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THE CENTER FOR AIR ENVIRONMENT STUDIES 

The Center fo r  A i r  Environment Studies  a t  The Pennsylvania S t a t e  University 
was es tab l i shed  i n  1963 t o  coordinate research and in s t ruc t ion  concerning t h e  
in t e rac t ion  of  man and h i s  a i r  environment. 
I n s t i t u t e  €or Science and Engineering, t h e  Center has a s taff  with backgrounds 
i n  many of t h e  physical ,  b io log ica l ,  s o c i a l ,  and a l l i e d  sciences.  

A u n i t  of the  in t e rd i sc ip l ina ry  

A broad, f l e x i b l e  research program, dependent on facul ty  and s tudent  i n t e r e s t ,  
i s  maintained by the  Center. Some of the  current  research top ics  a re :  

The operation of  an a i r  po l lu t ion  information serv ice  u t i l i z i n g  computers 
and o ther  mechanized systems fo r  the  co l l ec t ion ,  r e t r i e v a l ,  and d i s -  
semination o f  a i r  environment l i t e r a t u r e .  " A i r  Pol lut ion T i t l e s "  and 
"Index t o  A i r  Po l lu t ion  Research," information r e t r i e v a l  per iodica ls ,  
a r e  produced using computers. (See ins ide  b,ack cover.) 

Effects  of a i r  po l lu t an t s  on t r e e s ,  food,  and f i b e r  crops,  p red ispos i t ion  
t o  a t t ack  by o ther  pathogens, and economic l o s s  through damage t o  p l an t s .  

Studies  of small p a r t i c l e  behavior. 

Development of high accuracy, low cos t  mobile ana lys i s  equipment f o r  
rout ine  sampling of ambient a i r .  

Biological e f f e c t s  of a i r  po l lu t an t s  on animals and na tu ra l  ecologies.  

Studies of bas i c  combustion processes leading t o  lower contaminant emissions. 

A survey of community a t t i t u d e s  toward a i r  po l lu t ion .  

The descr ip t ion  and ana lys i s  of the  p o l i t i c a l ,  l e g a l ,  and adminis t ra t ive 
systems f o r  a i r  po l lu t ion  cont ro l  through s tud ie s  i n  Pennsylvania, 
New York, and the  Delaware Valley. 

t i o n  i n  the  plume. 

t i v e  measurement o f  contaminant concentration. 

Study of plume r i s e  and dispers ion with ana lys i s  of  contaminant concentra- 

Develqpment of rap id  response, spec ia l ized  instrumentation f o r  t h e  quant i ta -  

Special  s tud ie s  of  gaseous and p a r t i c u l a t e  control  devices.  
Controlled atmosphere a i r  q u a l i t y  s tud ies  f o r  a l i fe-support  system. 

Fundamental research on the  chemistry of  a i rborne contaminants ~ 

Basic f a c i l i t i e s  and se rv ices  are maintained and provided by t h e  Center. In 
addition, through the  d i r e c t  pa r t i c ipa t ion  of a l l  University Departments, depart-  
mental l abora tor ies  and f a c i l i t i e s  a r e  u t i l i z e d  whenever possible .  Col lect ively,  
these provide an extensive resource f o r  research a t  The Pennsylvania S t a t e  University.  

The Center has a l s o  developed a unique s e t  o f  educational programs supported by 
grants  from the  National A i r  Po l lu t ion  Control Administration. 
Study Program, s tudents  conduct t h e s i s  work on an a i r  pol lu t ion  problem i n  t h e i r  
major f i e l d  and take a minor course sequence i n  a i r  po l lu t ion  topics .  In  coopera- 
t i o n  with the  Graduate School and t h e  academic departments, t he  Center manages t h e  
program and organizes the  course sequence. 

In  t h e  Graduate 

Po ten t i a l  a i r  po l lu t ion  adminis t ra tors  are prepared i n  t h e  Introduct ion t o  
A i r  Pol lut ion and Control Administration Program, which involves one term of  f u l l -  
time work on campus. This program i s  offered i n  the  Summer f o r  graduate s tudents  

continued on in s ide  back cover 
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INTRODUCTION 

Research on "Cycled Operation of Water Vapor Elec t ro lys i s  Ce1l1f 

was ca r r i ed  out under Grant No, NGR 39-089-123 between the  National 

Aeronautics and Space Administration and the  Pennsylvania S t a t e  

University and admiqfstered through the  Center f o r  A i r  Enviroflfient 

1 Studiks 

The purpose of t he  study was io inves t iga te  the  e f f e c t  o f  

cyc l i c  operat ion OR a water vapor e l ec t ro lys i s  ce l l  and the  development o f  

a rigorous mathematical model f o r  predict ing cel l  operation under 

cr i t ical  conditions,  

s UMMARY 

A r igorous mathematical model representing the hea t ,  mass, 

and momentum re la t ionships  was developed fo r  d i g i t a l  computation, 

However2 the  modelling process revealed a number of gaps i n  the  data  

previously obtained f o r  the c e l l ,  Therefore, it was decided t h a t  

before any fu r the r  cycling work would be. car r ied  out ,  these gaps had 

t o  be f i l l e d ,  
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Experimental s tud ie s  t o  determine the equilibrium conditions 

t h a t  e x i s t  between the  ge l  matrix and water vapor as  a function of acid 

eoneentyation i n  the matrix were conducted s a t i s f a c t o r i l y .  A l s o ,  the  

e l e c t r i c a l  conductance of t he  matrix was s tudied f o r  varying s i l i c a  

concentrations.  

F ina l ly ,  t h e  cel l  hardware components f o r  the  cyc l i c  operation 

s tudies  were b u i l t  and/or assembled and a re  now operat ional .  
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MATHEMTIC MODEL 

WATER VAPOR ELECTROLYSIS CELL 

Pntroducti on 

Interest in the development of a workable math model of the 

water vapor electrolysis cell fs long-standing, The first such model 

was developed by Clifford (2) in 1965, and the second by Engel ( 7 ,  8) 

in 1967-8. 

with the matrix symbolized by a mass sink and a heat source at one 

wall of the channel. 

and electroehemica1 properties of the cell matrix precluded a more 

realistic model, Both models assumed the situation to be flow of an 

incompressible fluid through a slit with mass and heat transfer 

at the llmatrixll wall calculated from experimentally determined 

cell power consumption and assumed constant along the length of the 

flow channel. 

temperatures and relative humidities, and assumed velocity profiles, 

available closed-form solutions to the pertinent transport equations 

were utilized to calculate temperature and concentration profiles 

for the models. Neither is a true model of the cell, but rather a 

solution of a set of steady state equations, 

making first order approximations of the temperature of the ma%rix, a 

difficult quantity to measure. 

Both models saw the cell as merely the air flow channel, 

The limited knowledge of the physical-chemical 

Given experimentally determined inlet and exit 

Their utility is in 

At the beginning of the present work, no more information was 

avaiHable than was available to the two previous workers, 

developed, therefore, also viewed the water vapor electrolysis cell 

as an air flow channel, the cell matrix being a boundary condition. 

The model 
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Again, average heat and mass transfer at the boundary were calculated 

from experimental power data. 

The model was, however, to be an order of magnitude closer to 

describiqg the physical situation and to be closer to a math model 

of the cell. 

velocity pr~file was to be imposed, 

temperature, and concentration profiles, as well as the properties of 

the air stream leaving the cell, given inlet air properties and 

experimental cell voltage versus arrent. data. 

The air was to be viewed as a compressible fluid and no 

The model was to predict velocity, 

There exists no closed-form solution to the transport equations 

describing the above situation 

increments of the flow channel yielded numerical approximations o f  the 

pertinent partial differential equations, 

of an algorithm capable of solving the resulting system of simultaneous 

non-linear equations, The model developed met every conditian listed in 

the preceding paragraph, 

properties and cell power data reported by Engel, the model predicted 

to within one degree Fahrenheit the reported measured temperature of 

the exit stream, For no heat generation, the velocity profile 

predicted by the model correlated well with Schlichting's numerical 

solution for entrance region flow of an incompressible 

a duct (91, a less complex problem than the one at hand, The model 

was therefore considered to have satisfied the original requirements. 

Full documentation follows, 

Algebraic analysis of finite 

Then followed development 

Given experimentally measured inlet air 

fluid through 



5 

Modelling Considerations 

In t h i s  model t h e  focus i s  on the  channel through which a i r  

flows over t h e  anode s ide  of t he  c e l l ,  

g rad ien ts  i n  t h e  matrix are represented as va r i ab le  boundary 

condi t ions t o  the  hea t  and mass transfer equations governing 

the  a i r  stream, The channel has a rectangular  cross  sec t ion ,  with 

width much g rea t e r  than height .  

may be  ignored - reducing the  problem t o  one i n  two dimensions. 

Temperature and concentration 

Thus, e f f e c t s  of  t he  s ide  walls 

The 

channel wall opposite t he  matrix may be regarded as allowing t r a n s f e r  

of n e i t h e r  mass nor  hea t .  

quant i ty ,  i t  i s  employed i n  the  ana lys i s  of t h e  mass t r a n s f e r  

c h a r a c t e r i s t i c s  of  t h e  c e l l ,  Changes i n  humidity may, o f  course,  be 

d i r e c t l y  r e l a t e d  t o  oxygen and hydrogen production. 

forced i n t o  the  channel by a fan ,  en te r s  t he  channel with a constant 

ve loc i ty  f i e l d ,  

t o  fo rce  a non-predetermined ve loc i ty  f i e l d  on t h a t  a i r  i n  the  

channel f a r t h e r  downstream, 

Since a i r  humidity i s  an e a s i l y  measured 

The a i r ,  

Wall drag, viscous fo rces ,  and heat  f l u x  then act  

I t  was with a view toward improving the  approximation t o  

r e a l i t y  t h a t  t he  present  work was begun, 

so lu t ion  t o  t h e  problem a t  hand - flow of a compressib%e f l u i d  throu8h 

a f i n i t e  channel with combined hea t  and mass t r a n s f e r ,  and with 

va r i ab le  boundary condi t ions,  However, so lu t ion  by a lgebra ic  

ana lys i s  [solving t h e  f i n i t e  d i f fe rence  forms o f  the  t ranspor t  

equationg] presents  no conceptual d i f f i c u l t y .  

terns,  t he  problem of  determining ways o f  wr i t ing  the  equations 

and algorithms which allow so lu t ion  i s  somewhat more d i f f i c u l t ,  

problem becomes then the  simultaneous so lu t ion  of systems of 

non-l inear ,  i n t e r - r e l a t ed  a lgebra ic  equations,  

There e x i s t s  no a n a l y t i c  

In  less than conceptual 

The 
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Ignoring changes i n  propert ies  - veloc i ty ,  densi ty ,  temperature, 

e t c ,  - along the  width of the  flow channel, the system may be 

described i n  two dimensions. 

i s  divided i n t o  volume increments as  shown i n  Figure 1. 

For the  algebraic  analysis  t he  channel 

In Figure 1, a general volume element (1,J) has length Ax - i n  

the  d i rec t ion  of flow, height  Ay - perpendicular t o  flow, and width Az - 

i n t o  the  page. A t  t he  wal ls ,  t he  increments (1 , l )  and (1,N) have 

heights  of Ay/2. 

same as  those proper t ies  within the element. 

The proper t ies  of f l u i d  leaving an element a r e  the  

There a re  N elements across the  flow channel, with equally 

spaced centers  Considering the h a l f  -elements ( I ,  1) and ( I  ,N) t o  

be reserved as boundary conditions,  there  a r e  N-2 s e t s  o f  t o t a l  mass, 

p a r t i a l  mass, momentum, and thermal energy balances around the  

elements per  row I ,  

number, Reynolds number, and the  product of the  Reynolds and Schmidt 

numbers each reasonably grea te r  than uni ty  - one can ignore hea t  

conduction, viscous momentum t ranspor t ,  and d i f fus ion  i n  the  d i r ec t ion  

of bulk flow ( the  x-direct ion)  ,, This assumption allows balances 

t o  be wr i t ten  around element (1,J) using proper t ies  o f  only elements 

(1,J-1) (I,J) , ( I , J + l ) ,  and (I-1,J)  e Therefore, knowing the  

proper t ies  of  t he  (1-1) row of elements, t he  N - 2  sets of balances 

around the  elements i n  row I may be solved simultaneously. 

with known values - veloc i ty ,  temperature, and humidity - enter ing 

the  flow channel (row 0 ) ,  the  values f o r  t he  N elements i n  row 1 may 

be ca lcu la ted ,  

allows so lu t ion  f o r  t he  values of temperature, ve loc i ty ,  e t c ,  i n  POW 2 

and s o  on u n t i l  t he  end of t he  channel has been reached. 

Assuming t h a t  bulk flow i s  dominant - Graetz 

S ta r t ing  

Knowing the  proper t ies  of t he  elements i n  row 1 
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FIGURE 1 

Water Vapor Electrolysis Cell Air Flow 

Channel Showing Increments in the Space Dimensions 

for Algebraic Analysis of the Transport Equations 

A I R  FLOW 
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Transport Equations 

The mass, momentum, and energy balances around an element (1,J) 

w i l l  be developed i n  t h i s  sec t ion ,  

t h a t  presented i n  Bird e t ,  a l .  (1). bFomenclature w i l l  be p a r t i a l l y  

included i n  the  discussion below f o r  the  sake iaf c l a r i t y ,  and the  f u l l  

nomenclature i s  l i s t e d  a t  the  end of t h i s  sec t ion .  

The development is  based on 

The s t a r t i n g  point  is always a rectangular  paral le lepiped i n  three-  

space. S t a r t i ng  from a point  (x ,y ,z )  t he  volume element is  bounded 

x+ Ax, y+ Ay, and z+ Azo The element is  s t a t iona ry  with respect  t o  

the  axes o f  the  eo-ordinate system. As s t a t e d  previously,  there  a r e  

no property changes i n  the  z direction..  

mass b a1 ance 

The r a t e  of mass flow i n t o  the face of t he  ele’ment a t  x i s  (AyAz) 

(pv,) I x .  
the  o ther  faces o f  the  element, the following equation holqs a t  

steady s t a t e :  

Using s imi l a r  expressions f o r  flow o f  mass i n t o  and from 

Defining the following quan t i t i e s  

= densi ty  of a i r  enter ing flow channel 

= x-velocity of a i r  enter ing flow channel v 

m = Ay/Ax 
0 

u = vx/vo 
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the mass balance becomes 

mRHO (1 -1 ,J) U(I -1. ,J) - mRHO (I ,J) U(  I J) 

Q RHO(I,J-P)V(I,J-~) - RHO(I,J)~(I;J) = 0. 

momentum b a1 anee 

The n e t  flow of x-momentum into the  element by bulk flow i s  

C A Y A ~ >  ( (pvXvx) I x- (pvXvx) I x+AxI 

* (AXAz) ((pv Y X  v 1 I Y - ( P V ~ ~ , )  Iy+Ay9 a 

The net  flow of x-momentum i n t o  the  element by molecular 

tyansport  is 

The r e s u l t a n t  pressure force i n  the  x-direct ion i s  

( A Y A 2 9  (PI, - Plx,*x9 
a vx 

a y  O 

For a Newtonian f l u i d  a = - p- 
YX 

Using the  quan t i t i e s  defined above, t he  dimensionless 

momentum balance i s  then the  following, about a general volume 

element (1,J) : 

2 
mRHO ( I  -1, J) U(I-1 J) - mRHO ( Is J) U(I, J) 

+ RHO (I ,  J-1) M( I ,S-1> U( I ,  J-1) - RHO ( I ,  J )  V (  I , J> U ( P  , J) 

In the  above equation pressum is wr i t ten  as  a function of  

x only. 
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the3emal energy balance 

The ne t  convective hea t  flow i n t o  t h e  element i s  

where t i s  absolute  temperature. 

The n e t  flow of heat  i n t o  the  element by Conduction i s  

The i n t e r n a l  energy increase i n  the  element due t o  

compression i s  

a t  
Y a Y  

By Four ie r ' s  law, q = -k 

Since ne i the r  thermal conductivity -k- nor heat  capaci ty  -e - 

i s  a particuParPy s t rong  function of temperature, they a re  considered 
V 

constants i n  t h i s  model. Introducing the  following q u a n t i t i e s  

to = temperature of en ter ing  a i r  

T = t/to9 

the  dimensionless thermal energy balance is 

mRHO[I - l  ,S)U(I-l , J )T(I - l  ,J] - mRHO(I,J) U ( I  , J )T( I  ,J) 

+ RH0 (I , J -1) V(  I ,J -1) T (I J-1) 

+ W I ~ f F o ~ o ~ v ) )  (T( I , J -1 )  - 2T(I,J)  *T(I,J*L)) 

- RHO (I, J) V (I d) T (I J) 

* (P(P1/(PocVto99 (mU(I3J9 - mU(I-l,Jl 9 V U 9 J )  

- M(I,J-8)) 
= o  
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For pressure i n  dyne/cm2 the  last  term i n  the  above equation 

must be divided by the  conversion f a c t o r  4,13xlO7, t o  get  the  proper 

u n i t s ,  i n  the cgs system. 

p a r t i a l  mass balance 

The f i n a l  required balance is a water vapor balance around 

the fI.ycrement. 

so small, ft i s  e s s e n t i a l l y  the  densi ty  of t he  a i r  alone, and 

Since the  water vapor content o f  the  a i r  is 

the  mass f r a c t i o n  of  water is  e s s e n t i a l l y  i t s  humidity -h- 

expressed i n  g waterfg dry  a i r ,  

vapor i n t o  the  element by convection i s  

Thus the  ne t  flow of water 

The n e t  flow of water vapor i n t o  the  element by d i f fus ion  i s  

Ifitroducing t h e  quan t i t i e s  ho = humidity o f  enter ing a i r  

stream, and H = h/ho, t he  dimensionless p a r t i a l  mass balance i s  

mH (I -1, S) RHO (I -1 j J) U (I -1 ,Y) - mH (I, J] RHO (1 J) U ( 1  2 J) 

+ H ( 1  ,Y -1) RHO [I , J - P ) V (  E ,S-l] - H ( I  ,J) RHO (I , J ) V ( I  ,J) 

+ ( D ~ ( A ) P v ~ )  (H(I,J-l)RHO(I,J-l) - 2H(P,J)RHO(E,J) 

0 - + H(I,J+l)RHO(I,J+l) ) - 

To so lve  the  above-developed equations the  number of unknowns 

must equal t he  number of ava i lab le  equations,  

p roper t ies  of  a l l  the  elements i n  row 1-1 known, there  a r e  5 N + l  

Considering a l l  the  

unknowns t o  be solved f o r  i n  row I, They are 



1 2  

U(I,J) 

,J> 

WOCI ,J9 

T U 9 J )  

H(I,J) 

P CII 

With mass, momentum, thermal energy, and p a r t i a l  mass balances 

around each o f  the  M-2 f u l l  elements i n  row I ,  the re  a re  now 4N-8 

J = l , N  

J-1 , N  

J = l , N  

J= l ,N 

J = l , N  

equations,  

two more equations each f o r  U,V,T,  and H. The idea l  gas law 

Boundary conditions a t  t h e  walls of t he  channel y ie ld  

may be applied t o  the  a i r  stream a t  normal operating conditions,  and 

p = Mp/Rt adds N equations,  A momentum balance a t  t he  wall y i e lds  one 

more equation, f o r  t he  pressure drop from row 1-1 t o  row I .  

Thus there  a re  s u f f i c i e n t  equations t o  solve f o r  the  unknown values.  

The usual assumption of no s l i p  a t  t h e  walls y ie lds  four  of the  

boundary condition equations: 

U(I,l) = 0 

V(I,l) ‘E 0 

U(I,N) = 0 

V(1,M) = 0 

Since no hea t  o r  mass crosses the  wall opposite t he  matrix, two more 

boundary condition equations may be used: 

T(I ,N) = T(1;N-1) 

H(I3N) = H(I,N-1) 

To determine t h e  matrix-side boundary conditions f o r  temperature and 

h m i d i t y ,  i t  i s  necessary t o  make balances around the  matrix, assuming 

no in t e rac t ion  with the  e x i t  hydrogen stream, 



The hea t  generated 

l a t e n t  heat  changes and 

the  matrix from the  a i r  

e l e c t r o l y s i s  process i s  

Thi.s generated heat  -Q- 

by e l e c t r o l y s i s  is  la rge  with respect  t o  the  

the  heat  of so lu t ion  due t o  water ' s  en te r ing  

stream. Thus, the  hea t  generated by the 

the  heat  crossing the  matrix-channel in te r face .  

is  (AxAz)(O0239i(E - Eo)), i n  ca l l s ec ,  where 

i = c e l l  current  dens i ty  

E = operating c e l l  vol tage 

Eo = c e l l  r eve r s ib l e  emf, 

The hea t  en ter ing  the  a i r  stream a t  element (1 , l )  is 

Q = k(AxAZ/Ay)(t(I,l) - t ( I , 2 ) )  

(kAXAZtyo/Ay) (T(1,l) - T(I ,2 ) ) ,  

Since the  hea t  generated is  equal t o  the  heat  leaving the  matrix,  

T ( 1 , l )  T(1,Z) + 0.239i(E - Eo)Ay/(kto)o 

Water leaves the  matrix by e l e c t r o l y s i s ,  a process consuming 

Water en ters  by d i f fus ion  a t  a mass 9,334 x 10-5g water/amp-sec. 

flow r a t e  of  

DCAxAzlAy) [h(I $2)  pRHO(I ,2) - h(1, 1) pRHQ(1, 1)) 

Equating water i n  with water removed a t  s teady s t a t e ,  one ge t s  the f i n a l  

boundary condition: 

H ( 1 , l )  = ( IjQI,Z)RHO(H,Z) - 9,334 x 10-5iAyl(poh,D))lRHO(I,l) 

Cell cur ren t  densi ty  is  properly a funct ion of the  temperature 

and ac id  concentrat isn of  the c e l l  matrix,  

p roper t ies  of s u l f u r i c  acid i n  the  gel  matrix,  there  was a choice of  

using the  vapor pressure and r e s i s t i v i t y  of  s u l f u r i c  acid i tself  o r  of 

assuming the  current  densi ty  is  constant and equal t o  the c e l l  cur ren t  

load divided by the  product of the length and width of  the  ce l l ,  In  

the work thus far ,  t he  l a t t e r  was chosen f o r  t h e  sake of s impl ic i ty .  

Due t o  a lack o f  physical  



14 

The pressure drop from row 1-1 

momentum balance a t  the  wall, where 

Here the  equation of  motion reduces 
1 

t o  row 1 i s  determined by a 

v and v a r e  i d e n t i c a l l y  zero. 

t o  
X Y 

Using the three-point  Lagrmge in t e rpo la t ing  polynomial, t he  second 

de r iva t ive  evaluated a t  the  wall  is 

Solut ion of  t h e  Transport Equations 

general  

The equations presented i n  the  previous sec t ion  a r e  non-linear,  

interdependent a lgebra ic  equations,  and must be solved simultaneously. 

An i t e r a t i v e  technique 

equations,  

of non-linear equations were t r i e d ,  and they f a i l e d  t o  y i e l d  so lu t iqns .  

Perhaps f u r t h e r  work would have Ped t o  a so lu t ion  i h  one o r  more 

cases ,  but  t he  vas t  number of a r i thmet ic  operations involved i n  these  

methods would have made the  so lu t ion  p roh ib i t i ve ly  expensive, 

example, one i t e r a t i o n  using the  popular Newton method - block 

modified t o  cu t  down on s torage and number of operations performed - 

i s  necessary f o r  the  so lu t ion  o f  these  

The various popular algorithms f o r  the  so lb t ion  of  systems 

For 



required f ive  seconds of  execution time on an PBM Operating System/360 

high-speed d i g i t a l  computer, 

F ina l ly  t h e  methods f o r  t h e  simultaneous so lu t ion  of systems 

of  non-linear a lgebra ic  equations were discarded,  

var iab les  a s  tf transitoiey eon st ant^^^ allows one t o  use the  methods of 

l i n e a r  equation problem solving. 

must be given numerical values f o r  d i g i t a l  computer so lu t ion ,  t h e  

algorithm must be i t e ra t ive ,  

Viewing s p e c i f i c  

Since these  t r a n s i t o r y  constants 

Consider t h a t  the system of equations t o  be solved is of: the  

form k = b ,  where x i s  a 'piect~r composed of a l l  t h e  unknowns i n  row I - 

thd vectors  U,M,T and the  scalar p.  A is t he  matr ix  o f  coe f f i c i en t s  

of  x which may be e i t h e r  constants o r  the  I1transi tory eonstants" - 

components of  t he  vectors  U,V,T and RHO. 

a l l  terms i n  the  equations t h a t  are no tcoe f f i c i en t s  o f  t he  vector x, 

The obvious choice f o r  t he  t r a n s i t o r y  constants  i n  matrix A and 

vec tor  b are those values of  t he  elements of t h e  x vector  ca lcu la ted  

i n  the  previous i t e r a t i o n ,  As t h e  algorithm converges t o  a so lu t ion  

- x vectors  from succeeding i t e r a t i o n s  becoming i d e n t i c a l  - t h e  

t r a n s i t o r y  constants  i n  A and b become t h e i r  t r u e  values and not  

j u s t  approximations o f  these  values ,  

The vector b is  composed of 

While the  s p e c i f i c  i t e r a t ive  algorithm used i n  t h i s  model - 
described Rater i n  t h i s  sect ion - was not  found i n  the  l i t e r a t u r e ,  t h e  

method - a combination of d i r e c t  and i n d i r e c t  algorithms - can b e s t  

be  described as b lock- i t e r a t ive  Seidel 

t h a t ,  guessing a so lu t ion  vector x' f o r  t h e  system Ax-b, one i t e r a t i o n  

w i l l  generate another so%ution vector  xi" t h a t  i s  closer t o  t h e  

i t r u e  so lu t ion  x than was x e 

convergence i s  t h e  diagonal dominance of  t he  matrix A,  

Se ide l  i t e r a t i o n  can guarantee 

The genera l ly  used c r i t e r i o n  f o r  t h i s  
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Diagonal dominance is  defined as  the condition whereby the  sum of the  

absolute values of t h e  off-diagonal elements i n  a row o r  column of  the 

matrix i s  l e s s  than the  absolute value of the  element on the  diagonal.  

Since, i n  t h i s  model, the  matrix A is  made up of t r ans i to ry  constants ,  and 

t h e  form 'of t he  matrix v a r i e s  with each i t e r a t i o n  and with dis tance along 

the  flow channel, there  i s  the p o s s i b i l i t y  t h a t  it w i l l  lose  i t s  

diagonal dominance a t  some t i m e  during computation, In such an instance 

the  r a the r  simple expedient of  pre-multiplying both s ides  o f  Ax-b by 

the  transpose of A w i l l  guarantee convergence t o  a solut ion - i f  

one e x i s t s ,  

d e f i n i t e  coef f ic ien t  matrix - i s  t o  be generally avoided i f  a t  a l l  

possible .  I t  causes computation time t o  be more than cubed, it 

doubles s torage requirements, and it a l t e r s  any useful  form proper t ies  

t h a t  t h e  matrix A might have had, 

discussed next - the  matrix A has indeed some usefu l  form proper t ies ,  

allowing grea t  savings i n  computation time and s torage requirements, 

This Ifsimple expedient" - forming a symmetric pos i t ive-  

Pn t he  algorithm f o r  t h i s  model - 

speci  f i  c 

In the  mass balance around element (1 ,SI, regard everything 

as a t r a n s i t o r y  constant except the  terms o f  t he  V vector  - 

V(P,J-1) and V ( I , J ) .  The mass balances may then be wr i t ten  i n  the  form 

aJV(I,J-19 + bJV(I,J) = bbJ; J=2,N-l 

which i s  l i nea r  i n  V and where the  coef f ic ien ts  a ,  b,  and bb a r e  

composed of ac tua l  or  t r ans i to ry  constants:  

a RHO(1,J-1) J 
bJ = RHO(1,J) 

bby = mRHO(H,J)U(I,J) - mRHS(1-P,J)U(I-lad) 



If wr i t ten  i n  the  form Ax-b, x would be the  M vector,  b would be the bb 

vector ,  

elements on the  lower off-diagonal - a 

The algorithin for t he  solut ion of t h i s  system o f  equations i s  p a r t i c u l a r l y  

and the  A matrix would be composed of elements on the  diagonal-bJ, 

and zeros  everywhere e l se .  J’ 

simple: 

V ( P , l )  = 0 (boundary condition) 

M(1,J) = ( bb3-- a,V(I,J-l))/bJ; 61=2,N-l  

FYom t h i s  most recent  approximation o$ the  V vector ,  and the  

appmximations of p p  RHO, and T, t he  momenturn balances f o r  row I may 
2 be solved t o  y i e ld  a new approximation of t he  U vector .  The U ( I , J )  term 

i n  the  momentum balance poses a problem, however, making the  equation 

non-linear i n  U ,  The obvious ruse of wr i t ing  the  term as U[I,J)U[I,J> 

and considering the  first U(I,J) as a t r m s i t o r y  constant coe f f i c i en t  

of the  secoqd does not f o o l  the  algorithm one b i t .  I t  generates 

e i t h e r  of the  two mathematically possible  answers t h a t  a quadrat ic  

equation may have. The U(I,J] 2 t e r n  was thus expanded i n  i t s  Taylor 

s e r i e s  about t h e  known point  U(H-l,J): 

U(I , J>2  =U(I- l ,J)2 + 2U(I-l ,J)  (U(I ,J)-U(I- l ,J)> 

2 + (U(1,J) -U(I-I,J)) e 

2 Dropping the l a s t  term yie lds  a l i nea r  approximation of U(I,J) 

t h a t  i s  accurate t o  within (U[I,J)-U(I-l ,J))  (I Under normal 

operating conditions of the  c e l l ,  U is on the  order of PO , and 

2 

0 

computer output o f  t he  model under these normal operating conditions 

shows t h a t  (U(I,J)-U(I-l ,J))  i s  always less than 10-20 The e r r o r  

introduced by l i nea r i za t ion  is  then less than 0.0P percent.  
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The momentum balances are now l inear  i n  U and may be wr i t t en  as 

f o l  lows : 

aJU(IjJ-19 + bJU(I,J) + cJU(I,J+l9 = bbJ; J = Z , N - l ,  

Since U(1,l) and U(I,N) are  zero (boundary condi t ion) ,  wr i t i ng  t h e  

equations i n  the  form Ax=b - with N se t  a t  7 ,  f o r  purposes o f  example 

would y i e l d  the  following matrix equation: 

b2 

a3 

0 

0 

0 

=2 

b3 

a4 

0 

0 

0 

3 c 

b4 

5 a 

0 

0 

0 

@4 

b5 

6 a 

The coe f f i c i en t  matrix i n  the  above equation is t r id i agona l  i n  

form, This allows a saving i n  both s torage  space and computation 

time, In t h e  f i rs t  case, although the  matrix i s  ac tua l ly  o f  s i z e  (N-29 

x(N-29, i t  may be s to red  i n  an a r r ay  o f  dimensions (N-29x3 - 

avoiding taking up s torage  space with a g rea t  number of zeros. 

t he re  is  a spec ia l  algorithm based on Gaussian el iminat ion t h a t  solves  

t r i d i agona l  systems a grea t  dea l  fas ter  than those methods used 

f o r  solving general  systems of equations,  

proport ional  t o  the  number o f  elements i n  t he  Ifunknown" vec tor  - here ,  

N - 2  - r a t h e r  than t o  i t s  square o r  cube. 

Also 

Computation t i m e  i s  d i r e c t l y  
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The algorithm i s  the  following, t he  operations done sequent ia l ly :  

c = c / b  2 2 2  

bb2 = bb2/b2 

bbJ = (bbJ - aJbbJ-l)/(bJ - aJcJ-l); J = 2 , N - l  

U(1,N-1) = bbN-l 

U(1,J) =: bbJ-- eJU(I,J*l) J=N-2,N-3, , l  

The energy equation may be wr i t t en  as a t r id iagonal  system of 

equations l inear i n  T, with t h e  t r a n s i t o r y  constants  t h e  new approx- 

imations o f  t he  Q and U vectors  and the  values of' t he  RHO vec tor  and p 

taken from t h e  previous i t e r a t i o n ,  

vector  may be ca lcu la ted  i n  the  same manner as was the  U vector  i n  the  

preceding s tep .  

momentum balance,  and RHO may be then ca lcu la ted  from the  new approx- 

imations of  p and T by use of t he  i d e a l  gas Paw, 

If t h e  new approximations of t h e  vectors  Q, U,  and T are s u f f i c i e n t l y  

The new approxifnation of t h e  T 

The pressure may then be  ca lcu la ted  from the  wall 

c lose  t o  t he  corresponding vec tors  generated i n  t h e  previous i t e r a t i o n ,  

t he  algorithm has converged t o  a so lu t ion ,  The ( I + l ) t h  row is  

then operated on, using the  vec tors  Q,U,T, and RHO and p f o r  row I a s  

t h e  i n i t i a l  values of  t h e  t r a n s i t o r y  constants., 

imations are not  reasonablefacs imi les  of t h e  vec tors  generated by the  

preceding i t e r a t i o n ,  these new vectors  become t h e  next  values taken 

on by t h e  t r a n s i t o r y  constants  f o r  t h e  equations o f  row I ,  and t h e  

process i s  repeated u n t i l  convergence i s  reached, 

If the  new approx- 
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Since the  water vapor content of the  a i r  is so  small, i t  exe r t s  

negl ig ib le  e f f e c t  on the  a i r ' s  other  proper t ies .  Indeed, t h e  p a r t i a l  

mass balancgs a r e  the  only equation i n  which H- appears, 

purpose i s  served by including i t  i n  the  i t e r a t i o n  loop. 

mass balances a r e ,  then, solved f o r  the  Hpieetor only a f t e r  convergent 

so lu t ions  t o  U, V, and T have been a t ta ined .  

Thus" no 

Th-e p a r t i a l  

The above algorithm, i n  physical  form, i s  a subroutine wri t ten-  

i n  Operating System/'360 FORTRAN IVLanguage, G ,  H, o r  Watfor compilers. 

The rout ine  is  self-contained,  requi r ing  

of t he  c e l l ,  p roper t ies  of the  a i r  stream enter ing the  c e l l ,  and the  

number of increments per  row desired,  

f o r  a given row I ,  t he  rout ine  causes t h a t  so lu t ion  t o  be pr in ted  out ,  

The c a l l i n g  program l inks  with the  subroutine by the  FORTRAN statement 

input  of  only the  dimensions 

As a convergent so lu t ion  is a t t a ined  

CALL M A P  (N, CONST) 

The c a l l i n g  program must dimension N as  an PNTEGER"4 var iab le ,  N being 

the  number of elements i n  a ~ Q W  I. 

and contains the  r e s t  of the  information required by the  rout ine .  

elements of  CONST are the  following: 

CONST-is a REAL"8 ar ray  of s ize  1 4 ,  

The 

CONST( I) = L 

CONST( 2) = W 

CONST( 3) = M 

CONST( 4) = PO 

CONST( 5) = TO 

CONST[ 6) = VO 

CONST( S] = HO 

CONST( 8) = IDEN 

CONST( 9) = E 

= length o f  c e l l ,  em 

= height  of flow channel, em 

= ByILw 

= i n i t i a l  pressure,  atm 

= i n i t i a l  temperature, K 

= i n i t i a l  ve loc i ty ,  cm/sec 

= i n i t i a l  humidity, g water/g dry a i r  

= c e l l  current  densi ty ,  amp/cm 

= c e l l  operating vol tage,  v o l t  

0 

2 
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CONST(lO] = MU 

CONST(11) = K 

CONST(l2) = D 

CONST(l3) = CV 

CONST(l4) = MW 

= average a i r  v i scos i ty ,  g/cm-sec 

= average a i r  thermal cond, , cal/crn-sec/OK 
2 

= average a i r  d i f f u s i v i t y ,  em /see 

= average a i r  hea t  capaci ty ,  cal /g-  K 

= molecular weight of a i r ,  g/g-mol 

0 

Results 

I t e r a t i v e  so lu t ions  i n  general  - and so lu t ions  f o r  non-lfnear 

equations i n  p a r t i c u l a r  - a r e  qu i t e  temperamental, working wel l  i n  

some ins tances ,  converging s o  slowlS as t o  be p roh ib i t i ve ly  expensive 

i n  time and money i n  o thers ,  but  most f requent ly  not  converging a t  

a l l ,  

convergence with respec t  t o  two major design va r i ab le s  - i n i t i a l  ve loc i ty  

o f  the  a i r  stream and hea t  generated by e l e c t r o l y s i s ,  I n i t i a l  pressure 

and temperature were held constant a t  1 atm and 298 K ,  r espec t ive ly ,  

and various combinations of ve loc i ty  and heat  load were t e s t e d  f o r  

a b i l i t y  of  the  algorithm t o  lead t o  a so lu t ion ,  

a r e  i n  the  form of  dimensionless groups, which appeared as a r e s u l t  

of making the balances dimensionless, 

defined as Ayv p /p; and a dimensionless heat  load, DHMQ, defined as 

Thus, the  rout ine  was f irst  checked out as t o  i t s  region of 

0 

For genera l i ty ,  they 

They are a Reynolds number, 

0 0  

mQ/ k t o  0 

To give the  reader  a f e e l  f o r  these  values ,  consider the following 

normal operating conditions f a r  t he  c e l l ,  A i r  a t  room temperature 

and atmospheric pressure .flows through a s l i t  of height  0,159 em, 

with N=7 ( y = 0,0265 cm). RE would then be 31.43 .  A t  an operat ing 

cur ren t  dens i ty  of 20 amp/ft2, D I M Q  = 0,00625 RE, 

region o f  convergence with respect  t o  these  two var iab les  is presented 

graphical ly .  The r a t i o  m i s  i t s  general ly  used value of one, 

In Figure 2 t h e  
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FIGURE 2 

Region of Convergence to a S~lution 

for Math Model of Water Vapor Electrolysis Cell 

as a Function of Electrolysis Rate and Entrance Air Velocity 

1 I I I 

0 10 20 30 40 50 

Element Reynolds Number (RE) 
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Figure 2 shows t h a t  t he  algorithm causes convergence t o  a so lu t ion  

Physical 1imZfations of the i n  the  narmal operating region of the  c e l l .  

model account f o r  a t  l e a s t  a por t ion  on the  region where convergence w i l l  

not  occur. A t  low Reynolds number, t he  assumption of bulk flow dominance 

is  no longer va l id .  A t  a high Reynolds number, viscous d i s s ipa t ion  - 

a term ignored i n  the  thermal energy equation - becomes s i g n i f i c a n t  

a t  low hea t  load, 

of  negl ig ib le  heat  conduction i n  the  x-direct ion a l so  breaks down, 

Beyond these  observations,  the  algorithm i t s e l f  and t h e  changing form of  

the  coe f f i c i en t  matrix a r e  responsible  f o r  the r e s t r i c t e d  regime of 

convergence, Indeed, t he re  appears t o  be an e f f e c t  o f  element s i z e  

on convergence., 

skyrockets f o r  a l l  e l s e  constant.  This is  not t o  say t h a t ,  i n  the 

l i m i t  as element s ize  approaches zero, t he  equations do not  become 

the  proper p a r t i a l  d i f f e r e n t i a l  equat ions,  

t he  temperament of algorithms f o r  the  so lu t ion  o f  non-linear systems 

o f  equations 

Under high heat  lbad t o  the  system, t h e  assumption 

As t h e  s ize  of t he  element is  decreased, computation time 

I t  i s  r a t h e r  t o  acknowledge 

The last t es t  of  t he  model t o  d a t e  is  against, experimental da ta ,  

reported by Engel(81, 

subroutine,  converted t o  cgs fromthe reported engineering u n i t s  were the  

following: 

Normal operating conditions entered i n t o  the  

2 
L = 4.95 cm IDEN = 0,02l5 amp/cm 

W = 0.159 em E = 2.135 v o l t  

m = 1,o MU = 0,0002 g/cm-see 

PO = 1 . 0  atm K = 0.0000662 caP/cm-sec- K 

TO = 298 OK D = 0.220 em /sec  

MO = 200 cm/see CM = 0,165 eaP/g-OK 

HO = 0.02 g water/g a i r  MW = 29.0 

0 

2 
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The temperature of the  a i r  a t  the  e x i t  of the flow channel was 

reported t o  be 83'F by Engel. 

e x i t  temperature of 82"F, 

The present  model predicted an average 

The Cl i f ford  model discussed e a r l i e r  

reported an e x i t  temperature f o r  about these same conditions,  but  

with a c e l l  vol tage of 2 . 3 4  v o l t .  

constant a i r  p rope r t i e s ,  multiplying h i s  reported a i r  temperature 

r ise of 7.8'F by t h e  r a t i o  (2 ,135/2.34)  would y i e ld  a reasonable 

approximation of t he  e x i t  temperature t h a t  would be predicted by t h e  

Cl i f ford  model a t  t h e  experimental conditions reported by Engel, 

value i s  7,l"F, f o r  an e x i t  temperature of the  a i r  stream o f  around 

83"F, 

reported by both previous inves t iga tors .  

p red ic t s  t h i s  e x i t  temperature, while t he  Cl i f ford  and Engel models 

requi re  experimental determination, 

Since the  Cl i f ford  model assumes 

That 

Thus, t he  present  model i s  i n  good agreement with t h e  da t a  

However, t he  present  model 

The ve loc i ty  p r o f i l e s  assumed by the  Cl i f ford  and Engel models 

were parabol ic  and f l a t -pa rabo l i c ,  respec t ive ly ,  Figure 3 shows t h e  

ve loc i ty  p r o f i l e s  predicted by the  present  model i n  the  entrance 

region of t h e  flow channel a t  t he  above condi t ions,  and the  p r o f i l e  a t  

the end of  t h e  ehannel. The hor izonta l  axis  is  i n  u n i t s  of y/W, t h e  

f r ac t ion  of the  height  of t he  flow channel above the  c e l l  matrix, 

The v e r t i c a l  ax i s  is  i n  terms of U, t he  dimensionless x-veloci ty* The 

parameter is  x/W, t he  r a t i o  of the  d is tance  along the  flow channel t o  the  

height of  t he  flow channel, 

Figure 3 shows a s l i g h t  bu t  not iceable  skew e f f e c t  i n  the  

ve loc i ty  d i s t r i b u t i o n ,  with higher ve loc i ty  on the  matrix s i d e  of t he  

channel than a t  a corresponding d is tance  from the  ad iaba t ic  wal l ,  

is  due t o  the  heat ing e f f e c t s  on the a i r  near the matrix wall - 

lowering dens i ty ,  thus inc2easing ve%oci ty ,  A t  higher heat  loads - 

This 
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much higher than those a t  normal operating conditions - t he  deformation 

of t h e  ve loc i ty  p r o f i l e  from symmetry about the  center  l i n e  of the  

channel becomes q u i t e  pronounced. 

I t  is  a l s o  evident t h a t  a f l a t  ve loc i ty  p r o f i l e  a t  the  entrance 

region of  t he  c e l l  is  a good approximation of a r e a l i t y  only f o r  

qu i t e  sho r t  d i s tances  down the channel, indeed l e s s  than one channel 

width of d i s tance ,  

p r o f i l e  a reasonably accurate  one. 

t he  above normal operating conditions p red ic t s  t h a t  f u l l y  developed 

flow begins about seven eighths  of t he  d is tance  down the  channel. 

Neither i s  a f u l l y  developed parabol ic  ve loc i ty  

The Bloom model of the  c e l l  under 

Conclusions and Recommendations 

The i d e a l  model would operate i n  the  time as well as space 

domain, 

medium should be in tegra ted  i n t o  the  model, and t ranspor t  equations 

developed f o r  t he  matr ix ,  

than any of t h e  three  present ly  ava i lab le  ones, 

problems of" s t a r t - u p  could be inves t iga ted ,  espec ia l ly  with regard 

t o  flooding o r  drying of the  matrix,  The u t i l i t y  of modelling fo r  

non-hazardous systems does no t  l i e  i n  steady s ta te  so lu t ions ,  but  

r a t h e r  i n  pred ic t ing  response t o  per turbat ions and i n  gathering d a t a  

impossible o r  d i f f i c u l t  t o  measure, 

The physical  and electrochemical proper t ies  of  the  e l e c t r o l y s i s  

Such a model would have much g rea t e r  u t i l i t y  

For example, t he  

Conceptually, extending the  present  model t o  th ree  dimensions and 

in t eg ra t ing  the  physical chemical da ta  gathered i n  the  present  work 

presents  no problem, The problem i s  physical ,  

only seven space increments across t h e  width of the flow channel 

requires  t he  so lu t ion  of t h i r t y - f i v e  simu%taneous non-linear a lgebra ic  

equations f o r  each space increment along the  length of t h e  channel, 

The present  model, with 



The time required f o r  one so lu t ion  on an HBM System/360-67 is  on the  order 

of one minute. Adding the  time dimension would increase camputing time 

enormously. 

not have as great  an effect, 

Adding-descriptive equations f o r  the  cell  matrix would 

I t  i s  recommended t h a t  the exce l len t  t ime-integration capab i l i t y  

of t h e  analog eomputer be u t i l i z e d  i n  t he  fu r the r  development of  the  

modell of t he  water vapor e l ec t ro lys i s  e e l l .  

considerations d i c t a t e  using a d ig i t a l l ana log  hybrid computer. 

a computer has become ava i lab le  a t  the  University as  o f  t h i s  wri t ing,  

Storage and switching 

Such 
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c e l l  length cm 
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cel l  voltage v o l t  
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absolute temperature K 
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o 

subs c r i p t s  

0 evaluated a t  t he  c e l l  entrance 

X x-component of  a vector 

Y y-component of a vector  
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(I 9 3 4  evaluated a t  increment (I ,S) 

greek 

Ax length o f  element em 

BY height of element em 

az  width of  element cy 

P v i scos i ty  g%em see  

P densfty g/cm 3 

dimensionless quan t i t i e s  
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PHYSICAL-CHEMICAL STUDIES OF THE-WATER- 

VAPOR CELL ELECTROLYSIS MEDIUM 

General Introduction 

Physical-chemical proper t ies  of t h e  e l ec t ro lys i s  c e l l  matrix - 

a nominal mixture of B O  w t %  CAB-0-SIL M5 amorphous s i l i c a  i n  60 w t %  

aqueous s u l f u r i c  acid - influence the operation of  t he  c e l l ,  Water 

vapor i s  absorbed from the  a i r  stream as  a function of the  equilibrium 

p a r t i a l  pressure of water of the  matrix, 

hea t  d i ss ipa t ion  i n  the  c e l l  matrix depend on the  r e s i s t i v i t y  o f  matr ix  

mater ia l ,  The following sec t ions  repor t  the  r e s u l t s  of experimental 

work inves t iga t ing  those two physical-chemical propert ies  of systems 

o f  CAB-0-SIL M5 and s u l f u r i c  ac id ,  

Both ion ic  t ranspor t ' and  

Equilibrium Relative Humidity of Mixtures o f  CAB-0-SPL M5 and SuBfurie Acid 

in t radus t ion  

The humidity i n  equilibrium with the  s i l i c a - s u l f u r i c  acid matrix 

i s  the  cont ro l l ing  f ac to r  i n  the  e l ec t ro lys i s  c e l l ' s  water absorption 

capab i l i t y ,  

pressure of  water vapor over the  acid,  t he  mass t r ans fe r  aspects of  

Should addi t ion of s i l i c a  t o  s u l f u r i c  acid change the  p a r t i a l  

c e l l  operation would be a f fec ted ,  

determine m y  such e f f e c t s ,  

procedure 

Known mixtures of CAB -0-S P L 

The present  

15 and s u l f u r  

work was undertaken t o  

c acid were prepare and 

the equilibrium p a r t i a l  pressures  o f  water vapor measured. 

humidity (RH) was chosen as  the  dependent var iab le  t o  be measured, being 

convenient eo obtain,  

Relative 

Since r e l a t i v e  humidity over s u l f u r i c  acid is only 
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mildly temperature dependent, s t r i ngen t  thermostating was not  required,  

Mixtures i n  the  range of zero t o  ten weight percent CAB-0-SIL M5 

i n  approximately s i x t y  weight percent s u l f u r i c  ac id  were prepared. A 

mixture was allowed t o  come t o  equilibrium i n  a sealed container i n t o  

which was inse r t ed  a prec is ion  hygrosensor", 

humidity over P twenty-fonr hour span was taken t o  ind ica t e  t h e  

A constant re la t ive 

attainment of' equilibrium, 

is shown schematically i n  Figure 4,  

The apparatus used i n  t h i s  experiment 
I 

In Figure 4 t he  components are the  

following: 

1, Air t igh t  t e s t  chamber containing s i l i e a - a c i d  mixture 

2 Narrow range prec is ion  hkgromete?" 

3 .  Small pump f o r  c i r cu la t ion  of a i r  within the  tes t  chamber 

4.  Temperature-Humidity Indicator" 

i n i t i a l  experimental r e s u l t s  

The f irst  s e r i e s  of measurements was made during the  period 16 t o  

25 September 1969, 

tes t  ehmber and i t s  equilibrium RH measured. Weighed samples of 

CAB-0-SIL M5 were added sequent ia l ly ,  and the  equilibrium W over 

each mixture was measured i n  t u r n ,  

A base of stnlfuric acid was placed i n  the  

The r e s u l t s  a r e  presented i n  Figure 5 .  

The r e s u l t s  presented i n  Figure 5 show r e l a t i v e  humidity t o  ha te  

a s t r i k i n g  dependence upon the  silica content o f  t he  mixture, 

increase i n  the  p a r t i a l  pressure of water vapor would have a q u i t e  

adverse e f f e c t  on c e l l  operation, 

on the  bas i s  o f  equilibrium humidity over s u l f u r i c  ac id  alone, 

That 

Were an e l ec t ro lys i s  u n i t  designed 

*Model 15-3001 Hygrometer Indicator ;  Hygrodynmies Inc; S i l v e r  Spring, Md, 
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FIGURE 5 

Equilibrium Relative Humidity of Mixtures 

of 60 wt% Sulfuric Acid and CAB-0-SIE M5 

Silica, Trial 1, 16-25 September 1969 
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i n s u f f i c i e n t  water vapor would have been absorbed 

The matrix would dry up, and the  u n i t  would f a i l ,  

deserved f u r t h e r  s tudy . 

from the  a i r  stream, 

The matter thus 

The hypothesis advanced t o  account f o r  t h i s  increase i n  

humidity with CAB-0-SIL M5 addi t ion was the  following. 

was s tored  i n  an open container ,  it adsorbed water from the atmosphere. 

Upon mixing with s u l f u r i c  ac id ,  the s i l i ca  released i t s  phys ica l ly  

adsorbed water, d i l u t i n g  the bulk l i qu id  and r a i s i n g  the mixture 's  

equilibrium r e l a t i v e  humidity, 

the dehydration 

only hea t  t o  ea, 900 degree Fahrenheit 

base have been mentioned ( 6 , l 2 )  as methods of doing s o ,  the  p o s s i b i l i t y  

has not  been more deeply inves t iga ted ,  

Since the  s i l i ca  

A second p o s s i b i l i t y  would have been 

of t he  s i l a n o l  si tes on the  s i l i c a  surface.  Since 

and neu t r a l i za t ion  with a 

A s  a preliminary t e s t  of the  hypothesis,  ambient humidity da ta  

f o r  t he  period of expermefital work was requested of  t he  Meteorological 

Observatory, The Pennsylv&nfa S t a t e  University,  From the  beginning 

of the  work on 16 September through 19 September, ambient RH a t  the  

times of mixing were between 50 and 55 percent ,  

percent CAB-0-SIL mixture was prepared on 20 September the  RH was 60 

percent ,  

ambient humidity was 90 percent ,  

took on an increasing s lope f o r  the  las t  two d a t a  points .  

indicated t h a t  the  humidity over t h e  s tored  s i l i ca  could have 

exerted an e f f e c t  on the  RH over t he  s i l i c a - a c i d  mixture. 

A t  the  time the  8 

The l a s t  mixture - 9.24 % CAB-0-SIE - was prepared while t h e  

Figure 2 shows t h a t  the  RH curve 

%is 

On the  above b a s i s ,  t he  hypothesis was chosen f o r  f u r t h e r  

inves t iga t ion .  

adsorption of CAB-0-SPL M5, 

subjec t  of  the  next s ec t ion ,  

Information was thus required f o r  the water vapor 

The gathering o f  such information is the  
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Equilibrium Water Vapor Adsorption of C B B - 0 - S I L  M5 

introduct ion 

In the  previous sec t ion ,  addi t ion of CAB-0-STC MS exposed t o  high 

ambient re la t ive  humidity was shown t o  increase  the  equilibPium r e l a t i v e  

humidity of s u l f u r i c  acid.  In explanation, t h e  hypothesis put  forward 

was t h a t  t he  s i l i ca  had s u f f i c i e n t  water content t o  cause a -d i lu t ion  of 

the  s u l f u r i c  acid,  r a i s i n g  the  mixture 's  equilibrium vapor pressure.  To 

t e s t  the hypothesis,  a knowledge of t he  mount of water adsorbed by the  

C A B - 0 - S I L  M5 as a funct ion of humidity was required,  

Two conf l i c t ing  sources of information were ava i lab le  - da ta  supplied 

by t h e  manufacturer, Cabot Corporation, and Young's comprehensive s i l i c a -  

water vapor s tudy (121, The manufacturer supplied an adsorption isotherm 

showing the  Pack of hys t e re s i s  c h a r a c t e r i s t i c  of non-porous adsorbants,  

A t h i r t y  minute attainment of equilibrium was reported (4) Young 

reported agreement with t h e  above up t o  a r e l a t ive  humidity of  40%, 

Above t h a t ,  equilibrium time rose t o  severa l  -hours and hys t e re s i s  was 

observed on desorpt ion,  Young r epor t s  t h a t  cycl ing - adsorption followed 

by desorption - decreased the  area of  t he  hys t e re s i s  loop, 

h a l f  dozen cycles ,  t h e  adsorption and desorpt ion curves coincided, t he  

After a 

r e s u l t a n t  curve showing an isotherm displaced considerably upward from 

the o r i g i n a l  adsorption isotherm, 

humidity of  about 40%, 

The displacement began a t  a r e l a t i v e  

The non-porous amorphous s i l i c a  t h a t  is CAB-0-SPL M5 should show 

no adsorptios-desorption hys t e re s i s .  

isotherm a t  75 degree Fahrenheit ,  

adsorption s tudy was i n i t i a t e d  t o  c l a r i f y  t h e  s i t u a t i o n ,  

There should be only one equilibrium 

The present  experimental water vapor 
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procedure 

The purpose o f  t h e  experiment was t h e  measurement of t he  adsorption 

equilibrium between CAB-0-SHE and atmospheric water vapor, 

of water adsorbed onto, o r  desorbed from, the  CAB-0-SIL is  conveniently 

measured gravimetr ical ly ,  

determined with an accurate  hygrometer. 

be obtained over a s u l f u r i c  acid so lu t ion  o f  f ixed concentrati9n. 

Interest lay i n  the region sf ambient temperature and pressure,  s o  no 

spec ia l  requirement was made t o  control  those parameters, 

The mount  

The amount of water vapor i n  the  a i r  may be 

A constant r e l a t i v e  humidity may 

Given the above requirements, t he  apparatus sketched i n  Figure 6 

was assembled, Having used ava i lab le  components, the  system consis ted 

of two p a r t s ,  l inked by tubingo 

chamber and a constant humidity chamber, 

Those two p a r t s  were an adsorption 

The adsorption chamber was an enclosed v e r t i c a l  g lass  cyl inder  in 

which hung a quartz spr ing,  

bucket containing the  CAB-0-SIL sample; 

by t h e  sample was measured by t h e  extension o r  contract ion of the  spr ing 

using a ezithetometer 

Suspended from t he  spr ing was a small 

The amount of water gained o r  Post 

The humidity chamber was a sec t ion  of Pyrex pipe capped a t  both 

In the  bostom lay approximately one l i t e r  of  s u l f u r i c  acid ends, 

so lu t ion  f o r  maintenance of constant r e l a t i v e  humidity i n  t h e  two chambers, 

Inserted i n t o  the  chamber was a temperature-humidity sensing probe, 

A small pump was used to cfreuPate a i r  between the  two chambers. 

The a i r  passed over the s u l f u r i c  acid solution, l e f t  the humidity chamber 

t o  eontact t he  sample i n  the  adsorption chamber, and returned t o  the  

humidity chamber to caose t h e  Bssp, 
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FIGURE 4 

Experimental Apparatus for the 

Measurement of t he  Equilibrium Water 

Vapor Adsorption of CAB-0-SIL M15 S i l i c a  

e- a i r  flow 
l\ 

quartz  
spr ing  

sample 
bucket 

a i r  flow > 
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The plan o f  t he  experiment was q u i t e  simple and d i r e c t .  Upon 

ca l ib ra t ion  of  the  ana ly t i ca l  instruments, t he  quartz  spr ing and the  

temperature-humidity ind ica tor ,  an empty sample bucket was t o  be 

suspended from the  spr ing and i t s  e leva t ion  noted vSa the  cathetometer. 

A sample was then t o  be placed i n  the  bucket, t he  bucket again suspended 

from the  spr ing,  and the  adsorption chamber sealed a i r t i g h t .  A so lu t ion  

of s u l f u r i c  acid was then t o  be placed i n  the  humidity chamber, and 

the  appropriate  sensor f o r  t h e - t e m p e r a t u r e - h n m i d ~ ~ ~  indicator"  inser ted  

through the top p l a t e ,  which was then bol ted down, sea l ing  t h e  system. 

Equilibrium was t o  be considered a t t a ined  a f t e r  t he  elevat ion of  t he  spr ing 

had remained constant f o r  one day, 

valves i n  the  connecting tubing were t o  be closed, i s o l a t i n g  the adsorption 

chamber, and the  humidity chamber unsealed, 

was then t o - b e  e i t h e r  d i lu t ed  o r  concentrated t o  y i e ld  a d i f f e r e n t  desired 

humidity, and the  system resealed.  

Upon attainment of equilibriumn, 

The so lu t ion  i n  the  chamber 

The requirement of  constant mass f o r  a one-day period r e f l ec t ed  

8 suspicion concerning the  da t a  reported by both Cabot and Yonng. 

the  sur face  adsorption may be e s s e n t i a l l y  instantaneous,  d i f fus ion  o f  

water vapor i n t o  the  bulk of the  sample c e r t a i n l y  would not  be,  

the d i f fus ion  be very slow, there  would be an immediate mass gain o f  the  

sample due t o  sur face  adsorp t iono-  This would be followed by a slow 

gain as d i f fus ion  br ings water vapor t o  the  sample i n t e r i o r ,  

increase i n  mass, followed by severa l  hours of l i t t l e  o r  no change 

While 

Should 

The sharp 

could have led t o  a premature conclusion concerning 

equilibrium, 

"Model 15-3001 Hygrometer Indica tor ;  Hygrodynamics, 

the  attainment of 

h e ;  S i l v e r  Spring, Md, 
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experimental resuPts 

The r e s u l t s  of t he  present water vapor adsorption study are 

presented i n  Figure 7 o  

manufacturer, 

s p e c i f i c  ni t rogen BET surface area (Cabotls grade M5 C A B - 0 - S I L ) ,  t he  

da ta  published was for a s i l i ca  of 420 m /g specif ic  area. 

is not  poss ib le ,  

Superimposed is t h e  isotherm supplied by the  

2 While Young's study included s l l i ca  o f  220 m /g 

2 Comparison 

Figure 7 shows t h a t  the present  experimental da t a  match those o f  

t he  manufacturer up t o  a re la t ive  h m i d i t y  of  about 40%, at  which point. 

the  present  da t a  devia te  upward. 

Young? s " i n i t i a l "  and f l f fnal"  adsorption isotherms 

fie s i t u a t i o n  appears t o  be t h a t  of 

In the  present  

studys no adsoPption-desorption hysteresis was observed, A t  t he  start  

o f  every adsoqeion  t r i a l  an i n i t i a l  rapid mass increase was observed, 

After  the  f i rs t  hour o r  so, mass increases  were not percept ib le  on an 

hourly basfs ,  beat day by day changes d i d  occur, 

four  hour period of constant mass ( the  equilibrium attainment cons t ra in t )  

typical t r i a l s  ran a t  Peast two days. 

Including the  twenty- 

The present  work tends t o  confirm the  suspicion concerning previous 

conelusions about equilibrium attainment,  

was not  observed, but  h i s  " in i t iaPf l  - llf"inaPtf isotherms were valuable clues 

-concerning the  speed of  approach t o  e q u i l i b r i m ,  In conclusion, t he  

data evolved from t h e  present  work, as well as Young?s tlfinaB1f isotherm 

appear t o  represent  true equilibrium. The experimental isotherm in 

Figure 7 sha l l ,  therefore ,  be t h e  basfs f a r - f u r t h e r  s tudy of vapor 

pressure over mixtures of  CAB-0-SIL M5 and sulfuric acid, 

Youngss hys te re s i s  anomaly 
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Test of Hvuothesis 

introduct ion 

Further experimental work was performed on the  r e l a t i v e  humidity of 

mixtures o f  CAB-0-SIL M5 and-su l fur ic  ac id ,  The purpose was an attempt t o  

explain the  vapor pressure r ise over the  mixtures with addi t ion of  s i l i c a .  

The hypothesis was t h a t  water adsorbed-onto the  s i l i c a  before mixing was 

released upon mixing with acid.  

the  sulfurie.ac5.d i n  the  ge l ,  r a i s i n g  the equilibrium r e l a t i v e  humidity. 

The t e s t i n g  of t h a t  hypothesis is  t h e  subject  of t h i s  sect ion.  

The-released water caused d i lu t ion  of 

procedure 

The method of obtaining da ta  was t h e  same as t h a t  described i n  t h e  

Relative Hmfd i ty  see t ion  using the same equipment. 

however, t h e  CAB-0-$IL M5 was-exposed t o  environments of  d i f f e r e n t  r e l a t i v e  

humidity, -Upon-mixing the  CAB-0-SIL M5 with s u l f u r i c  acid,  the  

In t h i s  s e r i e s ,  

equilibrium r e l a t i v e  humidity was measured. 

s t rength  was calculated from t h a t  equilibrium r e l a t i v e  humidity and the  

da ta  i n  Appendix I .  

the  apparent-mount  of  water i n  the  so lu t ion  was then-ca lea la ted .  

t he  mass of  water i n  the  acid before the  CAB-0-SIL M5 addi t ion,  t he  

apparent water gain per  unit-mass s i l i ca  added was ca lcu la ted ,  The 

r e s u l t s  were then compared with those predicted by the  Lmotkesis .  

The apparent new acid 

Assuming the-amount o f  H2S04 remained constant,  

Prom 

The expected value of t he  apparent-water gain per  u n i t  mass - s i l i ca  

was the  amount o f  adsorbed water t h a t  t h e - s i l i c a  contained p r i o r - t o  

mixing with the  s u f f u r i c  acid so lu t ion ,  

experimentally determined apparent water gain per  u n i t  mass s i l i c a  added 

and the  expected value would tend t o  corifirm the  hypothesis. 

Agreement between the  
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r e su l  ts  

Experimental da ta  are tabulated i n  Appendix I11 f o r  t h i s  s e r i e s  of 

Two s e t s  of t r i a l s  have been completed t o  date .  measurements. 

the first,  t h e  CAB-0-SIL M5 was s tored  i n  a container  open t o  the  

atmosphere, 

humidity i n  the  laboratory var ied  from 1 2  t o  19  precent,  with an average 

of 15% RH. 

water pe r  g dry s i l i c a .  

the  average apparent water gain per  g - s i l i q a  added was 0.0098 gram, 

sample standard deviat ion was 0.0133 g water added pe r  g s i l i ca  added, 

s ignifying the  amount of s c a t t e r  i n  the  da ta ,  

sample mean and t h e  expected value of 0.0085 yielded a t of 0.219, 

ind ica t ing  an 85% probabi l i ty  t h a t  the  da t a  and the  expected value a re  

from the  same population, 

was s tored  i n  a dess ica tor  containing a d i l u t e  s u l f u r i c  acid so lu t ion .  

The r e l a t i v e  humidity i n  the  dess ica tor  was measured t o  be 68,1%, 

t o  mixing with the  s u l f u r i c  acid,  t he  s i l i ca  contained 0.043 g adsorbed 

water per  g CAB-0-SIL M5. 

gain of  0.042 g water per  g s i l i c a  added, 

OoO070 g water per  g s i l i c a ,  

value,  a t of 0.286 was calculated,  corresponding t o  an 80% p robab i l i t y  

t h a t  the  da ta  and t h e  expected value a r e  from the  same population. 

In 

During the  period o f t h e  first set  the ambient r e l a t i v e  

The s i l i c a  thus contained an average of 0.0085'g adsorbed 

Five t r i a l s  yielded the  following r e s u l t :  

The 

A t- test  comparing the 

For the  second s e t  of t r i a l s ,  t he  CAB-0-SIL M5 

Pr io r  

Four t r ia ls  yielded an average apparent water 

The standard deviat ion was 

Comparing the  sample mean and the  expected 

Since 

an F-test showed t h e  two variances t o  be similar, they were combined and 

an average standard deviat ion of O,Ol103 g water per  g s i l i ca  was ca lcu la ted ,  

with seven degrees of  freedom, 

populations,  a t of 4.25 was ca lcu la ted ,  Since t 

case,  the two sample populations were highly s i g n i f i c a n t l y  d i f f e r e n t .  

Comparing the  means of the  two sample 

is  3.50 f o r  t h i s  
0 99 
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The t e s t s  show d e f i n i t e l y  t h a t  r e l a t i v e  humidity over t he  CAB-0-SIL 

M5 p r i o r  t o  mixing exer t s  an e f f ec t  on the  equilibrium r e l a t i v e  humidity 

of  t h e  CAB-0-SI% M5 - s u l f u r i c  acid mixture, There i s  mild confidence - 
about 80% - t h a t  t he  hypothesis i s  va l id .  

discarding the  hypothesis. 

There is  no v a l i d i t y  i n  

Figure 8 i s  the  water vapor adsorption isotherm f o r  CAB-0-SPL M5. 

Supepimposed a r e  the  means of t h e  two sample populations i n  the  experimental 

'work thus f a r ,  The'two means being almost coincident-with adsorption 

isotherm show graphical ly  t h a t  the  hypothesis has merit, 

conclus ions 

Within the  l i m i t s  of  experimental work done t o  date, it appears 

t h a t  CAB-0-SHL M5 has no i n f h e n e e  on the r e l a t i v e  humidity of  mixtures 

of i t  and s u l f u r i c  ac id ,  Should the  CAB-0-SI% M5 have physical ly  adsorbed 

water on it p r i o r  t o  mixing, however, a d i l u t i o n  of the  s u l f u r i c  acid 

w i l l  occur upon mixing. CAB-0-SI% M5 dr ied  before mixing of t he  matrix 

mater ia l  exerts no influence on mass- t ransfer ,  The driving force is 

dependent on- the  equilibrium r e l a t i v e  humidity of t he  s u l f u r i c  acid 

alone 

EBe,ctroPvtic Conductance of Mixtures of CAB-0-SPL M5 and SuBfuric Acid  

int roduct ion 

I n  the water vapor eleetTolysis cel l ,  both mass t r ans fe r  within the 

mqtrix and power c o n s ~ p e i o n - a r e - a f f e c ~ e d  by the  conductivity of t he  

e l e c t r o l y t i c  mixture, Previous workers ( 2 ,  3 ,  5, l l),  have reported 

conductivity da ta ,  

of  B O  w t %  C A B - 0 4 1 %  M5 i n  60 w t %  s u l f u r i c , a c i d ,  

f irst  comprehensive study of t he  e f f e c t  of CAB-8-SIE M5 on the conductance 

of sulfuric acid - CAB-O-SIL M5 mixturesa 

Those reported are f o r  t he  usual matrix composition 

The present work is  the  
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procedure 

The experiment involved measuring the  r e s i s t i v i t y  o f  known mixtures 

of s u l f u r i c  aqid and CAB-0-SIL M5. 

H SO i n  water, Mixtures of from zero t o  ten w t %  CAB-0-SIL M5 were 2 4  
s tudied 

The acid was approximately 60 w t %  

A schematic diagram of the  experimental apparatus is shown on 

Figure 9. 

test  o s c i l l a t o r  

The bridge c i r cu i t '  was of the  Wheatstone type, exci ted by a 
2 The bridge condition was displayed on a cathode ray 

tube (CRT) osci l loscope.  Balance f o r  an impedance bridge is  defined by 

the vol tages  a t  t he  opposite arms (points A and B i n  Figure 9) being of 

equal magnitude and phase. Phase was equalized by adjust ing the  frequency 

of the  test  o s c i l l a t o r  output,  

the r e s i s t o r s  i n  the  bridge c i r c u i t ,  

Magnitude was equalized by adjust ing 

The voltages a t  points  A and B i n  Figure 9 dr ive  the hor izonta l  

and v e r t i c a l  osci l loscope inputs respec t ive ly ,  A t  bridge balance, t he  

CRT display is  a s t r a i g h t  l i n e  of 45' slope,  symmetric about the axes. 

When the  voltages a t  points  A a@d B a r e  out of phase, the  CRT display is  

an e l l i p s e ,  whose quadrant 11-IV axis i s g r o p o r t i o n a l  t o  the phase 

s h i f t ,  

the  quadrant 1-111 axis  i nc l ina t ion  d i f f e r s  

When the  voltages a t  points  A and B a r e  of d i f f e r e n t  magnitude, 

from 45'. 
,-- 

The conductivity c e l l  (impedence Zc i n  Figure 9) was of the standard 

dip type, with f i rmly anchored platinum electrodes,  

i n t o  mixtures of CAB-0-SIL M5 and s u l f u r i c  acid was possible  up t o  

about 6 w t %  CAB-0-SIL M5. 

Dipping the  c e l l  

A t  higher concentrations of  s i l ica ,  the  ge l  

'Model El000, Gray Instrument Co 

2Model 650A, Hewlett Packard Co, Palo A l t o ,  Cal i forn ia  

Philadelphia,  Pa, 
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was too th i ck  f o r  dipping. 

c e l l  and forced between t h e  p l a t e s  by spreadipg with a spa tu la .  

was continued u n t i l  no f u r t h e r  change i n  r e s i s t ance  was observed, 

ind ica t ing  the  complete covering of  the e lec t rodes ,  

Thus, t h e  semisolid was spooned i n t o  the  d ip  

Spreading 

Several  s u l f u r i c  acid s t rengths  between 55 and 65 w t %  were t e s t ed .  

In view of t he  p o s s i b i l i t y  of a l t e r i n g  the  configurat ion of t he  electrodes - 

espec ia l ly  with the  semisolid mixtures - a reference measurement (aqueous 

s u l f u r i c  acid alone) was made before  each da ta  s e t  was gathered, 

than continuously measuring the  cel l  constant ,  the  d a t a  were gathered 

and are reported i n  dimensionless form. 

r e s i s t ance  from the  reference divided by the  reference - AR/Ro=(R -R ) / R o o  

Rather 

That form is  t h e  change i n  

f o  
Since the  measured r e s i s t ance  of impedence Z is  the product 

C 

of  the  c e l l  constant and the  r e s i s t ance  of t he  e l e c t r o l y t e ,  t he  

dimensionless resistancse change is  equal t o  the  dimensionless r e s i s t i v i t y  

change 

r e s u l t s  

m e  experimental r e su l t s  are displayed graphica l ly  i n  Figure 10, 

showing the  dimensionless r e s i s t i v i t y  change as a function of w t %  

CAB-0-SIL M5 i n  s u l f u r i c  ac id ,  

Within t h e  range of ac id  s t rengths  s tud ied ,  the dimensionless 

r e s i s t ance  change was not a funct ion of acid s t rength ,  ind ica t ing  

depexdence on w t %  CAB-0-SPL 445 only.  

r e s i s t ance  from aqueous s u l f u r i c  ac id  al-one t o  be a l i n e a r  function of 

w t %  CAB-0-SIL M5 i n  the  mixture, 

squares f i t  o f  t he  da ta  t o  the  following equation: 

Figuqe P O  shows the  change of 

Linear regression.gives  a l e a s t  

AR/Ro zz (0,0240) * (Wt% CAB-0-SIL M5)  
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FIGURE 10 

Dimensionless Resistivity'Change of M-SrCtures 

of 60 w t %  Sulfuric Acid and CAB-0-SHL M5 Silica as 

a Function of wt% S i l i c a  in the Mixture 
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CYCLIC OPERATION OF THE WATER 

VAPOR ELECTROLYSIS CELL 

Introduction 

In a preliminary inves t iga t ion ,  Engel (7)  discovered t h a t  cycling 

of t he  power supply t o  the  cel l  r e sq l t ed  i n  improved performanee. 

That i s ,  the  power required t o  e lec t ro lyze  a given amount of water 

could be reduced by varying the  applied ce l l  vol tage.  

purpose of t he  present  work t o  optimize t h e  c e l l ' s  power consumption 

as$ a funct ion o f  cyc l i c  operation, bui lding on the  work of Engel. 

I t  was the 

Engel reported t h a t  l lon/offl l  cycl ing was the  only type capable 
I 

of e f f ec t ing  the  perzormance increase.  

the power was disconhected and both e lec t rodes  of the  c e l l  grounded. 

Sipultaneous grounding of t he  PVC cen t r a l  membrane was found t o  decrease 

the time required f ~ r  the  capac i ta t ive  discharge t o  ground, The cycling 

After  a given time under pqwer, 

was shown tc) decrease by as much as e igh t  percent the  power required 

t o  e l ec t ro lyze  a given amount of water, 

the  performance increase was the  following: 

Engel 's  hypothesis t o  explain 
, 

r l o o o a n y  improvements due t o  cycling a r e  

caused by some type of regenerat ion of one 

o r  both of the  electrodes t o  make them more 

ac t ive  I t  

The llregenerationll  r e f e r r ed  t o  the  e f f e c t  of time of s teady s t a t e  

operat ion p r i o r  t o  cycling i n  performance increase.  The cycling had 

a g rea t e r  influence on performance with longer p r i o r  steady s t a t e  time, 

The present  work i s  intended t o  experimentally determine the 

optimum cycle  as well as the  optimum steady s t a t e / cyc l ing  combination, 
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Exuerimental Work 

Cyclic operation of t he  water vapor e l ec t ro lys i s  c e l l  was a f fec ted  

by the  e l e c t r i c  c i rcu i t  diagrammed i n  Figure ll. 

The cyc l i c  operation of t h i s  c i r c u i t  i n  Figure ll was control led 

by two timers,  A and B o  

time (Timer A) and the  r ' ~ f f l '  time (Timep B) , f o r  a cycle.  When one 

timer counted down t o  zero, i t  would reset and s t a r t  the other  timer. 

The c i r c u i t  diagram shows logica l  control  o f  the  two re lays ,  

They were loaded with the  se lec ted  "onf1 

The s t a t e  

o f  t h e  timer is  e i t h e r  frtrue/on' l  o r  "false/off7 ' .  

A i s  lYruetf ,  t h e  f l i p - f l o p  s e t s  and puts  t h e  re lays  i n  t h e i r  "true" 

pos i t ions ,  When the  s t a t e  of Timer B is t rue,  the f l i p - f l o p  r e s e t s ,  

pu t t ing  the  re lays  i n  t h e i r  ~ t f a l b e T ~  posi t ions.  

If the s t a t e  of  timer 

The log ic  control  i n  the diagram is ,  f o r  s impl i f ica t ion ,  an 

abs t rac t ion  o f  t he  electro-mechanical system used, 

The o ther  c i r c u i t  components shown i n  Figure II are  the  e l ec t ro lys i s  

c e l l ,  a var iab le  dc powerlsource, and a r e s i s t ance  R l ,  The DC 

power source' was capable of  operating i n  e i t h e r  constant current  o r  

constant vol tage mode. The res i s tance  R l  was an NBS type 0 , l  ohm 

precis ion r e s i s t o r *  and was used t o  measure the  current  drawn by the  

c e l l .  

Since t h e  performance was measured by the amount of  power required 

t o  electrolyze a given amount- of water i n  the test  c e l l ,  a s u i t a b l e  

in tegra t ing  recording wattmeter was required,  

ava i lab le ,  A small e l ec t ron ic  analog computer was constructed t o  

perform the  t a sk ,  

Such was not commercially 

The voltage drop across the  test c e l l  and the voltage 

'Model CKS-M, Kepeo, Flushing, N o  Y, 

'Model 40l5-B, Leeds and Northrup, North Wales, Pa, 
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FIGURE 11 

Schematic Diagram of the  Ci rcu i t  f o r  

t he  Cyclic Operation of t he  Water 

Vapor Elec t ro lys i s  Cell  

State  of  
A-Timer 

S t a t e  of  
B -Timer 

Test 
Cel l  
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drop across t h e  precis ion resistor (proportional t o  t h e  current 

drawn) were mult ipl ied and in tegra ted  with r e s p e c t - t o  time. 

Instantaneous and in t eg ra l  power were displayed on a two-channel 

s t r i p  char t  recorder ,  Figure 12 i s  a schematic diagram of the-computer, 

In Figure 12  t h e  potentiometers A, B and C a r e  used t o  a t tenuate  

voltage as  desired t o  f i t  the  range of t he  recorder and the  l inear - range  

of the  in t eg ra to r .  Since V1 i s  one tenth the current  drawn, the  volttage- 

leaving the  mul t ip l i e r  i s  (AB/50) times the  instantaneous power, and 

the in tegra t ion  output is  (ABC/250) times the  in t eg ra l  of t h a t  power 

with respect  t o  time. 

trimmed such t h a t  i t s  output does approach but  does not exceed the 

5-volt  l i m i t  of the element during the time period of i n t e r e s t ,  

The"gain" of the in t eg ra to r ,  ABC/250, i s  t o  be 

The time period of i n t e r e s t  f o r  t h i s  study is the  amount of time 

required t o  e lec t ro lyze  a given amount of water, 

the cathode was chosen as  a convenient measure of' the  e l e c t r o l y s i s  c e l l ' s  

production, The gas passed through a soap bubble flow-meter, and an 

e l e c t r i c  t imer measured the  amount o f  time required f o r  a s p e c i f i c  volume 

t o  be evolved, 

Hydrogen evolution a t  

E lec t ro lys i s  c e l l  operation required,  beyond the  preceding e l e c t r i c a l  

c i r c u i t r y ,  a known supply of humid a i r  f o r  operation. 

system used i n  the present work has been assembled. 

a i r  en t e r s  the  system and flows toward a humidifying chamber. 

the a i r  stream i s  bubbled through warm water f o r  humidification and 

p a r t  passes through a c o i l  immersed i n  the  water. 

r e jo in  each o ther  upon leaving the  water bath.  

control led by regula t ing  the  temperature of the  water bath,  

i s  var ied by changing the  proportion of t h e  a i r  stream flowing through 

the  bubbler 

The a i r  supply 

Constant-pressure 

Part of 

The two streams 

A i r  tempexature i s  

A i r  humidity 
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The a i r  stream then flows through a rotameter and a chamber contain- 

ing a temperature-humidity sensor.  

e l e c t r o l y s i s  c e l l  and is  vented. 

the  e x i t  a i r  stream a r e  t o  be measured, a r a the r  complicated systeq o f ,  

valves changes the  flow ,pat tern such t h a t  the  c e l l ' s  i n l e t  a i r  stream 

bypasses the  T-H sensor chamber and the  e x i t  a i r  stream enters  the  

chamber ., 

The stream then passes through the  

When t h e  temperature and humidity of  

r e s u l t s  

There a r e  no experiinental r e s u l t s  t o  da te ,  Fabricators and 

suppl ie rs  held up even the  assembly of experimental apparatus u n t i l  

October 1969. 

physical-chemical experimental work, With no funds, dupl icate  equipment 

is  out of the  question. 

on t h i s  segment w i l l  begin no l a t e r  than 1 April  1970, 

The hygrosensing apparatus was and i s  being used on the 

It i s  predicted t h a t  the  experimental work 
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APPENDIX I ,  RELATIVE VAF'OR PRESSURE OF H2S04 SOLUTIONS 

The physical-chemical s tud ies  of t h e  s u l f u r i c  acid and CAB-0-SIL M5 

system required accurate da ta  on the water a c t i v i t y  of solut ions of 

s u l f u r i c  ac id ,  The da ta  of Stokes and Robinson (10) were se lec ted  as  

the  bes t  avai lable .  

of s u l f u r i c  acid concentrations a t  25 degrees Celsius,  a r e  presented i n  

Table 1-1 below. 

Their da ta ,  tabulat ing water a c t i v i t y  as a func t ion .  

Table 1-1 

Equilibrium Act iv i ty  of Water of Solutions, o f  Su l fu r i c  Acid at 25°C 

w t %  H2S04 aw w t %  H2S04 aw 
0 90 17 s 91 0 45 45,41 

85 22,88 40 47 0 71 

., 80 26 79 0 35 50,04 

0 75 30 94 30 52 45 

D 70 33 0 09 25 55 01 

65 35 80 0 20 5'9 a 7 6  

., 60 38,35  0 15 60 80 

0 55 4a.75 0 10 64 45 

50 43 0 P O  05 69 44 

Since the  above da ta  a re  f o r  25 degree Celsius,  a correct ion 

f a c t o r  f o r  deviat ions from t h a t  temperature is  required,  

pressure-concentration da ta  f o r  aqueous s u l f u r i c  acid a re  presented 

i n  the  In te rna t iona l  C r i t i c a l  Tables a t  various temperatures. 

Though the da ta  a re  not se l f -cons is ten t ,  a s u f f i c i e n t  number taken 

together o f f e r  some v a l i d i t y .  

weight percent acid and 20 t o  30 degree Celsius - a useful  correct ion 

Vapor 

In the  region of  i n t e r e s t  - 50 t o  65 
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f a c t o r  was found, an average of 

- =  RH 0.034 %RH / "F d t  

The t - d i s t r i b u t i o n  yielded the  information t h a t  t he  t r u e  value could 
I- be expected t o  be within - 0.009 %FH/'F of the  above average with 0.95 

confidence. 

i nd ica to r  y i e l d  s i g n i f i c a n t  f igures  only t o  the  f irst  decimal place.  

The cor rec t ion  f a c t o r  could thus confident ly  be expected t o  account f o r  

small temperature e f f ec t s  on humidity measurements. 

Percent r e l a t i v e  humidity measurements with the  T-H 



57 

APPENDIX 11, ADSORPTION DATA 

In t h i s  s ec t ion ,  da t a  concerning the  study of  equilibirum water 

vapor adsorption by CAB-0-SIL M5 a r e  presented. 

t abu la r  form and are more complete than those presented i n  the  main 

body of the  paper; 

The da ta  here  a re  i n  

Manufacturer s Data 

First, the  d a t a  supplied by the  manufacturer.are l i s t e d .  Table 11-1 

below shows the  da t a .po in t s  f o r  the  supplied equilibrium isotherm a t  75% F. 

TABLE 11-1 

Water Vapor Adsorption Isotherm f o r  CAB-0-SIL M5 a t  75'F, 

Data Supplied by Cabot Corporation, Billerica Research Center. 

% R H  gH20 adsorbed/ 

g adsorbent 

6.9 

19,5 

32.35 

44 D 75 

54.1 

6 4 . 2  

80.5 

86,8 

89,5 

00504 

00905 

.016.1 

0217 

0265 

0360 

0618 

0 0910 

1155 
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PRESENT WORK 

Secondly, da t a  gathered i n  the  present  experimental s tudy a re  

presented, 

t he  quar tz  spr ing  used had t o  be ca l ibra ted .  Then raw adsorption da ta  

were taken, and the  da ta  converted t o  g water adsorbed per  g adsorbent, 

Each of  these is  discussed i n  turn .  

Since the  a d s o q t i o n  isotherm was determined gravimetricalSy, 

Spring Cal ibrat ion 

The quar tz  spr ing  used was r a t ed  f o r  a maximum spring extension 

of 20 centimeter under a maximum load of two grams. Four masses of 

approximately 0,5, 1 . 0 ,  l , 5 ,  an& 2.0 gram were constructed f o r  purposes 

of ca l ib ra t ion  of load versus extension, The masses were accurately 

weighed on a MetPar type ana ly t i ca l  balance t o  0. 1 mg. 

were determined t o  be the following: 

Those masses 

mass no. mass 

1 0,5350 g 

2 1,1295 g 

3 1,6039 g 

4 1,8658 g 

These loads were then suspended from t h e  spr ing,  and the  sp r ing ' s  

extension noted, The r e s u l t s  were: 

spr ing  extension spr ing  
mass no. t r i a l  1 t r i a l  2 t r i a l  3 c o e f f i c i e n t ,  

1 5.34 cm 5,34 em 5.34 cm 0.10019 g/cm 

2 11.28 11 -30 11.29 0 I0004 

3 15 0 99 15,99 15,99 0, PO031 

4 18 e 58 18,61 18 0 59 0.10039 
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Three t r i a l s  were a l l  t h a t  were necessary t o  be  confident t h a t  

a value of t h e  spr ing  coe f f i c i en t  of 0,lOO-gram per  centimeter extension 

was v a l i d  over the range inves t iga ted ,  

Adsorption Data 

The first s e r i e s  began with 500 ml of concentrated s u l f u r i c  ac id  

i n  the  humidity chamber t o  dry t h e  sample. 

of water upon reaching equilibPium, 

as c i r cu la t ed  a i r  caused ac id  spray t o  come c lose  t o  the  lithium 

hydroxide-covered sensing element, 

T t  was d i lu t ed  with 500 m l  

The t r i a l  was ha l t ed  a t  t h i s  po tn t ,  

The da ta  are the  following: 

re l a t i v e  spr ing 
t r i a l  humidity e 1 evat i on .- comments 

I _. .?. 

94.11 em empty sample bucket 

1 0 %  90,lO cm 0,401 g dry s i l i c a  

2 6,35 % 90,08 em 0,002 g water gained 

The second series was a desorption 

water i n  the  humidity chamber, theri adding s u l f u r i c  acid t o  dewease  the 

t r i a l ,  beginning with 500 ql  

rdlahfve huhidi ty .  The da t a  are tabulated below: 

e 9, a t  i ve  spr ing  
t r i a l  ymidity e l ev a t  i on commen t s 

***a%.*%* 93,86 em empty sample bucket 

BOO % ****** water condensate 1 

2 8 8 , l  % 90.82 e m  0.045 g water gained 

3 7 1 , 3  % 91.14 cm 0,013 g water gained 

4 4 P , O  % 91,22 cm 0,005 g water gained 

5 0 91,27 cm 0.259 g dry s i l i c a  

Apparent small temperature d i f fe rences  between the  two chambers 

caused water condensation i n  t h e  adsorption chamber during the  l O O % R H  

run, In the  above t ab le ,  water weight gain was back ca lcu la ted  from t r i a l  5, 
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Summarizing t h e  results of 

r e  1 a t  ive  
humidity 

series ohe and two, 

g water adsorbed 
per  g CAB-0-SLL 

6,35 % 

41,o % 

71,s % 

88,P % 

Q ., 005 

0 0 0193 

0 0502 

0,194 

The t h i r d  series was another adsorption run. The r e s u l t s  are 

summarized below: 

t r i a l  
r e  P at i v  e 
humidity 

* * * * * w  

0 

30,5 % 

45,2 % 

62,4 % 

77,P % 

86,7 % 

74,8 % 

spr ing  
e 1 evat  ion 

94.60 em 

93,4925 em 

93,4775 em 

93,4675 em 

93,4530 em 

93,4125 em 

93,3425 c m  

93,3995 c m  

comments 

empty s m p l e  bucket 

0,11075 g dry s i l i c a .  

0,0015 g water gained 

0,025 g water gained 

0,00395 g water gained 

0,00800 g water gained 

0,01500 g water gained 

0.00950 g water gained 

Converting ,and summarizing the  results sf t h e  th ree  adsorption 

experiments, t h e  adsorption isotherm is presented in Table 11-2 ,  



61 

Table 11-2 

Water Vapor Adsorption Isotherm for CAB-0-SIL M 5  a t  75" F, 

Experimental Data, Present Work 

r e l a t i v e  g water adsorbed 
humidity per g adsorbent 

6,35 % 

30,50 % 

40.30 % 

45,20 % 

62.40 % 

91,20 % 

74.80 % 

77a,B0 % 

86.70 % 

88.10 % 

0 0050 

0 0135 

0 0 0193 

0 0226 

0 0357 

0 0501 

0 0858 

0,0722 

0 1354 

0,1930 
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APPENDIX 111. EXPERIMENTAL DATA FOR THE EQUILIBRIUM RELATIVE 

HUMIDfTY OF\MPXTUIES OF SULFURIC ACID AND CAB-0-SIL 

M5 SILICA 

The da ta  l i s t e d  i n  Table 111-1 were gathered t o  fur ther  inves t iga te  

the rfise i n  equilibrium r e l a t i v e  humidity with w t %  CAB-0-SIL M 5  

i n  s u l f u r i c  ac id ,  

adsorbed atmospheric water vapor i n  s torage and had released it upon 

mixing with t h i s  ac id ,  causing a d i l u t i o n  of t he  bulk s u l f u r i c  acid.  

The d i l u t i o n  was the  reason f o r  an increased equilibrium r e l a t i v e  humidity. 

The da ta  i n  Table 111-1 was 

The hypothesis advanced was thq t  t he  s i l i c a  had 

taken t o  t e s t  the  hypothesis,  

The t ab le  is divided i n t o  three  sect ions.  A t r i a l  s t a r t e d  with 

a known mass of aqueous s u l f u r i c  acid of  known composition, 

these da ta  a re  calculated the  amount of H 2 0  and H2S04 present i n  the  

system a t  the  beginning of  t he  t r i a l ,  

M5 s i l i c a  was added, 

FOP 

Then a known mass of CAB-0-SPL 

The atmospheric r e l a t i v e  humidity i n  contact with the  s i l i c a  

before mixing was noted, 

equilibrium, i t s  r e l a t i v e  humidity was measured. From t h i s ,  t he  

apparent s u l f u r i c  acid s t rength  was calculated.  

mass of H2S04, an apparent new mass of H20 was calculated,  

H20 gain of t h e  acid pe r  u n i t  mass s i l i c a  added was then calculated,  

This l a s t  value was t o  be compared with the  mass of  adsorbed water 

contained by the  s i l i c a  before mixing - known from t h e  % RH over t he  

s tored CAB-0-SIE M5 and the water vapor adsorption isotherm, 

When the  s i l - ica-su l fur ic  acid mixture came t o  

Assuming a constant 

The apparent 
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APPENDIX IV, ELECTROLYTIC CONDUCTANCE DATA, MIXTURES OF 

CAB-0-SIL  M5 AND SULFURIC ACID, AT 75"F, 

Mass WT% 
T R I A L  MASS H2S04 CAB-0-SIL  M5 CAB-0-SIL  M5 R A R f  R 

1 255.40 g 

la  

Ib 

Pc 

Id  

2 302.045 g 

2a 

2b 

2c 

2d 

28 

2 f  

3 204,515 g 

3a 

4 204,515 g 

4a 

5 117Q700 g 

sa 

6 216.21 .g 

6a 

6b 

7 253,41 g 

0 

3.715 g 

6.765 g 

9,185 g 

9,320 g 

0 

3.655 g 

7,385 g 

11.095 g 

13,905 g 

16.015 g 

19,185 g 

Q 

20,395 g 

0 

20,395 g 

0 

10.94 g 

0 

3.58 g 

7,96 g 

0 

0 

1.4 

2,6 

3.5 

3,s 

0 

1 , 2  

2 ,4  

3 ,6  

4 ,6  

5 , 3  

6 , 3  

0 

9 ,9  

0 

9 ,9  

0 

8 , 5  

0 

1,6 

3 , 6  

0 

3.3 

3 , 4  

3,s 

3 ,5  

3 , 6  

2,85 

2,90 

3,03 

3 ,  10 

3 . 1 7  

3 , 2 5  

3 , 3 0  

2,85 

3*55  

2.24 

2.78 

2.85 

3,45 

2,45 

2,51 

2.61 

3,lO 

0 

0.03 

0.06 

0.06 

0,09 

0 

0,017 

0.063 

0,087 

0,112 

0,140 

0,157 

0 

0,245 

0 

0024P 

0 

0,211 

0 

0 ,025  

0,065 

0 
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APPENDIX I V  (continued) 

Mass WT% 
TRIAL MASS H2S04 CAB-0-SIL M5 CiU-O-SIL M5 R ARf  R 

__ ~~~ 

7a 5,885 g 2,30 3.25 0.049 

7b 10,615 g 4.00 3.40 0.097 

7e 19.795 g 7.24 3.60 0.161 

8 69,P 0 0 3,05 0 

8a 5,595 g 7.5 3,60 0,181 
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