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SECTION I .  INTRODUCTION

Engel hard's ob jective  under the present con tract is  to 
con tribu te  su b s ta n tia lly  to the national fue l conservation program 
by developing a commercially v iab le  and c o s t-e ffe c tiv e  phosphoric 
acid fue l c e ll powered on -s ite  in tegrated energy system (OS/IES).
The fue l c e ll o ffe rs  energy e ff ic ie n c ie s  in  the range o f 35-40% of 
the higher heating value o f ava ilab le  fue ls  in  the form o f e le c tr ic a l 
energy. In a d d itio n , by u t i l iz in g  the thermal energy generated fo r  
heating, v e n tila t in g  and a ir-c o n d itio n in g  (HVAC), a fue l c e ll OS/IES 
could provide to ta l energy e ff ic ie n c ie s  in  the neighborhood o f 80%. 
Also, the Engelhard fue l c e ll OS/IES, which is  the ob jec tive  o f the 
present program, o ffe rs  the important incentive  o f replacing imported 
o i l  w ith  dom estica lly produced methanol, inc lud ing coal-derived 

methanol.

Engelhard has successfu lly completed the f i r s t  two phases o f a 
five-phase program. The next three phases e n ta il an in te g ra tion  o f 
the fue l c e ll system in to  a to ta l energy system fo r  m u lt i- fa m ily  
re s id e n tia l and commercial bu ild ings . The mandate o f Phase I I I  is  
to  develop a f u l l  scale 50kW breadboard power p lan t module and to 
id e n t ify  a su itab le  type o f app lica tion  s ite .  Toward th is  end, an 
i n i t i a l  ob jective  in Phase I I I  is  to complete the in te g ra tion  and 
te s tin g  o f the 5kW system whose components were developed during 
Phase I I .  Following the te s t o f th is  sub-scale system, scale-up 
a c t iv i t ie s  w i l l  be implemented as a to ta l e f fo r t .  Throughout th is  
design and engineering program, continuing technology support a c t iv i ty  
w i l l  be maintained to  assure tha t performance, r e l ia b i l i t y ,  and 
cost ob jectives are a tta ined.
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SECTION I I .  TECHNICAL PROGRESS SUMMARY

TASK I - 5kW POWER SYSTEM DEVELOPMENT (97046)

This task is  o f lim ite d  duration and has as i t s  ob jective  
the complete in te g ra tion  o f 5kW components developed during Phase I I .  
This in tegrated 5kW system is  automated under microprocessor co n tro l.
At the present time the system is  f u l ly  assembled and has been tested 
on a lim ite d  basis as described below. The 5kW stack does not perform 
to  sp e c ifica tion s  because o f p a r t ia l ly  de fective  ABA b ipo la r plates 
which a llow  some leakage o f reactant gases. (Refer to August, 1981 
Monthly Technical Progress N arra tive , pp. 3-4, fo r  d e ta ils .)  The 
production problem w ith  the ABA plates is  believed to  be solved as 
ou tlined  la te r  in  th is  report under Section I I ,  Task IV. A rebu ild  
o f the stack is  scheduled fo r  the end o f 1981.

An updated schematic o f the in tegrated system is  shown
in  Figure 1. Several minor changes have been made since th is  schematic 
was f i r s t  presented in  the Q uarterly Report fo r  May-July, 1981.
Normally-open solenoid valves S3 and S4 were added to  provide fo r  
automatic purging o f the stack and reformer w ith  nitrogen in  an 
emergency. Any set o f conditions programmed to  shut down the e n tire  

system w i l l  tr ig g e r the nitrogen purge. R e lie f valves RV2 and RV3 
were added to  set an upper l im i t  on methanol and methanol/water 
d e live ry  pressures. A bleed valve BVl was also added to  the cooling 
system loop. Other component codes were shown in  Table I I ,  and flow  
rates a t important nodes in  Table I o f the previous Q uarterly Report.

The layout o f system components on two moveable carts is

shown in  Figure 2. This arrangement allows easy access fo r  serv ic ing
and also provides p o r ta b il ity .
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SECTION I I .  -  CONTINUED

Tests were run on the 5kW system a t Engel hard's Fuel Cell 
Test F a c il i ty  a t Union, New Jersey. Operation was lim ite d  to  about 
2kW power due to lim ita t io n s  o f the stack described above. I t  
was possib le, however, to check many operational features o f the 
in tegra ted system. In general the microprocessor con tro l system 
worked very w e ll.

Successful checks o f the fo llow ing  operational features
were made:

A. Control Mode 13: Fuel c e ll preheat a t various temperatures
from 394 to 477 K (250 to 400°F).

B. Control Mode 15: Automatic fue l c e ll operation using an 
outside hydrogen source.

C. Control Mode 16: Automatic operation o f the reformer.

D. Control Mode 11: F u lly  automatic operation o f the complete 
system a t preset contro l po ints.

While in  Mode 11, power curves were generated a t two fue l 
c e ll temperatures as shown in Figure 3. These data were taken w ithout 
recyc ling  the fue l c e ll anode vent gas back to the reformer. When 
th is  recycle loop was closed, the lower curves in  Figure 4 were 
obtained. The reason fo r  the lower voltages and power values when 
operated w ith  the closed loop was th a t th is  closure increased the 
pressure a t the anode side o f the fue l c e ll and, thereby, increased 
the reactant leakage in  the stack.

Further te s tin g  o f th is  system w i l l  be deferred u n t i l  the 
stack is  re b u ilt .
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SECTION I I .  - CONTINUED

TASK I I  - ON-SITE SYSTEM APPLICATION ANALYSIS (97047)

The purpose o f th is  task is  to  develop an app lica tion  
model fo r  on -s ite  in tegrated systems, w ith  some emphasis on a 
system o f 50kW (e le c tr ic a l)  modular c a p a b ility . The model w i l l  
consider fue l a v a i la b i l i ty  and costs, bu ild ing  types and sizes, 
power d is tr ib u t io n  requirements (e le c tr ic a l and therm al), waste 

heat u t i l iz a t io n  p o te n tia l, types o f ownership o f the OS/IES, and 
g rid  connection vs. stand-alone operation. The work o f th is  task 
is  being ca rried  out under sub-contract by Arthur D. L i t t le ,  Inc.

A.D.L. is  nearing completion o f an economic fe a s ib i l i t y  
analysis o f a fue l c e ll OS/IES fo r  one bu ild ing  type (a re ta i l  
store in  Washington, D .C.). D eta ils and re su lts  o f th is  analysis 
are due a t the end o f November. In ad d ition , a t th a t tim e, A.D.L. 
w i l l  recommend several other bu ild ing  types fo r  fu r th e r study.
They plan to  study one bu ild ing  type in  m u ltip le  c lim a tic  zones, 
and w ith  m u ltip le  e le c tr ic  ra te  s truc tu res.

A.D.L. has recently  reviewed and summarized the federal 

regula tions th a t determine i f  a u t i l i t y  customer is  a q u a lif ie d  
cogenerator. The fo llow ing  is  an excerpt o f th e ir  summary:

The FERC has issued i t s  f in a l ru les under Section 210 o f 
PURPA. Two types o f ru les have been in s t itu te d , those fo r  
small power producers using renewable energy resources 
l ik e  wind and water, and those fo r  cogenerators using 
fo s s il fue l sources. The ru les fo r  cogenerators using 
coal as th e ir  primary energy source are d if fe re n t from 
those using fue ls  based on o i l  and natural gas. Both sets 
o f ru les have a measure o f e ff ic ie n c y  as pa rt o f the 
d e f in it io n .  The argument was th a t a small power producer 
using only a minute portion o f the waste heat (to  heat a 
too l shed) should not be considered a q u a lif ie d  cogenerator; 
the use o f waste heat under these circumstances would 
correspond to  a legal f ic t io n ,  and should not be to le ra te d . 
This provis ion is  even more important when applied to 
cogenerators using o i l  and natural gas as th e ir  energy source.



SECTION I I .  -  CONTINUED

There are two types o f cogeneration equipment which must 
be covered by the e ff ic ie n c y  standards. They are:

•  Cogeneration equipment l ik e  d iesels and fue l 
c e lls ,  which produce thermal energy as a by-product 
o f producing e le c tr ic a l energy: thermal supply is
co incident w ith  the e le c tr ic a l supply fo r  these 
systems; and

•  The steam ex trac tion  turbines where useful thermal 
energy is  removed from the tu rb ine before i t  is  
used to produce e le c t r ic i t y ;  thermal supply and 
the e le c tr ic a l supply are a n ti-co in c id e n t fo r  
these systems (when the thermal supply is  high, 
the e le c tr ic a l supply is  low and vice versa).

Because the ru les must apply to  both types o f cogeneration 
equipment, the equations must be w ritte n  in terms o f annual 
average energy ra ther than instantaneous energy de livered . 
The equations representing the e ff ic ie n c y  standards have 
the fo llow ing  form:

and
.425 E.^ i f  E

( 1 )

( 2 )

(3)

Where: E^^ is  the average to ta l fue l energy
in to  the system

E  ̂ is  the average thermal energy

Eg is  the average e le c tr ic a l energy

P

The expression o f the standard in  terms o f annual averages 
leads to  a d i f f i c u l t  design problem fo r  the fue l c e ll cogen­
era tion  equipment. In order to  be considered a q u a lifie d  
cogenerator during the time when the thermal demand o f the 
bu ild ing  is  low, a higher percentage o f the ava ilab le  thermal 
energy must be used during the peak demand season than would 
be otherwise required i f  the equations re fe rred  to ins tan­
taneous energy usage.
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SECTION I I .  -  CONTINUED

I f  we assume a heat ra te  fo r  the fue l c e ll as 9729 kJ per kwh, 
and i f  Equation 2 were to  apply instantaneously, th is  would imply 
tha t a minimum o f 1072 kJ o f thermal energy must be used fo r  every 
kwh o f e le c t r ic i ty  produced. I f  Equation 3 applied instantaneously, 
a minimum o f 1558 kJ must be used fo r  every kwh produced. However, 
i f  e ith e r o f these numbers were used as the design parameter, the 
cogenerator might not be a q u a lif ie d  cogenerator except during the 
w in te r and summer seasons. In order to be a q u a lif ie d  cogenerator 
during the e n tire  season, more o f the waste heat must be used.

The benefits  th a t accrue from meeting the c r i te r ia  o f a q u a lif ie d  
cogenerator include:

•  The p rov is ion , by the u t i l i t y ,  o f back-up capacity , 
w ith charges which are id e n tica l to  the charges tha t 
would have applied i f  the customer were not a 
cogenerator, and

•  The purchase o f the excess e le c tr ic a l energy a t 
a ra te  not to  exceed the u t i l i t y ' s  avoided cost 
o f service.

While there was a great deal o f argument concerning what constitu ted  
reasonable back-up capacity p r io r  to the issuance o f the FERC ru le s , 
th is  argument is  now se ttle d . However, argument continues concerning 
what constitu tes  the u t i l i t y ' s  avoided costs.

TASK I I I  - ON-SITE SYSTEM DEVELOPMENT

This task forms the core o f the Phase I I I  Contract. Work
under th is  task w i l l  re s u lt in  the breadboard design o f a system fo r
an o n -s ite  ap p lica tio n . The power p lant w i l l  be designed fo r  a 
rated output o f 50kW (e le c tr ic a l)  or some m u ltip le  the reo f. The 
fue l processor and power cond itioner w i l l  each be 50kW modules, while 
the 50kW fue l c e ll w i l l  comprise two 25kW stack modules. This task is  
accordingly broken down in to  fou r sub-tasks as fo llow s:

3.1 Large Stack Development (97048)
3.2 Large Fuel Processor Development (97038)
3.3 Overall System Analysis (97051)
3.4 Overall System Design and Development (97064)

-6 -



f

SECTION I I .  -  CONTINUED

A large part o f Sub-Task 3.3 is  being carried  out by Physical Sciences 
Inc. (PSI) under subcontract.

LARGE STACK DEVELOPMENT (97048)

The pre lim inary design fo r  the 25kW stack was completed 
in  October and de ta iled  drawings are approximately 20% complete. An 
overa ll sketch is  shown in  Figure 5. The c e ll size o f 0.33m x 0.56m 
(13" X 22") w i l l  have an a c tive , current-producing area o f 0.30m x
0.53m (12" X 21") or O.lSm^ (1.75 f t ^ ) .

To keep weight to a minimum, aluminum w i l l  be used fo r  the 
stand, the compression plates and a l l  manifolds.

The a ir  and hydrogen manifolds w i l l  a l l  be separate; 
each w i l l  consist o f a frame w ith  a removable cover fo r  inspection. 
They w i l l  be independently sealed to  prevent any cross-leakage o f 
gases.

On previous Engelhard stacks the coolant manifolds have 
been mounted inside the a i r - in le t  m anifold. In the present 25kW 
design the coolant manifolds w i l l  be mounted e n t ire ly  e x te rn a lly  
on the a i r - in le t  side. Cooling p la te  in le t  and e x it  tubes w i l l  
be routed a t corners between the separately sealed manifolds.
This w i l l  a llow  fo r  easier access to  the cooling system.

In i t s  present conception the stack w i l l  have 152 c e lls  

in  38 sub-stacks o f fou r c e lls  each. There w i l l  be a cooling plate 
between each pa ir o f sub-stacks and an aluminum curren t c o lle c to r at 

each end o f the stack. In Figure 5 the stack height has been omitted. 

This dimension is  subject to some va ria tio n  depending upon the exact 
thickness eventua lly  chosen fo r  several components. The fo llow ing  is

-7 -
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SECTION I I .  -  CONTINUED

an estimate o f stack height based upon current technology:

152 c e lls  a t 0.293" = 44.5"
37 cooling plates a t 0.280" = 10.4"

2 compression plates a t 1.0" = 2.0"
2 in su la tin g  plates a t 0.125" = 0.3"
2 curren t c o lle c to r plates a t 0.500" = 1.0"

58.2"
(1.48 meters)

A variab le -s tack te s t f ix tu re  has been designed fo r  
forthcoming tes ts  on fu l l - s iz e  c e lls  (0.33m x 0.56m or 13" x 22").
An undimensioned sketch o f th is  u n it is  shown in  Figure 6. Stacks 
o f from one to 24 fu l l - s iz e  c e lls  w i l l  be accommodated by means o f 
s lid in g  seals on the manifold. Other d e ta ils  shown are the 
arrangement o f manifold clamps a t the corners and the adjustable 
stack compression p la te  and bo ltin g  design. Construction w i l l  be 
o f m ild s te e l, w ith  the exception o f the manifolds and cu rren t- 
c o lle c to r p la tes , which w i l l  be o f aluminum..

LARGE FUEL PROCESSOR DEVELOPMENT (97038)

The ob jec tive  o f Sub-Task 3.2 is  to  design a fue l processor 
fo r  a 50kW fue l c e l l .  This processor design w i l l  be based in  part on 
the 5kW fue l processor design used in  Task I .

The 5kW u n it consists o f 20 tubes 2.5 cm in  diameter and 

71 cm long. The ca ta lys t in the tubes is  heated by flu e  gas flow ing 
through the shell o f the reacto r. The burner producing th is  f lu e  gas 
is  located d ire c t ly  below the shell and tube arrangement and is  an 
in te g ra l part o f the reformer vessel. The burner f lu e  gas trave ls  
to  the shell by way o f a centra l duct. The revised version o f the 
5kW reformer is  shown in  Figure 7. This reformer has been evaluated 
as part o f the 5kW in tegra ted system and has met the requirements 
o f th a t system.
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SECTION I I .  -  CONTINUED

Two key observations made during the evaluation o f the 

5kW u n it are o f in te re s t in  the design o f the 50kW fue l processor. 
These are lis te d  below:

1) The 5kW fue l processor was operated successfu lly 
a t 150% o f the design ra te . That is ,  the present design 
could s a tis fy  the hydrogen requirements o f a 7.5 kW fue l c e l l .  
Part o f th is  over-design might be desirab le to  allow  fo r  
long-term aging. However, i t  could suggest tha t the scale-up 
fa c to r fo r  a 50 kW fue l processor need not be 10/1 but might 
be 50/7.5 or 6 .7 /1 . I t  is  important fo r  various reasons, such 
as cost and load fo llo w in g , not to  overdesign the 50kW fuel 
processor.

2) The reheating e ffe c t re su ltin g  from the in te ra c tio n  
between the burner and the heat exchanger tubes o f the reformer 
was reduced, but not e n tire ly  elim inated in  the revised version 
o f the 5kW fue l processor. Complete decoupling is  desirable
in  order to minimize the CO le v e l, which is  a ffected by the 
ca ta lys t bed e x it  temperature.

These considerations have led to  a proposed 50kW fue l 
processor design th a t is  shown schematically in  Figure 8. This is  
only the f i r s t  pass a t a 50kW fue l processor design and other design 
problems must be resolved before a f in a l design is  established from
which to order parts and to  prepare shop drawings. The key elements

o f th is  design are ou tlined  below:

1) The design is  based on the concepts proven in  the 5kW
fue l processor.

2) The burner has been separated from the reacto r.
Figure 8 shows the burner adjacent to  the reac to r, but other 
locations w i l l  be considered to  conserve heat and to  minimize 
space requirements.

-9 -
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SECTION I I .  -  CONTINUED

3) The s tra igh t-th rough  (upflow) design lowers the flu e
gas pressure drop, since the flu e  gas makes fewer turns in  passing 
through the reactor section , when compared to  the 5kW reformer.

The process gas (MeOH/H20) also tra ve ls  in  the upward 
d ire c tio n . This could be a problem a t high gas v e lo c it ie s  due to 
possible f lu id iz a t io n  o f the ca ta lys t bed. However, Engelhard has 
licensed several upflow reactors which have been successfully 
demonstrated commercially. A p rop rie ta ry  design re ta ins  the 
ca ta ly s t. A lso, the lin e a r v e lo c it ie s  in  our design are well below 
the minimum f lu id iz a t io n  v e lo c ity .

4) The reactor is  a commercial shell-and-tube heat exchanger. 
For in i t i a l  production, these w i l l  be less expensive than reactors 
b u i l t  in-house. The heat-exchanger manufacturers are set up to 
b u ild  un its  w ith  3/4" and 1" tubes on a large volume basis.
Larger diameter tubes a c tu a lly  increase cost, even though fewer 

tubes are required.

5) The burner is  also a commercial u n it capable o f burning 

both anode vent gas and methanol. The burner contains two separate 
heat-exchanger c o ils ;  one to  u t i l iz e  waste-heat fo r  heating, 
v e n tila t in g , and a ir-co n d itio n in g  purposes and the second to 
preheat the methanol/water m ixture to  reactor in le t  cond itions.
The f i r s t  c o il could also be used fo r  heating a liq u id  fo r  HVAC 
purposes. A key ob jec tive  is  contro l o f the flue-gas temperature 
before i t  enters the tubu la r zone containing the ca ta ly s t. In the 
curren t 5kW reformer the flue-gas temperature is  con tro lled  
p r im a rily  by excess a ir .  This, however, lowers ove ra ll system 

e ff ic ie n c y  since the heat content o f the flu e  gas is  not u t i l iz e d  
to  the maximum extent.

-10 -
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SECTION I I .  - CONTINUED

Design o f the 50kW u n it w i l l  u t i l iz e  the mathematical 
models tha t are now ava ilab le :

1) Steady-State System Model (PSI)
2) One-Dimensional Reactor Model
3) Two-Dimensional Reactor Model

The f i r s t  two models were developed in Phase I I  and have been 
previously described. The system model establishes the design flow  
ra tes , e tc. The one-dimensional model is  used ro u tin e ly  to compare 
c a ta lys ts , reactor operating parameters, e tc . The two-dimensional 
model is  based on one purchased from the U n ivers ity  o f Arizona which 
involves the thesis work o f Professor James Lowell Kuester*. This 
program has been transfe rred  to Engel hard's DEC 11/34 computer and 
extensive ly modified to model tubu la r reactors o f the type cu rre n tly  
being used.

This two-dimensional model cuts the tube radius in to  
5 concentric annular c e lls  in  which transport properties (heat and
mass) are propagated ra d ia lly  and a x ia lly  to  adjacent c e lls .  As w i l l
be shown by some examples discussed below, the temperatures near the 
center o f the tube, fo r  the endothermic reaction , are considerably 
lower than those a t the tube w a ll,  re su ltin g  in  lower ra te  o f reaction . 
This model, the re fo re , gives a more accurate model o f temperature and 

concentrations along the axis o f the tube than does the one-dimensional 
model.

The use o f the two-dimensional model in  the development o f 
the 50kW reformer w i l l  be i l lu s tra te d  by comparing the performances 
o f reactors containing 2.54 cm (1 ") diameter tubes and 5.08 cm (2")

* Kuester, J. L ., Two-Dimensional Model Simulation o f Fixed Bed 
C a ta ly tic  Reactors, Doctoral D isse rta tion , Texas A&M U n ive rs ity , 
College S ta tio n , Texas, January 1970.

-11 -



SECTION I I .  -  CONTINUED

diameter tubes. In th is  example the ca ta lys t volume is  the same fo r  
the two d if fe re n t tube sizes, as is  the reactor length o f 127 cm 
(4.2 f t ) .  There are 120 tubes in  the 2.54 cm version and only 
27 tubes in the 5.08 cm version. Entrance conditions are id e n tica l 
fo r  the two cases. Figure 9 shows the ra d ia l temperature d iffe rences, 
i . e . ,  the d iffe rence  between the center c e ll and the outermost rad ia l 
c e l l ,  down the length o f the tube. These d iffe rences go through a 
peak near the in le t  o f the tube. This maximum ra d ia l gradient is  
about 50°F (28 K) fo r  the 5.08 cm tube and about 25°F (14 K) fo r  the 
2.54 cm tube. Even near the e x it  o f the tube, large rad ia l gradients
are noted fo r  the 5.08 cm tube. Figures 10 and 11 show the e ffe c ts
o f these severe ra d ia l gradients on conversion through the tubes. At 
the in le ts  o f the tubes, shown in Figure 10, the conversion s ta rts  to
lag behind fo r  the 5.08 cm tube. Figure 11 shows th a t the 2.54 cm tube
achieves nearly 100% conversion a t the 127 cm distance whereas the 
5.08 cm tube approaches only 95% conversion o f methanol. Calculations 
using the two-dimensional model show th a t a tube 254 cm long would be
required to approach 100% conversion i f  the 5.08 cm tube were used.

A key parameter in  both the one- and two-dimensional reactor
models is  the heat tra n s fe r c o e ff ic ie n t ca lled  H . H is  the overa llw w
c o e ff ic ie n t fo r  the inside f i lm ,  the tube w a ll, and the outside ( flu e
gas) f i lm .  In Figures 9, 10 and 11, the value used fo r  H was 20.5

2kJ/h r m K. However, various ca lcu la tions  ind ica te  a somewhat higher
value fo r  H^. Calculations show th a t the 5.08 cm tube length required
fo r  e sse n tia lly  complete conversion could be cut in  h a lf i f  H werew
doubled. The value o f is  a ffected by b a ffle  arrangement, reactor 
con figu ra tion , and tube diameter. I t  varies a x ia lly  w ith in  the shell 

as a function  o f temperature. A key ob jec tive  in  the experimental part 
o f th is  program is  to  provide estimates o f the value o f H^.
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SECTION I I .  -  CONTINUED

One approach to  the determ ination o f is  through sim ulation 
w ith  s ing le -tube stud ies. To th is  end, a 2" diameter tube has been 
assembled w ith  thermocouples to measure ax ia l and rad ia l temperatures. 
Some pre lim inary runs have been made, and under some conditions 
rad ia l gradients in  excess o f 100°F (56 K) have been obtained.
Analysis o f data from these runs is  in  progress.

Another aspect o f the development o f the 50kW reformer is  the 
se lection  o f c a ta ly s t. This w i l l  be discussed under Task V but must 
be considered in  processor development since ca ta lys t p rope rties , in 
p a rtic u la r temperature l im ita t io n s , impact reactor design and operation.

The program fo r  the next quarter w i l l  be d irected towards 
d e ta ilin g  the design o f the SOkW u n it as shown in Figure 8. This 
inc ludes:

1) Contacts w ith  heat-exchanger vendors to  get cost and 
other data. Inform ation on heat exchangers fo r  both 5 and SOkW 
reformers is  being requested. A 5kW u n it would be tested to  provide 

the most applicab le  scale-up data.

2) Contacts w ith  burner manufacturers w i l l  be in it ia te d  also.

3) The s ing le-tube studies w i l l  continue. The experimental 
re su lts  w i l l  be compared to  the re su lts  from the two-dimensional model.

4) A n c illa ry  components w i l l  be sized.
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OVERALL SYSTEM ANALYSIS (97051)

The ob jec tive  o f th is  sub-task is  to  maximize overa ll 
fue l u t i l iz a t io n  and to minimize in s ta lle d  cost. This w i l l  be 
assisted by use o f a computer model o f the power p lant and in te r ­
facing elements. As required, various items o f the HVAC subsystem 
w i l l  be modeled. Physical Sciences Incorporated is  developing 

these models w ith  Engelhard.

Last quarter the reporting  concerned various sub-routines 
th a t were being developed or improved to  aid in  th is  ana lys is. During 
th is  quarter work has focused on three areas;

1) The Advantages o f P ressurization
2) System E ffic ien cy  a t Part Load
3) HVAC Modules

The la s t item is  s t i l l  being developed. An important part o f tha t 
work was to  develop a module to  handle heat and mass tra n s fe r 
simultaneously as, fo r  example, in  a condenser. More d e ta ils  o f 

th is  work w i l l  be presented la te r .

The advantages o f pressuriz ing a fue l c e ll power p lan t are 
l is te d  in  Table I .  Improvements in  system e ff ic ie n c y  and reduction 
in  power p lan t costs are a tta in a b le . Turbochargers o f about the size 
required fo r  a SOkW u n it are commercially ava ilab le  fo r  automotive use;

3
the fue l c e ll power p lan t w i l l  require about 4.5 m /minute o f a ir  fo r  
burning the anode vent gas and fo r  cathode feed. A system con figura tion  
fo r  an o n -s ite  system is  shown in  Figure 12. The turbocompressor 

supplies a ir  to the cathode and the two burners. This power p lant 
supplies the fue l c e ll coolant to  the HVAC subsystem a t 483 K (410°F) 
and receives i t  back from HVAC a t 434K (322°F). The condenser removes
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SECTION I I .  -  CONTINUED

s u ff ic ie n t  water from the exhaust gas stream to supply the 1.3 moles 
o f water required fo r  each mole o f methanol consumed.

Case studies were run a t 1, 1 .5 , and 2 atmospheres. For a 
given set o f conditions Figure 13 shows an increase in  overa ll 
e le c tr ic a l e ff ic ie n c y  from 31% to  about 37% as pressure increases. 
Figure 14 shows the corresponding reduction in  stack area tha t also 
re su lts  from pressuriza tion . System cost is ,  o f course, a strong 
function  o f stack area. Other studies are in  progress w ith  th is  
system. The p r in to u t from the case studies has been expanded to 
l i s t  the cogeneration enthalpy ava ilab le  and to  give more d e ta ils  
about the tu rb ine .

Plant e ff ic ie n c y  a t pa rt load is  an important ch a ra c te ris tic  
o f power p lan ts . One advantage o f fue l c e lls  compared w ith  other 
power plants such as gas turbines is  th a t ove ra ll e ff ic ie n c y  remains 
f a i r ly  constant w ith  load. The computer programs must be able to 
determine th is  e ff ic ie n c y  and to  p red ic t pa rt load performance 
accurate ly.

In a fue l c e l l ,  overa ll e ff ic ie n c y  is  the product o f the 
various subsystem e ff ic ie n c ie s :

EG = Overall E ffic iency  = EM-ETEF-ES

where EM = Mechanical E ffic iency
El = Inve rte r E ffic iency
EF = Fuel Processor E ffic iency
ES = Stack (Fuel C e ll) E ffic iency
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EM, E l, and EF tend to increase w ith  load. The in ve rte r e ff ic ie n c y  
fo r  a SOkW system is  expected to increase roughly from 80 to 90% 
as load increases from 25 to  75%, w ith  l i t t l e  fu r th e r increase fo r  
loads between 75 and 100%. However, ES decreases w ith  increasing 
load since:

ES = V ^ g ^ ^ / 1 . 2 5 2 7

where is  the c e ll voltage produced and 1.2527 is  the voltage
equivalent to the lower heating value o f hydrogen a t 298 K. (This 
convention is  a rb itra ry , but is  w idely used.) Voltage increases as 
load (or curren t density) decreases. Thus i t  is  possible fo r  overa ll 
system e ff ic ie n c y  to remain f a i r ly  constant as load decreases, the 
s lig h t  decrease in  the other e ff ic ie n c ie s  being compensated by the 
increase in  stack e ff ic ie n c y .

A dominating fa c to r in  these ca lcu la tions  is  hydrogen 
u t i l iz a t io n .  Hydrogen u t i l iz a t io n  must be decreased w ith decreasing 
load to provide s u ff ic ie n t fue l (anode vent gas) heating value to  the 

fue l processor. This re la tio n sh ip  is  given by the fo llow ing  equations:

EF = ( u H - n „ ^  p • L H V „ ^ y ( n ^  • LHV^^

where EF = fue l processor e ff ic ie n c y

UH = hydrogen u t i l iz a t io n
n„ p = moles hydrogen produced per hour 

2, by the fuel processor
LHVn = lower heating value o f hydrogen ^2
LHV|i= lower heating value o f methanol 

n̂  = moles per hour o f methanol fed to  the u n it
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This equation shows tha t EF is  proportional to UH i f  other factors 
are constant. The example th a t fo llow s shows how the steady-state 

computer programs are used to ca lcu la te  system e ff ic ie n c y  versus load.

The re su lts  o f the case studies fo r  the SOkW example are 
lis te d  in  Table I I .  In th is  example, which is  based in  part on 
heat loss observations w ith  the 5kW integrated system, the heat 
loss from the system is  held constant w ith  load a t 27,980 kJ/h r. 
Although th is  is  the heat lo s t from both stack and reform er, the 
m a jo rity  o f th is  comes from the burner section o f the reformer.
A lso, 2.8 times s to ich iom etric  a ir  to  the burner was used in  th is  
case study. This high a ir  to anode vent gas ra t io  was used in the 
5kW u n it to moderate the combustion-gas temperature in  hea t-transfe r 
communication w ith  the ca ta ly s t. A lte rn a tive  contro l schemes are 
being considered fo r  the SOkW u n it.

Table I I  l is t s  the various calcu la ted values as the current 
density decreases a t constant hydrogen u t i l iz a t io n ,  s ta r tin g  w ith 
UH = 80%. Note th a t the reactor flue-gas temperature drops to  an 
unacceptable leve l fo r  the fue l processor as the load decreases.
The hydrogen u t i l iz a t io n  must drop as load is  decreased u n t i l  the 

flue-gas temperature is  once again acceptable. Figure 15 is  a p lo t 

o f the ove ra ll e ff ic ie n c y  versus load.

This type o f o ff-des ign  analysis has now been added to 
the computer program to  lower hydrogen u t i l iz a t io n  au tom atica lly 
u n t il the reformer heat balance is  provided. Work continues in 
developing th is  type o f fue l c e ll power-plant ana lys is.
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OVERALL SYSTEM DESIGN AND DEVELOPMENT (97064)

The e ffe c tiv e  u t i l iz a t io n  o f waste heat in  absorption 
c h il le rs  requires tha t the condensing temperature fo r  the working 
f lu id  o f the c h i l le r  be as low as possib le, p re ferab ly well under 
300K. Both the capacity and the Coefficient-of-Perform ance (C.O.P.) 
o f absorption c h il le rs  are s trong ly  dependent on the c h i l le r 's  con­
densing temperature. (C.O.P. is  defined as the ra t io  o f c h i l l in g  
energy to  energy input to the c h i l le r . )  I t  is  d i f f i c u l t  to generate 
condensing temperatures below 300K on hot summer days, even w ith  the 
help o f large and expensive cooling towers.

The use o f thermal storage based on hea t-o f-fus ion  m ateria ls 
is  being examined in  re la tio n  to  lowering the average c h i l le r  condenser 
temperature. Such m ateria ls are designed to melt and thus absorb heat 
from the condensing stage o f absorption c h il le rs  during the day when 
the outdoor temperature is  too high to  generate the desired cooling 
temperatures d ire c t ly  w ith  reasonably sized equipment. The heat-absorbing 
m ateria l can be regenerated a t n igh t by le t t in g  i t  freeze and thereby 
re je c t heat to  the atmosphere. A p rac tica l thermal storage m ateria l 
fo r  th is  app lica tio n  should be inexpensive, have a re la t iv e ly  large 
la te n t heat o f fus io n , and a melting po in t somewhere between 290K and 

293K. A search is  being carried  out fo r  such a m a te ria l, and so fa r  
a fam ily  o f p rop rie ta ry  p a ra ffin  waxes has been found tha t comes close 
to meeting these sp e c ifica tio n s . Since they are simple petroleum 

d e riva tive s , these waxes are expected to  be f a i r ly  inexpensive and 
non-corrosive. Their heat o f fusion is  o f the order o f 40 ca lo ries  

per gram, about h a lf th a t o f ice and among the highest o f any ambient 
temperature melts. The best composition tested so fa r  freezes a t 295K, 
ju s t  a few degrees above the usable range. Several new compositions 

have meanwhile been received and w i l l  be tested sh o rtly .

f
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A study o f how best to  u t i l iz e  waste heat from the fuel 
c e ll system is  underway. From the work completed so fa r ,  i t  is  
c lea r tha t the amount o f waste heat u t i l iz e d  in  a yea r's  time 
c r i t i c a l l y  a ffe c ts  the p r o f i t a b i l i t y  o f owning or leasing an 
on -s ite  fue l c e ll system. The size o f the fue l c e ll re la t iv e  to 
the s ite  load in  tu rn  determines how much o f the waste heat can be 
e ffe c t iv e ly  u t i l iz e d .  For s ite s  w ith  approximately equivalent HVAC 
load and e le c tr ic a l load, the fue l c e ll system can be sized a t or 
close to  the peak e le c tr ic a l load, espec ia lly  i f  some power can be 
sold back to  the e le c tr ic  u t i l i t y .

For s ite s  w ith  a less favorable ra t io  o f HVAC to  e le c tr ic a l 
load, a connection to the power g rid  is  essen tia l. Such a connection 
allows the fue l c e ll system to  be sized a t less than the peak e lec­
t r ic a l  load, w ith  the power g rid  supplying the d iffe ren ce . As the 
fue l c e ll system is  sized down re la t iv e  to  the s ite  peak load, the 
fue l c e ll waste heat can be u t i l iz e d  by the s ite  to the greater extent 
necessary fo r  a po s itive  and a tt ra c t iv e  cash flow . Most favorable 
o f a l l  are s ite s  w ith  a re la t iv e ly  constant e le c tr ic a l load and a 
re la t iv e ly  large HVAC load, such as hosp ita ls . Such s ite s  can be 
p ro fita b le  even i f  they are not connected to  the power g r id .

S e n s it iv ity  studies were ca rried  out to assess the e ffe c t 
on the fue l c e ll system economics o f in i t i a l  system costs, e le c t r ic i ty  
costs, fue l costs, and the re la t iv e  size o f the fue l c e ll system.
These studies ind ica te  tha t even i f  the in i t i a l  cost o f the fuel c e ll 
system (excluding HVAC) should r is e  from an estimated $800 per kW 
(1981 d o lla rs ) to  $1600 per kW (1981 d o lla rs ) ,  there could s t i l l  be 
considerable savings and an a ttra c t iv e  a fte r - ta x  re tu rn  on the 
d if fe re n t ia l investment. The re su lts  also ind ica te  th a t a r is e  in  
the p rice  o f natural gas toward the energy-equivalent p rice  o f fuel 
o i l  would not by i t s e l f  destroy the economic advantage o f the system, 
and th a t a decrease in the con stan t-do lla r price  o f methanol would
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grea tly  enhance the economics o f a methanol-based fue l c e ll in  regions 

where natural gas is  unavailable. Most s ig n if ic a n t ly ,  an increase 
in  the cons tan t-do lla r price  o f e le c tr ic  power would have a d ra s tic a lly  

bene fic ia l e ffe c t on the economics o f e ith e r a methanol-based or a 
natural-gas-based fue l c e ll system.

TASK IV - STACK SUPPORT (97049)

The purpose o f th is  task, which w i l l  continue throughout the 
con trac t, is  to  investiga te  new m ateria ls and component concepts by 
experimentation and the use o f sm all-stack t r ia ls .  The c r i te r ia  fo r  
choosing a c t iv i t ie s  under th is  task w i l l  be the p o s s ib il it ie s  o f 
improved performance or reduced cost, or both. Improvements in , and 
performances o f e le c tro ca ta lys ts , though generated under Engel hard- 
sponsored Task V I, w i l l  be reported under Task IV.

IMPROVED BIPOLAR PLATE PRODUCTION METHODS

U ntil now the P fize r process fo r  preparing need led-fe lt 
A-elements has consisted o f three steps in order o f increasing 
temperature: (1) Carbonization o f rayon precursor, (2) G raph itiza tion

to increase strength and (3) Chemical vapor deposition (CVD) o f
add itiona l carbon to  6-8 times o r ig in a l weight. The f i r s t  two steps
have been done while the m ateria l was in  r o l l  form, while the la s t 
has been done a fte r  the m ateria l was cut in to  f l a t  sheets. Because 
Step 2 involves considerable shrinkage, leaving the m ateria l in r o l l  
form during th is  step has apparently been responsible fo r  va ria tions  
in  th ickness, which have caused a high re je c t ra te .

T r ia ls  are now being conducted to  combine Steps 2 and 3 in to
one continuous sequence o f increasing temperature. The m aterial is  cut 
and l ie s  f l a t  fo r  th is  combined step. This is  expected to  reduce the
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time required fo r  fa b rica tio n  as well as provide more uniform thickness 

o f the product. Although te s tin g  o f th is  combined step is  being 
conducted in  batch lo ts ,  s im ila r processing should be achievable in 
continuous production.

The next step in the production o f b ipo la r ABA plates is  
bonding o f the sandwich w ith graphite adhesive. During the most 
recent large-batch run a t P fiz e r, the adhesive was applied too 
coarsely, followed by assembly and curing. The re s u lts , a fte r  
assembly and curing , were uneven thickness o f the p la tes , poor 
e le c tr ic a l co n d u c tiv ity , and d i f f ic u l t y  in edge-sealing the plates 
due to  the corrugated con figura tion  o f the adhesive layers. Use o f 
these plates in  the 5kW stack led to  the problems described e a r lie r  
in  Task I .

As the re s u lt o f fo llow -up studies between Engelhard and 
P fiz e r, a "green-pressing" step has been adopted between the assembly 
and curing steps. This pressing is  carried  out a t 70 to 140 kPa 
(10-20 ps i) while the adhesive is  s t i l l  wet. I ts  e ffe c t is  to  f la t te n  
and th in  out the adhesive layers in  the sandwich. Recent te s t samples 

prepared by P fize r using th is  modified procedure have been th inner 
ove ra ll and more even in  thickness. They also have exce llen t e le c tr ic a l 

conduc tiv ity  (less than 1 mV IR-drop a t standard te s t cu rren t, as 
compared to  15-30 mV drop w ith the old procedure). No problems w ith 

edge-sealing are an tic ipa te d . In production now is  a replacement set 
o f these improved plates fo r  a rebu ild  o f the 5kW stack.

A new grooving machine has been set up fo r  the machining of 

constant-depth grooves in  fin ished  ABA p la tes. Since widths o f up to  
14" can be cut w ith  a s ing le  pass, fewer passes w i l l  be required to 
cut a fu l l-s iz e d  p la te  than were required w ith the old machine. In 

operation the p la te  is  fed over the grooving wheels by two driven 

ro lle rs .  The grooving wheels are mounted on an arbor located below 
the work tab le . The arbor height is  adjustable so th a t the wheels
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protrude through the work tab le  to a height corresponding to  the 
required groove depth. Cutter lu b r ic a tio n , cooling and dust 
suppression are provided by a water spray on the wheels. M odifications 

might be made la te r  to  th is  machine to  permit c u tt in g  the plates to 
size simultaneously w ith  the grooving.

MEASUREMENTS OF ABA PLATE RESISTANCE

An accurate and re lia b le  measurement o f p la te  resistance 
requires th a t the contacting surface used to  make the measurement 
be h igh ly conductive and have minimal contact resistance a t the p la te 
surface. Thin carbon sheets provide low contact resistance but are 
not s u f f ic ie n t ly  conductive to  avoid the flow  o f la te ra l (p lanar) 
currents in  the p la tes ; such currents can lead to  s ig n if ic a n t 
measurement e rro rs . Copper screens are h igh ly  conductive, but th e ir  
tendency to  ta rn ish  leads to  un re liab le  e le c tr ic a l contacts which 
can also generate la te ra l currents and consequent e rro rs . These 
problems are avoided w ith  a modified measuring technique using 

go ld-p la ted copper screens as contacts. The co n trib u tio n  o f such 
screens to the to ta l measured resistance o f ABA plates has been found 
to be well under 1 m i l l iv o l t ,  and la te ra l currents are n e g lig ib le .

ELECTROLYTE MANAGEMENT

The development and evaluation o f an improved e le c tro ly te  
management system continued th is  quarte r. A new method fo r  s to ring  
and d is tr ib u t in g  e le c tro ly te  to  ind iv id ua l c e lls  w ith in  a fue l c e ll 
stack has been under te s t. This improved e le c tro ly te  management 
system allows fo r  e le c tro ly te  replenishment in response to  c e ll demand, 
w ithout in te r fe r in g  w ith  the normal operation o f the electrodes, 

reactant d is tr ib u t io n  plates or other c e ll components.
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Such an e le c tro ly te  management system was demonstrated 
successfu lly in  a 3 -ce ll stack th a t has been running fo r  2000 hours.
The anode ca ta lys t in  th is  stack had an o r ig in a l Pt surface-area o f

2
84 m /g  and was formulated w ith  45% Teflon (TFE) in  the f in a l mix.

2
The corresponding data fo r  the cathode ca ta lys t were 98 m /g  and 50%. 
The o p e n -c ircu it voltage h is to ry  o f th is  stack is  shown in Figure 16 
and the load voltage in  Figure 17. I t  is  planned to  continue th is  te s t 
fo r  a t leas t another 1000 hours.

The peak o p en -c ircu it voltage shown was 900 mV/cell and 
the average op e n -c ircu it voltage was 887 mV/cell (Figure 16). A fte r 
1300 hours the e le c tro ly te  replenishment was in te rrup ted  fo r  350 hours, 
This planned in te rru p tio n  caused a decrease in  the stack performance, 
reducing the average o p e n -c ircu it voltage to 870 mV. When the 
e le c tro ly te  replenishment was resumed the o p en -c ircu it voltage 
recovered to  877 m V/cell.

2
Under standard load (161 mA/cm ) a peak voltage o f 

643 mV/cell was obtained and an average voltage, p r io r  to  the 

in te rru p tio n , o f 637 m V/cell. The in te rru p tio n  in  the e le c tro ly te  
replenishment caused a decrease in  the average to  620 mV, which 

recovered to  625 mV upon resumption o f e le c tro ly te  feed.

Results o f stack tes ts  o f an e a r lie r  version o f the 
e le c tro ly te  management system were summarized in  the August, 1981 

Monthly Technical Progress N arra tive , pp. 8-9.

CORROSION TESTING OF CATALYST CARBON SUPPORTS

The improved corrosion resistance o f a s ta b iliz e d  carbon 

support m ateria l (heat-trea ted) is  shown in  Figure 18. An e le c tro ­
c a ta lys t using th is  s ta b iliz e d  carbon support showed s ig n if ic a n t ly
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lower corrosion curren t than the base-line type a t 1.0 v o lt  (vs. 
reve rs ib le  hydrogen electrode) and 204°C. The te s t a t 1.0 v o lt  has 
been used in  th is  labora tory in  the past as a basis fo r  comparison 

on ly ; i t  is  more severe than the actual conditions the m aterial 
would encounter.

EVALUATION OF PLATINUM RECRYSTALLIZATION

The Pt surface-area losses fo r  a developmental e le c tro ­
c a ta lys t during c e ll operation were determined using c y c lic  voltam- 
metry. The ca ta lys t was o f the s ta b iliz e d -P t/s ta b iliz e d -s u p p o rt type 
(#11175-33-2). Voltammograms before and a fte r  6000 hours o f service 
are shown in  Figure 19. The Pt surface-area loss is  c le a r ly  ind icated 
in  the reduction o f the area under the hydrogen adsorption peaks.
(The in i t i a l  sharp peak on the ox id iz in g  cycle is  not due to adsorbed
hydrogen.) The loss as a function  o f time is  p lo tted  in Figure 20.

2
The ca ta lys t maintained a surface-area o f 45 m /g  Pt a fte r  the 6000- 
period, or s l ig h t ly  less than h a lf i t s  o r ig in a l value.

Another developmental e le c tro ca ta lys t o f the s ta b iliz e d -P t/ 
s tab ilized -suppo rt type (#11445-48) showed improved resistance to 
platinum s in te rin g  when tested in  an aging c e ll against a base-line 

ca ta ly s t. Figure 21 shows the Pt surface-areas o f both these ca ta lys ts  
as a function  o f time a t 0.7V (vs. re ve rs ib le  hydrogen electrode) and
477 K (204°C). A fte r 1000 hours o f te s tin g  the developmental ca ta lys t

2
maintained a surface-area o f 45 m /g  Pt, whereas the base-line ca ta lys t

2
showed a surface-area o f only 15 m /g  Pt.

TASK V -  FUEL PROCESSING SUPPORT (97050)

The in te n t o f th is  task is  to provide background data and 
in form ation to support the design and construction o f an optimized 
50 kW fue l processor under Task I I I .  This support function  w i l l
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SECTION I I .  -  CONTINUED

continue throughout most o f the period o f the con trac t. Most o f 
the e f fo r t  o f th is  task w i l l  be devoted to  screening and longevity  

te s tin g  o f ca ta lys t fo r  methanol/steam reform ing.

Two commercially ava ilab le  ca ta lys ts  have been evaluated 
in  the sub-scale u n it to  se lect a preferred ca ta lys t fo r  the OS/IES 
fue l processor. The samples are being evaluated in  aging runs a t 
space-ve locities about double tha t to be used in the commercial u n it .  
This accelerates the aging i f  feedstock im pu rities  are a fa c to r in 
a c t iv i ty  decline. A lso, i t  provides conversions below 100% such tha t 
ra te  constants can be calcu la ted and declin ing  a c t iv i ty  observed.

The two oxide c a ta lys ts , both as 1/8" x 1/8" tab le ts  
(3.2mm D x 3.2mm L), have the fo llow ing  approximate compositions:

Composition, Wt. %
UCI Bulk Density,

Cata lyst No. g/ml  ^  ^  lH  A IqÔ
T2107RS 1.088 27.5 1.0 11.6 29.9
C70-2RS 1.548 - 22 55

In the aging te s t ,  the methanol/water mix contain ing 1.3 moles H2O 
per mole o f water was fed from a precise metering pump (Ruska) a t
16.3 ml per hour over 10 ml o f ca ta lys t lo g a rith m ica lly  d ilu te d  w ith 
alumina to  produce a nearly isothermal p ro f i le .  Thus the l iq u id -  
hourly-space-ve locity  was the same fo r  both c a ta lys ts ; i . e . ,  ml o f 
mix per hour per ml o f ca ta lys t was constant.

The te s t run on T2107RS was reported in  the Ju ly , 1981 

Q uarterly Report, p. 12. The performance was stable w ith  commercial 

grade methanol but declined w ith  a m ixture contain ing 800 vppm 
ethanol in  the methanol. A lso, the a c t iv i ty  did not recover upon
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f

SECTION I I .  -  CONTINUED

re tu rn  to  the o r ig in a l m ixture. The used ca ta lys t was analyzed 

fo r  carbon accumulation and compared to the v irg in  ca ta ly s t. Such 
ca ta lys ts  contain carbon on the v irg in  sample since graphite is
used as a lu b rica n t during manufacture. The re su lts  are l is te d  below:

T2107RS V irg in  2.25% Carbon
T2107RS Used 3.13% "

Repeat analysis on both samples gave id e n tica l resu lts  to two decimal 
places. Although th is  is  a small increase in  carbon, the metal 
surface-areas o f used copper ca ta lys ts  are small due to  copper 
c r y s ta l l i te  growth and could be rendered p a r t ia l ly  ina c tive  by 
even th is  small amount o f carbon.

The re su lts  to  date fo r  C70-2RS are l is te d  in  Table I I I  
and shown in  Figure 22. This ca ta lys t is  very stable even w ith 
an operating temperature o f 643 K (370°C), which is  about 100°C above 
th a t used w ith  T2107RS. The sample appears capable o f to le ra tin g  
800 vppm ethanol ( typ ica l value fo r  "crude" methanol); good recovery 
is  noted a fte r  re turn ing to the o r ig in a l feed. The temperature has 

since been increased to  673K (400°C) and nearly 100% conversion is  
observed w ith  a feedstock spiked w ith  800 vppm ethanol. The aging 

run is  s t i l l  in  progress.

In summary, the Zn/Cr type o f c a ta ly s t, although i n i t i a l l y  
less active  than the Zn/Cu type, has be tte r re ten tion  o f a c t iv i ty  
and be tte r to lerance to high temperatures and ethanol poisoning.

TASK VI - IMPROVED ELECTROCATALYSTS (97039)

Developmental e le c tro ca ta lys t form ulations are being prepared 
under Engelhard sponsorship. These are provided to  the main program, 
and re su lts  are reported under Task IV.
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SECTION I I I .  CURRENT PROBLEMS

The d i f f ic u l t ie s  w ith  recent Pfizer-produced ABA b ipo la r 
p lates have been previously described. The changes in  procedure 
intended to  bring the plates up to  sp e c ifica tio n  are ou tlined  in  
the present report under Section I I ,  Task IV. From tests  on small 
samples made by the modified procedure i t  is  c lea r th a t the problems 
o f excessive thickness and poor e le c tr ic a l conduc tiv ity  have been 
solved. P fize r w i l l  soon produce a run o f plates by the modified 
procedure to be used fo r  a re bu ild  o f the 5kW stack. From the 
appearance o f the small te s t samples i t  is  believed th a t there w i l l  
no longer be a problem w ith  edge-sealing. A d e fin ite  conclusion on 
th is  p o in t, however, must await an edge-seal check on some o f the 
stack plates now in  production.
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SECTION IV . WORK PLANNED

TASK I

•  P fize r to  produce ABA plates by modified procedure 
fo r  rebu ild  o f the 5kW stack.

TASK I I

•  A. D. L i t t le ,  Inc. to complete economic fe a s ib i l i t y  study 
fo r  OS/IES s ite  in  a re ta i l  store and recommend 3-4 
bu ild ing  types fo r  fu r th e r study.

TASK I I I

•  Variable-stack te s t f ix tu re  fo r  one to  twenty-four 
fu l l - s iz e  c e lls  to  be b u i l t .

TASK IV

Continue evaluation o f acid replenishment system.

TASK V

•  Continue ethanol-poisoning tolerance te s t on C70-2RS 

methanol/steam reforming ca ta lys t.

f
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SECTION V. FINANCIAL MANAGEMENT ANALYSIS

TASK I - 5kW POWER SYSTEM DEVELOPMENT

Additional expenditures were accumulated on Task I 
during October, These were re la ted p a rtly  to  lim ite d  in tegrated 
system te s tin g  and p a rtly  due to la te  invo ic ing  o f m ateria ls . 

Costs are somewhat above budget, p r im a rily  due to  la rge r than 
an tic ipa ted  m ateria ls expenditures. Labor hours are e sse n tia lly  

a t the leve l projected fo r  th is  task.

TASK I I  - ON-SITE SYSTEM APPLICATION ANALYSIS

Expenditures by A rthur D. L i t t le ,  Inc. during October 

were a t the projected ra te . Cumulative costs are below p ro jec tio ns , 
however, due to  a lag in  invo ic ing  and re la t iv e ly  low expenditures 
in  e a r l ie r  months.

TASK I I I  - ON-SITE SYSTEM DEVELOPMENT

1. Large Stack Development

Expenditures on th is  sub-task were high in  October as e f fo r t  
on scaled-up stack components was in te n s ify in g . Total spending 

to  date, however, remains below p ro jec tions .

2. Large Fuel Processor Development

Labor hours and costs were somewhat above the projected ra te  
in  October. Cumulative hours and costs, however, are s t i l l  below 
the budget through October.
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SECTION V. -  CONTINUED

3. System Analysis

The apparent costs fo r  th is  sub-task during October were 
about tw ice the normal amount because o f previous invo ic ing  being 
charged. The to ta l expenditures a t Physical Sciences Inc. through 
October are e sse n tia lly  a t the projected leve ls .

4. System In tegra tion

A minor amount o f work was performed on th is  sub-task during 
October. E a r lie r  e f fo r t  on the HVAC sub-system had accelerated 
the schedule. Total costs to  date are a t the o r ig in a l p ro jections.

TASK IV - STACK SUPPORT

Manpower and costs were a t the projected ra te  during 
October, even though the P fize r subcontract fo r  b ipo la r p la te  
scale-up and cost reduction has not ye t begun. Total hours and 

costs through October are a t about 75% o f an tic ipa ted  leve ls .

TASK V - FUEL PROCESSING SUPPORT

Sub-scale tes ts  invo lv ing  q u a lif ic a t io n  o f large batches o f 
c a ta ly s t are continu ing. Manpower requirements fo r  these a c t iv it ie s  

have been reduced from an tic ipa ted  le ve ls . Total expenditures, 
the re fo re , remain a t roughly h a lf o f those projected.

TASK VI - IMPROVED ELECTROCATALYSTS

The development o f advanced anode and cathode ca ta lys ts  
is  proceeding under Engelhard sponsorship. Evaluation o f these 
ca ta lys ts  is  accomplished under Task IV.
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SECTION V. -  CONTINUED

TASK V II - MANAGEMENT AND DOCUMENTATION

Expenditures in  the management and documentation area 
are proceeding su b s ta n tia lly  according to plan.

f -31 -



.WJ. ^w.

TABLE I 

REASONS FOR TURBOCHARGING

REDUCES STACK AREA

IMPROVES PERFORMANCE BY:
INCREASING OPERATING TEMPERATURE 
INCREASING PARTIAL PRESSURES OF REACTANTS

IMPROVES POWERPLANT EFFICIENCY

ENABLES HIGH HYDROGEN UTILIZATIONS
CUT WASTE HEAT LOSS
ELIMINATES PARASITIC LOSS OF BLOWER

REDUCES POWERPLANT COST

REDUCES FUEL PROCESSOR SIZE 
REDUCES PLUMBING SIZE 
CUTS WATER RECOVERY SYSTEM SIZE 
CUTS STACK SIZE

IMPROVES POWERPLANT LIFE

REDUCES ELECTROLYTE LOSS

r



TABLE I I
SUMMARY OF RESULTS FROM THE CASE STUDIES FOR 50kW SYSTEM 

(Heat Loss from Reformer = 27,980 kJ/hr)
REACTOR 
FLUE GAS 
ENTRANCE

UH ASF V PN EO EF EM E l ES TEMP.,K

0.8 150 0.615 45.5 51.6 35.6 82.4 97.9 90 49.1 816

0.8 125 0.631 38.9 44.2 36.6 82.4 98.0 90 50.4 779 *

0.75 150 0.616 45.6 51.7 33.5 77.2 97.9 90 49.2 895

0.75 125 0.632 39.0 44.3 34.4 77.2 97.9 90 50.5 866

0.75 112.5 0.640 35.6 40.3 34.8 77.2 98.0 90 51.1 846

0.75 90 0.655 28.1 33.0 34.3 77.2 97.8 87 52.3 797

0.75 75 0.664 23.2 27.9 34.0 77.2 97.7 85 53.0 747 *

0.70 150 0.617 45.7 51.9 31.3 72.1 97.8 90 49.3 955

0.70 125 0.633 39.1 44.3 32.1 72.1 97.9 90 50.6 931

0.70 112.5 0.641 35.6 40.4 32.5 72.1 97.9 90 51.2 916

0.70 90 0.656 28.1 33.0 32.1 72.1 97.8 87 52.3 876

0.70 75 0.665 23.2 27.9 31.8 72.1 97.7 85 53.1 835

0.70 60 0.675 18.3 22.7 31.4 72.1 97.4 83 53.8 774 *

0.70 45 0.684 13.5 17.2 30.9 72.1 97.0 81 54.6 717 *

UH = HYDROGEN UTILIZATION 
ASF = CURRENT DENSITY, 100% 1 
V = CELL VOLTAGE 
PN = NET POWER, KW 
PG = GROSS POWER, KW

.OAD = 161
2

mA/cm
EO
EF
EM
El
ES

= OVERALL EFFICIENCY = EF* EM*ES*EI 
= FUEL PROCESSOR EFFICIENCY, %
= MECHANICAL EFFICIENCY, %
= INVERTER EFFICIENCY, %
= STACK EFFICIENCY = V/1.2529 x 100

*  Below the lower reactor temperature l im i t  o f 780K.

Burner Enrichment = 2.8 times sto ich iom etric  fo r  a l l  ca lcu la tio n s .

I
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T ab le  I I I  

Experim ental Data 

Methanol/Steam Reforming C a ta ly s t Test

W ater/Methanol M olar Feed R atio  *  1 .3

C a ta ly s t:  UCI C70-2RS Zinc/Chromium Oxide 
1 /8 "  X 1 /8 "  P e lle ts
10 cc in  90 cc alpha a lum ina, mixed lo g a r ith m ic a lly

Hours on Avg. Bed E x it  Bed % MeOH K in e tic  Rate
Stream Tem p., K Tem p., K X CO HMSV * * Conversion C onstant, k*

Runs w ith  Pure M ethanol/W ater

23 623.1 6 2 5 .0 0 .65 0 .6 77 .03 0 .0 67
71 6 4 1 .3 6 46 .5 1.32 0 .6 93.17 0 .166

1f8 6 4 2 .2 6 3 5 .0 1 .22 0 .6 93.15 0 .166
242 6 4 1 .6 6 4 1 .8 1 .14 0 .6 91.77 0 .1 49
336 641.1 6 4 5 .8 1 .06 0 .6 91 .14 0 .142
407 6 40 .6 644.1 1 .15 0 .6 83.55 0.091

Shut down fo r  two weeks -  equipment problems ( c o n t r o l le r ) .

S29 6 4 3 .3 625 .2 1 .04 0 .6 81.35 0.081
649 6 4 2 .0 6 4 1 .0 1 .00 0 .6 79.01 0 .0 7 3
700 6 4 4 .3 644.5 1.42 0 .6 0 8 4 .64 0 .096
771 6 4 2 .5 633.0 1.29 0 .6 0 8 1 .60 0 .082
842 6 4 3 .5 6 42 .6 1 .18 0 .6 0 83.71 0.091
961 6 4 4 .0 638 .0 1.14 0 .6 0 8 6 .6 0 .107

1082 6 4 2 .0 648 .0 1 .10 0.61 8 4 .86 0 .097
1144 6 4 3 .0 6 4 2 .0 1 .04 0 .6 0 8 4 .6 0 .096

Add Ethanol (800 ppm)

1239 6 4 2 .2 6 4 1 .8 0 .95 0 .6 0 73.24 0 .067
1311 641.1 642 .9 0.91 0 .6 0 74 .08 0 .059
1408 6 4 1 .9 6 4 1 .8 1 .02 0 .6 0 7 3 .28 0 .057
1479 6 4 3 .2 642 .9 1 .05 0 .6 0 79.45 0 .074

Back to  Pure M ethanol/W ater

1576 640 .2 6 3 5 .0 0 .85 0 .6 0 84 .89 0 .097
1646 645.1 6 32 .4 1.08 0 .6 0 8 8 .5 0 .1 19
1741 6 3 9 .6 642.6 1 .10 0 .6 0 8 2 .86 0 .0 87
1012 6 42 .0 6 4 1 .3 1.15 0 .6 0 87 .22 0 .1 10
1920 6 4 4 .2 6 39 .8 1.01 0 .6 0 8 8 .53 0 .1 19

Raise Temperature -  Add Ethanol (800 ppm)

1968 6 7 4 .2 382.2 2.41 0 .60 99 .45 0.438

r * k -fiii. 
Ikg

HeOH Feed

reduced C a ta ly s t x h r

M elg h t-h o u rly  S p ace-V e lo c ity

1 _ r  m  ̂ Feed______ \

J I  kg moles

[ kg MeOM Feed I

kg reduced c a ta ly s t  x h r j
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FIGURE 1 5kW INTEGRATED SYSTEM SCHEMATIC
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TURBOCHARGING PRODUCES A 20S INCREASE IN OVERALL PLANT EFFICIENCY

CONDITIONS:
50 kW Net E le c tr ic a l Output 
Cell Voltage: 0.60 
Cell Temperature: 464 K
Hydrogen U t i l iz a t io n :  85% 
Oxygen U t i l iz a t io n :  70%
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FIGURE 13 OVERALL PLANT EFFICIENCY VERSUS PRESSURE
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TURBOCHARGING THE PLANT RESULTS IN A AOX REDUCTION
IN STACK SIZE

CONDITIONS:

50 kW Net E le c tr ic a l Output 
Cell Voltage: 0.60 
Cell Temperature: 464 K
Hydrogen U t i l iz a t io n :  85% 
Oxygen U t i l iz a t io n :  70%
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FIGURE 14 STACK AREA VERSUS PRESSURE
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FIGURE 17 PERFORMANCE STABILITY OF 3-CELL STACK UTILIZING A NOVEL ELECTROLYTE REPLENISHMENT SYSTEM
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TEMPERATURE: 204“ C (477K )

POTENTIAL : 1000 mV (RHE)

ELECTROLYTE: Cone. H,PO
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FIGURE 18 CORROSION CURRENTS OF CARBON-SUPPORTED ELECTROCATALYSTS
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