are required for this calcu-
lation: the convective heat transfer coefficient and the cocling fin ?gficiency.
The correlations used were obtained from data presented in literature.

For the geometry of the cell cooling fins attached to the anode current collector,
the convective heat transfer coefficient is assumed to be a function of the cool-
ing air flow rate only. The following correlation was used for the convective
heat transfer coefficient in a rectangular channel.
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Process Air Outlet Dry Bulb - Dew Point Temperature, F
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FIGURE 26 EDC MOISTURE TOLERANCE
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If V51, h =‘1_g7v0'3333

If 1<V<2,9883, h = 1.21 + 0.34 + 0.42V2

If 2,9883 =V 24, h = 2V

If 4<V, h = 2.639016\!0'8
Where
V = cooling air flow rate per cell, scfm
h = convective heat transfer coefficient, Btu/hr-F-ft2

The following formula was used to calculate the fin efficiency

If V<0.32194, n=1

If 0.32194 <V<24.72, n= 1.0744 - 0,1135v"">

If 24.72 <V, n= 2.486v70°

COMPUTER SIMULATION MODEL

The computer simulation model uses the empirical correlations obtained for

TI, cell voltage, moisture tolerance, and heat removal to describe EDC perform-
ance and solve EDC heat and mass balance equations as a function of 14 input
parameters. Figure 27 is a block diagram of an EDC showing the six process
streams entering and exiting an EDC module. The 14 input variables, or paras
meters, describe the inlet process streams and module-operating parameters.

The ranges in the input variables over which the simulation model can predict
accurately EDC performance are given in Table 5.

Model Analysis

The simulation model completes the description of the process air and H
streams by calculating component flow rates and partial pressures. 'The vapor
pressure and relative humidity of each stream is calculated fng the dew point
temperature using a correlation obtained from the literature. Cell tem-
perature is calculated from the process air inlet dew point temperature and
DELT1. The TI and cell voltage correlation were solved and the results were
used to calculate module performance parameters.

Cooling air flow rate is determined by calculating the temperature differential
between the cell and cooling air temperatures required to remove the waste

heat generated. The available temperature drop is assumed to be the log mean
average temperature differential between the cell temperature and the cooling
air inlet and outlet temperatures. Cooling air flow rate is then calculated
by an iterative alogorithm such that AT required and AT available are within
+0.001 F.
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Process Anode Cooling
Air Gas Air
Outlet Outlet Outlet
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EDC Module Control
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Process H Cooling
Air In%et Air
Inlet Inlet

FIGURE 27 EDC BLOCK DIAGRAM
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TABLE 5 INPUT VARIABLE RANGES

Process Air Inlet

pCO2 0.5-10 mm Hg
pO 2-4 Psia
Total Pressure 14.7 Psia
Dew Point Temperature 41-70F

Dry Bulb Temperature 47-80F

Flow Rate

Process Hz Inlet

0.2-0.8 Scfm/Ce11®)

Flow Rate 21.3 x Stoichiometric
Dew Point Temperature 10-40F
Dry Bulb Temperature 65-75F
Pressure 0-5 Psig
Module
Number of Cells 1-90
Current 2,44-9.76 Amp
pELT1 (P) 15-25F

Cooling Air Inlet

Temperature

{a) 70F and 14.7 Psia
(b) DELT1 = (Module Temperature - Process Air Inlet Dew Point)

47
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Mass balances for CO H and H,0 are used to calculate the process outlet
stream properties. %he ﬁ déw p01n% out is assumed to be the average of the
process air inlet and out%et dew points. A complete list of input and output
variables is given in Table 6.

Computer Program

The computer program was written in Fortran IV for a Univac 1108 Digital
Computer. Figure 28 is the flow chart for the computer program. The program
line numbers are referenced above each step in the flow chart. The subroutine
flow charts for calculating TI, cell voltage, dew points, H, O vapor pressure
and the scolution of root functions are given in Figure 29, "A listing of the
computer program is given in Appendix C.

The program provides checks to insure that

1. there is a 21.3 x stoichiometric-in-current H, flow,

2. process air humidity conditions are within cell moisture tolerance,
and

3. cooling air temperature is low enough and sufficient heat is
generated to control module temperature.

Model Results

Emphasis was placed on the empirical correlations used in the computer program
which resulted in the final simulation curves (shown as the solid lines) pre-
sented in Figures 22 through 26. Several sample outputs showing all calculated
variables and the program variable checks are presented in Appendix D.

CONCLUSIONS

The fcllowing conclusions were reached as a direct result of mathematical
model activities.

1. An EDC computer simulation model based on experimental results
has been developed to predict EDC performance as a function of
the input operating parameters for LSI's baseline cell
configuration.

2. The simulation model can be used for integration studies when inter-
facing the EDC with other regenerative life support subsystems.

3. The computer model can be used to optimize performance as a
function of the input conditions for the cell design modeled.

4. TI can be assumed to be a function of process air inlet pCo,,,

current density and process air flow rate over neymal EDC oper-
ating ranges.
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TABLE 6 MATH MODEL INPUT AND
OUTPUT VARIABLES

Input Variables

Process Air: Inlet pCO,, mm Hg
Inlet p0,, Psia
Pressure, Psia
Inlet Dry Bulb Temperature, F
Inlet Dew Point Temperature, F
Inlet Flow Rate, Scfm

Process Hz: Inlet Flow Rate, Slpm
Inlet Dry Bulb Temperature, F
Inlet Dew Point, F
Pressure, Psig

Module: Number of Cells
Current, Amps
DELT1, F

Cooling Air: Inlet Temperature, F

Cutput Variables

Module: Temperature, F
Cell Voltage, Volt
Stack Voltage, Volt
Current Density, Asf
Power Output, Watt
Heat Load, Btu/Hr
0, Consumption, Lb/Hr
H, Consumption, Lb/Hr
H20 Production, Lb/Hr
Transfer Index, Lb CO./Lb 02
Transfer Efficiency, % .
CO, Removal Rate, Lb/Hr
Préferred Value of DELT1, F

Process Air Inlet: pCO.,, mm Hg
Totdl Pressure, mm Hg
pHZO, mm Hg
pN,, mm Hg
H.8 Flow Rate, Lb/Hr
cO. Flow Rate, Lb/Hr
Refative Humidity, %
0, Flow Rate, Scfm

Hgo Flow Rate, Scfm
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Table 6 = Continued

Process Air QOutlet:

Process H2 Inlet:

Anode Gas Qutlet:

Heat Balance:

Cooling Air:

50

Total Pressure, mm Hg
pCO,,, mm Hg

pH 6, mm Hg

Togal Flow Rate, Scfm
C0., Flow Rate, Scfm
Hza Flow Rate, Scfm
N2 Flow Rate, Scfm

0. Flow Rate, Scfm

Ca Flow Rate, Lb/Hr
H 6 Flow Rate, Lb/Hr
Déw Point Temperature, F
Relative Humidity, %

Total Flow Rate, Scfm
pH,0, mm Hg

To%al Pressure, mm Hg
pH,, mm Hg

H26 Flow Rate, Scfm
H2 Flow Rate, Scim

H2 Flow Rate, Lb/Hr

Dew Point Temperature, F
pHZO, mm Hg

CO2 Flow Rate, Lb/Hr
H.“Flow Rate, Scfm

Ca Flow Rate, Scfm
Tofal Pressure, mm Hg
HZD Flow Rate, Scfm

H°0 Flow Rate, Lb/Hr
T%tal Flow Rate, Scfm
Total Flow Rate, Slpm
H,O Flow Rate, Slpm

C 2 Flow Rate, Slpm
H.“Flow Rate, Lb/Hr
T6tal Filow Rate, Lb/Hr
C0.,-H, Weight Ratio, LbZCO;/LE H,

2.2 .
H2-C02 Volume Ratioc, Ft H2 Ft CO2

Process Air Heat Pick-up, Btu/Hr
Process H., Heat Pick-up, Btu/Hr
Cooling AIr Heat Pick-up, Btu/Hr

Fiow Rate, Scfm

Inlet Temperature, F

Outlet Temperature, F

Fin Convegiive_geangransfer Coefficient,
Btu Hr “ Ft ° F

Fin Efficiency, Fraction of Unity
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Series flow of H, to a 15-cell stack does not influence transfer
efficiency or ce%l voltage for anode gas pCO2 levels <640 mm Hg.

The formation. factor for the cell electrolyte-filled matrix was
found to be 6.0 0.2, .

The mathematical model computer program should be expanded to
include all components of an Electrochemical CO,, Collection Sub-
system and subsystem control schemes to enable %otal subsystem
characterization and integration (by simulation model) with other
spacecraft life support subsystems.
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APPENDIX A FORMATION FACTOR CALCULATIONS

The formation factor is defined by the equation

f = Rv/Ro
Where
f = formation factor
RV = resistivity of electrolyte in the matrix, chm-cm
RO = resistivity of bulk electrolyte, ohm-cm

The equation relating the voltage drop caused by internal cell resistance is

Epp = (R,)(1) ()

Where
EIR = internal resistance voltage, volt
1 = compressed matrix thickness, cm
i = cell current density, A/cm2

For 55% Cs,C0, charge concentration

EIR = 0.037 volt
i = 0.0215 A/cm® (20 ASF)
R0 = 4,65 ohm-cm (at 66.5 F)
= 0.0635 cm (0.025 in)
Therefore
R, = E /(1))
Rv = 0.037/(0.0635)(0.0215)
R.“r = 27.1 ohm-cm
= 27.1/4.65
f=5.8

For 61.5% Cs,C0; charge concentration
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EIR = 0.040 volt
i = 0.0215 A/cn’
R0 = 4.69 ohm-cm
= 0.0635 cm
Therefore
R, = 0.040/(0.0635) (0.0215)
RV = 29.3
f =29.3/4.69
f=26.2
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APPENDIX B AIR CAVITY MASS TRANSFER COEFFICIENT DERIVATION

The air cavity convective mass transfer coefficient, k_, for the EDC can be
estimated as a function of the Reynold's number and thé Schmidt number. The
equation for this functional relationship is

D
k = (—AE) a RebScc
c L

Where

constants

a, b and ¢

D diffusion coefficient of C02 in air

AB

L = diffusion length
Re = Reynold's number
S¢ = Schmidt number

The following assumptions can be made:
1. Over the typical EDC cperating temperature range (60-80F), the
physical properties of air and CO2 and the diffusion coefficient
are constant.

2, The Schmidt number is approximately 1.0 (<5% error).

3. The Reynolds number is a function of the bulk air flow rate
only.

Using these assumptions the equation for kc reduces to

k = AVP 1)
c
Where
A, b = constants
V = volumetric air flow rate

The value for k_ can be found experimentally by measuring the CO, removal
efficiency and,chence, removal rate as a function of air flow ra%e for a low
inlet pCO2 level (52.0 mm Hg where air cavity transfer is rate-limiting).

As previously shown, the equation for CO2 removal is

Neo, = (k) (4 Ggy ) (€0, - pCO,%y /R

Solving for kc yields

B-1
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k =N

o

2
In the air cavity mass transfer limiting region, pCO ° is assumed to be zero.

The value of kc can then be calculated by experimentdlly measuring N for

a given inlet pCO, and air flow rate. The values for k_at each air~ 2 flow rate
tested (for a givén inlet pCOz) were least squares fit fo equation (1) to

give the value for A and b.

B-2
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APPENDIX C COMPUTER PROGRAM DOCUMENTATION
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NERROR=1
C
C COOLING AIR AND HEAT BALANCE CALCULATIOMS:
C {HCe ETA ARD Te ARE CALCULATED IN FUNCTIOw ERT.)
C

1213 DHa=v1sCpax(T2-T1}
LUHH=V3#CPH*¥ (TP T 3)
UHUZHE s TLD=DHA =NriH
IFIDHC.GE«DIGE TO R98
WRITELTOUT» 762N
789 FORMAT (P ODHC S92 APGL0e3e* HTU/HRL Y/ THSUFFICTIENT HFEAT Y
&v1%5 GENERATED 1O MAINTAIN MODULF TEMPFRATURE.Y)
876 VEZu.
HC=U e
Th=l,
ETa=0.
NERRORZ)
GO T0 1830
H94 CORT INLIE
IF{Te=T5eBE e« 276%DHC/NIGU TO Ta4
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WRITELIOUT 587 )
FORMAT(*OINSUFFICIENTLY LOW COOLING AIR TFMPENATURE.')
6C Tu B7H

CONT INUE

VASL o 11 *UHC/ (CRASNE(T2=T5) )

VH=2,%yA

VOSNEROOT (VAP YHPERTrDeray0Ge.NN1rl0)
CONTINUE

TRIAL VALUFE OF NP4

OHEST2=11.

DO 937 MHNNG4zLe2

QUILET H2 CALCULATIONS!

PWUSPHTCLDPY)

FH4=FH3I=HCUN

FC4mCTHANS
VC“=FCQ*386.?/44-”1/6“.
VHUSYHI=HCON®386.7/60./2.016
PUzP3
VWHEPWL/ (PU=pPlg ) x (YC4+HYHY )
Fuk=VWurp0+%1A.01/386.7
VOSVHU+ViRE+TYCL
CHWRTOSFCU4/FHU
HCYRTO=VHY/ VL
VHYSLTYHG* B4 32
VUSLSV4* 2B« 32
VCUGLZWCUXZ 0,32

FUSFCU+F wl+FHY

OUTLET PROCESS ALR CALCULATIONS:

P2=F1

FC2=FC1—-CTRANS
YC2=FC2*x3B6.T/p0./ut.01
VQE:UOI-OCON*aﬂﬁo7,32-/ﬁU'
VNZ=PN1/PL1*V]
VWZSYWIHYWITWEROL*IAB.T/860./718. 01 = Yl
V2SVO2+VN2FVWR+VC2
PW2SP2*VW2/v2
pe2zpasyc2/yy
DPRZ=DEWT(PW2)
RHZZPW2/PHTO{TZ2) 2100,
FW2SYW2E12.01%604/386+7
UP4=(NEI+DP2)*,.5
CONTINUE
DELTIPZ?2,.~Ti+np2
T2P=DPL+DELTILP

MOESTURE BALAMCF CHECKS!I
IF(ABSI{TI=DP1=11.25) «LE+1475

RaefAlTls ARG (T2=0E2=11+42%) sLE+1.75)6G0 TO 30
IFITLI=-PL.LT«l2,)1G0 TO 1210
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Figure C-1 continued

150.
151,
152.
153,
154,
155.
156,
157,
158.
159,
16U.
lal.
102,
163,
164,
165.
166,
161.
168.
1bg.
174
171,
172
173,
174,
179.
176,
177
178
179,
180.
181 -
182.
1835,
184,
185,
186.
187.
18&.
189,
190,
191.
192,
193.
194,
1958,
190,
197.
19,
199.
200,
201,
2U2.
203,

654

543
29
30

106

101

111

103

1lu

lug

i07

456

1210
K32

IFL{TI=UPL«GT+14.)G0 TO 1210

IF{T2=P2sLTe 74160 TO 1211

IFIT2-P24GT+144160 TO 1211

DPTOAY = 5% (T1=-DP1+T2-DP2)

IFLAHS (DPTIAV=11e)ellEelab
BoANDs (T2=1iP2 ,GEs 13. «0ORe ORPTNAVY LGE. 111160 TO 30
WRITE(IOUT ro54)

FORMAT{ ' UAVERAGF PROCESS AIR DEw POINT NEPRESSION QUT OF RANGE « 1)
WRITECIOUTrS43)

FORMAT (Y QELECTROLYTE MQISTURE HALAKRCE IS NOT MAIMTATNED.')
NEREQOR=1

COMT ENDE

IF (MERKOR*MFLAG«NESUIGD TO 1

MAJOR QUTPLIT SATEMENTS

WRITECIOUT P 10E)T2ErESTACK P CURDFNHPOWERPHEATLD +OCON e HCONY
&wPHODr TIr TE» CTRANS
FORMAT{*QMODULE St /BXr T2 09X e VE o X e YESTACK Y rtsXr *CURDENY »

8EX+ TPOWER? 4 X e "HEATLD ' /6F 10+ 3/ 76X2 YOCONT ¢ 6HX o YHCON' #SXr *WPRON Y ¢
REBXr ' TI 48X *TE 4 Xe *CTRANSY/IFL10.5¢3F10.4)

WRITE(IOUT 101)IPOLePLrPWIsPMLleFwnlFCLIRHL VOl VWL

FORKMAT{ *OPROCFSS ALIR IN: '/7 PO1 P1 =17
B7Xe " PNLY s TXe "Fal P e ZX P tFCLY/BF10.3//TXe RHY T o TXe ' WOL » TXr "VWT Y/
83F1U3)

WRITECIOUT P L11IP2rPC2aPWR I V2 YC2e VW2 o UN2e VD2 FC2oF W2y

&OPZ P RHZ

FORMAT( *OPROCESS ALR QUT:'/? P2 Pc? Pw2'y
BRX e W2 e TX P NC 2T e TP TVWEL/UF 10,20 2F 104/ /T Xe YUN2 T V02
RIX#'FC29 s 7Xr ' Fu2 e IXr YOP2V X0 'RH2V/6F10.3)
WRITE(TOUT L0 IV PUIrPIrPHI+ WA VHIPFH3

FORMAT(YOHZ Ingv /" V3 PW3 P3 oHI
&' viW3 VH3 FR3Y/FLIDWUP3F1ID.2+/F10+6+F10.4¢/F106)
WRITE(IOUT*110INPUePWLUr FCYr VHY rvCY rPU s WU rFnl s VU e VUSL Y
BVHUSL P VCESL P FH4 rF4 s CHWRFOPHCYRTO

FORMAT (*DANODE GAS QUT:'/? DPy Py FCuyte
B7Xr *WHU Y p 7Xr "CLU T r X tPUL /AFL0.3e2F 1060 F10.2//T7X0 " VRUT» TXr tFWG Yy
SEXr WU e X ' VLSL Y X Y VHUSL Y e SXy PVCUSLY/2F10sRr bR 04/ /
RIXr "FHU* yAX e v et o4 Xr PCHWRTO U4 X s YHCYRTO' /F10+6¢3F1044)
WRITE(IOUT» 109)NHAYOHHrDHC

FORMAT(YUHEAT WALANCE:I '/ DHA [THH DHC Y/
&3F1043)

WRITECIOUTPlUT7IVEr TG+ TarHCIETA

FORMAT (*0CUO0OLInG AIRIY/? va TSt
R TH HC ETAY/5F1043}

WRITECIOUTr45AIPELTIP»T2PeDPLeNELTILP
FOHMAT ( *UPREFEKRED VALUF QF DELTL IS'rF6.20
& UNDER THESE CONDITIONS'/' SO THAT'*»FaaZy
By = T2 = DFL + DELTL Z'rF6e2rt +'rF6.20 %)

GNTO01

WRITE{IOUTr432) -

FORMAT{*OINLET PROCESS AIR DEW POINT NEPRESSION OUT OF RANGE.')
GO Tu 2hA

WRITE(IOUT»321)
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Figure C-1 continued-
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FORMATIYUOUTLFT PRQCESS AIR DEw POIMT DEPRESSION OUT DOF RANGE.')

GO TO 28
STOP

wATER VAPOR PRESSURE (PHTO) 1S & FUNCTION OF NEW POINT (TF}

FUNCTIONPHTOLTF)

KREAL Wl

COMMON AeBrCeD e FECF+GeCPArDHC vbie T2e TS0 TErHCETA
TCoha ¥ {TF=324) /9.

X=4 T4} J=TC
PHTOZEXP{GH(EF={ X/ {TCHF) )k {A+R%x+CHY**3) /(1. 04D*%x)))
RETURYN

DEW POINT (DEWT) IS A FUNCTION OF WATFR VAPOR PRESSURE (P).

FUNCTION QEWT(P)

REAL Nol

COMMON AeBeCoPeFEFFeGaCPAIOHC e2lo T21 TS TR HCHETA
EXTERNAL ROOTepPHTO

XX=ALOGIP)

TAZS™2.4+20. 255 XX T1 2 5225 U (¥ 42

TB=TA+.1

PDEWTSROOTCTAs THePHTOePr e 00S5¢ . 005 5)

RETURN

TRANSFER INDEY (TICOR) IS A FUNCTION OF IMLET PCO2 (P)y
ATHFLOW PER CFLL (AF)e AND CURRENT DENSITY (Ch}.

FUNCTIGN TICORP(P+AF+LCD)

REAL #nel

COMMON ArBeCrP e FEYFrGrCPArDHC e Rs T2r TOr TErHCIETArS(H7)

PASP* (AF/ bl b ax{ 45w QULEFPXP)

chD/S--ln

IF(JeLT 1) U=

TILZPA*(SILr ) +PA% (S (2 JIPPAR(S (30 ) +PAK (S {4y D} +PRRS(Sr 1)) ))
IFGJLTT7IG0 TU B

TICOR=TI]

RETURM

J=atl

TI2=PA+ (S{1e ) H+PAX(S(2r ) +PAR{S (eI HPAX ({4 o JI+PARS(Sr 4] } ) 1)
ATI=Y

TERP=CO/He=ALl

TICORSTIZ*TERP+TIL*(1.~TERP)

RETURN

FUNCTION ROOT RETURNS THE NUMAER =ROQT~ SUCH THAT
YFCNAROOT) = W +0R~ YTOLs, AND SUCH THAT THE LAST
CHANMGE IN ~ROOT= IS LESS THAN XTOL. MAXTMUM NUMRER
OF ITERATIONS = Ke A SECANT FOLLOWING METHOD IS
USED STARTING «wITH X=VALUES X1 aND X2

FUNCTION ROOT(X1 e X2 YFCNrnpXTOLP YTOL #K )
EXTERMAL YFCN
XAZX]L
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000620 258 XR=Xg2
00LbEl 25Y. FASYFCrlXA)=w
Yuliogz 26U, FREYFCONOXE ) =W
vuGued 281, DO 91 IFRO00OT=lex
ulLbea 262, XN (Fasxp-FBxya)/(FA=-FH)
VoLe2T 264, FNSYFCNIXNY =W
UouB30 264 . IF (ARG IFN) LT YTOL «ApND
00ubI0 265, BARS(XN=¥H) LT, xTOL)GRO TO 99
Vitbae 266. TFUIROGT A GE L) WRITE(IOUT s 200 X1 e X2 e W e XTOL» YTOL » IRNOT
Q0ubLs2 267, EXArXdexIpFAPFEFIY
U0ronl 264. 200 FORMAT { * ONONCOf s VERGENCE IN ROOTY e IP3E12.8/2F 12440 13/6F1244)
uopos2 269. XASXH
goubsH3 270, XB=Xn
uonbLhy 271 FAZF3
B0LBOS 272, FASFN
(1171 <3l 273, 91 CONT IMUF
000060 274 99 ROGTT X
uoi;bel 275, HE TURMN
0ibel 276 C
Ulubol 277 [ FUNCTION ERT CALCULATES COQLING AIR EXIT TEMPFRATURFE (Te)
D18 2748, C ERON THE ENTRANCE TEMPERATURE (TS)e HEAT NDUTY (DHC).
glubel 279, C ANML COOLING ATH FLOW PER CELL (w)e FROM T2, T5¢r AND T6
00nGal 28U. C THE LOG MEAN MODULE=COOLING AIR TEMPERATURE DrRIVING
UotLovnl 281, C FORCE 1% CoLCULATED. THE DRIVING FORCE REQUIRED TO
ULéepl 282 C TRAMSPORT THE HFAT THROUGH THE FINS AM) INTO THE
uldueel 283, C COOLIMG AIR IS CALCULATFu. THE DISCRFPANCY AFTWEFEN
UG0uobl 284, C THE AVAILAKLE atMD REGUIRED DRIVING FORCES IS RETURNED
00res&l 285, C THROUGH THE VARTABLE ERT. FIN EFFICIENCY (ETA) AND
g0yonl 286, C COMVECTIVE HEAT TRANSFER COEFFICIENT (HC} ARE ALSQ CALCULATED.
00uoel 287. C
U0Gbeuz 2BH., FURCTION ERTLY)
Gl bes 289, REAL Nel
voubpb 290 . COMMON AsBeCrM I EErFrGrCPAYOHCHNs T2 TS THPHC+ETA
JOouben7? 291. IF(V.LE.l-)HC:l-QT*V**‘-3333]
oorel 292 . IF{VeGTels «ANise V-LT-2-9883'HC:1021+V*(-34+0“2*V)
ouGb?3 293, IF(VeGE e 2+9BB2 JANDs VeLEs4a JHC=Z2 s %y
V0Ge7?s 294, IF(VaGTede JHCEZ . 63901 6% Yk%{ 4B}
pgoue?? 290, ETA=1.
VouTu0 296, IFAV.GT.. 32194 +ANMD VoLT-24-72)ETﬁzluuﬁuu—-1135*SQﬂT(V)
0ouTu 297. IF(VeBE + 24« 7RIETAT2U4BE/SORT (V)
oL /us 298. THTO+HC S (VRCPAxN)
uoG7us 294, DTREQZNHC# L o 374+ 3+876/ LHC*XETA) I /N
o606 300. IF(TEI.T.TEIG0 TQ 86
0ou7LL 301, ERT==NTREQ
woy /Ll 302. RETURM
vuufLz 303 e OTAVAS(TE-T5) Z7al ugL{T2-T5}/(T2=-T6))
uuprLd 304, FRT=OTAVA=DITRE
ugurie 305, RE TURNM
QUL fln 306, ENU
1 ylagivOsTIC. r
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TABLE C-1 NOMENCLATURE AND UNITS

Composite Variable Names

First Prefix P - (Partial) Pressure, mm Hg
V - Volume Flow Rate, Scfm 70F, 760 mm Hg
F - Mass Flow Rate, Lb/Hr
DP - Dew Point, F
T - Temperature, F
RH - Relative Humidity, %
Second Prefix C - Carbon Dioxide (COZ)
0 - Oxygen (0,)
N - Nitrogen %Nz)
H - Hydrogen (Hz)
W - Water (H,D)
(None) - Total St¥eam
Stream Number 1 Process Air Inlet
2  Process Air Qutlet
3 l-I2 Inlet
4 H, Outlet
5 Cooling Air Inlet
6 Cooling Air Outlet

Units Suffix (None) Units of First Prefix

PSA Psia
PSG Psig
SL Slpnm

Additional Variable Names

A,B,C,D,EE,F,G Constants in pH,0 Dew Point Equation

AII,J Indices Determifie S Constants

CD Current Density

CHWRTO Cco /H Weight Ratio, Lb CO.,/Lb H

CpPaA Vo umetrlc Specific Heat, Kir, Eu/Hr—Scfm-F
CPH Volumetric Specific Heat, Hz, Btu/Hr-Scfm-F
CTRANS CO., Transferred, Lb/Hr

CURDEN Current Density, Amp/Ft

DELT1 Control Variable = T2-DP1, F

DHA Enthalpy Gain of Inlet Process Air, Btu/Hr
DHC Enthalpy Gain of Cooling Air, Btu/Hr

DHH Enthalpy Gain of Inlet H,, Btu/Hr

DPTDAV Process Air Dew Point Depression, Average, F
DTAVA Log Mean Available Temperature Drop, F
DTREQ Required Module - Cooling Air Temperature Drop, F
E Cell Voltage, Volt

ERT Difference between DTREQ and DTAVA

ESTACK Stack Veltage, Volt

C-8 continued -
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Table C~1 - continued

ETA Cooling Fin Efficiency, Dimensionless, 0-1

FA,FB,FN Corresponding Dependent Values 2
HC Cooling Fin Heat Transfer Coefficient, Btu/Hr-Ft”-F
HCON H, Consumption, Lb/Hr

HCVRTO H2/C02 Volume Ratio, Scfm HZ/Scfm CO2

HEATLD Nét Heat Produced, Btu/Hr

I Current, Amp

N Number of Cells

NERROR Check Violation Indicater

0 Ne Violation
1 Vioelation

NFLAG Program Option Integer = O or 1

OCON 02 Consumption, Lb/Hr

P Iilet pCO

PA Inlet pCO, Corrected for Effect of Air Flow

POWER Electricai Power Produced, Watt

S Array containing Coefficients of PA in TI Correlation

TA,TB Trial Values of Dew Point, F

TC,TF Dew Point, C, F, respectively

TE Current Efficiency, %

TERP Current Density Interpolation Variable

T1 Transfer Index, Lb C02/Lb 02

T2P Preferred Value of T2

T11 TI at one of the seven current densities just below
the desired current density

T12 TI at one of the seven current densities just above
the desired current density

VA,VB Trial Values for V5

WPROD Water Production, Lb/Hr

X1,X2,XA,XB,XN Trial Values of Independent Variable in Convergence

NOTE: Additional variable description is present in the comments- of the source
program listing.

c-9
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APPENDIX D COMPUTER PROGRAM SAMPLE OUTPUTS
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BULRRRH RS N PUT DA LA SR8
CARD 1, PHOCESS AIR IN:

PC1

3.00

CARD 2: H
¥35L
10.500
CARD 3: M
N

90.

R EESE

MODULE:
iz
66.000

0C Ol
0.23901

PEOCESS A
PO
160.272

HH1
G659

PROCESS A
p2

T60.00

VK2
S0 .989

fiz IN:
Va
G a370R

ANODE GAS
L4
40307

Vitd

0.003051

FHA
0078607

HEAT HALA
DHA
387540

POLPSA
310
2 IN:
13
?0.000
ODULE:
I
£.88

#HRBSOLIS*

E
0359

HGON
003641

IR IH:
Bl
760.003

vol
Hadih

IR Oz
pC2
126

Vo2

Be 77

Pud
7029

o}

o
=

.

P4
8.071

i

0.0008527

i
0.7147

NCEs
DHH
-1.582

P1PSA
14.70

DP3
46.000

DELT1
20.00

PR e
ESTACK
32.338

WEPROD
Q32542
Pkl
V520
Tl
Qe417?
Phz2
10.15
¥Ce
0.451

B3
1019,

rc4
0.628

V4
{1 5464

CHYRTO
73780

Il
57.00

F3PSG
5.000

15
57.00

CURDEN
20.000

I
21713

PNl
568.799

V2
59.97

a2
1.491

PH3
1011,

VH4

D.251461

V4SL
9.8103

HGVLTO
247363

DP1.

46.00

HFLAG
1

FOWER
157.808

TE
TH.9571

Fil
1.166

Vo2
0.0660
bp2
524614

[T
Z+886E-03

VG4
0.0918497

VH4GL
Te1214

vl
40400

HEATLD
1337.485

CLRANS
06275

FC1
1.078

Ve
1+ 5336

Y
62,008

Vila
03679

b4
1018450

VO4bEL
2.6025

FH3
01151
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COCLING AIR:

Vs ) 16 HC A
626.416 57 4 000 58.411 12461 0.765

EREFERKED vALUE OF DELY1 Is 17.61 UNDER THESE CONDILIONS
$0 THAT 63.61 = T2 = DP1 + DELT1 = 46.00 + 17.61.

WA AR T DT AT A I Skt e
CAnD 1+ PRCCESS Al IN:

rCl PG1PSA Blesa 11 et V1
Se00 de10 14.70 nle00 46.00 0e50
CAdD 2t 12 [M:
Vaul T3 bia POPSG
0.300 70000 45« 000 0,000
CARD 3: MOMILss
iy 1 DELil 19 NFLAG
le Zedd 2000 D100 1

Rt R it L R L Rt ST,y sesrde st ib e drd it ir

sie = ~thed BIU/His
Phodk s [CIRDY HEALY TS SGLHEHATED IO MATHTAIN MOMULE CEMEFRaATIZEs

R RAHE ] FEUT DA TAF It e 2
CARD 1, PROCESH AINW ING
¥Cl FOLPEA PIFGA xl Dpi ¥l
2o 3410 14.70 654,00 5700 Jed4
CAzD 23 H2 IN:
VosI 3 DG B350
0+300 YUe00 A4G.000 0.000
CART 3: ODULE:
R I DELT1 Lo NELAG
1. 4488 20«00 65300 0

Pt ] -ii--l.'-i{E g H LTS W wde st drdedidbirdide it

AVERAGE PROCESS AIE Dhw FOINT DEPARLSION OJT OF RANGE.

sLECLAOLYYE MOIBLURE BALAMCE 15 WOT MAINIAINED.

HODILE :
T2 £ BSTACE CuaDEN FOWER HBEATLD
e 001 Tedld 0e414 20.000 2.022 150405
OC OX HCOR wrn 0D I it CLUANS
000821 Q.00040 300362 2Py PHe01C3 Q. 0067

PROCEGS ATH IN:

¥ol Pl PUi vi il FC1
160272 Fol.000 119035 585.025 GellE Q.011
gH1 V01 Wl
57 « BHY G093 Q.007

D-3
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PROCESS AIR OQUT:

P2 PC2
760.00 1.11
VN2 702
0339 0-092

H2 IN:
VS Pu3
1.050E=072 7« Q29

ANODE A5 QUY:

P4 Pyia
59.311 1240394
vid Fi4
0.000176 0.000491
FH4 74
0.002874 0.0101
HEAT BALANCE:
DHA DHE
44263 0+079
COOLING ATL:
V5 5
5edds GE.500

PREFERUED VALUE

S0 THAT 72.62 = T2 =

EEL R R L I }:U o

CARD 1s PHOCESS
rc1 FOLESA
1.50 310

CARD 23 HZ IH:

V35T 13
1000 70000

CAxD 3 MODULE:
H I
G . 4.88

Sel il dedb b drdrdbdi g GUT TV G 46k db dbde 0 32 Sodi 2 dE 30

INSUFFICIENT HYDROGEN.

AVERAGE PROCESS

AIR DE

P2
14.04

FC2
0.004

B3
TG00

FC4

0.007

Vi
0.0103

CHWRTO
23323

DHC
9.601

16
69637

THA A #ri S e s
Afie IH:

P1PGA
14.7¢

Les
48,000

DELTL
2000

¥2
Coda

Fu2
D.023

PHS
752.1

VH4

0.009189

V4S5L
02930

HCVYRTO
9.3599

HC
10.244

Tl
51.00

PIFSG
0.000

jite)
40.00

Vc2
.0006

Dpz2
61.623

VW3
1.105E-04

VC4
0.000982

VH4Sh
02602

ETA
6.799

DP1
40400

KILAG

Tha
¢.0081

RHZ
59.103

Vi3 FH3
1.048F~-02 3-.279E-03

B4

76000

VC4SL
0.0278

OF DELT1 15 15.62 UKDER THESE CONDITIONS
DEL + DELTL = 57.00 + 15.62.

¥l
40.00

4,33 SLPM IS REQUILED.

POINT DEPRESSION QUT OF HANHGE.

ALECTLROLYLY MOISTURE BALANCE IS5 HOT MAINTAINED.

D-4



Life Systems, Juc.

MODULE:
Iz
66+000

CCON
0.28201

¥
035549

HCON
003641

PROCESS AIR IN:

Eol
1604272

RH1
828353

PROCESS AIR

be
7EC 00

B F:
514068

g2 IN:
Va
3eBALE=02

ANCDE GAS
op4
454316

Viid
=. 000286

FH4
e 0254:85

HEAT
LA
CAS 200

BALAMN

Pl
760.000

Bed35

oUT:
PC2
0«41

voz
A« 377

PUi3
74929

aUTs
Fid
B.931

Fii&
-« 000750

F4
0.36649

CE:

DHH
~e151

COOLIN: AIR:

V6
02 « 3633

5
40.000

ESTACK
S2.3558

WPROD
0432042
Pyl
7929
Vi1l
0417
Fu?
1015
ko2

0.145

P
7600

rC4

0393

V4
=~ 0242

CHVATC
=15.4230

DHC
591 736

50219

CUHDEN
20.000

1
1.3601

FE1
590.299

V2
40.00
Fu?
1.493

PHI
YH2.1

VH4
= (051473

V45L

= LBOZ

HCYRIEO
-1.4154

HC
1.748

POWER
157.808

TE
49.4578

Fiy1
l.168

vez
t.0214

p2
52 .0632

Vs

HEATLD
1337.485

CTRANS
03531

FC1
0539

Va2
0.5344

tH2
B2.043

VHS

GeBHAE-04 3.484E-02

VG4
0«057563
VH4SL
=23073

ETA

0.970

P4
76000

VC4LL
1.6302

Pr¥¥FERLED VALUE OF DELIL IS 23.63 UNDER THESE CONDITIORS

S0 THAY 65.63 =

D-5

T2 = DP1 + DELY1 = 48.(00 + 23.63.

FHS
1.063E-02



Life Systems, Jnc.

FHHBEHEHEE TNPUT DA TA Fitsa i n
CARD 1s PROCESS AIR IN:

PC1 POLPSA

10.00 3.10
CARD 2: H2 IN:

V35L 13

20.000 70.000
CARD 3: MODULE:

i} 1

90 4.88

F1P5A 71
14.70 51-00_
DP3 P3PEG
46.000 0.000
DELT1 5
20.00 90.00

BB AR U AR PG [T, TSt 0 2

DP1
46400

NFLAG
0

INSUFFICIENTLY LOW COOLING AIX TBMPERATULKE.

Vi
40.00

AVERAGE PROCESS AILR DEW POINT DEPRESSION QUT OF RANGE.

FLECTROLYTE MOISTURE BALANCE IS NOT MAINTAINED.

MODULE:
T2 B
66.000 0359
oC oM HCON
0.28901 G.03641
PROCESS AIR IN:
PO1 Pl
160.272 760.000
RH1 Vo1l
82.933 8435
PROCESS AIR oUT:
. Pc2
76000 7. R8
VN2 Vo2
30.621 Be.377
H2 IN:
¥3 PH3
0.7052 Y929
ARODE GAS OUTs
bP4 Piid
49.295 B.057
Vad Fi4
0.002283 0.0231406
FHA4 4
0.182185 0.9700

ESTACK CURDEN
324338 20.000

WPROD Pl
032542 2.6488

Bl Pi1
7529 H81.'789
Vul
Geal?
PU2 V2
10.14 39.95
®c2 Fu2
28328 1.489
B3 PH3
TFEO0 Y521
C4 VH4

0.766  D.582432

L E: V43L
0.7028 12.9039

CHWRTO HCVETO
4.2019 541954

D-6

POWER
157.808

TE
96« 3200

¥el
1.166

Vc2
0.4142

DP2
b2.+550

Vi3
7 OBGBE"GS

yc4

0.112106

VH4SL
164045

HEATLD
1337.485

CLRANS

D+7655 .

Fca
3594

¥y2
05328

RHZ
G1 953

VH3
0.6988

P4

76000

VC43SL
J.1'748

FH3
02186



Life Systems, Jnc.

HEAT BALANCE: :
DHA DHA DHC

645.900 =3.013 6394.598
COOLING AIR:
Vo 18 16 HC Eia
0040 23.000 0.000 0.000 0.000

PREFERRED VALUE OF DELT1 IS 23.59 UNDER THESE CONDITIONS
SO THAT 69.59 = T2 = DP1 + DELT1 = 46.00 + 25.59.

PP R B T N PUT DAL A B F9Fardesh 33t
CARD 1+ PREOCELBL AIR IN:

. FC1 FOLPSA
3.00 3-10
CARD 23 H2 IN:
V35T 3
5.000 70.000
CARD 3: MODULE:
il I
45. Q.76

TR RN BERRRREU LTS s e i 2
RESULLS

P1P5A
14470
DE3
46,000

DELT1
25.00

AVERAGE PROCESS AIR DEw POIRY

ELECIROLYTE MOISTURE BALANCE IS 8OY

}'EODUI; M
12 B
71.000 D271
QC O BCON
0.28001 0003641
PROCESE AIR IN:
rol Pl
160..272 760.C00
RH1 Vol
B2..933 4.218
PROCESS AIR OUTs
pe BC2
TEQL00 1.01
VH2 Vo2
15.455 4159
HZ 1IN
V3 BUS
G 1750 7020

ESTACK
12184

RPHOD
0.32542
Pl
7.9209
Vil

(209

puz
12.36

¥02

De182

P3
YE0e0

D-7

‘hZ2el 1+B4AZE-03

‘L1 DP1 Vl
51.00 46.00 2000
P3PLG
G000

s NFLAG
51.00 0

DEPEMSSION GUT OF RAWGE.
HAINTAIHED.
CunDEN POLER HEATLD
40000 118.960 14%0.307
Fy! TE CTHANS
1.2349 4449043 03069
Pl ¥yl ¥c1
588.730 0583 0539
V2 vez' Vw2
20.01 00267 03255
Fu2 Pl KAZ
0.910 5. 007 63543
pPH3 ixe] Vik3

FH3

01747 HWd6HF=D2



Life Systems, Jnc.

ANODE GAS OUT:

DP4 Pu4
52.028 9.923
LLES Fu4

0.001465 0.004087

FH4 F4
0.018235 0.3792

HEAT BALARCE:
DHA DHH
430.600 0.188

COOLING AIR:
VD 5
299.394 51.000

Fc4a
0357

V4

01120

CEWRTO
19.5713

DHC
1039.519

16
544225

YH4
0.058286

¥45L
31725

HCVRTO
1.1154

HO
12.018

¥C4 Pa
0.052264 7E0.00

VH4SL VC451L
1.6509 1.4801

ETA
0772

PREFERRED VALUE OF DELI1 1S 28.06 UNDER THESE CONDITIONS
S50 THAT 75406 = T2 = DP1 + DELTL = 46.00 + 29.06.

D-8





