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Chapter 1

INTRODUCTION

In order to minimize the weight of spacecraft for advanced space
missions it will be especially important to conserve on the weight of the
life support system. One subsystem of the life support system which appears
feasible at the present time for recovering breathable oxygen from expired
and perspired water vapor is the water-vapor electrolysis cell[l.2]. Water
vapor electrolysis has been considered almost exclusively as the physico-
chemical, as opposed to biological subsystem technique for recovering oxygen
from the vapor of the cabin air. Even in those physicochemical life support
systems in which oxygen is to be recovered directly from carbon dioxide
(e.g. by electrolysing carbon dioxide) rather than indirectly by (e.g. by
carbon dioxide reduction in a Sabatier or Bosch reactor),-it will still be-
necessary to recover some oxygen from water vapor in order to fulfill a
man's daily requirement of approximately 2 1b. [1.1].

Studies [1.1, 1.2, 1.3, 1.4, 1.5] concefning the water-vapor electrolysis
cell have been carried out and are being carried dut in various laboratories,
These studies have led to the development of a 1/4 man f1/2 1b 02/day)
prototype unit utilizing a sulfuric acid-silica gel matrix. This technique
is an acceptable means of providing breathable oxygen, from either perspired
and expired water or water reclaimed from carbon dioxide reduction. A water-
vapor electrolysis cell operates by passing a humid air stream continuously
through one of the two compartments in the cells. Water vapor in the air
stream is then absorbed by the immobilized electrolyte sandwiched between two
platinum screen electrodes. The absorbed water is subsequently electrolysed

generating oxygen at the anode and hydrogen at the cathode. The polarity is



selected so that the oxygen produced enters the air stream and hydrogen is
collected. The hydrogen and oxygen are prevented from mixing by a membrane
that separates the two compartments.

As a result of experimental studies at various laboratories the water-
vapor electrolysis cell concept has reached a status of acceptance as a new
approach worthy of serious consideration for advanced life support systems
[1.1]. Most of the work so far has been primarily experimental in nature
involving various prototype modules [l.3, 1.5]. It has been more or less a
trial and error process and no significant advances have been made towards
‘theoretically analyzing the cell performance and trying to arrive at an
optimum design.

The objectives of the present study are to model and simulate the
performance of water-vapor electrolysis subsystem and to optimize its design
in anticipation of future flight prototype development. In chapter three
the operating conditions which minimize the total system weight are pre-
sented. This two dimensional weight minimization problem with constraints
on the variables is solved by using the sequential unconstrained minimiza-
tion technique [1.6]. In chaptef four the absorption chamber of the water
vapor eiectrolysis cell is modeled by a dispersion model. 1In this chapter
the use of Marquardt's method [1.7] to estimate the parameters of the non-
linear model is illustrated. 1In chapter five a model for ionic transport in
solid electrolyte matrices is developed. The application of this model with
respect to the water vapor electrolysis cell 1s discussed. Chapter six
presents the recommendations on which future research in this area can be
based. It highlights some of the interesting problems which have arisen as

a result of the present study.
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Chapter 2

LITERATURE SURVEY

The initial work on recovering oxygen by the electrolysis of water
was made during the NASA-General Dynamics/Convair study which provided
for the development, fab:ication, and testing of the Langley Integrated
Life Support System [2.1]. 1In this work an ion exchange membrane type of
electrolysis unit was used with a 25 percent concentration of sulfuric
acid in water as the electrolyte. Unit size was based on supplying oxygen
requirements for a 4-man crew, or 8 1b. of oxygen per day. The electrolysis
unit weighed 187 1b., had a volume of 7 cu. ft., and was made up of three
identical modules each containing 16 cells. Gas and liquid flow was ﬁarallel
in the modules and within the unit. The 16 cells in each module were elec-
trically in series with each module having a constant current power supply in
order to maintain the 10 amp., current flow through the cells at 90oF. Current
density was 27 amp/ftz. The operational reliability of this water electro-
lysis unit was not very good because of leaké and corrosion problems with
the sulfuric acid electrolyte [2.3].

In response to a request for proposal issued by the Langley Research
Center of NASA in June 1965, Allis-Chalmers' Advanced Electrochemical Products
Division designed and fabricated a water electrolysis unit with an asbestos
matrix and potassium hydroxide electrolyte [2.2]. The asbestos matrix pro-
vided the zero-G capability for the cell operation. Capillary retention of
the liquid at the matrix interfaces prevented mixing of the gases and liquids.
The four man elecérolysis unit weighed 160 lbs. and had a volume of 4.6 cu.
ft. Estimated flight hardware would weigh 104 1b. and occupy 2.8 cu. ft.
Average cell requirements were 1.5% v to maintain a current density of 100

amp/ftz.
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Water-vapor electrolysis is a new concept in electrolytic oxygen gener-
ation in that it operates directly off the humid cabin air [2.8]. The cell
can, therefore, assist the cabin air conditioning system in controlling the
cabin humidity. Research on the water-vapor electrolysis cell is being con-
ducted at Battelle Memorial Institute and Ames Research Center of NASA. For
a concise comparative discussion of the work being done at Battelle and Ames
the reader is referred to the paper by Wydeven and Johnson [2.3].

J. E. Clifford et al. [2.4, 2.5] of Battelle Memorial Institute developed
a cell which used phosphoric acid ds the electrolyte. For zero gravity
operation of the cell a matrix of microporous rubber and asbestos impregnated
with phosphoric acid was sandwiched between two platinum electrodes. Twelve
cells comprised a module which was capable of producing 1/3 of a man's daily
requirement of oxygen at the current density of 20 amp/ftz. The average
cell voltage was 2.34 volts and the unit could operate on a 28 v d.c. power
supply. TFor weightless operation the 0.02 in. thick aluminum duct leading
to the module contained a 28 v d.c. vane axial blower which directed humid
inlet air through the air baffles of the cell. The dimensions of the 12
cell module were approximately 9 x 3.75 x 2.75 in. excluding the air duct
and the fan.

One of the most important considerations in designing equipment for
spacecraft use is its weight. Every effort should be made during design to
minimize the weight requirements. The operating conditions also affect the
system and they should be chosen so that the total system weight is minimized.
Figure 2.1 shows the relationships between the total system weight and the
current density, and also, the weight, volume, and power versus current

density relationships for the one man water—vapor electrolysis unit designed



by Battelle [2.5]. The minimum in the total system weight versus current
density curve occurs at about 20 amp/sq. ft. which is the optimum design
current density for operating the Battelle module,

At the Ames Research Center, W. J. Conner et al. [2.6] developed a
water—vapor electrolysis cell which utilized a matrix of sulfuric acid and
gsilica gel. The assembled unit shown in Figure 2,2 included twelve single
cells, a cell retainer, an air duct and blower, and a hydrogen header or
collector. The dimensions of the unit (excluding the 8-inch long air duct
and blower) were 8.0 inches long, 6.5 inches high, and 4 inéhes deep. The
cell retainer, air duct, and blower housing were made of 24 gage light
weight aluminum,

Figure 2,3 is an expanded view of the test cell. The gelled electrolyte
consisted of a mixture of 8.5 M H2304 and Cab-0-Sil M-5 (a finely divided
form of silica) in a ratio of 10 to 1 by weight. The total volume of the
gelled electrolyte in the matrix was 4.5 cm3. The cathode was an American
Cyanamid fuel cell electrode (type AAl). Spot welded to the back (side
opposite the gel matrix) of the Cyanamid electrode was a tantalum screen
current carrier. The anode was a platinized platinum screen electrode.
The active electrode area for the anode and the cathode was 0.0765 ftz. To
prevent the cross leakage of gases within the electrolyte matrix a micropor-
ous PVC gas separator was included between the matrix. The membrane was pre-
soaked for several hours in 8.5 M HZSO4 before being incorporated into the
cell. A compact, variable speed, 28 volt d.c., vane axial blower was used
to draw air through the cell.

The curve for the total system weight and weight penalties versus the

current density is shown in Figure 2.4 [2.3]. The minimum in the weight for
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the Ames water-vapor electrolysis cell occurs at about 72 amp./sq. ft. but
there is only a small difference in system weight from about 40 to 95 amp./
sq. ft. It is unlikely, however, that the sulfuric acid-silica gel system
will be run at the optimum current density. The reason is that ozone can
be generated at the anode when the anode potential exceeds the reversible

potential, Eo’ for the half cell reaction [2.3].

HO+ 0. =28 +0

9 2 3 + 2e, Eo =+4+2.07 v

It is, therefore, necessary to operate the cell at less than the optimum
design current density. Another reason is that acid aerosol formation be-
comes a serious problem at high current densities. For a more detailed
discussion of the cell performance and operational difficulties encountered
the reader is referred to papers by Wydeven and Johnson [2.3] and Wydeven
and Smith [2.8].

The only attempts at modeling and theoretical analysis of the water-
vapor electrolysis cell were made by Clifford [2.5] and Engel [2.7]. Both
these workers tried to analyze the heat, mass and momentum transfer in the
absorption chamber of the electrolyte using theoretical transport equations.
The interest is mainly in the temperature and concentration profiles in the
air stream under steady state operation. Temperature and concentration
gradients in the matrix are represented as variable boundary conditions to
the heat and mass transfer equations governing the air stream. The chamber
wall opposite the matrix may be regarded as allowing transfer of neither mass
nor heat. The chamber has a rectangular cross section, with width much
greater than height. Thus, the effects of the side walls may be ignored -

reducing the problem to one in two dimensions. Clifford [2.5] obtained the
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analytic solutions to the equations of change by assuming a parabolic velocity
profile formed by an isothermal, Newtonian fluid infinitely far downstream
from the entrance. Engel [2.7] tried to solve the problem by making no assump-
tions about the velocity profile whatsoever and solving the equations of

change numerically.
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SUMMARY

A brief survey of the development of water-vapor electrolysis cell
has been presented. The good and the bad points of the various electro-
lysis cell modules have been discussed. Since the cell is still in the
developmental staées, most of the work that has been reported is experi-
mental in nature, involving testing of the cell performance under varying
conditions and extended perioeds of time. Some work on the modeling of

the cell has been reported.
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Chapter 3
OPTIMIZATION OF SYSTEM WEIGHT

Weight is one of the most important consideration in designing
equipment for use in space crafts, A pound of payload requires about a
thousand pounds of thrust for 1lift off and costs about one hundred and
fifty thousand dollars in terms of the fuel cost [3.1]. It is imperative,
therefore, to achieve as much saving in weight as possible. The saving
in weight can be achieved by selecting lightweight cell components and by
optimizing operating variables, This includes making use of improved
electrode fabrication techniques and using lighter plastic cell parts,
Sealing should be emphasized in all designs. For a detailed discussion
on this the reader is referred to reports by Conner [3,2] and Clifford
[3.5]. Since the system weight depends significantly on the operating
variables like temperature and current density, they should be chosen
s0 as to minimize the weight., The minimization of weight with respect
to these operating variables will be oﬁr main concern in this work.

Some attempts at minimizing the weight were made by W. J, Comnner,
et al. [3.2] of Lockheed Aircraft Corporation, They considered current
density as the only control variable and no constraints were placed in
the weight minimization problem, Also they used some of the data ob-
tained for a particular cell and, therefore, their analysis could not be
applied to a general case,

In the present work the weight of the pell is minimized by considering
the current density and the operating cell temperature as the variables
affecting the cell weight. In addition to this, some restrictions are

also placed on the system in the form of inequality constraints, These
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constraints are placed on the operating variables in order to prevent
such phenomena as "flooding'", "drying", ozone formation, and excessive
overheating. The factors that are considered as contributing to the
total system weight are the weight penalty for electrical power consumed,
the weight penalty for cooling and the fixed weight of the system. The
weight penalties are based on the values supplied by NASA [3.2]. The
dimensions of the cell are the same as those of the Ames Research Center
module [3.6]. An expression for the weight of the electrolysis cell
system is first developed as a function of current denmsity, The temper-
ature dependence is then incorporated using theoretical equations from
transport phenomena and electrochemistry, The minimization of this
function with inequality constraints is accomplished by using the se-
quential unconstraiﬁed minimization technique (SUMT) [3.7, 3.8, 3.9].
This technique, the algorithm for which was proposed by Fiacco and
McCormick [3,8], is based on an idea proposed by C., W, Carrol [3,13] for
transforming a minimization problem with constraints into a sequence of
unconstrained minimization problems, Calculations have been carried out
on the Kansas State University, IBM 360/50 compﬁter using a deck sup-
plied by the Research Analysis Corporation,
DEVELOPMENT OF AN EXPRESSION FOR THE TOTAL SYSTEM WELGHT AS A FUNCTION
OF CURRENT DENSITY

The operating variable that most significantly affects the weight
of the electrolysis cell system is the current density. Plots of total
system weight versus current density are especially important for electro-
lysis systems because these plots can be used for determining the optimum
current density at which a given electrolysis cell system should be

operated., The optimum current density is normally that for which the



17

total system weight is minimum, In this section we shall derive an
expression for the total weight for the water-vapor electrolysis cell
system as a function of current density.

The total number of cells required for a one man unit can be cal-

culated from the following equation,

I
N = e (3,1)
e
where
N = total number of cells required for a one man unit
I = total current required for a one man unit, amp
Ae = area of each electrode, ft2
" ' . 2
i = current density, amp/ft
The expression for the total system weight can be written as
W=We + W + W : (3.2)
where
W = total system weight, lbs
WE = weight penalty due to electrical power consumed, lbs
Wb = fixed weight of the one man electrolysis unit, lbs
WC = weight penalty for heat rejection, lbs,

Weight Penality for Electrical Power Consumed,
Electrical power is consumed in providing energy for electrolysis

and driving the blower. Let the bank power for electrolysis be denoted
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by Pb

penalty of 0.3 lb/watt [3.2], the weight due to electrical power con-

and the power for driving the blower by Pf. Assuming a power

sumed cén be written as
WE = 0,3 (Pb + PfN) (3:3)
The bank power for electrolysis, Pb’ is given by

Pb =1 x E (3.4)

where E is the cell voltage,

For finding an expression for the blower power, Pf, the flow through
the cell can be visualized as a laminar flow between the equivalent
broad parallel plates of small spacing (b'). Since the Reynolds number
is low (see Appendix IV), the theoretical laminar fluid-flow equations

can be used to derive an expression for the pressure drop, AP [3.10].

pp = L35 QL - (3.5)
Ac (b")
where
AP = pressure drop in the absorption chamber, p
b' = channel height of absorption chamber, mils
p' = viscosity of the humid air at 750F, centipoise
q, = air flow rate, ft3/sec
L = length of the flow path, in.
Ac = area of cross section for flow of air, ft2

The flow rate, q, in the above expression 1s not an independent

variable but is determined by the requirements of producing one man's



19

daily requirement of oxygen and the actual absorption rate over the
electrolyte matrix, There is thus a definite relation between the flow
rate and the current density for a particular cell geometry. This re-
lation can be obtained as follows:

Since, according to Faraday's law one gram equivalent of an electro-
lyte must be decomposed for every Faraday of electricity passed, the

water electrolysis rate per ampere of the current passing through the

cell is
1b. H20/sec
nF  ampere
where
m = pounds of water decomposed
n = number of equivalents per mole of water
F = Faraday's number, coul,/equivalent

The theoretical rate of water electrolysis for any current density i,
2
amp,/ft”, therefore, is

=
e =TF X Aei (3.6)

r o is the rate of electrolysis of water in lb/sec.

The rate of electrolysis must be equal to the rate of water ab-
sorption over the anode by ﬁhe requirements of continuity. The water
absorption process in the chamber is difficult to describe theoretically
because there are several factors as the flow rate, concentration of the

acid, humidity of the inlet air, geometry of the chamber ete., that influence
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it. The difference between the humidity of the inlet air and the water
vapor pressure over the acid is the actual driving force for the mass
transfer, The driving force for the absorption process is the difference
in humidities of the bulk air and that at the air matrix interface. An
expression for the rate of absorption as a function of the humidity driving
force has been derived in Appendix II, which is based on the data of
Figure 3.1. The mass transfer coefficient that has been calculated therein
is however a function of the geometry of the cell and the flow character-
istics of air and cannot be applied to all cases. The data of Figure 3,1
is for a cell with 8.0M acid electrolyte and an active electrode area of
18 sz. In the ARC module the concentration of the electrolyte is 8,5M
and the active electrode area is 70 sz. In order to have an expression
which is more general in its applicability, experiments should be done to
determine the variation of the mass transfer coefficient with the geometry
of the cell and the flow characteristics of air., But in the present work
the absorption rate has only been considered as a function of air flow
rate and the inlet water humidity has been taken to be constant. This

is a much better method than to express the absorption rate as a function
of humidity difference driving force and then expressing the mass transfer
coefficient as a function of the air flow rate, because this will render
the problem unsuitable for optimization, For the purpose of 0ptimiéing
the weight an empirical expression for the absorption rate based on the
experimental studies of Conner et al., [3.2], has been used, This expres-
sion was derived for a cell which had an active electrode area of 0,097

ft2 and is operating at an inlet humidity of 48%. The expression is

5
r = 2,06x lOAe(q)0'644 (3.7)

wa
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where

r , = water absorption rate for the cell, 1b/sec.

Equating .the electrolysis rate, equation (3.6), to the absorption

rate, equation (3.7), we have

—5 0,644 m
2,06 x 10 Ae(q) =5 Aei
therefore,
5y e )
q=1.83 x 10’ x ) jde35 (3.8)

Making use of equation (3.5) and (3.8) and assuming an overall
blower efficiency of 50%, the expression for blower power can be written

as

Pf o Agxg _ 0.35 qu'L 5 x 144 x g f;iib
* 0.5 Ac ")

Converting the units to watts and using the expression for q from

equation (3.8), the blower power, Pf, may be written as

_ 0.35 x 144 x n'L % 2 746

X 5= watts
05 & Ac (b,)z 33,000

. 3.10 :
- 0.35 x 144 x u'L 2 14 m ., odan L) 746
5 X (1.83)" x 107" x (nF) i x 33,000

T
0.5 x AC (")

3.10

v
14 __uw'L By 3.10

2 *nF
t
Ac (b")

it

3,68 x 10 i (3.9)
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Substituting the expressions for Pb and Pf from equations (3.4) and

(3,9) into equation (3.3), the expression for W_ may be written as

E

3.10
' L
14  u'L ™y 13.10]

(3.10)
Ac (b')2 nF

WE =0,3 [I xE+ 3,68 x 10
Fixed Weight of the Water Vapor Electrolysis Dnit
For a 1/4-man ARC module the cell component weights are given in
Table 3.1 [3,11]. From the table it can be seen that the weight of the

twelve assembled cells is 3495.5 gms. Thefefore, the weight of N as-

'3495,9

sembled cells 15

(N)

291.3 (N)

The fixed weight associated with the twelve cell unit is 1369.9 gm,
Assuming that this remains unchanged for a one man unit, the expression

for the fixed weight of the one man unit may be written as

=
]

291.3 (N) + 1369.9

or in 1bs.

=
|

= 0,62 (N) + 3,02 (3.11)

Weight Penalty for Heat Rejection

It was shown by Conner et al., [3.2] that any cell voltage above
1.48 volts results in the production of heat which must be removed,

The total heat which must be removed from a one man unit, in watts,

is

Ph =1x (E -~ 1,48)
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Table 3.1. WEIGHTS OF THE CELL COMPONENTS OF 1/4-MAN UNIT [3.11]

Single Cell

Unit Weight

(gms)

Component (gms)
Electrodes
Anode 18.2
Cathode 18.2
Matrix
Gel retainer 13.5
Silica gel + 1-12504 23.0
Manifolds
Oxygen (end plate) 226.4
Hydrogen (end ﬁlate) 234.3
Oxygen-Hydrogen 150.5
Current distributer (pt. ribbon) 18.1

Twelve assembled cells
Cell retainer + thru bolts
Fan housing + duct

Fan .

Total unit weight (12 cells)

3495.9
349.9
566.0
454.0

4865.8 (10.74#)
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Assuming a heat rejection penalty of 0.03 1lb/watt, the weight

penalty for cooling is
Wc = 0,031 x (E ~ 1,48) (3,12)

Total System Weight as a Function of Current Density

The total system weight for the one man unit is the sum of equations

(3.10), (3.11) and (3.12), i.e.

=
Il

WE # Wb + Wc

oY

3.10
- . .
W=0.3 [1 o E i 5,68 m T w i cetalie (LY 13'10]
2 nF
Ac(b )

+ 0.62 (N) + 3,02 + 0,031 x (E - 1.48) (3.13)

An expression for the cell voltage, E, of the ARC module was re-

ported by Clifford, Kim and Kolic [3.6]. The expression is

E=1.822+ 0,171 log 1 + 0,002 i _ (3.14)

Substituting the expressions for E and N from equations (3.14) and
(3.1) respectively into equation (3,13) we can express the total system
weight, W, only as a function of the current density, i. It should be
noted, however, that this expression will be valid only at 75 since
equation (3,14) is was arrived at by conducting experiments at 75°F. The
effect of temperature on the total system weight will now be incorporated
by studying the effects of temperature on equation (3,14) and other

physical properties which are influence by temperature.



EFFECT OF TEMPERATURE
The temperature can effect the total system welght by changing the
voltage characteristics of the cell and the blower power. The details

of this temperature dependence have been presented below.

Effect on Voltage Characteristics
For the ARC module the average of the voltage characteristics of

the twelve cells at 75°F may be written as [3.6]
E=1.822+ 0.171 log i + 0.002 i

For analyzing the effect of temperature on the voltage character-

isties, the voltage can be broken up into three parts [3.5]:

(a) Open circuit voltage = 1,23 volts
(b) Chemical polarization = 0.59 + 0,171 log 1

(¢) Ohmic polarization = 0,002 1

The expression for the chemical polarization'is given by [3.14]

AE 4 om =2t b log i {3.15)

The constants a and b are defined by

a == (RT/anF) 1n io (3.16)

b = 2,303 (RT/anF) (3.17)
where |

R = gas law constant, cal,/(mole) (°K)

T = the absolute temperature, °k

a = constant referred to as the transfer coefficient,

dimensionless

26
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n = number of equivalents per mole, eq./mole
F = Faraday's constant, coul/eq.
i, = exchange current demsity, amp/ft2

Equations (3.16) and (3.17) show that the constants a and b vary lin-

early with temperature, Therefore,
a=aT b=bT (3.18)

At 75°F, a = 0,59 and b = 0,171; therefore,

_ 0,59 _ -3
ao—-"i-g"é—— 1.98 x 10

_ 0,171 _ -4
b0 =358 5.74 x 10

The open circuit voltage E_ is given by [3.14],

1/2
@, )@, )
- L R (3.19)
E0 = Et + -F P .
H.0
2
where
(e}
= A _ RT

where AF® is the standard free energy of formation and Kp is the

equilibrium constant for the reaction

H,0(g) = Hy(g) + 3 0,(g) (3.21)

For the above reaction AFC = 54,650 Cal/mole and KP = 7,37 % 1039

4]
at 25°C, The variation of Kp with temperature is governed by the van't

Hoff equation, viz. [3.14]



A 0
4 (mk) ==
P rr

Integrating this gives

o]
AH
In Kp % o e 1n Kpo (3.22)

In the above integration AH® has been assumed to be independent
of temperature. The value of AH® for the reaction (3.21) is -57.7979

Kcal/mole. Equation (3.22) can, therefore, be written as

In K = 324%99 - 5.71 (3.23)

Equation (3.20) cna therefore be written as

Et = 1,25 - 2,46 x 10““ T (3.24)

The changes in gas pressure will have only minor effects on cell

voltages, This follows because a tenfold change in P, , PH o °F P0

2 2 2
will change E_ by less than 0.03 volts, or less than 3 percent [3.5].

H

The second term in equation (3,19) can therefore be assumed to vary

1/2
2y )2 )
‘ R 2 2
linearly with temperature with a slope of — In (T . The

nF
H20

value of this slope at normal operating conditions is 1.82 x 10_4.

Equation (3.19) can therefore be written as

E_ = 1.25 - 0.64 x 1074 1

28
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In the absence of experimental data, the variation of resistivity
with temperature has been assumed to be negligible. The voltage,

characteristics can, therefore, be represented by

E=1.2541.92x 10> T+ 5.74 x 1072 T log 1 + 0.002 1 (3.26)

The variation of voltage characteristic as depicted by this equation

is plotted in Figure 3.2.

Effect On Blower Power

Temperature can affect the blower power by making changes in

(a) absorption rate

(b) pressure drop due to change in viscosity of air

The absorption rate is given by equation (3.7). Some experimental
studies by Greenough et al. [3.2] show that the temperature has almost
negligible effect on the absorption characteristics (see Figure 3.3).

The viscosity of air varies as 0.75 power of temperature [3,12], that is,

1

i ='___iLTT_?§ TD.75 (3.27)
(298) °

Substituting for u in equation (3.9)

. 0,75 3.10
P, = 3.68 x 1ot WX s (B 13+10
(298)"° A (Y n
3.10 ,0.75 ,3.10
' L] - . L]
-5.1x 1012 u'L Q%F i i (3.28)

1 2
A, (bY)

Total System Weight as a Function of Temperature and Current Density.

Making use of equation (3.28), the total system weight, as a function

29
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of temperature and current density can be written as

3.10

12 'L GE_ T

; 0.75 13.10]
Ac(b')z nF

W=20,3 [I x E+ N x 5.1 x 10

+ 0.62 (N) + 3,02 + 0,03 I x (E - 1,48) £3..49)

with E given by equation (3.26). Equation (3,29) reduces to equation
(3.13) at 75°F. Substituting the expressions for N and E from equations
(3.1) and (3.26) respectively, the total system weight can be written

as

3

W=0.3 [1 X (1.25 + 1.92 x 107> T + 5,74 x 10°% T log 1 + 0.002 i)

. 3.10
+ I % 5.1 x lO12 u'L o ) T0.75i3.10
Aid t52 nf
e Ac(b )

+ 0.62 (E%ED + 3,02+ 0,03 T x (1.25+ 1,92 x 10> T
e

+5.76 x 100% T log 1 + 0,002 1 ~ 1.48) (3.30)

For the ARC module, the following data was taken from the report

by Greenough et al [3.2].

A, = 0,0765 £r?

A= 14,5 % 0,159/30 £t”
b' = 159/2,.54 mils

L = 4,75/2,54 in



The values of the other constants used in equation (3.30) are

given below

_ . - = o equivalents . _ Bl s
m = 18/454 1bs,; n = 2 Sole 3 F =96,500 equivalents

The total current required for a one man unit, I, to produce 2 lbs
of oxygen per day, can be calculated by Faraday's law and the following

two electrode reactions

anode: 2H20 = 02 + 4H+ + be

cathode: 4H+ + 4e = 2H2

The value of I from the above reactions comes out to be 127 amp.
Substituting these numerical values in equation (3.30), the total

system weight can be written as

= 0,3 [127x(1.25 + 1.92x10-3T + 5.74310—4T log i + 0,002 1)

127 12 0.0182x4.75x30x(2, ik
+ §.0765 ¥ X0 R S 0. TR (1502 *
3.10
18 10 45 95 2.10 127 1
(354%7%96, 500 T i + 0.62 (575765 T
+ 3,02 + 0.03 x 127 x (1.25 + 1.92 x 107> T

+5.74 x 1004 T log i + 0.002 1 - 1.48)

or

33
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W=49.78 + 0,0805 T + 0.085 4 + 1030 i ~ + 0.024 T log i

+ 0,99 x 1070 973 42.10 (3.31)
Two special cases of weight optimization will now be considered.

In case I, the weight will be minimized with respect to the current .

density only, keeping the temperature constant at 75°F, Case II is the

more general case with temperature and current both varying continuously

over specified limits,

Case I: WEIGHT MINIMIZATION WITH RESPECT TO CURRENT DENSITY
Substituting T = 298°K in equation (3.31), the total system weight

expression reduces to

W= 83,78 + 0,085 1 + 7.15 log i + 1030 1™ 4 7.12 % 1077 4210

(3.32)

The current density which minimizes the total system weight can be
obtained by differentiating the expression for W (equation 3,32) with

respect to i and equating it to zero, i.e.,

1.10

G (1) = 0

dw 7.15 6
i

— = 0,0805 + === ~ 1030 (i)~

a1 + 1,50 x 10

Solving the above equation the optimum current density can be ob-
tained to be 76.5 amp/ftz. It is unlikely, however, that the water-
vapor electrolysis cell will be operated at this current density, because
of the possibility of ozone formation at this current demsity. The total
system weight has been plotted against the current demsity in Figure 3.4

and it can be seen here that there is little difference in the total

34
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system weight from 45 amp/ft2 to 90 amp/ftz.
Cagse II: WEIGHT MINIMIZATION WITH RESPECT TO CURRENT DENSITY AND
TEMPERATURE

Equation (3.31) expresses the total system weight as a function
of temperature and current density. A combination of these two vari-
ables can be found at which the total system weight is a minimum,

Some constraints must be placed on the operating variables in order for
the cell to function without side effects at these optimal operating
conditions. The constraints that are placed on the temperature and the
cur;ent density are

(i) The operating temperature should be between 20°C and GOOC,
i.a. 293 2 T < 333,

(ii) The minimum limit on current density is 10 amp/ft2 and the
maximum limit is 50 amp/ft2 (in order to prevent ozone formation) i.e.,
103_1_350.

The problem that has been stated above comes under the category of
problems classified under the general heading of "Mathematical Programming"
problems, A general statement of a problem of this type is "to find the
maximum or minimum of a function when the variables are subject to
equality or inequality constraints [3.16]"., If the objective function
and the constraints are linear it is called the "linear programming' and
if they are nonlinear it is known as the "nonlinear programming'. The
differences in the various available methods for solving the nonlinear
programming problems stem from the way the objective function is mini-
mized and the way the constraints are incorporated., A short description

of these methods is given in the book by Abadie [3.16], Fiacco and
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McCormick [3.7, 3.8, 3.9] developed a technique for solving the nonlinear
programming problem which was based on an idea proposed by Caroll [3.13].
This technique uses a second order gradient method for function mini-
mization and the weighted sum of the inverse of the constraints as the
penalty function. The technique called the "sequential unconstrained
minimization technique (SUMT) [3.7]" has been found to be more efficient
and faster than other classical techniques. A brief déscription of the

technique is given below,

Sequential Unconstrained Minimization Technique [3.7, 3.8, 3.9]
The general programming problem is to determine a vector X that
minimizes f(x) subject to gi(E) >0,i=1, 2, ..., m. The procedure

for solving this problem is to define a function

P(E, 5o

m
P = £ + 1 _[1 1/gi(§) (3.33)

1=

where ry is a positive constant,

As a starting point for the process we determine x° such that all
the constraints are satisfied. From this point we proceed to a point
E(rl) that minimizes P(E, rl) in the feasibl®,domain, For this part we
can employ any of the function minimization methods e.g. the simplex
pattern search, the gradient and the conjugate gradient search, Hooke

and Jeeves direct search etc, We now form a new function

m
P(%X, r,) = f(x) +r, }] 1/g.(X) where 0<%, <t
2 2 1o1 i

Starting from E(rl) we find another point E(rz) where P(x, r2) is

minimized. Continuing in this manner a sequence of points



{E(rk)}, k=1, 2, ... are generated that respectively minimize
{p(x, rk)} where {rk} is a strictly monotonic decreasing sequence and

r, + 0 as k »=, It can be proved that under certain restrictions on

k
f(x) and gi(§) the sequence of P-minima, {P(x, rk)}, would converge to
the optimum of the programming problem, i.e. §(rk) - §min and hence
f(E(rk)) > fmin(i). The essential requirements on the function are the
convexity of the P-function which, in turn, follows for f(x) convex and
gi(x) concave,

A subroutine for the solution of the above mentioned problem was
procured from Research Analysis Corporation [3,15], The input to this
subroutine package consists of three user supplied subroutines viz.
RESTINT, GRAD1 and MATRIX and three information cards viz., the initial
starting point card; the parameter card and an option card. A brief

explanation of the user supplied subroutines and information cards, as

they apply to the problem at hand, is given below [3.15]

Subroutine RESTNT (I, VAL)
When I = 0, this subroutine sets VAL = the value of the objective

function (see equation (3.33)), i.e.

VAL = 49,78 + 0,0805 T + 0,085 1 + 1030 (i)™% + 0,024 T log i

+0.99 x 1078 075 ;2.10

When I = 1, 2, 3, 4 this subroutine sets VAL = the four constraints
on the variables, i.e,, depending upon whether I = 1, 2, 3, 4, VAL is

set equal to T-293, i-10, 373-T, 50-i respectively.

38
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Subroutine GRADI(I)
When I = 0, this subroutine computes the values of the partial
derivatives of the objective function with respect to the independent

variables and sets them equal to DEL(J), i.e.

oW

5T = DEL(1l) = 0,0805 + 0,024 log i + 0,99 x 0.75 x
10-8 70425 ,2.10
%-I’ii = DEL(2) = 0.085 - 1030(i)"2 +'9-'-9¥ + 0.99 x

2.10 x 10—8 TO.?S i1.10
When I = 1, 2, 3, 4 the subroutine calculates the values of the
partial derivatives of the constraints with respect to T and i and sets

them equal to DEL(1l) and DEL(2) respectively, i.e.

When I =1
DEL(1) = T = 1
_ 9(T-293) _
DEL(2) = i - 0
When I = 2
. 8(i-10) _
DEL(1) = 5T =0
8 (i-10)

DEL(2) = 51 = 1



When I = 3
DEL(1) ='§£§§%:El . =
DEL(2) = —“—3(332‘1:) =0
When I = 4
pEL(D) = 25075 o
DEL(2) = 23 - g

The gradients of the derivatives and the constraints are used in

the second order gradient technique for function minimization.

Subroutine MATRIX(J)

When J = 0, this subroutine éomputes the upper triangular elements

of the matrix of second partial derivatives of the objective function

and sets them equal to A(I,J), i.e.

ACL,1) = -B-E‘—; = 0,99 % 0.75 % 0.25 x 1072 ¢~ 1+25 42.10
5T
A(L,2) ;'gET = 2:22% 4+ 0.99 x 0.75 x 2,10 x 1075 770+23 41.10
AC2,2) = -3-—2-”5 = 2 x 1030¢1)™> = 0,024 T(i)"% + 0.99 x 2.10 x
31

1.10

x 10

-8 TO.?S i0.10

40
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ﬁhen I # 0, this subroutine computes the upper triangle elements of
the matrix of the second partial derivatives of the constraints. These
are all zero in the present case, because the constraints are linear,

These second partial derivatives are used in second order gradient
technique of function minimization.

The input cards to the subroutine consist of the following, in the
order given below

(i}‘Parameter Card, This supplies the values of EPSI, RHOIN, RATIO,
TMMAX, M and N. The format is given in ref. [3.15] and the meaning of the
synbols is explained below and the values used for the present problem is
given in paranthesis.

EPSI, The tolerance used to decide if an unconstrained minimization
has been reached (10‘4).

RHOIN, Initial value of r, the multiplier for the penalty function
(10%.

RATIO, Parameter used to compute consecutive values of rj; ri+1 =
r, /RATIO (4). |

TMMAX, Maximum amount of time for solving problem, in seconds (180).

M. Number of nontrivial comstraints (4).

N. Number of variables (2).
Initial Starting Point Card. This supplies the initial values of the
temperature and the current density to be used. Several values of initial

starting points were used to investigates its effect on the solution
time,

Option Card. This enables one to choose from the several options available.

A detailed description is given in the RAC supplied subroutine [3.15].
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RESULTS AND DISCUSSION

The one dimensional weight minimization with respect to the current
density only (Case I) shows that the current density which minimizes the
total system weight is 76.5 amp/ftz. It is, however, not possible to
operate the cell at this current density because of ozone formation at
values of current density higher than 50 am.p/ft2 [3.3]. The results have
been plotted in Figure 3.4.

There is another variable which affects the total system weight, viz.
the temperature. In case II, the temperature and the current density have
been found which minimize the total system weight, The simulation of the
total system weight in Figure 3.5 shows that the problem at hand is a
convex programming problem and therefore the sequential unconstrained
minimization techniﬁue can be applied. The shaded area in Figure 3.5 is
the feasible domain i.,e,, the domain bounded by the constraints of the
problem,

It can be seen from the simulation results that an unconstrained minima
would be completely out of the range of the actual operating conditions
for the water-vapor electrolysis. For the problem at hand, the current
density is constrained to lie between 10 and 50 amp/ft2 and the temperature
between 300°K and 340°K. The maximum current density and the maximum
temperature are dictated by the fact that above these values of temper-
ature and current density there are side reactions in the cell, which
reduce the efficiency of the cell., The minimum cell temperature was
arbitrarily fixed at 3000K, which is slightly higher than the room temper-
ature., The minimum current density of 10 amp/ft2 is chosen, because

below this value the operation of the cell would become uneconomical,
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Two starting points have been chosen for the first iteration, One
is in the feasible domain while the other is outside this domain.

Starting with the point in the non-feasible domain it has been found that
the program immediately brings the point to the feasible domain by calling
the subroutine FEAS, There is no significant loss of computational time
as a result of the starting point being in the non-feasible domain,

Two different values of r have also been.tfied in order to investi-
gate the effect this parameter has on the computational time, With the
value of r set at 10,000 the execution time is 57 seconds. Wﬁen the
value of r is decreased to 300, the execution time increases to 70 seconds.
A higher value of r is, therefore, favorable for a faster convergence.

The feasible region is shown in the enlarged scale in Figure 3.6 and
the path of the solﬁtion is also shown there. The étarting point for rum
number one is (350, 20) and the value of r for this rumn is 10,000, For
run number two the starting point (300, 20) is within the feasible domain
and the value of r is 300. It can be seen from Figure 3.6 that after a
first few iterations, the solution path for the two runs coincide. It can
also be noted that during the final stages the convergence is agonizingly
slow, This is due to the fact that the gradient technique was used for
minimization and this technique is very slow near the optimum of the
problem, For making this technique work faster it is suggested that one
should switch over to the Gauss method near the optimum,

The vlaues of the temperature and the current density that minimize
the total system welight are 300°K and 45 amp/ft2 which are at the boundary
of the constraint region. The total system weight at these operating

conditions is 110 lbs. It might be noted by looking at Figure 3,5 that
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" near the optimum point the contour lines are quite far apart, indicating
that we have a very shallow minimum, therefore, the relative gain by

changing the operating conditions near this point is relatively low.

CONCLUSION

In the present work an expression for the weight of the ARC module
for generating a man's daily requirement of oxygen (2 1lb/day) has been
derived first as a function of current density., The current density for
which the weight of the module is minimum has been shown to be 76.5 amp/ftz.
It has however been shown by the previous workers in this field that there
is appreciable ozone formation at current densities above 50 amp/ftz.

This is due to the fact that the voltage characteristics of the cell are
such that at current densities above 50 amp./ftz, the cell voltage

exceeds the voltage.required for conversion of oxygen to ozone, The

- maximum current density under the above mentioned limitation is, therefore,
approximately 50 amp./ftz.

Temperature has been shown to be an important factor. It can affect
the cell voltage characteristics and alsc the air properties like viscosity
and density. The effect of temperature on voltage characteristics has
been incorporated by dividing the total cell voltage into three parts,
viz, the open circuit voltage, the chemical polarization and the ohmic
polarization and the studying the effect of temperature on each theore-
tically. An expression for the total system weight has then been de-
rived as a function of temperature and current density. It should be
mentioned here that this is a purely theoretical expression and its validity
against experimental observation has yet to be tested, As is the case
with current density there are maximum and minimum limits on the temper-

ature at which the cell can be operated. The problem is thus reduced
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to minimizing a two dimensional nonlinear objective function with con-
straints on the variables, A simulation of the weight with respect to

the temperature and current density shows that there is a very shallow
minimum and the minimum is outside the constraint region, The two di-
mensional weight minimization was done by a nonlinear programming tech-
nique proposed by Fiacco and McCormick. The technique uses a second

order gradient technique for function minimization and the weighted sum
of the inverse of constraints ag the penalty function. This technique

has been found to be very effective for the weight minimization of the
water-vapor electrolysis cell with constraints on temperature and current |
density. The results show that the temperature should be as low as
possible and the current density as high as possible for the minimum
weight of the cell. The cell module should therefore be placed in a
cooler part of the space cabin, for example, near an alr conditioner.

A significant saving in the weight can also be achieved by having a cell
which can operate at a lower cell voltage, since the penalty for electrol-
ysis power, which is the product of cell voltage and current density,

contributes much more that any other penalty to the total system weight.

SUMMARY

An expression for the weight of the water-vapor electrolysis cell has
been derived as a function of temperature and current density. Operating
temperature and current density have been found which minimize the total
system weight by making use of the sequential unconstrained minimization
technique. It has been shown that under the constraints imposed upon the
variables, the temperature should be as low as possible and the current

density as high as possible for a minimum in the system weight.
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NOMENCLATURE

chem

a constant in the expression for chemical polarization
constant describing the variation of a with temperature
area of cross section for flow of air, ft2

area of electrode, ft2

a constant in the exPression_for chemical polarization
a constant describing the variation of b with temperature
channel height of the absorption chamber

cell voltége, volts

chemical polarization, volts

open circuit voltage, volts

reversible cell voltage, volts

Faraday's number

objective function to be minimized by SUMT

cal

standard free energy change, e

constraint function

keal
mole

standard enthalpy change,

current density, amp/ft2

exchange current density, am.p/ft2

total current required for a one man unit, amp

equilibrium constant for the water dissociation

length of the flow path in absorption chamber, in
pound of water decomposed

number of equivalents per mole of water
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total number of cells required for a one man unit

bank power for electrolysis, watts
power for driving the blower, watts
total heat to be removed from one man unit, watts

partial pressure of hydrogen in the cathode compartment, atm

partial pressure of oxygen in the anode compartment, atm

vapor pressure of water over sulfuric acid, atm

= modified objective function used in SUMT

pressure drop in the absorption chamber, PS;

air flow rate in the absorftion chamber, ft3/sec
air flow rate in the absorption chamber, cmafsec

a positive constant used in SUMT
water absorption rate for the cell, lb/sec
water absorption rate for the cell, gm/hr

theoretical rate of water electrolysis at a current density

i, 1b/sec

cal

mole e

gas law constant,
temperature of the cell, K

average air velocity in the absorption chamber, ft/sec
total system weight of a one man unit, 1b

fixed weight of the one man unit, 1b .

welght penalty for cooling, 1b

weight penalty for electrical power consumed, lbs



E

vector of independent variables, X1s X5 eee
constant referred to as the transfer coefficient
viscosity of air at temperature T, centipoise

viscosity of alr at 75°F

51
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CHAPTER 4
MODELING OF THE ABSORPTION CHAMBER

In this work a dispersion model for the absorption chamber is developed,
and a nonlinear parameter estimation technique is used to estimate the
parameters of the model using artificially gemerated data. In the water-
vapor electrolysis cell, humid air is made to pass over a sulfuric acid-
silica gel matrix in an absorption chamber (Figure 4.1) [4.2]. The water
absorbed by the matrix is subsequently electrolysed to produce hydrogen
and oxygen. In the constant current mode of operation, if the inlet hu-
midity varies over a large range, the phenomena of "drying'" or "flooding"
are observed to occur. Drying of the matrix is evidenced by a decrease in
Faradic efficiency for water electrolysis, which indicates that side reac-
tions are occuring in the cell [4.2]. Flooding occurs at high inlet
humidities and is evidenced by a loss of some electrolyte from the matrix,

In order to prevent 'drying" or "flooding" in the cell, the rate of absorption
of water in the cell should be exactly equal to the rate of theoretical
decomposition of water by electrolysis. To propﬁse a satisfactory design

of the cell, it is, therefore, necessary to have a model which can accurately
describe the mass transfer characteristics of the cell.

Some attempts at modeling the absorption chamber of the water-vapor
electrolysis cell were made by Engel [4.1] and Clifford et al. [4.2]. Both
these workers have made use of transport equations invelving mass, momentum
and energy balances. In an electrolysis cell system where water is introduced
into the electrolyte by passing humid air over an electrode in contact
with the electrolyte, environmental conditions and '‘electrolysis cell char-

acteristics will influence the water transfer process. The driving force
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for water absorption consists of the difference between the vapor pressure
of the incoming air and‘the vapor pressure of the acid in the cell. The
velocity of the air flowing over the electrode determines the rate at

which water vapor is made available for absorption. Water transfer efficiency
is a function of the flow pattern of air over the electrode surface and,
therefore, is related to the geometry of the gas flow channel, the physical
surface of the electrode, and the gas flow rate. Clifford [4.2] obtained
some analytical solutions using arbitrarily imposed fully developed velocity
profiles. Engel [4.1] proceeded under the assumption of laminar flow and
attempted a numerical solution of the problem. Engel's approach, although
it is more fundamental is rather unwieldy to work with. In the present
attempt at modeling the system use has been made of the dispersion model.
The reason for selecfing the dispersion model is that the humidity profile
"along the length of the chamber affects the water absorption process. Since
the height of the chamber is very small, changes in humidity with changes

in height (z) may only be important near the anode. A one dimensional dis-
persion model which includes a mass transfer term to‘account for absorption
at the anode may provide a simple and useful model which can account for

the deviations from flow caused by the laminar velocity profile and other
dispersion factors. The fitting of fhe dispersion model to the absorption
chamber is much simpler thén solving a set of coupled, nonlinear partial
differential equations of heat mass and momentum transfer.

The fitting of any model to an actual system usually gives rise to

a problem in parameter estimation. By comparing the results predicted by
the model with those obtained by experimentation the pafameter values are

obtained which give the closest fit between the model and the actual situation.
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The expression that is obtained by solving the dispersibn model with the so
called Danckwerts' boundary conditions is a nonlinear algebraic function

with two unknown parameters, Marquardt's method [4.3] may be used to estimate
the parameters in this model. The details of this method, which is one of

the best available for such systems, are given in Appendix III. A computer

program is available from the IBM SHARE library.



DEVELOPMENT OF A DISPERSION MODEL FOR THE ABSORPTION CHAMBER

Consider a differential element of the absorption chamber of wvolume
vzdx (see Figure 4.1). A material balance at steady state for water for

this element may be written as follows

56

(In - Out) + (In - Out) - loss by absorption = 0
bulk axial
flow dispersion
or
- dc dc .
ua (¢l - ¢l 40 + DA {E | - kyadxcl -cl)=0 (41
x+dx X x
where
u = average velocity of air, ft/sec
A = area of cross section for flow, ft
c
C = Concentration of water vapor in air, ihggi—EEEEE
ft
D = dispersion coefficient, ft2/sec
k = mass transfer coefficient for the absorption of water into the
electrolyte matrix, ft/sec
Ci = concentration of water vapor in air at the air matrix interface.
1b of water
£t°

Dividing equation (4.1) by uAcdx and making use of the definition of a

derivative, we have

dc dZC

dx

+

clo

dx2

Let us define two dimensionless variables H and n as follows

dC _ _ky _ _
uh, (c-c¢) =0 (4.2)
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- Ci X
H=E-{)—~—é-:- and n=T (4.3)
i

where

C. = water vapor concentration at inlet, 1b. of water

0 £t

L = length of the absorption chamber in the direction of flow, ft

Making use of these definitions equation (4.2) can be written as
2
DdH _dH_ oL, _
uL 4 2 dn ul
n c

or

L gy w (4.4)

Pe dn2 dn
where

ull
Pe = D the Peclet number
B = byl _ XL , a constant
ulA ug ,

For an isothermal absorption process, equation (4.,4) may also be considered
to be written in terms of dimensionless humidity, since at constant tempera-
ture a definition similar to equation (4.3) could be written using humidity

in 1b. of water/lb. of dry air as the dimensionless variable.

BOUNDARY CONDITIONS

A number of boundary conditions can be used for this model. For a
detailed discussion of the various types of boundary conditions that can be .
used with the dispersion model, the reader is referred to papers by Fan and

Ahn [4.4, 4.5]. One of the most often used set of boundary conditions is the
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Danckwerts' boundary conditions. Validity of this set of boundary conditions
has been re-examined from various points of views and approaches [4.6, 4.7,
4.8]., This set of boundéry conditions has been used in the development
below.

Danckwerts' boundary conditions can be mathematically stated in terms

of dimensionless humidity as follows:

1 an _

H - Pe dn - 1 at n =20

(4'5)
dH _
rrka 0 atn =1

An analytical solution to equation (4.4) with the above set of boundary
conditions can be found as follows [4.14]:
By the usual methods of solving second order ordinary differential

equations we know that the solution will be of the form

H=Ae + Ae (4.6)

where

and
4B
1+ Po

Al and Az are arbitrary constants, which by the application of boundary

conditions to equation (4.6) can be determined to be as follows:



s T - = ~ 4.7)
201 - =2 —me YL - =2
m2e Pe mle Pe
B
-mle
A, = (4.8)
m m m m
20 - =3 - me 11 - =D
s o Pe 1 Pe

Equation (4.6) with the above expressions for m,, M, Al and‘A2 com-
plétely describes the dispersion model for the system. The only unknown
parameters are Pe and B, The value of the Peclet number depends upon the
flow properties of the system, which are described by the Reynolds number,
and the fluid properties which are described by the Schmidt number. Corre-
lations are available in the literature [4.9] which can predict the Peclet
number, if the flow properties and the fluid properties are known. The
higher the Peclet number, the closer is the system to the plug flow model.
If Pe = », it means that the system can be exactly described by the plug
flow model. It should be noted, hdwever, that this model is not the most
appropriate one, if the flow behavior deviates considerably from plug flow.
For the normal operation of the water-vapor electrolysis cell the Peclet
number has been calculated to be about 10 (see Appendix IV),

The parameter B describes the mass transfer characteristics of the
absorption chamber. It depends upon the geometry of the cell, as well as
the absorption characteristics of the silica-gel sulfuric acid matrix.

This in general will be a function of the temperature and the concentration
of the acid in the matrix. In the present analysis, however, it will be

assumed to be constant.
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PARAMETER ESTIMATION BY MARQUARDT'S METHOD [4.3, 4.11]

Many techniques are available in the literature for estimating para-
meters, Their applicability and usefulness varies depending upon the type
of model i.e., whether the model is differential or algebraic and whether
it is linear or non-linear.

If the model is linear, then the parameters can be estimated easily by
sol@gng a set of simultaneous linear algebraic equations which are obtained
by equating to zero the derivative of the squares of errors with respect to
the parameters and then solving the resulting linear simultaneous equations.

If the model is non-linear then the equations that are obtained by dif-
ferentiating the square of the error with respect to the parameters and,
equating them to zero, are not linear. The parameter estimation in this
case, therefore, is ﬁot as easy as in the linear case, Several téchniques
[4.10] like the Gauss method, steepest descent method, Marquardt's method,
generalized Newton-Raphson method, Bard's method are, however, available
for estimating parameters in such systems. These methods and a comparative
discussion of them have been presented by Kowalic and Osborne [4.10].

Marquardt's method [4.3] is a combination of the Gauss and the steepest
descent methods. It makes use of the steepest descent method during the |
initial iterations, when this method is more rapidly convergent and during
the final iterations it switches over to the Gauss method. The Gauss method
is characterized by rapid convergence, when sufficiently close to the final
solution. The Gauss method is an iterative approach based upon the linear-
ization of the non-linear function £, = f(;i, p) by a truncated Taylor series
approximation about En' The vector En represents the values of the param-

th , ; - .
eters after the n ~ iteration and Xy represents the vector of independent
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variables at data point i, The expansion by the Taylor series gives

of

i
(a—p;')hj - (4.9)

=~ ™M

where

h, = p. - P.
J.n J,n+l J,n

The objective function that is to be minimized now is given by

N _ P af, .
§= I [y, - f(x,,p)~- I (+h, 1 (4.10)
j=1 I*® =g =1 Bpj Jam

where Ty = measured value of f at the 3 data point.
By setting the partial derivatives of S with respect to pj equal to

zero, we obtain

38 N a P afi Sfi
—=-2 I [y, -f(x,,p)~- I (~—)h ] 7—=0 (4.11)
Gpj jo1 1 1* *n k=1 Bpk k,n apj

This gives us a set of P linear equations (j =1, 2, ..., P) in P un-
knowns hk’ k=1, 2, ..., P, which can be solved. The initial assumed values
of the parameters are then changed by hk,n and the technique is applied again
to the function obtained with this new set of values of the parameters. This

is continued until the procedures converge as h approaches zero.

k,n

In the steepest descent method movement from the current trial value
is in the direction of the negative gradient of S. The steepest descent

direction is given by the row vector

: P
aS 95 aS
): (apz » seo 0y ( )}/[ z (35/3'{)1)

2,1/2
Py L S

=~ £

Thus, in this method, a search is made in the direction of the negative
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gradient of §, which is at right angles to the direction given by the Taylor
series expansion [4.3]. The step size is chosen so as to give the minimum
S in the direction of steepest descent.

In Marquardt's modification, an algorithm is devised in such a ﬁanner
as to take advantage of the fast convergence of the steepest descent method
in the early stages, and that of the Gauss method, in the vicinity of the
minimum. The following characteristics are desirable for fast convergence

(i) The correction applied should be within 90° of the negative

gradient of S.

(ii) As the search gets closer to the minimum, the correction vector

should coincide with the correction vector predicted by the Taylor

series expansion.

(iii) Imn addition to choosing the direction, the step size should

be controlled so that there is rapid convergence with'minimum

oscillation.

In the algorithm developed by Marquardt the direction and the step
size are controlled simultaneously. The validity of this approach is given
in appendix III and for a detailed discussion the reader is referred to the

paper by Marquardt [4.3].

QENERATION OF EXPERIMENTAL DATA

No experimental datq could be found for the variation of humidity
along the length of the absorption chamber. In order to show the capabil-
ities of this parameter estimation technique, data have been generated by
using arbitrary values of the parameters B and Pe. Error has been intro-
duced in this experimental data by a random number generator. Several sets

of experimental data have been the dispersion model approximates the
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completely mixed chamber as the Pe approaches zero, and as Pe tends to
infinity the model reduces to the plug flow model. Previous research has
shown that the model is good for modeling small deviations from plug flow

such as occur in the system considered here.

RESULTS AND DISCUSSION

The air flow required for the production of a man's daily requirement
of oxygen by the Ames Research Center module is approximately 60 cu. ft./
min. [4.12]. This corresponds to a Reynolds number of about 500, which is
well within the laminar range. Using this value of Reynolds number and
taking NSc = 0.60 for diffusion of water in air [4.13] the axial Peclet
number is about 10 (See Appendix IV). The use of the dispersion model to
describe the system is desirable since the departure from plug flow sub-
stantially affects the humidity profile as shown in Figure 4.2,

The concentration profiles for various values of Pe and B are shown
in Figures 4,2, 4.3, and 4.4. To illustrate Marquardt's technique of param-
eter estimation, data was artificially generated by assuming some value
of Pe and B and solving the dispersion model. A random error of zero mean
and ¢ = 0.0001 was introduced into this. The subroutine deck supplied by
IBM [4.11] was used to get back the assumed values of the parameters. The
use of this subroutine package is explained in the IBM Share Program [4.11].
The subroutine package also provides some statistical information about the
confidence limits of the parameters. A sample output has been shown in
Appendix ILL.
‘ It can be seen from the figures that as we increase Pe, the humidity
profile becomes closer to that described by a plug flow model. Even at a

value of Pe = 10 (which is the value during the normal operation of the

)



64

'G=840} 8d Yim 8)1yo4d Appiuiny 8y} JO UOHDIIDA 2 Dl

9OUDJSIP SSBjUOISUBWIQ

25 D - 90 b0 20

~ . lom=8d) Moy} paxyw K|3jejdwoy ™

(O=2d ) 9)j04d Moy} bnid

N

—12°0

o)

Ajipluiny ssajuoisusuwisg



65

'0l=08d Joj g yim ajyoud Ajipiuny Jo UOUDUIDA ¢ Bid

25UD}SIP SS3jUOISUAWQ

o'l __80 9'0 v0 20 0

| T

1=8 ‘0l =3d

mwmw.num ‘©i=3g

Isuawiq

®
o

A}ipiwny ssajuo

b
o

0’



66

0l

80

"1=9d 404 @ yim 8|yoad ‘Klipluiny Sy} JO UOUDLIDA "t D1 4

2JUDjsIp SSBjUOISUBWIQ

G=8"'l=%d

2=8"l=%d

1=8°l=23d

w_.o J.O 20 0

ce0-0=G ‘1=34

0°l

Ajipiwny ssejucisusdwiq



67

cell) the humidity profile is closer to that predicted by plug flow than
that predicted by a completely mixed flow model. At a Reynolds number of
500 one would probably expect the behavior of the absorption chamber to be
approximated by a completely mixed flow model. That this is not so, is
clearly borne out by the above modeling scheme.

Figure 4.2 illustrates the magnitude of the deviations in the humidity
profile that are experienced by using simplified modéls such as the plug
flow or complete mixing models when the actual flow is according to dis-
persion model. However, accurate prediction of the quantity of water absorbed
is probably of more interest than the exact shape of humidity profile. Table
4.2 compdres results obtained using these three models for B = 1 and 5 (for
modeling scheme. The humidity profile alsc depends upon the parameter B,
wﬂich represents the.absorption rate at the matrix surface. The only thing
that B influences, significantly, however, is the exit concentration. The
higher the value of B, the lower is the humidity of the air leaving the
cabin. The value of B = %%L may be changed by varying the mass transfer
coefficient or the velocitycor the geometric dimensions of the cell.

Regarding the computational aspects of the method it can be said that
it works very well in most cases. It was found that increasing the amount
of normally distributed error decreases the accuracy of the parameter
estimates quite significantly (See Table 4.1). The computation time and
the number of iterations also increase with the measurement error. The
computation time was also found to depend upon the initial estimates of the
parametérs.

One final remark should be made here regarding the number of parameters

in the model. In the dispersion model there are actually two parameters B
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Table 4.2, PERCENT REDUCTION IN HUMIDITY AS PREDICTED BY DISPERSION
PLUG FLOW, AND COMPLETE MIXING MODELS

Percent reduction in humidity

P =0 P =10 P »+ o
e ¥ e
(Complete Mixing) (Plug Flow)
B=1 50 60 63.2

B=5 83.3 . 97.6 99.4
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and Pe. In the algebraic model that was obtained by solving the dispersion
model using Danckwerts' boundary conditions there are four parameters (Al,

AZ’ m, and mz) which are functions of the original parameters B and Pe.

1
In general, the lesser is the number of parameters, the more accurate is
their estimate. In this case, however, reducing the number of parameters

would have offset the increased amount of accuracy available by decreasing

the number of parameters.

CONCLUSION

The dispersion model for the water transfer process in the absorption
chamber of the water-vapor electrolysis cell has been developed., This model
is much simpler than the models proposed by the previous workers in this
field and yet, depending upon the estimates of the system parameters, it
can describe the water transfer very precisely. fhe model can be very
useful in designing a control system for the cell module. A technique for
parameter estimation (Marquardt's method) has also been illustrated. This
technique has been found to be very efficient for estimating parameters
in nonlinear algebraic systems, like the one above. The IBM supplied
subroutine package not only gives the estimate of the parameters but also
much statistical information about the estimates. Since there was no
experimental data available for the humidity profile in the absorption
chamber of the water-vapor electrolysis cell, it was artificially generated
by assuming some parameter vélues and then trying to recover those values.
It has been found that if the standard deviation of the introduced error is
less than 0.01%, the parameter values recovered are within #1% of the assumed
values. TFor greater values of standard deviations the recovered values

were within +10% of the assumed wvalues.
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SUMMARY

The absorption chamber of the water-vapor electrolysis cell has been
represented by the dispersion model, which is much-simpler and more adapt-
able to a control system analysis than the models considered by the previous
workers., The parameters of the model have been estimated by a nonlinear
parameter estimation technique known as Marquardt's method. The technique
has been found to be very effective in estimating parameters of the above

mentioned system,
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NOMENCLATURE
Ac = area of cross section for flow, ft2
- . ’ . e kl-I:
B = a constant in the diffusion equation = e
c

B(i=1,2,3,4) = four parameters that are estimated by Marquardt's method

1b of water

c = concentration of water vapor in air, 3
ft

Ci = concentration of water vapor in air at the air matrix

interface, !élllEJ%EEEE

ft
1b of
C0 = inlet concentration of water vapor,-jlil—igﬁggz
. £t
: ; . 2

D = diffusion coefficient, ft /sec
f(§i,5) = function of variable X and parameter 5 that describes the

nonlinear model

. . . th th
hj i = difference in the j parameter values for the (ntl)
]

. th | :

iteration and the n  iteration
H = dimensionless concentration of water vapor
k = mass transfer coefficient for the absorption of water into

the electrolyte matrix, ft/sec
L = total length of absorption chamber, ft

_ . th th | ’
pj 5 = value of the j parameter after the n~ iteration
3

Pe = peclet number = ML

5 = objective function
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L}

I

it

average velocity of air, ft/sec

length in the flow direction , ft

width of the absorption chamber, ft

measured value of f at the.ith data point
channel height of the absorption chamber, ft
dimensionless distance in the x-direction

standard deviation of introduced error
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CHAPTER 5
IONIC TRANSPORT IN WATER-VAPOR ELECTROLYSIS CELL

Water~vapor electrolysis has been considered as a means of providing
breathable oxygen fér space missions of longer durations [5.1, 5.2]. A
cell, with this purpose in mind was developed by the Ames Research Center
of NASA and has been operated successfully for more than two thousand
hours [5.3]. The cell operates by absorbiﬁg the moisture from the cabin
air on a sulfuric acid-silica gel matrix and electrolyzing it subsequently
to produce oxygen and hydrogen. The reason for using the solid-electro-
lyte matrix, instead of a liquid electrolyte, is that with the solid-
electrolyte matrix a gas-liguid separation can be achieved even in zero
gravity environments. Considerable trial and error has been previously
used in the design and development of water-vapor electroiysis cells. The
present work 1s an effort to develop a theoretical basis for cell design.
Equations are presented which describe the transport of ions in solid-
electrolyte matrices. After making some assumptions about the system the
equations are solved analytically for the concentration distribution of
hydrogen ions Inside the matrix., A dimensionless parametef is identified
that affects this distribution.

The electrolysis pfocess is complicated because of the simultaneous
occurrence of coupled, nonlinear transport of mass, momentum and energy
in the presence of electrochemical reactions at the electrodes. The
precise definition of these processes requires the statement and simul-
taneous solution of a set of coupled, nonlinear, partial differential

equations. In view of the magnitude of the task of solving this set
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of equations, one dimensional equations are used to describe the system.
The approach is essentially that which has been outlined by Chapman [5.4]
and Newman [5.5] for liquid electrolyte systems. The modifications are
incorporated to take into account the fact that there is no bulk fluid
motion but instead there is movement of fluid by capillary action. A
model, which considers the matrix as a bundle of capillaries, is used.
This type of model has been used for flow through porous media by Morel-
Seytoux [5,6] and the physics and thermodynamics of capillary action in
porous media has been discussed at length by Morrow [5.7]. The system is
then identified with that of a minor ionic species in a well supported
electrolyte [5.5]. This enables one to eliminate the potential term and
the resulting differential equation is solved'analytically to give the

hydrogen ion concentration profile,
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TRANSPORT EQUATIONS

The Nernst-Planck equation, which describes the flux of each dissolved

species, is [5.5]

N, =z, U FC, V¢ -D, VC, + ciG (5.1)
where

Ni = flux of species i, moles/cmz—sec

Z; = valence or charge number of species i

Ui = mobility of species i, cmz-mole/Joule—sec

F = Faraday's constant, coul/equivalent

Ci = concentration of species i, moles/cm3

¢ = electrostatic potential, volts

Di = diffusion coefficient of species i, cmzlsec

v = fluid velocity, cm/sec

The three terms on the right hand side of equation (5.1) represent the
three mechanisms of mass transfer [5.5]. The first term represents the
motion of a charged particle in an electric field (the so called migration).
The second term represents molecular diffusion due to a concentration
gradient. The third term represents convection due to the bulk motion of
the electrolyte.

For the case of an electrolyte which has been immobilized in a matrix,
there is no bulk fluid motion and hence v = 0. In a porous medium, whenever
we have two immiscible fluids, there is another mechanism of mass transfer
in operation [5.6]. If one of the two fluids preferentially wets the walls
of the pores it can dispiace the other fluid without any external pressure
gradient. The force that is responsible for this movement is the surface

tension which acts at the interface of the two liquids. This motion of a
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fluid into a capillary, thereby causing displacement of the prior occupant,
is called imbibition with respect to the displacing fluid. For a detailed
discussion of the flow of immiscible fluids in porous media the reader is
referred to the articles by Morel-Seytoux and Morrow [5.6, 5.7]. In the
water-vapor electroiysis cell we have a similar situation. The gases gener-
ated at the electrode and the liquid phase in which the ions move form the
two immiscible phases. The éilica gel matrix can be considered to be com-
posed of a large number of capillary tubes of various sizes. For the pur-
poée of modeling, however, these tubes have been considered to be of the
same radii and of length equal to the distance between the electrodes [5.6,
5.71. |

For the laminar motion of a fluid in a eylindrical capillary, we know
that the average velocity is given by [5.8]

2

_ X AP
w 8n

= (5.2)
where r is the radius of the capillary tube, L the length of the capillary
tube, AP the pressure drop across the tube, and p the viscosity of the
fluid,

If the movement of the fluid is caused by capillary forces, AP can be
replaced by 2y/r [5.6] where vy is the surface tension of the liquid. The

expression for the average velocity in.a capillary tube can, therefore,

be written as

- xr
W 4uL

The molar flux of species i due to capillary motion is equal to fCiE, where
f is the fraction of the matrix cross sectional area occupied by the capil-

lary tubes.
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Incorporating the flux due to capillary motion and removing the flux

due to bulk motion, equation (5.1) can be written as

N, =~z U Fc, V¢ - D; VC, +fCw (5.4)

where the magnitude of the vector w is given by equation (5.3).
Another important transport equation is the equation of continuity for

each species [5.5]. This is essentially the statement of conservation of

mass for any species and can be written as [5.5]

oC.,

1 —
+ (V Ni)—R

ot 1 2.3}

Here Ri is the rate of production of species i (moles/cmB—sec), in the bulk
of the solution; however, in electrochemical systems the reaction is fre-
quently restricted to electrode surfaces, in which case Ri is zero.

The current density i can be expressed as

i=FZIz, N (5.6)

where the éummation is over all charged species that are carrying current.
Finally due to high mobility of species in electrolyte solutions under

electric fields of magnitude ordinarily encountered, a state of electro-

neutrality holds for mos£ of the bulk except in the double layer near the

electrode. This can be written as

%z, C. =0 ' (5.7)

Equations (5.1), (5.5), (5.6) and (5.7) along with the appropriate
boundary conditions and the expression for fluid velocity (the momentous
transport equation) describe the transport processes in liquid electrolyte

systems where the electrical potential field is known. For solid-electrolyte
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matrix systems, equation (5.4) should be used instead of equation (5.1).

SOLUTION OF TRANSPORT EQUATIONS FOR SOLID ELECTROLYTE MATRIX SYSTEMS
Since there is no reaction in the bulk of the electrolyte, Ri =0

and the equation of continuity for each species may be written as

aC,

1 -
e+ (V- F) =0 (5.8)

Substituting for Ni from equation (5.4) into equation (5.8), we have

aC, 2

1 o
5t Di v Ci -z F V(Ui Ci Vo) + V(£ Ci w) =0

If we restrict our attention to incompressible fluids (V - w = 0), then the

above equation may be written as

ac
i 4 =
=T~ D, VC, -2, FV (Ui C, Vé) + fw vci = 0 (5.9)

The solution of equation (5.9) with the appropriate boundary conditions
and along with equations (5.6) and (5.7) yields the concentration distribu-
tion within the electrolyte, if V¢ is known.

It appears that the complete solution of such a problem is a formidable
task. Some iimiting cases, however, can be considered. One limiting case
is that of a binary electrolyte. For a binary electrolyte, equation (5.9)

can be written as

aC

2 -
i D+ VG- Z, F U+ VeCV¢ + £ w « VC =0 (5.10)

%% - D vzc -z FU_ VeCV +fwse+VC=0 (5.11)

Here C is defined by
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B, o
§ m =k o= (5.12)
$ P ' :

where v, and v_ are respectively the numbers of anions and cations produced
by the dissociation of one molecule of the electrolyte. Equation (5.12) is

the direct result of the application of electroneutrality.

Subtracting equation (5.11) from equation (5.10), we have

z U)FV + CV =0 (5.13)

2
(D+ - D )vV°C + (z+ U+ -

Equation (5.13) can be used to eliminate V¢ either from equation (5.10) or

from equation (5.11) to give
4+ fw -+ VC=DVC (5.14)

where

z,UD_-ZUD,
- Z_U_

D= z, U,
Equation (5.14) may be called the equation of "ecapilaric diffusion" by analogy
with the equation of "convective diffusion" [5.5].
Another interesting limiting case is that of a minor ionic species in
a "supporting" or "indifferent electrolyte" which increases the conductivity
of the electrolyte and thereby redﬁces the electric field so that we may

assume V¢ = 0., In this case equation (5.9) reduces to

9C, 2

l —
T + fwe VCi = Di v Ci (5.15)

This equation is similar in form to the convective diffusion equation.
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APPLICATION TO WATER-VAPOR ELECTROLYSIS CELL
In the water-vapor electrolysis cell water is electrolyzed to give
hydrogen and oxygen. The electrolyte is an 8M solution of sulfuric acid
and is in the form of a matrix with silica gel. The sulfuric acid essen-
tially reduces the field and increases the conductivity of the electrolyte
solution. It does not take part in the electrolysis reaction as such. The
electrode reactions for this cell are given below.
cathode:
4t + 4e” = 28,
anode:
2H0 = 0, + 4H' + 4e”
2 2
The sulfuric acid can, therefore, be considered as a supporting electro-
lyte with the H+ ions as the minor ionic species. Equation (5.15) is, there-
fore, applicable. Since the separation betwgen the two electrodes in a
water-vapor electrolysis cell is wvery small, the ions can essentially be
considered to be in one dimensional movement from one electrode to the other.

; ; + oy ;
For the case of steady state one dimensional movement of H ions equation

(5.15) reduces to the following equation

i i '
fw = D (5.16)

Equation (5.16) can be solved to give the following expression for Ci

fux

D

C., = A, + A, e (5.17)

1 1 2
where A1 and A2 are arbitrary constants which can be determined by the
application of the following boundary conditions.

At the anode the flux of H+ ions should be related to the current
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density. This condition can be mathematically stated as

aC.
z F(-D s £ @ w) =i at x =0 (5.18)
X i

Since the electrode reaction at the cathode is rapid, the hydrogen ion con-

centration at the cathode approaches zero; that is

Making use of equation (5.17) in the boundary condition, equations

(5.18) and (5.19), the constants A, and A2 can be determined to be

1
_ i
Ay = zFfw
and
SR N
A2 - fwl zFfw
D
e

Substituting the expressions for Al and A2 into equation (5.17) gives

fwx
i e 2
¢ = 7w T TRl (5.20)
D
e

. , + ; ; ; ;
Equation (5.20) describes the H ion concentration profile in the matrix of
the water—vapor electrolysis cell. It is interesting to note the limit of
Ci as w approaches zero. The limit can be calculated by the application of

the 1'Hospital's rule as follows:

f(x-1) |, E% (x-L)

: i i D e
lim Ci = lim 2FF 1
w0 w0

- i (L-x)

zFD
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This shows that for small values of w, Ci decreases linearly to zero as x

goes from 0 to L.

Equation (5.20) can be made dimensionless by defining a reference
C,

1. = i =-_x wL
: i = e iy = P = =,
concentration Cr - and C Cr 3 x =T and D

The dimensionless concentration is then given by

fPx
e

fP
e

{5.21)

c=1-

One of the main purposes of modeling is to define parameters, which are dir-

ectly measurable and significantly affect the performance of the system.

RESULTS AND DISCUSSION

In any electrochemical system theré are a host of processes going on
at any time. The movement of ions is a net result of electrical forces,
diffusion, capilaric motion, pressure variation, etec. The solution of trans-
port equations is extremely difficult for such systems. For solid electro-
lyte matrices this difficulty is greatly magnified because of the complex
geometry of the system. Because the detailed description of fluid flow in
a porous medium is highly complicated, it appears reasonable to employ a
simplified model which is approximately equivalent to the fluid flow in the
actual medium. The "bundle of tube" model that has been used in our analysis
of the H2804—silica gel matrix, water-vapor electrolysis cell seems to be a
reasonable one for this system [5.5].

The test of a model lies in how well it can describe experimental re-
sults. The model should be able to identify parameters which may be measured

and related to corresponding properties of the system. The objective has

been achieved in this work by identifying a parameter fP. The variation of
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concentration profile of hydrogen ions with fP is shown in Figure 5.1. The
parameter fP is the product of the fraction of matrix cross sectional area
occupied by the capillaries and the Peclet number for capillary motion. It
can be seen that there is significant variation of the concentration profile
with the parameter fP. The curves become more steep as the value of fP is
increased. The steepness of the curve is an indication of the fact that

most of the ions are concentrated near the cathode in a double layer. An
extra amount of wvoltage, which is equal to the voltage of the concentration
cell formed by this layer of ions and the cathode, is required. Therefore,
in order to minimize the magnitude of concentration polarization in acid
electrolyte cells, we should have as l&w a value of fP as possible. The low
value of fP can be achieved by having a low value of f, the fraction of the
fotal matrix cross sectional area occupied by the capillaries. It can also
be achieved by having a low value of P(= E%?, which means that we should have
a small distance between the electrodes, a high value of diffusivity and a
low value of w, the velocity of fluid in the capillary tubes. It should be
noted here that concentration polarization has been found to be the largest
contributor to the over voltage in acid electrolyte cells [5.9]. A reduction
in concentration polarization could significantly affect the electrolysis

power requirements and the weight penalty associated with it.

CONCLUSION

A model for iomnic transport has been presented which can predict the
concentration distribution of the hydrogen ions in the solid-electrolyte
matrix of the water-vapor electrolysis cell. Using a bundle of capillary
tubes model for the flow of electrolyte in the matrix, a parameter has been

identified which affects this concentration distribution most significantly.
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It has been shown that by varying the value of this parameter the concentra-
tion distribution can be changed. This has a really significant implication.
The concentration polarization, which is the largest contributor to the over
voltage in the water-vapor electrolysis cell [5.9] is primarily dependent
upon the concentration distribution of ions in the electrolyte. Where the
electrolyte is in the form of a liquid, stirring of the liquid helps to re-
duce concentration gradients and hence the concentration polérization. For
solid-electrolyte matrices, where stirring is not possible, the present
approach indicates that fhe porosity of the matrix should be as low as possi-
ble for low values of concentration polarization. Although because of the
assumptions involved, the approach of this work cannot be considered an
exact representation of the transport processes taking place within the ma-
frix, it does describe at least semi-quantitatively the effect of the matrix
properties like porosity and the fluid properties like the viscosity (which
affects the fluid velocity) on the concentration distribution of ions in the

electrolysis cell,

SUMMARY

A model for the ionic transport in the water-vapor electrolysis cell
has been developed. The model can predict the concentration distribution
of the ions in the solid-electrolyte matrix. A parameter has been identi-
fiéd which affects this concentration distribution most significantly.
Since concentration polarization depends upon the concentration distribution
of the ions in the electrolyte, the approach indicates a way of reducing con-

centration polarization in cells using solid-electrolyte matrices.
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constants of integration

. , . 3
concentration of specles 1, moles/em

: g g . 2
diffusion coefficient of species i, cm  /sec
Faraday's number
2

current density, amp/cm

length of the capillary tubes, also the distance between
the electrodes, cm

flux of species i, moles/cmzsec
radius of the capillary tubes, cm

rate of groduction of species i in the bulk of electrolyte,
moles/cm”sec

mobility of species i, cmzmole/Joule sec
fluid veloeity, cm/sec

velocity through the capillary tubes, ém/sec
valence or the charge number of species i
surface tension of the electrolyte, dynes/cm
electrostatic potential, volts

viscosity of the liquid electrolyte



Chapter 6
RECOMMENDATIONS FOR FUTURE WORK

In the present thesis an attempt has been made to analyze theoreti-
cally the water-vapor electrolysis cell. Operating conditions have been
defined at which the total cell system weight is minimum., To get a better
understanding of the absorption process a model has been proposed for the
absorption chamber. The discussion of the ionic transport in the cell
has provided an insight into the design of such cells, There is, however,
still a lot of work that needs to be done in order to get a better under-
standing of the cell and its reliable performance during spaceflights.
The principle areas where research is needed have been indicated below.

(1) Since the cell is still in the advanced stages of development
a lot of experimental work needs to be done, both in the areas of cell
performance testing and obtaining data for theoretical analysis. One of
the areas where the experimental data is required is the effect of temp-
erature on the voltage characteristics of the cell. This will help in
finding the operating temperature at which the system weight is minimum,

Since the absorption characteristics of the-cell may also change
with temperature, experiments should also be done to investigate this.

In the dispersion model that has been presented in Chapter 4, the flow
of air is assumed to be isothermal. This, then should be modified to
take into account the effect of temperature.

(i1) One of the relatively unexplored areas is the integration
of the water-vapor electrolysis cell with the rest of the life support

system, The design of such an integrated life support system will
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depend upon the interface considerations involving interaction with
other specific subsystems in a direct manner (i,e., hydrogen delivery
pressure, partial pressure of water vapor supplied to the electrolysis
unit, voltage regulation of power supply) or an indirect manner (i.e.,
atmosphere contaminant control, thermal control, and humidity control
[6,5])., For interface considerations the reader is referred to the
report by Clifford [6.5]. The report by Kiraly and Babinsky [6.6] can
be of considerable help in designing such an integrated life support
systemp,

(iii) More work needs to be done in the areas of analyzing ionic
transport in solid electrolyte matrices and redesigning the cell based
on the guidelines provided by this theoretical analysis. Since the
movement of ions through the liquid electrolyte is not the same as the
flow through porous solid electrolyte matrices, it is suggested that
the transport of ions through solid electrolyte matrices should be
investigated in greater detail than has been done in Chapter 5. An
explanation of the flow through porous media can be of.considerable
help and the papers by Morel-Seytoux [6.3] and Morrow [6.4] can be taken
as the starting point for this type of study.

(iv) Another field in which a lot of work is possible is that of
the design of a control system for the water-vapor electrolysis cell,
Since the extreme conditions of humidities in the inlet air can produce
"flooding" or "drying" of the cell [6.1,6.2] it is necessary to control
variables like inlet air humidity, air flow rate, temperature of the air
etc, For a safe and reliable performance of the cell, therefore, it is

necessary to have an efficient control system along with it.
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The design of a control system to control the humidity of a room by
water-vapor electrolysis cell has been discussed in more detail below.
| The purpose of the design is to maintain the water concentraﬁion
inside the cabin at a predetermined desired value. This can be done by
_ altering the cell vbltage E, which in turn affects the electrolysis rate
and hence the water concentration of the cabin.
The equation describing the rate of change of water concentration in

the water-vapor electrolysis cell matrix is

v QEE = Twa T Twe t6.1)
where

i = total volume of the matrix, ft3

f = fractional pore volume of the matrix

CM = water vapor concentration in matrix i%g

r ., = rate of water absorption over the matrix, lb/min
r ., = rate of water electrolysis, 1b/min

Let us assume that the system is at steady state at t = 0 and defimne

EM = CM - CMs

r = r - r

wa wa wdas
r I =~ ¥

we we wes

‘where
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CMS = gteady state water vapor concentration in the
g 3
matrix, 1b/ft
T.as = Trate of water absorption at steady state, 1b/min
Eoon ™ rate of electrolysis at steady state, 1b/min

At steady state, the material balance for the matrix gives
0=r =~-rx (6.2)

Subtracting equation (6.2) from (6.1) and writing in terms of

deviation variables

=r -7 (6.3)

dc
e
dt wa we

Taking Laplace transform on both sides of equation (6.3), we have

Vis EM(S) = ;Wé(s) - ;We(s)

or

Cyls) = (6.4)

The equation describing the rate of change of water concentration

in the cabin is

A —------_R =P = ¥t | (605)

where
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VR = volume of the cabin, ft
Pr = rate of water addition into the cabin by perspiration,
1b /min
Cp = water concentration in the cabin, lb/ft3
At steady state
O=P_ -1 . (6.6)

Subtracting equation (6.,6) from (6.5) and writing in terms of the devi-

ation variables we have

e, _
vR at Pr B ?wa . (6.7
where
CR = CR - CRs
and
P =P ~P
r r rs

Taking Laplace transform on both sides of equation (6.7) we have
VR§ CR(S) = Pr(s) - rﬁn(s)

or

C (s) = (6.8)
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The rate of water absorption is given by
r . = kA (Cp -G (6.9)

The assumption here is that the water vapor concentration does not
change along the flow path.

At steady state

Toag = KA (Cp = Cy) (6.10)

wa

Subtracting equation (6.10) from (6.9) we have
r = kA (G- (6. 11)

wa

Taking Laplace transform on both sides of equation (6,11) we have
a8} = kA (Cpls) - Cy(s)) (6,12)

The water electrolysis rate L is proportional to the current density

through the cell as determined by Faraday's law, i.e.

r = Bi
we

where
B = constant of proportionality, lb/min2
amp/ft
; ) 9
i = current density, amp/ft

or in terms of deviation Laplace variables we can write

;We(s) = Bi(s) (6.13)



The current density i, in turn, is related to the cell voltage E, by the

equation
1= ¢(E)

- or in terms of Laplace variables we may write

i(s) = 8(E(s)) | (6.14)

Making use of equations (6.1) through (6,14) the block diagram shown
in Figure 6.1 can be drawn. In Figure 6.1 the controller has been shown
to be proportional, Integral and derivative modes can be added to it to
have a better control. An analog simulation can be done using some
numerical values and making use of Figure 6.1,

The above analysis should not be construed as complete in itself

but should serve as a stepping stone for further research in this area.
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Appendix T

SEQUENTTIAL UNCONSTRAINED MINIMIZATION TECHNIQUE [1, 2]

The general programming problerm is to determire a vector x that

minimizes f(x) subject to the constraints
gi(;c)io i=1,2, ..., m

Here x = (xl, Xpy vees xn)T is an n-dimensional column vector, where the
subscript T denotes transposition.
C. W. Carrol [3] proposed a method for solving the above minimization
problem which is based on the minimization of a new function
m

P(x, r) = f(x) +r I 1/g, (%)
i=1 T

over a strictly monotonic decreasing sequence of r-values {rk}. Under cer-
tain restrictions that will be reviewed subsequently, there exists a sequence
of feasible points {E(rk)} that respectively minimize {P(x, rk)}, and it
follows that E(rk) + % is a solution of the programming problem as
r, 0 (k + @), The following theorems and results will be needed to support
the present development.
Define RQ = {x |gi(§) >0, 1i=1, ve.,m} and denote_by R the closure of
RO.
Theorem 1: If
(1) RO is non-empty,
(2) £(x) and ~gi(§), i=1, ..., m, are convex and twice continuously dif-
ferentiable,

(3) for every finite k, is a bounded set,

(4) for every r > 0, P(x, r) is strictly convex, then:
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(a) each function P(x, rk) for Ty > 0 is minimized over RO at a unique

E(rk) € RO, where

VP[x(rk), rk] =0 (1)
- (O 9 2
[Where V= (BX * Ax.?* **''? 3y )]
I 2 n

(b) Lim P[E(rk, r)l = vy» where v, = Min f(x)
koo xXeR

Corollary 1: (a) Lim f[E(rk)] =y

k- 0’
m —
() Lim r, £ /g [x(r,)] =0
koo “ i=1 . k

A dual problem is associated with the above ;onvex programming problem.
The statement of the dual.problem, which was originally given by Wolfe [4]
is presented below
Dual problem:
Maximize
G(x, u) = £(x) - I uigi(i)
subject to

vG(x, u) = 0, u, > 0, i=1, ..., m

As a consequence of equation (1), the method yields a dual feasible
. s 2 ;
point at each P minimum, where ui(rk) = rk!gi[x(rk)]; 1= 1, o0y H
Theorem 2: Under the conditions of Theorem 1, the method yields dual feasible
points [x(rk), u(rk)], and Llrlr:_)m G[x(rk), u(rk)] = vy
Since v is the maximum value of G(x, u) for dual feasible points, the

following inequalities hold:

GlX(r), B(r)] < vy < £IR(r)] | )



These bounds are of considerable practical importance in deciding
when to terminate convergence.
Some of the important computational aspects of this method are

described below.

Initial Value of r

It was observed that the number of iteration increases significantly
if r is below a certain value or if it is above a certain value. The upper
and lower limits on r are primarily dependent on the starting point EO. In
order to reduce the number of iterations the following criterion can be
applied to determine the value of r.
Criterion: One of the estimates of the amount by which P(x, n) exceeds its

minimum value is the metrized magnitude of the gradient [5] given by

VP(}?U, r)T [H, + er]'l VP(XO, r)/2 _ (3)

1
where Hl and H2 are the Hessian matrices of £(x) and p(x) = 2 lfgi(x),
respectively.

The value of r which minimizes the function given by (3) is an estimate
of the value of r whose minimum P value is closesﬁ to that of P(io, r)., If
the I-I1 matrix is assumed to be unimportant (which it is if the initial point
xO is near several constraint boundaries), then

veGOHE ved) 12

)
26T 1 pG)

L= ¢ (4)
MINIMIZATION OF THE P FUNCTION BY GRADIENT METHOD
The principal techniques used to minimize P are the first and second

order gradient methods. These are summarized below

101
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2 24~ oeveh) (5)

w
1l

and

-1

i o g S[SZP(xl)faxiaxj] 7P (x5 ' (6)

In the first order gradient method, the second point, xz, is obtained
from the given starting point, xl, by descending along the gradient of P,
evaluated at the starting point, a distance proportional to ©, It can be
shown that P must decrease if 6 is taken small enough, the only alternative
being that xl already minimizes P.

The second order method requires motion a distance (determined by 6)
down the mapped gradient of P evaluated at xl. The mapping is obtained by
premultiplying the gradient of P by the inverse of the matrix of second
paftial derivatives of the P function. This procedure is based on approxi-
mation of P function using a Taylor's series expansion up through the second
order terms, whereas the first order method is based on fitting a Taylor's
series using only first order terms,.

There are various strategies for selecting 6 and these give rise to a
wide variety of algorithms (see ref. [4]). A simple bracketing procedure
has been used in the algorithm developed by Fiacco and McCormick. This works
by systematically adjusting an initial arbitrary choice of 6 by successive
doubling or halving, until we approximately satisfy the orthogonality condi-
tion; that is, VE(x')T VP(x?) = 0.

Having thus determined xz, VP(xz) is computed, and the process is repeated
until minimum has been approximated. When the first order gradient method is
applied, the criterion used is.the usual one that requires [VP(xi, r)] < g,

; ; i, .
where € is a small preassigned quantity and x~ is the accepted estimate of the



minimum. When the. second order gradient method is used, a better criterion

; i
is to determine the convergence at x when

-1

Lopext, T vl veied, 1) < e | 7)

2

where € > 1, and H is the Hessian matrix of P evaluated at xi.
Reduction of r |

It was observed that
(i) it is highly advantageous to reduce r by a constant factor
(ii) the overall effort required to obtain a solution is relatively in-
sensitive to the choice of factor, over a wide range of values of this
factor,

Hence, our choice of r for the (i + 1)st minimization is given simply
by ti+1 = ri/c, where ¢ > 1.
Final Convergence Criterion

Several criteria are possible. If the acceptable solution is within
of the theoretical solution value, then the convergence criterion is to
terminate when r I l/gi[x(r)] < g, This is a result of the theory of
duality discussed in section 1. The theoretical optimum value Vo is bounded

by the dual and primal function values, respectively G[x(r), u(r)] and

flx(r)]; that is

G[x(r), u(x)] =< Ty & £} , (8)
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Another way is to define a fractional error as the ratio of the absolute

error to the solution value. The following inequalities then provide bounds
on the fractional error in terms of known quantities:

(a) G[x(r), u(r)] = v

0 S f(x) since the optimum value is bounded below by

a dual feasible value, above by a primal feasible value;
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(b) Assuming f(x), Vo and G[x(r), u(r)] have the same sign, and G[x(r), u(r)],

\ # 0, then
£G)/GIx(x), ul®)] 2 £(x) /vy 2 1
(c) Rearranging (b) yields
(£G) - Glx(r), u()/Cl(x, 1), u(r)] 2 (EG) - v)/v, 20

the required bounds on the fractiomal error.
Summary of Computational Procedure
The following is a concise summary of the steps describing the com-
putational algorithm:
1. Select a point xo interior to the feasible region. If such a point
is not readily available repeated applications of the method itself

can be used to obtain it.

2, Select ry, the initial value of r.
3. Determine the minimum of P(x, rk) for current value of e
4, If k > 1, estimate solution using extrapolation formula,

5. Terminate computations, if final convergence criteria are satisfied.

6. Select r = rk/c where ¢ > 1.

k+1

7. If k > 1, estimate minimum for reduced r-value, using extrapolation

formula. Continue procedure from step (3).
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Appendix II

WATER ABSORPTION RATE AS A FUNCTION OF HUMIDITY DRIVING FORCE

The rate of water absorption can also be represented by

Ywa = k Ae Acﬂm
where
o = rate of water absorption, gm/sec
Ae = active area of electrode, cm2
Acgm = log mean driving force, gm/cm3
k = rate constant for absorption, cm/sec

The log mean driving force is defined by

AC - (Ac)inlet B (Ac)outlet
i om ACinlet

Coutlet

In order to calculate the rate constant, k, we should first comstruct a graph

r___. The concentration of water vapor at the outlet can be cal-

of AC vs.
Lm wa

culated from Figure 3.1 by making an overall mass balance on the water, which

gives

qC, =1r__+gq Cout ‘ (2)

where

q in flow rate of air, cm3/sec

C, , C = concentration of water vapor in the air at the

in out 3
inlet and the outlet respectively, gm/cm

r = rate of absorption of water, gm/sec

wa
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From the data of Figure 3.1, at each value of the inlet air humidity, we can

calculate C, and C and then we can construct a graph of AC, wvs/ r .
in ou Lm

t wa

The results of the calculation are shown in Table 1. The slope can be deter-

mined from Figure 1.

slope = k A_ = 0.049 x 10% en®/hr

6
- o.oaisx 10° /e

2.82 x lO3 cm/hr

To obtain the value of Toa for a cell of area 90 cmz, we have to solve the

following two equations simultaneously

6 _ rwa
27 % 11,42 x 10° = 5e==+ 27 x C_
i -6
5 (11.42-4,40) x 107" = (C_ . -4.40) x 10
= 2,82 x 10° x 90 x on
Twa o LL:42 = 4.40
C_ . - %.40
out

By trial and error, the following solution was obtained

B = 0.634 gm/hr

C  =4.92 x 10°°
out

By using the empirical formula proposed by Conner, the absorption rate for a
cell with electrode area of 90 cm2 can be calculated as follows

r = 0.0621 004
wa

We have at q = 27 cm3/sec

r . = 0.0621 (277264 < 0.518 gn/hr



Table 1, Results of Calculations Made from Figure 3el.

Inlet humidity

3 3 3
i, % Cin’ gm/cm Cout’ gm/cm AC, s gm/cm T gm/hr
. ~6 -6 ~6
30% 6.78 x 10 4.77 x 10 1.08 x 10 0.19
> -6 -6 -6
407% 8.69 x 10 5.50 x 10 2,34 x 10 0.31
g -6 : -6 -6
50% 11.42 x 10 6.9 x 10 4.39 x 10 0.46
L7 -6 —-6 -6
60% 13.21 x 10 7.24 x 10 5.27 x 10 0.58
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We see that the rates calculated by the two methods are not too different.
The differences will increase, however, if the flow rate is changed from
27 cm3/sec.

The value of the mass transfer coefficient, k, will approximately be
the same for the ARC module as we have a similar situation there. Using
this value of mass transfer coefficient and the dimensions of the ARC module,
the value of parameter, B used in Chapter 4 can be calculated as follows.

The dimensions of the cell module are as follows

L 4,75 em

#

]

0.159 cm
The velocity of air, u, thru the absorption chamber during the normal
operation of the cell is 8.4 ft/sec.

Therefore, .

KL _ 2.82 x 10> x 4.75
uz 8.4 x 30 x 60 x 60 x 0.159

B =

0.093

]



Appendix III

NONLINEAR PARAMETER ESTIMATION BY MARQUARDT'S METHOD [1,2]

Many techniques are available in the literature for estimating
parameters [3]. Their applicability and usefulness varies depending
'upon the type of model i.e., whether the model is differential or
algebraic and whether it is linear or nonlinear. Marquardt's method
is a nonlinear parameter estimation technique which makes use of the '
Gauss and the steepest descent methods to get a fast convergence of
the parameter estimates.

In the following discussion the linearity or the nonlinearity of
the model shall refer to the manner in which unknown parameters enter
the equation describing the model.

The problem is to estimate the parameters p of the nonlinear al-

gebraic model represented by,

y = £(x, p)
where,
y = measurable dependent variable
X = (xl, Xps cevs xm) = measurable independent variables

L]

P = (pl, Pos ey pp) parameters to be estimated.

The criterion that is used to obtain the best estimates of the

parameters from a measured set of data is the "least squares' criterion.

In this, the sum of the squares of deviations of predicted values from

111

(1)

the measured values is minimized. Thus we minimize the functions given by
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N
5= I (y; -y (2)

where,

measured value of the dependent variable (data)

(o
]

estimated value (from the model)

<
Il

i=1, ..., N denote the number of data points.

Most algorithms for estimating parameters for nonlinear models are
centered around fwo basic approaches. On the one hand, the function may
be expanded in terms of the Taylor's series and corrections on several
parameters calculated on the assumpt on of local linearity. On the other,
modifications based on the steepest descent method have been used. The
first method is known for its slow convergence, especially if the ini-
tial guess is poor. The second method converges very slowly in the
neighborhood of the minimum. Marquardt's method is an optimum interpola-
tion between these two methods.

The mathematical basis for the Gauss and steepest deécent methods
are given before presenting the Marquardt's method modification.

(a) Gauss Method [1]
This is an iteratiﬁe approach based on the linearization of a function

f(§i, p) = §i by a truncated Taylor series expansion about En. The vector

th

n
p represents the values of the parameters after the n iterations. Sub-
script I refers to a specific data point.

An expansion around Xis P gives



P 2of,
- - - - i _
f(xi’ pn+l) - f(xi’ pn) + .Z op. hj,n (2)
J=1 ]
where
h, = p, - p. 4
i Pintl T Pi,m )
Hence, from equation (2)
N P Hfi 2
S= I |y, -f(x,,p.)~- I =—=h, (5)
u=1 | T i n fed Bpj j,n
gk as
At the minimum, ik 0 (6)

]

Therefore setting the partial derivative of S with respect to pj equal to
zero, we gbtain

g N P of, of

3 - - i
—=-2 I y,-f(x,,p)~- L —™h — =20 (7)
Bpj =1 i i n k=1 apk k,n Bpj

Equation (7) is linear in h

kyn'
DE,
By defining, B, , =3, 1=1, 2, ..., N; =1, 2, «vu, P
1,] Py
and
fci 95 ) B I
R P; n+1P1n
£(xy,p,) .
fn = . s hn = s
f(xN’an , pP,n+1-pP,nJ

the En can be determined from the matrix equation
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or

Tox=1 T .= — (8)

where

= T
Y = [Yl’ yzs ooy YN]

Thus, assuming initial parameter values, we determine the improved esti-

mates of pj given by,

5 = + h.
pJ:n+1 pj;n 1,0

convergence is attained when En approaches zero.

This method converges rapidly in the vicinity of the minimum, where
linearization can be justified. However, if the initial guess is poor,
the method is known to converge very slowly, coscillate widely or even
diverge.

(b) Steepest Descent Method [1]

The method of steepest descent simply moves from the current trial

value, in the direction of the negative gradient éf ¢. .The components

and direction of successive iterations is given by the row vector

P 5 142
= a8 38 98
E=- GH e G5 r & (9)
.} Pp i=1 °Pp

Thus, a search is made in the direction of the negative gradient of S,
namely g, which is at right angles to the direction given by the Taylor's

series expansion, h. The step size is so chosen as to give the minimum
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S in the direction of g.

In effect, this method seeks to calculate corrections such that at
each iteration the value of S will decrease most rapidly.

This method is successful for elongated and highly distorted S sur-
faces., Hence any iﬁitial guess rapidly converges till we reach the
vicinity of the minimum. 1In the neighborhood of the minimum however,
where the S contours are approximately circular, too large a correction is
applied in the direction. Hence, the method oscillates about the minimum.
Qualitative Analysis of the Problem:

In Marquardt's modification, an algorithm is devised in such a manner
as to take advantage of the fast convergence.of the steepest descent
method in the early stages, and that of the Gauss method in the vicinity
of the minimum,

The following characteristics are desirable
(1) The correction vector applied should be within 90° of the negative
gradient of S5, otherwise S will increase successively. |
(2) As the search gets closer to the minimum, the correction vector must
coincide with h.

(3) 1In addition to choosing the direction, the step size should be con-
trolled so that there is rapid convergence and minimum oscillation.

In the algorithm deveioped by Marquardt the direction and the step
size are controlled simultaneously. The algorithm is based on three
theorems due to Morrison [4]. For a detailed discussion of the theorems
and their proofs, the reader is referred to the paper by Marquardt [1].
Usage of the Program Deck [2]

The Marquardt's method makes use of a Maximum Neighborhood [1],

which performs an optimum interpolatlon between the Taylor series method
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and the gradient method based upon the maximum neighborhood in which the
truncated Taylor series gives an adequate representation of the nonlinear
model, An algorithm for this method was developed by D. W. Marquardt [1]
and later on a computer program called the 'Least Square Estimation of
- Nonlinear Parameters" was written by him. Thié program is available in
the IBM SHARE program library under the number SDA 3094,01 (NLIN).

NLIN is a main program to fit y = E(x)s g5 waes Xy Pys Pos eens pP)

to fit a vector y of observed values of the dependent variables given N

observations (yi, %20 xi,Z’ woy X e =1, 24 35 sawy Ne For each

i,m
observation Ei is a vector of m independent variables at the ith data
point and vy is the observed value of the dependent variable at the

same point.

The program can process any number of problems in one execution,
Options are provided to use either estimated or analytic partial deriva-
tives of f with respect to bj; to control the amount and detail of
printing; to plot observed and predicted values of the dependent variable;
to introduce constraints at any coefficient value; to obtain nonlinear
confidence limits and to use either FORTRAN compatible or PL/1 compatible
external routines,

The input to the program consists of the following data groups in
the order specified:r
(1) problem parameters
(2) initial guesses of the P parameters

(3) Values of the dependent and the independent variables at the N data

points.
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Besides the above data cards, two subroutines called the PCODE and
the FCODE have also to be supplied by the user, A brief description

of the problem parameters and the subroutines is pfesented below [2].

Problem Parameters

N = Number of data points

K = Total number of coefficients

M = Number of independent variables

IP = Number of constant coefficients

ITOFF = Maximum number of iterations allowed to search for a
solution. If this number of iterations is reached, all
information obtained is printed, with a message indicating
the reason for termination.

NOPCODE = Constant for determining the use of analytic or partial

derivativés. If NOPCODE > 1, estimated derivatives will
be used (PCODE will not be called); if NOPCODE < O,
analytic derivatives will be used (PCODE will be éalled)
NUMDIGT = Number of significant digits to be used in testing for
convergence, Value must be in the range 0 < NUMDIGT < 8,
DEL = Multiplier for estimated derivatives calculations. DEL

must be in the range 0 < DEL < 1,

It

GAMCR Criterion angle used in gamma-epsilon test.

The two user supplied subroutines PCODE and FCODE are described

below

FCODE: The calling sequence for this subroutine is
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CALL FCODE (Y,X,B,PRNT,F,I,RES,M,N,K) where M,N,K are the problem
parameters as defined above. Y is the vector of length N containing the
observed values of the dependent variable, X is the two dimensional
(NxM) array of values of the M independent variables at the N data points,
B is the vector of length K containing the current parameter values.

FCODE computes the functional value for the Ith data point and stores it
in F, given X and B, The residual is then stored in RES, For the

problem of Chapter 4, the FCODE can be written as follows

SUBROUTINE FCODE (Y,X,B,PRNT,F,I,RES,M,N,K)
DIMENSION Y(N), X(M,N), B(K), PRNT(2)

B(1)*EXP (B(2)#*X(1,I))

il

PRNT(1)

PRNT(2) B(3)* EXP (B(4)*X(2,I))
F = PRNT(1) + PRNT(2)

RES = Y(I) - F

RETURN

END

PCODE: The calling sequence for this subroutine is

CALL PCODE(?P,X,B,PRNT,F,I,M,N,K) where M,N,K are problem parameters
as defined earlier. X,B,PENT and I are values just used in FCODE, and F
is the function value just computed by FCODE for the Ith data point, P
is the vector of length K to be used by PCODE to store the values of the
K partial derivatives of f with respect to pj. For the problem of

Chapter 4, the PCODE can be written as follows
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SUBROUTINE PCODE (P,X,B,PRNT,F,I,M,N,K)

DIMENSION P(K),X(M,N),B(K),PRNT(2)

P(1l) = EXP(B(2)*X(1,I))

P(2) = B(1)*X(1,I)*EXP(B(2)*X(1,I))
P(3) = EXP(B(3)*X(2,I))

P(4) = B(3)*X(2,I)*EXP(B(3)*X(2,T))

RETURN

END

An output for the above problem has been attached at the end of the
appendix, TFor a more detailed discussion of the usage of NLIN, the

reader is referred to the IBM SHARE library program by D.W., Marquardt [2].
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Appendix IV

CALCULATION OF PECLET NUMBER FOR THE ABSORPTION CHAMBER OF THE WATER-
VAPOR ELECTROLYSIS CELL,

The hydraulic diameter of the rectangular absorption chamber is given

by

4AC
D ==
p
where

- 9
area of cross section, ft

b=
]

L—|
1l

perimeter 5 EB

The dimensions of the ARC module are

Length = 4,75 cm
Width = 14,5 cm
Depth = 0,159cm

The hydraulic diameter for the ARC module is therefore given by

o - it x50 1

L, T 2x(14.5+0,159)  2.54x12

D = ft

L}

0.0103 ft

For air at 75°F, the viscosity is 0.00016 ft2/sec [1]
For the ARC module, the, velocity of air though the chamber is approxi-
mately 8.4 ft/sec [2]. The Reynolds number can therefore be calculated

to be

Re = =7 =~ goote - >0
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For water diffusing into air the Schmidt number is 0.60 [1].

Therefore
Re.Sc = 510 x 0.60 = 306

According to the Taylor-Aris correlation [3,4] the Peclet number for

fluids in laminar flow regions is given by

1l _ 1 + Re,.5c
P ~ Re.Sc 192
e
1 306
= 30¢ + oz = 0.626

This Peclet number is however equal to %2
2

The Peclet number, which is used in Chapter 4 is therefore equal to

‘ L _ 4,75 _
0.626 x D= 0.626 x "a':*é-g— = 09,6
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Appendix V

CALCULATION OF PERCENT REDUCTION IN HUMIDITY AS PREDICTED BY DISPERSION,
PLUG FLOW, AND COMPLETE MIXING MODELS

Complete Mixing (Pe = 0)
In this case a new expression has to be obtained from the basic mass
balance equation. Following the notation of Chapter 4, the mass balance

- for the completely mixed case may be written as

uA C - uA C . -kA (C . =-C)=0 ' (1)
where
Cout = concentration of water vapor in air at the outlet,
1b of water
ft3 of air
Am = matrix area for mass transfer, ft

Equation (1) may be written as

UAc(Co - Ci) - UAc(Cout - Ci) - kAm (Cout - Ci) =0

or
kAm

(Co - Ci) B EK: el (Cout - Ci) =0 (2)
Now

s Y A

uA  uA

c c

Therefore,
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c -¢C out 1+B
o 1
The percent reduction in humidity = (1 - ‘ZL‘-I]:_B) x 100

"For B = 1, the percent reduction in humidity =.(1 - -%-) x 100
= 50
For B = 5, the percent reduction in humidity = (1 - -f_']f—s-) x 100
= 83,3
Dispersion Model
Case 1: Pe =10, B =1
P P
=&, & B
L + 5 1+ > 10.9
e
P P
-.e__¢e 48 _ _
m, =5 p) 1+ 7 0.9
e
m em2
A = £ = 5.7 x 1077
m m m m
2 1 1 2
mye © (1 - -P-_), - me (1 - i;*)
e e
bl
-m, e '
A2 = = 0.917
m m m m

2 1 1 2
m,e (l—i;;—)—mle (l-‘i.?;)
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Equation (4.6) can now be written as

-7 e10.9n 9n

B o= 5.7 % 16 & BB g (3)

- The outlet humidity can be obtained by putting n = 1 in equation (3),

i.e,

9

H "7 197 4 0,917 &2 = 0,40

Hout =5,7x 10

]

Therefore, the percent reduction in humidity (1~ ﬁout) x 100

(1 - 0.4) x 100

= 60
Case 2: Pe =10, B =5
P P
... e ab
m =5+ 55 |L+ = = 13,65
e
P P
LR LB 4B _
m=5 -5 It 3.65
e
mem2
A = = = B9 % 1
m m m m
2 1 1 2
me © (1l=-g) ~dme (15

e e



-—mle 1
A2 = = 0.73
m m m
2 1 1
m,e (1 - -i;-—) - me —)
e e
Therefore,
= 5.7 x 1070 &0 4 g,73 73+ 651
At the outlet,
H « 5.7 %1077 o0 4 0.7 &9 w024

out

Therefore, the percent reduction in humidity

Plug Tlow Model (Pe - o)

As P_ + =, equation (4.4) reduces to

(1 - 0.024) x 100

97.6
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Therefore,

.-B'n

=i
[
(0]

The outlet humidity is given by

Percent reduction in humidity = (1 - e_B) x 100

For B

For B

1, the percent reduction in humidity

5, the percent reduction in humidity

{1 - e”l) x 100

63.2

(1 - &) x 100

99.4

133



ACKNOWLEDGMENT

I wish to thank my major professor Dr. L. T. Fan for his constant
encouragement, guidance and support. Thanks are also due to Dr. L. E.
Erickson and Dr. C. L. Hwang for the review of the manuscript and the
constructive suggestions during the course of this wofk. The National
Aeronautics and Space Administration under Contract NGR-17-001-034 and
the Air Force Office of Scientific Research under Contract F44620-68-
0020 (Themis Project) provided the financial support which 1s gratefully

acknowledged.



ANALYSIS AND OPTIMIZATION OF THE
WATER-VAPOR ELECTROLYSIS CELL

by

BHUWAN CHANDRA PANDE
B. Tech., I. I. T., Kanpur, 1968

AN ABSTRACT OF A MASTER'S THESIS
submitted in partial fulfillment of the
requirements for the degree
MASTER OF SCIENCE

Department of Chemical Engineering

KANSAS STATE UNIVERSITY
Manhattan, Kansas

1871



ABSTRACT

In this work a theoretical analysis of the water-vapor electrolysis
cell has been done. This cell is being considered by NASA as a means of
providing breathable oxygen for space missions of long durations. A cell
module has been developed by the Ames Research Center of NASA and has
been shown to have a reliable performance after two thousand hours of
testing.

ﬁeight is a prime consideration in developing equipment for use in
spacecrafts. An expression has been developed for the weight of the ARC
module as a function of temperature and current density. The operating
temperature and the current density have been found which minimize the
total system weight. It has been shown that the cell should be operated
at the least possible temperature and the maximum possible current density.

A ﬁodel for the absorption chamber of the water-vapor electrolysis
cell has been developed which is very simple and readily adaptable for use
in control system-studies. It has been shown as to how, with thé help of
a nonlinear parameter estiﬁation technique the parameters of this model
can be estimated. Artifiéially genefated data have been used in the absence
of the availability of actual experimental data to illustrate the appli-
cability of the approach.

For an insight in the design of matrix type cells, the ionic trans-
port in solid electrolyte matrix has been analyzed. A model has been
developed which can predict the concentration distribution of hydrogen
ions in such cells. A paraﬁeter has been identified in this model
which affects the concentration distribution of hydrogen ions in solid

electrolyte matrix type cells.



