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1. Introduction

The work described in this report constituted the second
phase of a planned program to develop phosphoric acid fuel cell driven
on-site integrated energy systems (PAFC-0S/IES). The first phase (contract
DE-AC03-78ET11300) and the second phase (DEN3-161) were funded by DOE and
administered and managed by the NASA - Lewis Research Center, Both con-
tracts were carried out by a team comprised primarily of personnel from
the Westinghouse R&D Center and the Energy Research Corporation (a sub-
sidiary of St. Joe Minerals Corporation). The accomplishments of the
first phase are described in the report '"Cell and Stack Design Alterna-

tives" available from NTIS as DOE/ET/11300-1.
The major technical objectives of the second phase were:

1. Develop a suitable PAFC stack technology for the 0S/IES

application.

2. Develop a conceptual design for a fuel conditioning system

to process pipeline gas (nmatural gas) into a suitable fuel for a PAFC.

The second phase effort on stack technology focused on further
development of gas cooling concepts that evolved during the first phase.
The second phase stacks also incorporated improvements in cell technology
as they became available. Some of these were developed under parallel -
technology programs (EC-77-03-1404 and DEN3-205) which were carried out
by ERC as part of a comprehensive DOE/NASA PAFC development program.
Others were developed by ERC under company sponsored efforts. The stack
development effort culminated in the design, fabrication and testing of

an advanced air cooled 80 cell (8 kW) PAFC stack.

The second phase effort on fuel conditioning focused on
developing a conceptual design of a reformer and acquiring the technical

data base needed to design a subsystem suitable for a PAFC-0S/IES.




The work carried out during the first phase revealed the need for a
compact, efficient, highly integrated system and the lack of adequate
information to design such a system. During the second phase the needed
data were acquired and a conceptual design for a suitable fuel conditioning

subsystem was developed.

When this effort began, it was the second phase of a six phase
effort to commercialize the PAFC in OS/IES. As a result of continuing
evaluation, the DOE/NASA emphasis for PAFC commercialization switched
from 0S/IES to larger power plants (i.e,, dispersed generation for electric
utilities and cogeneration). Therefore, current plans do not include
completion of the OS/IES program. However, the cell and stack technology
development provided the basis for a program to develop the larger power
plants. As part of this change in emphasis and in recognition of the
progress made, the responsibility for pursuing commercialization of PAFC
technology was transferred from the Westinghouse R&D (W-R&D) Center to the
Westinghouse Advanced Energy Systems Division (W-AESD).

Subsequent to the transfer of contract responsibility to W-AESD,
the 0S/IES work was continued to an appropriate conclusion under a partial
transfer of responsibility and funds (POT) to W-R&D. This report describes
the work carried out under the prime contract prior to the transfer and

under the POT subsequent to the transfer.
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2. Summary

The work described in this report was a continuation of the
phosphoric acid fuel cell (PAFC) stack and fuel conditioning system
(FCS) development effort started under contract DE-AC03~-78ET11300
(Phase I). The results of Phase I indicated the need to focus on these
two subsystems, provided guidance in terms of application requirements
and provided a technical base on which to'hgild. The present work (Phase
II) resulted in the development of PAFC stacks and a conceptual design
of a FCS which have acceptable performance characteristics for the 0S/IES
application. Both the PAFC and FCS development efforts involved a combi-

nation of analysis (theory) and corroborating tests.

2.1 Fuel Cell Stack Development

The PAFC stack development culminated in the successful operation of
a subscale (nominally 8 kW) air cooled stack incorporating two stack
design advances conceived during Phase I and improved cell components
developed separately. The performance of this stack at atmospheric
pressure was 600 mV/cell at 150 mA/cm® and 175°C with simulated reformed fuel
composition and flow rates of process and coolant air compatible with
the system design. The advanced design features of this stack provided
excellent cell temperature uniformity and separation of the process and
cooling air streams and retained the inherent simplicity, reliability,

and economy of air cooling.

The uniform cell temperatures were primarily due to the cooling
plate design shown in Figure 2.1. The primary feature of this design is
the increase in heat transfer area (A) provided by branching the cooling
channels in the direction of cooling air flow. The increased area reduces
the temperature differential Dbetween the cells and the cooling air (AT)
as the air temperature rises. With appropriate channel branching, cell

temperature variations can be reduced to less than 1/10 of the temperature







rise of the cooling air stream. The cooling plates are made with the
same materials and processes as the cell bipolar plates. We have

applied for a patent on this design on behalf of DOE.

The concept of separating the cooling air (or other gas) from
the process air stream was patented (U.S. Pat. No. 4276355) and the specific
embodiment reduced to practice under this contract is illustrated in
Figure 2.2, This embodiment provides for the flow of three separate gas
streams with rectangular cells so that the electrodes and matrices are
identical to those of comparable conventional stacks. To ensure that the
bipolar plates would be producible, the versions used in this work had
thickness, web, groove and rib dimensions typical of ERC practice and
were made using standard ERC processes. A secondary (but important) feature
of this design as shown in Figure 2.2 is that the process streams flow in
a close approximatlion to counterflow. This results in a more uniform
current density and contributes to the excellent temperature uniformity
achieved. This embodiment also provides for equal lengths of all process

flow channels.

The stack development effort also jncluded the design, fabrication
and testing of 2-23 cell (2 kW) and 2-5 cell stacks incorpovating the
advanced cooling and process gas flow design and 2-23 cell (2 kW) DIGAS

stacks.

2,2 Fuel Conditioning System Development

The fuel conditioning system development effort culminated in a
conceptual design for a prototype OS/IES operating on pipeline natural
gas. The required flow rates and conditions of all streams were determined
for a system incorporating an advanced reformer design, preliminary design
and cost information on all major components was obtained, a 10 kW reformer
was designed built and tested, and tests were made to verify burner operation

and packed bed heat transfer data.

The system analysis of Phase I indicated that counterflow of the
reforming stream with both the primary heat source (combustion gases) and

the effluent reformed stream was necessary to achieve the overall efficiency

2--3
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goals of the OS/IES. The concept shown in Figure 2.3 provides this in

a package (suitable for atmospheric pressure) that will be economical to
manufacture and readily maintainable. An application for a patent of
this design was filed on behalf of DOE. A 10 kW tubular reformer with
double counterflow was built and tested to verify the concept and provide

data to confirm the heat transfer and kinetic analysis.

The system analysis of Phase I also verified the need to use
the PAFC spent fuel stream as the heat source for the reformer. A burner
designed to operate on this vitiated fuel stream was designed and tested
to verify its stable and efficient operation over conditions that

encompassed all possible OS/IES operating points.
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3. Task 1: Design of Large Cell Stacks

The overall objective of this task was the conceptual design
of a PAFC module for the OS/IES which would be detail designed, built

and tested in succeeding phases of the program. This task was part of

a fuel cell development effort that included Tasks 2 and 3 (fabrication

and testing of stacks incorporating the evolving design features) and
was closely coordinated with them.

The effort on this task comprised continued development of the
detailed analytic model started in Phase I, design of test stacks and
test stack components, conceptual design of a module, and cost studies

and preliminary manufacturability analyses of the module.

Based on the results of Phase I and continuing ¢ « 3jations,
the stack designs considered were air cooled and incorporated the

branched channel cooling concept* shown in Figure 2.1 to achieve uniform

cell temperatures. The DIGAS+ concept (referred to as MK-1 in the contract)

provided the basis for the initiation of this program and was described in

the Phase I final report and elsewhere in the literature. Separation of

the cooling and process air streams (referred to as MK-2 in the eontract)
as shown in Fig. 2.2%% provides a higher oxygen partial pressure to the
cathode than DIGAS (and therefore increases performance) while retaining

the advantages of air cooling. The design shown in Figure 2.2 was con-

ceived during Phase I but not described because the patent application was
not filed. Based on its ability to provide increased performance anz
other advantages (e.g., eliminuation of phosphoric acid in the largest heat
exchangers of the system) with no significant cost penalty, separated

cooling was selected for the module conceptual design.

*An application for a U.S. Patent (Case No. 144090) of this concept was
filed.

+U.S. Patent 4,192,906
%%U.S. Patent 4,276,355
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Significant results of this task were a conceptual module design
which was described in a patent disclosure submitted separately to NASA*
for which a patent application (Govt. Case No. S-54116) will be filed;
preliminary consideration of the manufacturability of the stack components
and assembly of stacks in production quantities and generalization of the
detailed analytical model to include all anticipated cell and cooling plate
geometries. Work on the module design and manufacturability analysis was
curtailed when it became apparent that future work would be directed at

larger applications for which pressurized operation would be appropriate.

The results of the work carried out under this task are described

at the subtask level in the following sections.

3.1 Detailed Analytical Model

The detailed analytical model developed in phase I was modified
to analyze the MK-2 or Z pattern stack design. The computer code named
ZCELL calculates the distribution of current density and temperature
within a group of cells between pairs of cooling plaies from the geometry
and operating parameters of the stack. The primary objective of the
analysis is to determine the distribution of cooling channels and the
location of cooling channel branches which produces the most uniform

temperature distribution over the active area.

The nomenclature used is shown in Figure 3.1.1. The overall
cell dimensions are Lx and Ly’ and the active area dimensions are XA by
YA. The locations of process air, fuel and cooling inlets and outlets
are indicated. The dimension YG is the gasket area separating fuel and
process air manifolds. The active area is divided into Ne«(2N + 1) rec-
tangular finite elements (as indicated for N=5 in Figure 3.1.2) when

the fuel and process air flows are each divided into N streams.

*"Fuel Cell Assembly and Design" Westinghouse Disclosure No. RES,80-301;

3-3
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3.1.1 Current Density Distribution

The paths of the fuel streams through the active area grid are
shown in Figure 3.1.3 for N=5. Fuel stream F, enters element k along its
path with composition Yf (n, k) where Yf describes the mole fraction of
each of the fuel stream component gases. For example, fuel stream F1
flows through 4 elements in the x direction then turns in element 5 and
flows in the y direction through elements 6 to 10, then turns in the x
direction and exits from element 11. The paths of the process air stredms
follow a similar pattern as shown in Figure 3.1.4. Air streavam enters
element ¢ along its path with composition Ya (m, ¢) and exits with
composition Ya (m, 2+1). The code sets up a map such that given n, k
for the fuel stream, the map identifies the element i,j of the active grid
and the values of m, £ for the air stream. One can thus follow the path
of a fuel stream through the elements of the cell and compute current
density from the local composition of reactants. For each element i, j
a value of local current density Ii j is assumed. The molar flow rates

9
of H

.

into and out of the element i, j are related by

2
) . A, T

Also, the molar flow rates of all non-reacting components of the fuel

stream are related by

an (n, kt+l) = Nnr (n, k)

where Nnr in turn represents the COZ’ co, CH4 and H20 present in the fuel

stream.
The corresponding relations for the process air stream are

. . Ai . Ii .
7)02 (m, 241) = NOZ (m, 2) - 4F ’
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i . A, -1, .
N, . (m, #41) = N, ~ (m, ) + —0dLod
H,0 0 ™ 7T

and

N, (m, 24+1) = N

N (m, 2).

2 N,

The assumed value of Ii,j is used to calculate the flows and
composition out of the element and the mean concentrations within the

element. The mean concentrations are then used in the voltage-current
density relation to obtain a new value of Ii,j' This step is repeated

until Ii j converges to within 0.1 percent of the previous value.
]

3.1.2 Voltage Current Characteristics

-.The fuel cell model adopted to predict the current-voltage curve
as a function of temperature and gas compositions is basically the same as
that developed during Phase I. The model was fitted to cell performance
data by making cell resistance and catalyst utilization functions of

temperature as described below.

The voltage equation is

where
= cell voltage

E = Nernst potential (reversible open circuit E.M.F.)

n = overpotential

The reversible cell potential, E, is given by the Nernst
equation

Y P Y
RT . BV TO
E=E (T) + 5= 1n
o, ZF Y
H,0
2

with

Eo (T) = 1.261 - 0.00025T

3-6
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where

The polarization term n consists of four components,

where

The cathode activation polarization is given by the Tafel

equation

where

[}

1]

f

]

-
»

total pressure, atm

standard E.M.F. of the cell at temp. T, volts

gas constant, 8.314 joules/(g mole - K)

Faradays Constant, 96500 coulombs/g-equivalent
number of electrons transferred per g-equivalent of
hydrogen

temperature, °K

mean mole fraction of hydrogen at anode
mean mole fraction of oxygen at cathode

mean mole fraction of water vapor at cathode

= +
n na+nr+nd Mo

activation polarization at cathode, volts
resistance polarization, volts
diffusion polarization, volts

activation polarization at anode due to CO, volts

R
%o

i
io (5A) (crL) (cu)

- T
na 7F 1n

transfer coefficient, assumed to be 0.5
current density, mA/cm2

S

exchange current density of cathode; mA/cm

3-7
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specific catalyst surface area, cm2/g (A =5 x 105 cm2/g)

SA =
CL = catalyst loading on cathode, g/cm2
CU = catalyst utilization factor.

The exchange current is a function of acid concentration,
temperature, and partial pressure of oxygen. The acid concentration is

a function of water vapor partial pressure which permits correlation of

io as a function of Yoz. YH20’ and T.
An empirical .fit
v 0.8 0.4377
i = 232.7 (IPTYOZ PTYHZO exp (-6652/T)

gives io within 5 percent in the range of interest.

The resistance polarization is

nr = ir

where r = specific cell resistance, kohm - cmz. Test data indicated
that for heat treated plates with Mat-1 matrices specific cell resistance

is related to temperature by

LI + o (450-T)

where

specific resistance at T=450°K (kohm—cmz)

tad
I}

change in specific resistance per degree change in

o
i

temperature.
The values of X and @ were approximately 0.0005 kohmecm2 and 3.5 x 1'0-'6

'kohm—cmz/K respectively for stacks 562 and 564.
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The diffusion polarization was neglected. The effect of

0 by about 0.004 at
i =150 mA/cmZ. The potential change due to thzs concentration gradient
is negligible.

diffusion was estimated to effectively lower Y

Test data from stacks 561 and 562 showed that .o is proportional
to the current density and to the inlet mole fraction of CO in the fuel
at a given temperature. By using the temperature dependence (doubling

every 15°K) described by Kunz*, the value of n., can be expressed as

450~T )
Mo = Co Yco i (2) 15
where
i = current demnsity (mA/cmz)
co = inlet mole fraction of CO in the fuel
Co = voltage loss constant for the effect of CO at 450°K

(mV-cmZ/mAL

The value of Co is approximately 2.9 V-cmz/A for stack 5A2.

3.1.3 Heat Transfer Analysis

The treed cooling geometry is shown schematically in Figure 3.1.5
and the thermal element grid is shown in Figure 3.1.6. Note that the
thermal grid includes the inactive margin around the active cell area
which has the same grid as is used in the current density analysis.

Either process or coolins flows pass through all of the edge elements
except the four corners and the two gasket elements which are shaded

in Figure 3.1.6. The cooling flow is in the y direction from j=0 to
j=2N+2, There are ng (not necessarily integer) uniformly spaced cooling

channels in element i. The channels have uniform rectangular cross

*Kunz, H. R., '"The State of the Art of Hydrogen-Air Phosphoric Acid
Electrolyte Fuel Cells", Electrochemical Society Proceedings, Vol. 77-6,
1977.
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section within « ch of the three regions. The geometry shown is typical
in that each passage in regionl(nb = 1), divides into two branches in
region 2 (nb = 2), which subdividés again into four branches in region
3 (nb3 4).2 The j element at the end of each region is identified as

Jr for the r region. The dimensions of a channel in region r are ar by

b, where the convention a f~br is adapted in equations for heat transfer

coefficients and pressure drop. The perimeter of subchannel r is

Sr = 2 (ar + br)

and the total cooling channel surface area in element i, j is

A =n n Ay:. S_.
ci,j CH br i'r

3.1.4 Keat Transfer Coefficients

The Nusselt number for fully developed laminar flow in
rectangular channels for various aspect ratios o, is given by*;

Nu., = 3.61 + 4.63 (1 ~ a)>°2

fd
Near the inlet of a channel, the heat transfer coefficient is larger

than the fully developed value due to development of the laminar boundary
layer. If R is the ratio of average Nusselt number for the region 0 to

x to the fully developed Nusselt number, then+:

0.0G183 Gz

1+ 0.04 G22/3

R=1+

where

Graetz number

Re Pr D
X

Gz

*Rosenhow, W. M. and Hartnett, J. P., "Handbook of Heat Transfer," McGraw-

Hill, 1973.
+Eckhert, E.R.G. and Drake, R.M., "Heat and Mass Transfer," 2nd Edition,
McGraw-Hill, 1959.
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Re = Reynolds number based on D
Pr
D

H

Prandtl number of gas

Hydraulic diameter.

At high current densities, or at low values of the cooling gas
temperature rise, flow may become turbulent. The fully developed Nusselt
number for turbulent flow given is*:

N =0.116 [Re?/3 - 1257 prl/3

Usde

and the ratio R for the average Nusselt number from 0 to x to the fully

developed Nusselt number is

n-a4(2)"

The average value of R for the interval ij between xj and xj+l is

= - X4 R (*j+1) - X, R(xj)
3 X.,4 = X ’

The local average Nusselt number for element j dis §5 times the appropriate
fully develaned Nusselt number. The distance xj refers to the distance

from inlet or the distance from the last upstream branch since flow is

assumed to redevelop at each branch of the channel.

The group of Np cells located between a pair of cooling plates

has a total thickness

t=N-t +t -t

+Eckhert, E.R.G. and Drake, R.M., "Heat and Mass Transfer,” 2nd Edition,
McGraw-Hill, 1959.
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where
Np = number of cells per cooling plate
tb = thickness of a bipolar plate cell
tc = thickness of a cooling plate cell.

The average temperature of element 1,j is Ti j where the element
»

dimensions are Axi by Ayi. The element consists of the Np cells and
plates from the middle of one cooling plate to the middle of the next.

The rate of heat conduction to element (i,j) from element (i, j+1) in the
plane of the plates is

} Zkb t Axi (Ti, 41~ Ti,j)

Ql ij + ij+1

where
kb is the thermal conductivity in the plane of the cells.

Similarly, the rate of heat conduction from (@, j-1)to d, j)is

_ Zkb t Axi (Ti,j-l - Ti,j)

Ayi + ij-l

1 Q 2

Heat conduction rate from(i+l, j)to(i, j)and from (i-1,j)to (i,j)are res-

pectively

2k, t Ay, (T . =T, .
0 =% 5 Ty = My
% 3 Axi + Axﬂ_1
i and
2k, t Ay, - T
Q, = K ¢ yJ (Ti-l,J i,j)

4 bxg ¥ bxg_;
3-13
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The rate of heat generation in the element is
= N Ax_ Ay,q"
Qg p 1Y%

where q"i i is the heat generation raie per unit area of a cell.
’

The value of q', . is
qi’J

where

cell voltage

<
1l

Faraday's constant

> |
i

AH_ = Heat .of reaction per mole of HZ'

The value of AHZ/(ZF) is 1.2615 volts.at 200C. The cooling gas flow

removes heat from element i, j - . the rate

M
€ Pe® % %4, 4,541

where

Mc = cooling gas flow rate per cooling channel

T = cooling gas temperature out oi element i,j
i,3
Cp = specific heat of the cooling gas.
c .
3-14
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The process air flow removes heat from element 1, at the rate

Q. =C_ M_ (T T )

a p, am ' am out " tam in’i,j

The subsript m identifies the process air stream which flows through i,j

and is determined by the mapping between i,j and m,1 referred to in
the current density section.

The fuel flow removes heat at the rate

Q =c, Mg

p; fn (Tfm out Tfm in)i,j

where the subscript n identifies the fuel stream which flows through
element i,j.

The energy balance for each element i,j can then be written as
Q + Q) + Q3+ Q, +Q =Q +0Q +Q

where the expressions for the varisus Q's are given above in terms of
temperatures of the elements and of the gas streams. For boundary elements,
the appropriate Q terms are omitted and the temperature of the applicable
gas stream into the element is the inlet temperature to the stack for
elements along an inlet edge. Three additional conditions are required

for each element, namely the relation between inlet and outlet stream
temperature and the heat transfer rate. For process streams, it is

assumed that the stream exits at the temperature of the element. Thus

(T )

) =T, .-
am out

i3 = (Tfn out’1i,]j i,j

For the cooling streams, the log mean temperature difference
between the element and the cooling gas is used to obtain the heat
transferred. The cooling exit temperature for each elementrwith a
cooling stream is then given by o

3-15




:
i
3
i
i

T = T +(T, , -~ T ) (1—e"¢)

°,9  S,3-1 B ey
where

)= Ui, Aci .
Mccchci
Ui j = gverall heat transfer coefficient between the &iement and the
3
cooling gas. The value of Ui j is
]
1
v = :
t Ac Rc0nd + h1
i3 i,3

where Rcond is the conduction resistance from the mean temperature of
the element to the cooling channel surface. By assuming a parabolic
temperature distribution in the stacking direction of an element, the
conduction resistance is
k,t
Rcond a 12R ’
i,j
The energy balances for each element and the energy balance
for each element of each cooling stream provide a system of linear
equations for the unknown temperatures which are solved by’é éimultaneous
equation routine. Each resulting temperature distribution is used to

tecalculate the current density distribution until convergence.

3.1.5 Results and Discussion

When process air and fuel are preheated close to the average
stack temperature, the only significant temperature variation is in the
cooling flow direcﬁion, The predicted témperature profiles are in good
agreement with test results presented in Section 5. For these cases a

contour plot of the temperature distribution consists of nearly straight

3-16
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Fig. 3.1.7 — Calculated temperature distribution for actwe area of active area of Stack
562 with low process inlet temperatures at 200 mA/cm2
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lines of constant temperature normal to the cooling flow direction.

When fuel and process air enter the stack significantly below the average
cell temperature, a more interesting thermal pattern results., An example
for an average current density of 200 mA/cm2 is shown in Figure 3.1.7 for fuel
and process air entering 50°C below the average cell temperature.

Other conditions are 70 per cent fuel utilization, 2 stoich process air
and 50°C énoling air rise. The cooling channel design is that of Stack
562 with c&oliug channels uniformly spaced on a 1.27cm pitch. The calcu-
lated peak to average gradient is 14°C under these conditions. Relatively
small areas near the fuel and process air inlet are cooled below 170°C.
The extra cooling at the process air inlet also produces a cooler area
near the fuel exit. The results of other calculations show that the
colder region near the fuel inlet can be eliminated by omitting one
cooling channel per 50°C reduction in fuel inlet temperature below
average cell temperature. Likewise the colder region near the process

air inlet is eliminated by omitting 1 cooling channel per 40°C reduction
in process air inlet temperatura. Thus if system considerations dictate
lower process inlet temperatures, the cooling design can be customized

to maintain cemperature uniformity by omitting an appropriate number of

channels.

The calculated current density distribution for an isothermal
cell is shown in Figure 3.1.8 for the same fuel and process air conditions
as above. The maximum current density occurs at the process air corner
of the cell and is 13 per cent above the average current density.

The minimum current density occurs at the process air exit corner of the
cell and is 11 per cent below the average. Figure 3.1.9 presents the
current density distribution corresponding to the temperature profile

of Figure 3.1.7. The maximum current density is shifted slightly and
current densities are reduced along the cooling inlet edge of the cell due

to lower than average temperature.

Since there is no satisfactory experimental. method of measuring

the local current density, confirmation of the predicted current density

3-19
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Fig. 3.1.9 = Current d»zfrésity distribution corresponding to temperature distribution
of Fig. 3.1.7.
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must be inferred from temperature measurement. When process flows enter

at the average cell temperature, they produce negligible cooling effects.
Under these conditions comparison of measured temperatures at various
corresponding locations along cooling channels permits deduction of
corresponding current densities. Figures 3.1.8 and 3.1.9 show that
predicted current density is slightly greater for 2 strip near the air
inlet than for a strip near the fuel inlet at 70 per cent fuel utilization
and 2 stoich air. At 80 per cent fuel utilization, the current densities
become approximately equal at the two edges. The temperature profiles

for Stacks 562 and 564 confirmed that higher fuel utilization does increase
the temperature and the current near the fuel inlet relative to the temperature
near the process air inlet. The overall agreement between the model and
experiment is considered to be very good. This agreement implies that
variations due to matrix and electrode properties and due to compression

do not produce significantly different local performance over the area of
the cells.

3.2 Stack Design

The purpose of this subtask was to design a series of test
stacks which, when fabricated and tested, would provide the technical
base for the design of full scale modules for the prototype OS/IES.

Based on. ‘ & Phase I results, two stack concepts were evaluated during
Phase 1I. The first, Mk-1, was the DIGAS concepE developed by ERC priot
to the start of Phase I. The second, Mk-2, was the separated gas cooling
concept conceived during Phase T and shown in Figure 2.2. Improved cell
cemponents which were developed in parallel ERC and NASA programé were

incorporated into the stacks as appropriate.

A total of nine stacks culminating in an 80 cell stack were
designed during Phase II. The design features of these are summarized
in Table 3.2.1. As indicated, with the exception of Stack C, all stacks
incorporated full size (30 x 43 cm) cells.

The progression from left to right in Table 3.2.1 is basically

chronological and indicates the evolution of stack design and cell

3-21
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technology during Phase II. The state-~of-the-art at the end of Phase II
is represented by Stack 800 and comprises:
e Separated process and cooling air (Mk-2)
e Variable area (branched) cooling passages
o Heat-treated bipolar plates
e Continuous rolled electrodes with nominal platinum
loadings of 0.3 and 0.5 mg/cm2 on the anode and
cathode, respectively
e Mat-1* matrices which have smaller more uniform
pores and higher temperature capability than Kynol
® Crossed compression (tie) bars which provide better
access to the manifolds
® Belleville washers and floating manifolds to accomodate
differential thermal expansions (contractions) and

mechanical deformation of cell components.

The design features (and fabrication procedures) of all stacks
and cells are described in detail in separate documents provided to the
NASA Project Manager., The major stack design features developed under

this contract are described below.
3.2.1 Mk-2 Plates

¢ The patterns of process air and fuel gas flow channels for
state-of-the—-art separated cooling (Mk-~2) stacks are shown in Figure

3.2.1. The coolers for the stacks were made by cementing plates with the

matching faces shown in Figure 3.2.2 together to form the "branched"
cooling passages. As indicated in Figure 2.1 and 2.2, each cooler plate
had one of the process flow patterns shown in Figure 3.2.1 machined on

the adverse face to distribute the appropriate process stream to the

anode or ¢athode of the adjoining cells. Between each cooler plate were
four bipolar plates with the patterns shown in Figure 3.2.1 on their two
sides to distribute the appropriate gases to the adjoining anodes and
cathodes.

U. S. Patent 4,276,356
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3-26



The pattern shown in Figure 3.2.1 provides equal flow path
lengths for all process streams. The widths and depths of the grooves

were based on ERC's experience with conventional (cross-flow) stacks.

The branched cooling channel pattern shown in Figure 3.2,2 was
evolved by a coordinated analytic effort using the detailed analytic model
described in Section 3.1 and the results of stack tests. The design
objective yas to achieve uniform cell temperatures to maximize cell

performance for fixed cell technology and operating conditions.

3.2.2 Electrolyte Replenishment

The state-of-the-art stacks incorporate a simple and reliable
technique for initial filling as well as the replenishment of the
electrolyte should this be needed. Figure 3.2.3 is a section of a multi-
cell stack through the electrolyte flow chanhels that are on one face of
each plate. This design permits the electrolyte fed on one end of a
channel to flow along the channel and through a hole to the channel in
a lower cell in a series manner. This design maintains an electrolyte
reserve for the matrices with minimal or zero hydrostatic head. Since
the electrolyte flows in a series manner, the electrolyte comes into

contact with each cell. The electrolyte may be fed at predetermined
intervals and/or continuously at predetermined rates. Since the matrix

tends to swell as it is filled with electrolyte, a Teflon support coil
(or bridge) supports the matrix permitting an unobstructed flow of acid

in the channel.

3.2.3 Stack Compression

% ~An analysis was made (Table 3.2.2) of the loss of compressive

. load on a 2 kW fuel cell stack due to permanent deformation of cell
components over time. The permanent deformation of Stack 562 (2 kW, 23-cell)
was about 0.008 cm/cell over four months. Since Stack 562 had no load-
maintaining device this deformation corresponded to about 20% loss of
compressive load on the stack (from 345 to 276 kPa) based on the load

versus deflection curve shown in Figure 3.2.4.
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While experience with Stack 562 and other ‘2 kW stacks indicated
that this loss of compression had no effect on performance, deformation
is proportional to the number of cells. Hence, for an 80 cetl stack, the
loss of compression would be approximately 117 kPa or 66% of an initial
1oad of 345 kPa. Stack 800 included Belleville springs to maintain the
desired compression on the stack. Figure 3.2.5 shows the method of
installing Belleville springs on a fuel cell stack and the inset on
Figure 3.2.4 shows the spring arrangement used on Stack 800 and the

corresponding lcad/deformation curve.

TABLE 3.2.2
FINAL COMPRESSIVE LOAD ON STACKS 5
(Initial Load: 345 kPa)

TOTAL PROJECTED FINAL COMPRESSION, kPa
STACK SIZE DEFORMATION, cm TIE BARS TIE BARS
ONLY PLUS
2 kW
(23 cells) 0.175 287 -
8 kW 0. 610 " 117 255
(80 cells)

3.2.4 Improved Current Collection Terminal and Terminal Bolt

An improved terminal/current collector design was incbrporated
in the test stacks, beginning with Stack 559. 1In earlier stacks, the
copper terminal bolt was spot-welded to a current collector és shown in
Figure 3.2.6a. The welds tended to break if the terminal bolt was twisted
during tightening of the put to connect the load. The'improved design -
shown in Figure 3.2.6b presses the current collector into the depression in

the Haysite as the load nut is tightened so that contact between the

terminal and the collector is dincreased.
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3.2.5 Floating Manifold

Changes in stack height due to deformation of cell members
and differential thermal expansion between manifolds and the stack are both
proportional to the number of cells in a stack. Thus "floating" manifolds
are necessary to accommodate the dimensional mismatch which is expected
to be as large as 350 mils (240 mils of cell deformation and 80 mils of
manifold thermal expansion) in an 80-cell stack. The floating manifold
design shown in Figure 3.2.7 was developed and used for Stack 800.

To enhance gas tightness and accomodate the dimensional
mismatch, thicker end plates were used to provide a wider sealing area
between the stack and the manifold. A special five sided seal was also
designed to prevent air leakage between the end plate and the insulator

plate.
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3.3 Full Scale Fuel Cell Mbdule_Designs

The objective of this subtask was the preparation of a
conceptual design of a full scale fuel cell which would be detail designed,
fabricated and tested in succeeding phases of the program. The effort
comprised: |

1. Analyses of the processes currently used to manufacture

the repeating (cell and cooling plate) components and
preliminary designs of equipment and labor required for

high production rates.

2. Preliminary design of the stack enclosure components
including manifolds, stack compression hardware and

seals.

3. Estimates of the equipment, floor space, labor and
materials required to manufacture the benchmark modules

described below.

4, Estimates of the cost of the manufactured modules using

the NASA developed Interim Price Guide Line (IPEG) model.

To provide a basis for the module design a benchmark stack was
specified. The benchmark stack comprised 300 full size cells (31 x 43 cm)
using the then available ERC technology which included the MAT-1 matrix,
rolled anodes and cathodes with nominal platinum loadings of 0.3 and
0.5 mg/cmz,respectively,and compression molded bipolar plates‘and cooling
plates which were not heat treated. Based on cost-performance studies,
the MK-2 design (conceived during Phase T) incorporating separated cooling
and process streams,and variable area cooling was selected for the bench-
mark stack. The stack enclosure for the benchmark module was conceived as
part of the design effort and was described in Westinghouse Patent
Disclosure No. RES 80-301, "Fuel Cell Assembly and Design" and is the
subject of Government Case No. S~54116.
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In addition to the conceptual design of the module, the result
of this task was an estimated cost of manufacturing of ~$10,000 per module
or $330/kW based on the nominal rating of 30 kW per module. Nearly 90%
of this 1s material cost, a major portion of which is the cost of the
platinum catalyst,which should be recoverable at the end of the useful
life of the module.

The early efforts to design the module enclosure and seals
revealed a need for more information on the mechanical behavior of the
cell components under compression at the stack operating temperature.
Tests to obtain this information were made and these are described in

section 5.7.

The details of the design and cost estimation work carried out

as part of this Subtask are described below.

3.3.1 Manufacturing Methods and Costs for Repeating Components

A cost estimate for the repeating stack components of the
benchmark design based on manufacturing 16,700 fuel cell stacks per year
was made. The equipment and processes usedxin estimating these costs
reflect large scale production and do not include laboratory equipment.
NASA's (Jet Propulsion Lab. California) Interim Price Guide Line (IPEG)
model (which is a subset of NASA's Solar Array Manufacturing Industry
Costing Standards - SAMICS) was used for this study.

The word "costing" requires additional explanation. - The IPEG
model automatically provides for a 207% return on assets. Thus the "costs"
shown in this study include this profit plus other standard factors which
are a part of the IPEG cost model. The IPEG cost model was selected for
this cost estimate because it includes standardized overhead factors
eliminating the use of all contractor specific factors. The assumptions
used for developing overhead costs arid coefficients of the IPEG model are

shewn in Appendix A of the Third Quarterly Report of this contract,
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TABLE 3.3.1

PHOSPHORIC ACID FUEL CELL REPEATING COMPONENTS

JPL IPEG COST HODEL

| ESTIMATE OF IPEC COST
COST ITEM IPEG FACTOR COST ITEM  (MILLION $/YR)  $/Ku
Equipment 489 $5,064 ,000 2,480 4.96
Floor Space 96.9 22,125 Sq. Ft. 2,140 4.28
Direct Labor 2,133 $4,700,000/Yr. 9.97 19.94
Direct Material 1.255 $111,400,000/Yr. 139.3 278.60
Utilities 1.25 $300,000/Yr. +4 .80

TOTALS 154.29 308.6
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The costs for the repeating components (i.e., cells and
cooling plates) of the benchmark module broken down to the five major
cost categories of the IPEG costing model are given in Table 3.3.1. It is
obvious that material is the dominant cost component (v 90%) and the
major portion of this component is the platinum catalyst. The platinum
and equipment costs used for this study were those prevailing on March
26, 1980. The producer price of platinum at that time was $440.12 per
troy ounce. The equipment cost and labor hour inputs for the IPEG
calculation were based on preliminary designs of manufacturing facilities.
Where practical, modern, continuous high production processes were used
as a basis for the cost estimates. The following paragraphs describe

the processes in detail.

The equipment and labor estimates were prepared for a benchmark
module which contains 300 30 x 43 cm cells of the MK-2 design (separated
coolant and process streams, and variable area cooling plates) with the

ERC developed electrochemical components.

The flow diagram for the benchmark repeating component
manufacturing processes shown in Figure 3.3.1 is based on manufacturing
procedures presently in use by ERC. Estimated labor and equipment
requirements for a 16,700 module per year facility are summarized in
Table 3.3.2 and are based on the processes shown in Figure 3.3.1 1In order to
improve the cost effectiveness several process steps were modified for
high production rates as described below. The .preliminary calculations
indicate that 139 workers are required to manufacture the repetitive
components for 16,700 30 kW stacks per year. This does not include

maintenance and other supporting personnel.

The bipolar plate preform currently used was identified as a
labor intensive repetitive component. An egg crate type structure is set
into the die cavity. The egg crate compartments are each filled with
measured amounts of graphite-resin powder. Next, the egg crate is

removed leaving different size heaps of powder in the die cavity.
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TABLE 3.3.2

PHOSPHORIC ACID FUEL CELL LABOR & EQUIPMENT ESTIMATES

FOR A 16,667 STACK/YR. MANUFACTURING ABILITY

T

OPERATION EQUIPMENT QTY. TOTAL COST _OPERATORS
Bi-Polar Plates
1. Blend 1. Vee Blender 1 $ 40,000 3
5 Ton Capacity
2. Press Preforms 2. 50 Ton Press 7 350,000 24
3. Hot Press 3. 500 Ton Press 12 1,600,000 42
4. Post Cure 4. 5' x 5' x 12' Ovens 10 300,000 6
5. Inspect 5. Thickness Gauge 1 3
Leak Tester 1 10,000
6. DeFlash 6. Sandblaster 1 10,000 6
7. Bulk Ram 1 250,000
Mat's System
8. Conveyor System 1 25,000 .
2,585,000 84
Sheet Molding Elect.
1. Mix Ingredients 1. Agitator-Cooker 2 12,000 2
2. Vacuum Filter 2. Filter Press 24 240,000 36
3. Dewater & Air Dry 3. Roll Press & Oven 24 150,000
36
4. Sinter 4. Belt Oven 24 600,000
5. Wet Proof 5. Immersion Tank 6 60,000 9
Graphite Paper Belt Oven, Etc. 6 150,000 9
6. Wash Cathodes 6. Spray Tunnel 3
Drying Rack 3 :} 30,000 9
7. Clean SiC & Mix 7. Ultrasonic Cleaner 1 4,000
With Other Ingredients Drying Oven 1 20,000 3
Mixing Tank 1 4,000 .
8. Coat Cathodes with 8. Coating Mach. 12 240,000 36
sicC
9. Air Dry 9. Drying Oven 12 144,000 -
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TABLE 3.3.2 (Con't.)

OPERATION EQUIPMENT QTY. TOTAL COST OPERATO
10. Sinter 10. Belt Ovens 12 300,000 18
11. Inspect 11. Thickness Gauge 1 3
Porosity Tester 1 10,000
TOTALS 1,964,000 164

MATRIX

Process is ERC proprietary information. Eight basic steps are involved and require
a total of 33 workers and $525,000 worth of equipment.
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The punch of the press descends, compacting the powder into a preform of
non-uniform density. Currently, the measurements of different powder
quantities, handling of the egg crate structure and preform are performed
manually. The sequential phases of an automated approach to achieve the
same end product are shown in Figures 3,3.2 and 3.3.3. A bottomless box
containing the powder pushes the completed preform to a collection device
or belt conveyor (not shown). The die cavity is then lowered to a pre-
determined level. Special compaction punches located in the die cavity
are adjustable to accommodate desired volumes. The bottomless box moves
to the left, leaving behind a die cavity filled level to the top.

The punch descends a fixed level to compact the powder. A lower ram is
raised and in turn raises the special compaction punches. Finally, the
punch of the press is retracted, the die caV&éy raised and the completed
preform is pushed away. The process repeats. In actual practice, the
upper punch and the lower ram may be actuated simultaneously rather than

sequentially as described.

The final hot pressing of the preform to produce a bipolar plate
is currently done one-at-a-~time with a 500 ton press - a costly machine.
Use of a press with five individually heated platens (as shown in Figure
3.3.4) will reduce equipment costs. Time studies indicate that five
5~plate presses will produce the required 20,000 plates per day:.

The manufacturing concept for continuously assembling fuel cells
is depicted in Figure 3.3.5. This is a wet assembly where the phosphoric
acid is roller-coated onto the matrix. Since the cutter operates
intermittently, it is necessary to separate the coating and cutting
operation by a loop pit which allows the coating process to proceed
continually. Thus no bead is formed along the coating roller as would
be the case in an intermittent operation. A stacking table at the end
of the line is indexed downward with each fuel cell. An operator (not
shown) manually feeds bipolar plates on to the stacking table prior to

the descent of the cutter.
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Mode! 75-4836-5STMAC—

75 ton, four daylights with five
steam heated platens, steam
valves and temperature
controllers

Figure 3.3.4. 5-platen hydraulic press
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FIGURE 3.3.6
MANIFOLD DESIGN CONCEPT WITH A

FRAME-SHAPED INSULATOR INTERPOSED
BETWEEN METAL MANIFOLDS AND STACK
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3.3.2 Manifold Design and Materials

The manifold's major function is to distribute the gas flow
evenly over the height of the fuel cell stack. At first glance, it

appears that this is not very difficult. There are, however, several

factors to be considered. First, the manifold must withstand a 200°C
temperature continuously. Second, it has to be corrosion resistant
because of its exposure to a phosphoric acid environment. Third, it
should reasonably match the thermal expansion characteristics of the
fuel cell stack in order to minimize the shear forces on the stack-to-
manifold seal once the cell material properties have stabilized.
Finally, its surface should be an electric insulator to prevent electric
arcing or shorting of the stack. For a short stack (small number of
cells) the arcing problem is minor &ince the total voltage is low.

As the number of cells (per stack) increases, the voltage increases
proportionally and arcing or electric shorting can becomé a major
problem. Various manifold design concepts and materials to satisfy these

requirements were investigated and preliminary estimates of their economic
viability were made.

A design concept that interposes a frame-shaped insulator
between a metal manifold and the stack to prevent electrical shorting
is shown in Figure 3.3.6. The addition of the separate insulator increases
the cost of the fuel cell stack by 2 to 3 $/kW because of the cost of the
insulator and additional seal between the insulator and the manifold.
Moreover, the reliability is diminished since the number of seals is

doubled and the probability of failure increased accordingly.

Insulating Materials

The electrical isclation could be provided by coating the metal
manifold with an insulating material or by constructing the manifold

completely from an insulating material. To be suécessful the materials

must resist corrosion, not deteriorate with age;and be reasonably
inexpensive. k
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An initial selection of candidate electrical insulating
materials was made by a Westinghouse material selection computer program
based on temperature, pressure,and other environmental conditionms.

We then examined the aging properties of these materials using information
generated under another on-going Westinghouse program discussed below.

The factors which may accelerate aging in the fuel cell are temperature,
voltage, corrosion,and humidity. Tdeally, normal operation testing for

a long time would provide the desired aging data. However, this is
impractical with a large number of candidate materials and the length

of time required for such testing. The objective of the on-going
Westinghouse materials program is to provide a manual,cataloging and
interpreting the available information on the effeéts of thermal and
radiation aging on non-metallic materials, The thermal-aging guide

used in this program is an Arrhenius plot relating the logarithm of life to the
reciprocal of the absolute temperature. The useful life is defined as

the length of time a material can continuously tolerate a given temperature
and retain 507 of its mechanical strength. A typical plot is shown in
Figure 3.3.7. The dashed lines indicate the useful life for this material

is only 5,000 hours at a continuous use temperature of 190°C.

For the materials which emerged as candidates from the aging
screening, cost is the major determinant of whether the manifolds should
be fabricated completely from the selected materials or from metal
coated with these materials, Figure 3.3.8 depicts the material cost
relationships of these candidates for complete manifolds (0.32 cm)
material and coated on metals (0.08 cm). As might be expected, the
lower cost items on the graph are those least likely to be acceptable.
The degree of acceptability is discussed in the next sections in which

each method of fabricating manifolds is presented.,
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Manifolds Fabricated Completely From Insulating Matgrials

Primarily because the electrical insulation problem would be
completely nonexistent, the most attractive fabrication method is molding
the manifold completely from an insulating material. However, this
presents the most difficult material selection problem. Several materials
considered are listed in Table 3.3.3 which tabulates estimated cost, life at
required operating temperature and manufacturability. The materials which
appear most likely to have satisfactory lives in this environment are
Teflon, silicones and Ryton. Teflon is too expensive and difficult to
mold. The silicones are also difficult to mold and may not have adequate
acid resistance. Ryton, whose generic name is polyphenylene sulfide and
is made by Phillips Petroleum, is a strong possibility. It has high
mechanical strength and rigidity at elevated temperatures and has
excellent chemical and solvent resistance. According to the manufacturer,
it is U.L. approved for continuous use at 200°C and should present no
problems for injection molding into large manifold shapes. Several
molders of this material were contacted and, although none had experience
with molding large shapes, they had such good success in molding small
articles that they anticipated no problems with larger parts. Injection
molding is a very low cost fabrication method and since Ryton is the least
costly of the conditionally acceptable insulating materials, its use in

molded form should be one of the least costly manifold options.

Other insulating materials shown in Figure 3.3.8 are the imides.
They have better thermal resistance properties than Ryton but are more
than twice as expensive and more difficult to mold. Another possible
candidate not shown is polyether sulfone,which suffers from the same cost

problem,but is relatively easy to mold.

Metal Manifolds with Protective Coatings

The thermal aging properties of protective coatings are
similar to those of the solid molded material,but the mechanical

strength requirements are less severe. Figure 3.3.9 illustrates the
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relative material costs for several 0.8 mm (0.032 inch) thick sheet
metals with protective cpatings. For reference purposes, uncoated

316 stainless steel ($1.50/pound), nickel, and 0.32 mm (0.125 inch) thick
Ryton (Polyphenylene-sulfide) have been shown. Of the Teflon coatings.
FEP (Tetrafluoroethylene-hexafluoropropylene) coated carbon steel

has the lowest cost and this corresponds to approximately three dollars
per kilpwatt for the OS/ILQ stacks. This is for a 0.25 mm {0.010 inch)
thick coat on 0.8 mm (0.032 inch) thick carbon steel. One potential
problem with Teflon coatings 1s their lack of long term adherence to
metals. Because of their high cost, PFA and PTFE coated steels are
not acceptable. Although not as temperature resistant, Ryton and
phenolic coatings deserve strong consideration because of their low

cost.

Another possibility is porcelainized steel. Its temperature
and chemical resistance is excellent and the cost is comparable to
phenolic coated steel. Capital cost for porcelainizing equipment is
extremely high.

Uncoated Metal Manifolds

If the electrical insulation problem 1s considered to be
acceptably solved by the insulating frame discussed earlier, uncoated

metal manifolds may be a satisfactory choice. Plain carbon steel or

aluminum do not appear to be satisfactory choices due to their lack of f
resistance to phosphoric acid corrosion. Although the actual degree of manifolé
exposure to this acid is unknown, it is present to some extent in the %
exit gaséé. Carbon steel has another problem; water vapor in the exit r

reactant streams will corrode it.

Conventional 316 stainless steel is relatively low cost and is
commonly used for chemical processing equipment. It will corrode upon
exposure to 707 phosphoric acid at the rate of 9 mm per year at a
temperature of 140°C, which is much more severe than the exposure it

will see as a manifold material. Specialty stainless steels are available
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such as JS 200 (made by Jessup Steel Company),which under the same
conditions corrodes at only 0.3 mm per year. Its cost, however, is

more than twice as much as 316, $3.72 per pound versus $1.50 per pound.
Nickel 200 is less costly than this and is a good candidate for corrosion
resistance. Therefore, as is the case with insulating materials, there
are several possibilities and the correct choice can only be made on the
basis of successful performance under actual or simulated operating

conditions.

3.3.3 Stack Enclosure and Assembly Costs

The stack enclosure is defined as those components of the
module that are not repeating components i.e. manifolds, frame members,
top and bottom plates, etc. This section presents estimates of the
cost of procuring and assembling the parts required for the full scale
module described in Westinghouse Patent Disclosure RES 80-301. The summary
presented in Table 3.3.3 shows a total cost of $692 or $23 per kW. To obtain

costs of procuring the parts, conceptual drawings were sent to several

vendors for quotations. The most realistic quotation received was for .

$820 per stack based on production runs of 10 to 1,000. If, to this,

a learning curve is applied, production rates of 16,000 per year should
result in costs close to $500 per stack. This compares favorably with
information from one of the Westinghouse Divisions which makes products
similar to the enclosures required here. The Westinghouse Division's average
costing rate including labor and overlead is $.61 per pound of material used.
This enclosure design will weigh 803 pounds, so it would cost $490

at $.61 per pound. These costs include fabricating the manifolds out.

of .32 cm thick sheet steel with a protective coating of 0.5 mm thick
polyphenylenesulphide (Ryton) applied on the inside and outside.

The investigations discussed in section 3.3.2 indicated that Ryton‘is a

good choice for cost and performance reasons. From a corrosion stand-

point only the inside requires coating, but coating both sides should

allow the use of only one gasket instead of two with an insulator, thus

reducing cost and complication.
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COST ESTIMATE OF PROPOSEN 30 KILOWATT FUEL STACK ENCLOSURE AND ASSEMBLY

1.

TABLE 3.3.3

Enclosure Components (Outside Vendor)

Material (Cold Finished Steel)
Hardware (Bolts, Studs, Nuts)

Labor
TOTAL

Protective Coating for Manifolds
Material (0.5 mm Ryton both sides)
$5 Direct Labor x 2.133 IPEG factor

TOTAL

Gasket (Purchased)
0.54 cm Dia. Extruded Viton

Cell Assembly into 5 Cell Short Stacks
$28 Direct Labor x 2.133 1 PEG Factor

Stack Enclosure Assembly
$14 Direct Labor x 2.133 IPEG Factor

$692at 30 KW = $23/KW

. 3-56
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The gasket is a purchased item and is expensive because of the
expensive flurolastomer (Viton) required as the material. Cell and
enclosure assembly are labor items which are estimated at the values

shown in the table.

3.3.4 Seal Design and Materials

As part of the stack design effort, the transmission of forces
from the manifold to the stack were analyzed. Figure 3.3.10 illustrates that
these forces result from differential expansion of the manifold and stack

and are transmitted through a shearing of the gasket. The magnitude of

‘the force depends on the material properties (hence the interest in

measuring the thermal expansion coefficients of simulated stacks),
temperature, methods of attaching manifolds to stacks, height

of stacks, etc.

Preliminary analyseés of the restraining effect and the seal
stresses were made for two manifold designs shown in Figures 3.3.11kand 3.3.12.
As shown, in both cases the 300 cell stack was assumed to be manifolded
in 150 cell modules. '

The design shown in Figure 3.3.11 is similar to that used in
current experimental stacks in that each end of the manifold is bolted
into end plates. In this casé there will be very 1itt1e shear stress
on the seal because the manifold and stack are forced to expand the
same amount by the attachment bolts at each end. Stress caused by this
will be absorbed by the stack and manifold and will not be transmitted
to or through the seal. 7 .

The manifold design shown in Figure 3.3.12 is not fastened to
the end plates and does not significantly'restrain the stack.
The calculated difference in expansioi: betwéeh a steel manifold and
each 150 cell stack is 0.8 mm for a temperature rise from 25 to 190°C.
This difference must be accomodated by the shear of the gasket material
as indicated in Figure 3.3.10. The analysis indicated that the stack

compression will increase by about 24 kPa (vw6% of nominal value) at

3-59
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190°C if steel manifolds and a 5.5 mm diameter fluoroelastomer (Viton)
gasket is used. The calculated shear stress in the gasket material is

340 kPa which is about 5% of the published limit for this material.

Thus, shear on the seal should present no problem since steel has the
greatest thermal expansion mismatch compared to the stack of all materials

being considered for the manifold.

An analysis of the compression and shear stresses acting at
the corners of the bipolar plate as the manifold seal is forced against
the bipolar plate's side face (Figure 3.3.13) was also made. If the seal
is placed too close to the bipolar plate corners, there is a danger of
fracture. The analysis indicated a maximum shear stress of 230 kPa ~
for a uniform load applied 7.6mm away from the bipolar plate corners.
The mechanical strength of the bipolar plates appear to be sufficient

to accommodate this stress.

Material, fabrication and cost investigation of seal materials

and shapes was performed. Only fluoroelastomers‘possessed the heat

resistance required. Because of the high material cost, closed-cell foam gaskets

were considered,but they tend to take more compression set than their
solid counter parts. To minimize compression set, the gasket manufacturers
made two recommendations. Confine the gasket by locating it in an
appropriate groove and limit the gasket's deflection to 10% of its
uncbmpressed height. A groove design which retains the gaskets and can

be stamped in a manifold made of sheet metal was conceived and is shown

in Figure 3.3.14.

Cost data were developed for solid 0.54 cm and 0.70 cm diameter
(circular cross section) fluoroelasiomer (Viton cor Fluorex) gaskets.
In large quantities (over 16 km), the cost of extruded 0.54 cm material
is $1.67 per meter or 44 percent of the molded version which has been
quoted at $3.80 per meter. As the diameter increases to 0.70 cm, the cost
of the molded gasket increases to $5.10 por meter And the eitruded
version to 2.24 per meter. Provided the extruded gasket can be inex—
pensively joined, it is the preferable material and would reduce the
gasket cost to $1.56 per kilowatt in the .54 cm diameter size.
i 3-63
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3.3.5 Quality Assurance

As is the case for any manufactured product some method of
assuring the quality of the finished product must be utilized. One method
is 100% testing of finished product. The costs of giving every module
a "stabilization'" run of 240 hours and test is prohibitive as established
by the analysis that follows.

Figure 3.3.15 represents a conceptual stack test station. The
estimated costs are:

Temp. Controllers $ 200 x 5 = $1,000
Mass Flow Controllers 1500 x 5 = 7,500
Resistor Bank, Contactors & Control = 7,000
Digital Voltmeter = 100
Digital Ammeter = 200
Controller Punch Tape & Hard Copy = 30,000
Labor + 107 of Programming Cost = 12,000
Ductwork, etc. = 12,000
Miscellaneous = 3,200

$73,000

If it takes 240 hours to stabilize the performance of and test
each unit and the production rate is 67 units per day (16,700 per year),
670 units will be on test at any one time requiring 670 test stations.
At $73,000 each the total capital cost will be $49,000,000. With cost
estimates for labor, material, floor space and utilities, the IPEG model

was used for estimating total testing costs.

Direct labor will be mainly that required for connection,
disconnecting and moving stacks since the test equipment will be equipped
with controllers and data loggers. Four persons per shift on a three
shift basis should be adequate. At an estimated labir cost of $7.00 per
hour, labor costs will be $175,000 per year. Floor space for testing
was estimated to be 150 sq. ft. per station for a total of ~100,000 sq. ft.
The major material cost is the 1.73 million liters par hour of hydrogen

3-65
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consumed by the 670 stacks undergoing test. At an estimated large volume
cost of hydrogen of $.0002 per liter, the yearly cost will be $2,325,000.
Utilities should be an income item instead of a cost item since the

stacks on test will produce 20 megawatts of electricity. Since a
profitable method of disposing of this can probably be found, no cost

for this item was included. The IPEG calculations are shown in Table 3.3.4.
The resulting cost for testing of $66.30/kW is unacceptable high.
Significant reduction in the "stabilization" time is required in order

for 1007 testing of finished modules to be viable.

If stabilization cannot be significantly reduced, sample testing

" of stacks iust be considered. Figure 3.3.16 shows the effect on cost of

reducing sample size and testing time. Testing a 10% sample, 7 per day
instead of 67, for the full 240 hours would reduce the testing cost per

kW to $8.50. If the "stabilization" time could also be cut in half the cost
would drop further to $4.25/kW, which should be acceptable.

TABLE 3.3.4

"PHOSPHORIC ACID FUEL CELL REPEATING COMPONENTS
JPL IPEG COST MODEL

' IPEG ESTIMATE IPEG
COST ITEM FACTOR OF COST ITEM COST $/YR $/kW
Equipment .489 $49,000, 000 20,400,000 40.80
Floor Space 96.9 100,000 £t2 370,000 .75
Direct Labor 2.133 175,000/yr. 9,690,000 19.40
Direct Material 1.255 2,125,000/yr. 2,670,000 5.35
Utilities 1.25

TOTALS 33,130,000  $66.30

4
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4, Task 2: Stack Fabrication

The purpose of this task was to fabricate components for and
assemble stacks for testing. This task along wiﬁf%Task 1 and 2 (stack
design and testing) comprised the effort to develop fuel cell modules for
the 0S/IES application. Primary emphasis was placed on the development
of stacks and cooling plates that would achieve maximum performance from
the electrochemical components under the operating conditions required
by the 0S/IES application. The three tasks were integrated and closely
coordinated with feedback provided by meetings and participation by key

personnel of all three tasks.

The culmination of this task was the successful assembly of
a stack of 80 full size (30 X 43 cm) cells incorporating separation of
the cooling and process air streams, MAT-1* matrices, heat treated bipolar
and variable area cooling plates, and manifold/sealing and compression
systems that accommodated the deformation and differential thermal
expansion of the stack. The stack design features and assembly procedures
used on this stack were developed by fabricating and testing the

stacks listed in Table 3.2.1,and critical experiments on methods

approaches carried out #s part of this task.

In parallel with this program, ERC was developing improved cell
components under internally funded projects and parallel technology
development contracts (DEN3-205 and EC-77-03-1404) funded by DOE and
managed by NASA-LeRC. Close coordination was maintained with these
parallel programs and the improved components were incorporated into the
stacks fabricated under this task when appropriate and approved by the
NASA Project Manager.

*U.S. Patent 4,276,356




4,1 Methods and Approaches

The work carried out under this Subtask comprised simple but
important experiments which were used to evolve or verify fabrication
techniques and design features before incorporating them into 23 cell or

larger stacks. Some examples of these are described below.

4.1.1 Stack C

Stack C was a 3-cell, 13 cm x 38 cm stack built to test the
innovative acid replenishment/filling scheme described in Section 3.2.2
and the new compression method described below. As shown in Table 3.2.1,
the stack was assembled with dry Kynol matrices and nonheat-treated bipolar
plates. The stack was satisfactorily wicked in 20 hours at an acid flow
rate of 4.5 cm3/hr and took about 51 cmg of acid. The initial acid
inventory in the stack was augmented during the first 400 hours of
operation; only small acid additions were made after this time.- Stack C was
tested under load and accumulated a total of 2000 hours of operation at
a stable performance level of 0.57 V/cell at 100 mA/cm2 as shown in
Figure 4.1.1. The dip in on-load performance that occurred around the
58th day was caused by a reduction of air supply due to a cracked air
inlet manifold. After the manifold was repaired, performance at the

previous level was re-established.

The successful operation of Stack C demonstrated that the new
methods of compression and electrolyte filling were suitable for stack

assembly.

4.1.2 Stack Compression Method and Techniques

A simple and effective technique was developed to ensure
uniform stack compression. The tie bar deflection method previously

used was quite cumbersome and time consuming.

The new method illustrated in Figure 4.1.2 used a stack
compression jig and four through-hole hydraulic rams (one for each

stack tie rod). The rams were connected to a common pressure source so

4-2
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an equal pressure was exerted on each tie bar. Each tie bar had two foot
pads located at strategic points to distribute the compressive force
uniformly over the cell area. When the desired compression was obtained,
the ram assemblies (including spacer) were disconnected at the coupling,
This method simplified the loading procedure greatly and ensured an

accurate and uniform compressive load on the stack,

4.1.3 Highly Conductive Cooler Assembly

The cooler plate.. design concept requires that two cooler halves
be joined together. 1In Phase,l graphite pazper was used to reduce the
interfacial resistance between the two cooler halves,but this resulted
in an increased heat transfer area which reduced the ability of the
variable area to achieve a uniform cell temperature. A new method was
developed which lowered the contact resistance between the two cooler
halves,provided a better seal to prevent reactant crossover,and

eliminated the paper in the cooling channels.

The state~of-the-art assembly procedure uses the same conductive
graphite-resin as the plate material dissolved in a solvent for
easy application. This solution %s applied to the ribs of the cooling
channels and a high-strength epoxy adhesive is applied on the margins or
peripheral area. The plate halves are then éligned, compressed under a

predetermined load, and heat treated.

The finished plates have the following advantages:

® Reduced resistance by 10 to 50 fold.

e Materials are compatible with the reaction in the
"cell (no poisoning).

e Highly acid resistant.

e Permanent bonding for ease of handling, storage
and stack assembly.

e Margins are sealed from other process streams.

A g R ap £t e
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4.1.4 Stack Dimensional Changes

During operation the stack dimensions change due to a combination
of thermal exparnsion (and contraction) and a combination of permanent and
elastic deformations of the components. The magnitude (and direction) of
this change is a complex function of the details of stack construction
(which affect the distribution of the load among the active and marginal
areas of the stack), the temperature level of and its distribution in
the stack, properties of the stack materials, the compressive load on the
stack (which in turn is affected by the dimensional changes), and the design
of the stack ccmpression system. Although the changes are too small to
be measured in 5 or 23 cell stacks, simple calculations indicated that they
would be significant in an 80 cell stack.

In order to obtain an estimate of the changes which would need
to be accommodated by the manifold and compression systems of Stack 800
as well as in the full scale module design, measurements of the
dimensional changes of an existing 80 cell stack (built under an ERC

in-house project) were made. The results are summarized in Table 4.1.1.

As indicated in Table 4.4.1, the stack height (measured from end
plate to ond plate) decreased during the acid filling (line 2) and then
decreased further during 11 normal startup and shutdown cycles. This was
due to a deformation of cell components which creep at elevated temperatures,
This decrease in stack height was also indicated by the reduced tie bar

deflection in line 3, which resulted in = reduction in cell compression.

For the twelfth cycle, the stack was heated to 178°C with the
manifolds removed and the tie rods exposed to room temperature (line 4
in Table 4.1.1).The stack height increased by “0.07 cm from its height
at room temperature (line 3) but was still v0.096 cm shorter than its
initial height although the compression as indicated by the deflection of tie

bars: was coincidentally the same. When cooled to room temperature,

 the stack height was less than its previous value (line 3) indicating

that permanent setting of some material in the stack was still occurring
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after 12 cycles. When the tie bar deflection was adjusted to obtain

the original compression of the cells, the measured cumulative permanent

set was 0.4 cm (line 6) or 0.005 cm/cell. This data provided the basis

for the design of Stack 800 and the full scale module design (v300-cell

stacks) and suggested further work on this subject which is described in
Section 5.8.

4.2 General Fabrication Procedures

Details of the materials and fabrication processes followed in
the manufacture of components and subassemblies, and the assembly of simulated
(5 cell), short stacks (23 cells) and subscale (80 cells) stacks are
described in the Procedures Documents supplied to the NASA Project Manager.
A general description of these components and of the stacks which were

assembled follows,and stack specific procedureés are outlined in the
following subsections.

4.2.1 Plates

All bipolar, bipolar/cooler, and end-pldtes in the stack were
compression molded from a mixture of graphite-resin powders producing

plates of 30.5 cm (12 in.) x 43.2 cm (17in.) x 0.33cm to 0.56em (0.13 to

0.22 in). Plates for the Mk-1l desien had process gas flow channels molded

in the plate while the plates for the Mk-2 design were molded with flat

surfaces. The bipolar-cooler plates were formed from two plates with the outer

surface containing the process gas flow channels and the cooler channels

in the center as shown in Figure 4.2.1. The process gas flow channels of

the Mk-2 design, developed in Phase II of this program, and the treed

pattern for bipolar/cooler plates, developed in Phase I of this program, were

produced by numerically controlled machining. Some of the stacks assembled in this

program contained plates which were subjected to a carefully programmed
heat-treating schedule which modified the chemistry and structure of the

resin,producing thereby a plate having a significantly higher electrical

conductivity and improved corrosion resistance. The bipolar/cooler plates were

formed by cementing two halves after heat-treatment, except as noted.
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4.2.2 FElectrodes

The anodes or cathodes in these cells were constructed with a
catalyst layer supported on a porous graphite substrate. The platinum

catalyst loadings for the anodes were 0.3 mg/cm2 and cathodes were 0.5

mg/cm%
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4.2.3 Matrix

The electrolyte containing matrices for these cells were produced

SIS 3 e

LI

from either a phenolic fiber (Kynol) structure or an ERC patented structure
referred to as MAT-1.

The latter matrix has a finer pore structure and
higher bubble pressure .than the Kyrol, and is also capable of operating
at higher temperature.

Subassemblies of electrodes and plates were produced by cementing

electrodes to the appropriate side of each plate. Each plate contained

an acid reservoir channel and one or two feed holes so that acid could
be supplied to the matrix.

i e e 1y AT

The acid reservoir channel was machined into
the anode side of Mk-1 plates, or on either the anode or cathode side of
! the Mk-2 plates depending on the stack being built.

Assembly of the subaasemblies into a 5, 23 or 80 cell stack

was performed in a dry room in which the humidity was maintained at less

than 10% (RH). Acid (100% phosphoric) was supplied to the matrices by

either a wicking or wet assembly procedure. Additional acid was supplied

to the stack by wicking in a vertical (non-operating) position or by either

e e Y

of two schemes developed in this program for feeding acid to the stack

while it was operating in a horizontal position.

The stacks which were planned and assembled are summarized in
Table 3.2.1.

A b S R

4.3 Simulated Stack Fabrication

Three simulated (5-cell, 30 cm x 43 cm) stacks (557, 558 and
560) were fabricated in Phase II.

b bt $t

These simulated stacks were used
primarily to corroborate and demonstrate the basic component design,

ok, Ainsied
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FIGURE 4.3.1. ASSEMBLY OF STACK 557 (The First MK-2 Simulated Stack)
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assembly techniques and for endurance testing. These important points
were well demonstrated with Stack 560. The key points of each stack
fabrication are described below and the design features of each are listed
in Table 3.2.1.

4.3.1 Stack 557 °

Stack 557, the first Mk-2 simulated stack(shown in Figure 4.3.1)
was assembled with nonheat-treated bipolar plates and dry Kynol matrices.

The blanks for the bipolar plates were molded oversize
so that they might be surface machined flat and parallel before the
process gas flow channels were machined. Several.different surface
machining procedures were attempted, but all were unsuccessful in that the
plates tended to overheat and distort while the machining process was in
progress. The additional 0.13 cm (0.050 in) in thickness provided for
this surface machining was deeméd to have an insignificant effect on the

performance of the stack and no further attempts at machining were made.

Subassemblies of the plates were assembled dry and compressed
to a nominal pressure of 410 kPa (60 psi) using parallel compression bars
and tie rods in a four point loading on compression plates at the
ends of the stack. The stack was then supported so that the cells were
in a vertical position and acid was fed into the cells through the feed
holes at each end of the acid reservoir channel located at the bottom
of each plate. The matrix of each cell covered the filled reservoir
and acid was to fill the fine pore matrix (Kynol) by capillary action.
The progress of the acid into the matrix and the electrodes was followed

by measurements of electrical impedance.

The addition of acid to this stack was found to proceed at a
rate considerably slower than that previously experienced by ERC.
Tests of this stack showed a poorer performance which was attributed to

insufficient acid in the matrix. Cross-leak indications were also noted.

In post-test examination of these cells it was noted that the

matrix-electrode configuration exhibited differing degrees of wetting.
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The plate rib pattern impressed into the electrode backing member varied
in each cell indicating a difference in compression across the cell. :
Excessive pinching in some areas by these ribs was considered to be the =

major reason for the very slow capillary action of the acid in the matrix.
4.3.2 Stack 558

The plates from Stack 557 were stripped of the electrodes and
new subassemblies were constructed. The subassemblies were assembled
into a stack with acid added to each Kynol matrix as it was added to the
stack. The stack was compressed to 410 KPa (60 psi).. One day was
required for wet assembly and compression. Additional acid was added
to the matrices through the fill tube at the top of the stack in the
normal horizontal operating position. Acid fed down the stack through
the fill hole at the end of the acid reservoir channel in each plate and
thus onto each matrix which partially blocked the feed hole. The test
results of this stack were encouraging as its performance
was significantly better than that of Stack 557. Acid additions were
made on several occasions while the stack was ¢perating and an improvement
in performance was noted in those cells where an acid deficiency had been

indicated by the diagnostic tests, Post-test examination of this stack

revealed that s number of process gas channels were filled with electrolyte.
All of the electrodes were damp and since no cross-leaks in testing were
noted it was apparent that the wet assembly procedure achieved its gogl.

The flooded process channels were attributed to insufficient wet-proofing

in the electrodes, excessive compression in some areas of the cell or both,
4.3.3 Stack 560

This stack included thinner bipolar plates (0.30 vs. 6.43 cm)
and thicker end plates (0.56 vs. 0.43 cm) than Stack 558. The molded and
machined plates for this stack were given a high temperature heat treatment '
to improve their electrical and thermal conductivity and corrosion resis-
tance. Each MAT-1 matrix was wet with 48 cm3 of phosphoric ac1d

and an additional 0.5 cm3 was added to the reservoir
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Figure 4.4.1. Photograph of treed cooler plate half for Stack 559
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FIGURE 4.4.2. PHOTOGRAPH OF STACK 559
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in each cell during the stacking of subassemblies. After holding the

heated stack at 83°C for approximately 20 hours, it was compressed to
170 kPa (25 psi) but,because of the degree of acid weeping from the cells,

final compression to 340 KPa (50 psi) was not completed until the following

day. The electrical impedance of the stack was monitored during the assembly-

compression procedure and a stack impedance of 5 mQ at 97°C was reached

at approximately 240 kPa (35 psi). An additional change of less than 10%

was recorded in compressing the stack to its final value.

Acld addition of 4 cm3 per cell was made to the stack through the

filler tube at the top of the stack prior to testing. The acid flowed

through the stack in a series progression through all of the acid reservoir

channels in the cathode side of the plates. The matrix in this assembly

is beneath the channel and acid flowing through the stack runs over the
matrix.

This stack was operating continously for over 8000 hours as
described in Section 5.

,

4.4 Short Stack Fabrication

Four short (23-cell, 30 cm x 43 cm) stacks (559, 561, 562 and

564) were fabricated in Phase II.  These were used for verification of

stack design parameters such as temperature distribution, flow distribution,
pressure drop, manifold and seal design, and basic cooling concepts.

The key points of each fabrication are discussed below and the decign
features of each are listed in Table 3.2.1.

4.4,1 Stack 559

The Treed cooler pattern for this Mk-1 stack was modified as
shown in Figure 4.4.1 to provide for a smooth transition in air flow
from the large inlet channels into the smaller channels. This design
contained 30 channels with a depth of 0.56 cm (.22 in.) and a pitch
between channels which increased towards the fuel exit ¢nd of the plate.

The cooler flow direction was reversed (from Stack 556) so that cooler
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air would exit at the acid reservoir edge. The plates for this stack

were not heat treated.

This stack contained the new MAT-1 matrix and the wet assembly
procedure developed on Stack 558 was used. The assembled stack stood
overnight before compression was started. As in earlier assemhlies, the
stack was compressed to 170 kPa (25 psi) the first day and heated to
v90°C overnight before compression was completed (340 kPa (50 psi)).

As shown in Figure 4.4.2, the compression bars were parallel and strain
gauges were installed on the tie rods to monitor compression changes
during operation.

Many of the cooler plates originally molded for this stack were
bowed and cracked when machining of the Treed pattern was attempted. These
cracks were attributed to residual stresses in the plates resulting from
the compression molding process. Bowed plates were found in anode and
cathode halves and the direction of the bow was not the same for all
plates. The molding procedure was modified for new cooler plates and

this solved the warpage problem.

Acid additions to the stack were made to the f£ill tube at the
top of the stack while it was in a horizontal operating position. Flow
proceeded down through each of the cells in the acid reservoir channels

in a series path.

Acid flow through the stack was quite low (vlce/hr) and additional
feed tubes inserted into the cooler plates at the acid feed holes did not
reveal any specific blocked region in the stack. However, post-test
examination of the cells showed extensive blockage of the reservoir
channels by the compressed and/or expanded matrix,which runs over the
channel (in the anode section of the plate). A major restriction to
acid flow was noted in the drain tube, which was partially blocked with

the fluorelastomer used as a gasket on the end plate.
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4.,4.,2 Stack 561

This Mark I stack contained the same plate design (DIGAS and
“rved Pattern) as Stack 559 but the plates were given a high temperature
ieat-treatment (developed under the parallel technology program and ERC
sponsored projects) after the machining operation to improve their
electrical conductivity and corrosion resistance. The bipolar/cooler
plate halves were cemented together before heat-treatment and it was
noted after heat-treatment that the disparity in linear dimensions between
cooler plates and the bipolar plates was as large as 0.25 cm (0.10 in).
The linear shrinkage of these plates decreased with increasing thickness
(4.2 to 3.8%). Subsequent heat treatment of cooler plates was restricted
to half platesto minimize differences in shrinkage between them and the

thinner bipolar plates.

The subassemblies of this stack were assembled with the MAT-1
matrix using the wet assembly and compression procedure employed in the
assembly of Stack 559. Acid additions to the assembled and compressed
stack were made through the top of the stack using series flow through
the cells. An acid feed rate of less than 2cc/hr through the stack was
similar to that experienced with Stack 559. In post-test examination of
the stack it was noted that acid flow might have been impeded by constriction
of the acid reservoir channels by the matrix being compressed and/or expanded

into the channels.

During the compression of the stack it was )
noted that one of the center plates (anode of cell 18) cracked (audible &
visual) at approximately 170 kPa (25 psi). After combression to 340 KPa
(50 psi), there was some suspicion of additional hairline cracks in other
plates, but this was proven to be unfounded. During initial iesting of
this stack, there was no noticeable effect on performance, due to the fine
crack. The crack in the plate was approximately 3 cm in from the right
end and started at the edge containing the acid reservoir channel (there
was no acid fill hole at this end of the plate). After some test time
and several thermal cycles cf the stack (room to test temperature),this

crack progressaed into the process flow channels and cross-leaks were detected.

=R
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On post-test examination it was found that the crack had
progressed to the fourteenth channel (v5cm). No cracks were
found in other plates during the post-test examination. The process
grooves of the plates of this stack were relatively free of acid with
only an occasional area indicating any potential restrictions to gas flow.
The anode or cathode backing papers exhibited varying degrees of acid

mist.

The metal manifold of this stack was attached with a plastic
(phenolic) frame interposed between it and the stack. To prevent gas leaks
between the flat surfaces of the frame and manifold, a flexible high
surface temperature gasket material was used. The irregular surface
presented By the plates was sealed by several thicknesses (greater than
the disparity between adjoining plates) of an uncured fluorelastomer sheet
using the frame to form a gasket under pressure at an elevated temperature
(80~100°C). This practice was employed in assembling previous stacks but
these did not have plate dimensions which varied as much. Gas leaks were
not detected in testing this stack. In post-test examination, separation
of the in-situ cured gasket material from the heat treated graphite~resin
plates required considerably more effort than the precured gaskets used

for the manifold frame/manifold seals.

4.4,3 Stack 562

The plates for this Mk-2 stack were given a heat-treatment
after machining the process gas flow channels and the Treed cooler
channels. 1In stacking the subassemblies, a MAT-1 matrix was inserted
in each cell using the wet assembly procedure. -The end heaters, located
in the compression plates at either end of the stack were turned on after
assembly. Compression of the stack to 340 kPa (50 psi) was completed
over a two day period to allow the electrolyte to slowly £ill the

very fine pores of the matrix and to wet the electrodes.
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Post test examination of this stack revealed that the

phenolic manifold frame had been overheated to the
extent that it was severely charred and embrittled in some sections.

The process gas channels of the plates were generally dry and the
electrode backing papers had areas in which very fine drops of acid were
on the surface,but no completely flooded areas were noted. The matrices
were compressed or expanded into the acid reservoir channels but no

complete bhlockage of the channels of the acid fill holes was noted.
4.4.4 Stack 563

This stack was to be built to verify the results obtained in
the Stack 561 and to include small changes in the Treed cooler design.
However, a decision was made to concentrate on the Mk-2 design and fabri-

cation of this stack was discontinued.
4.4.5 Stack 564

This stack was a duplicate of Stack 562 with a minor modification
in the Treed cooling pattern. The first branch was initiated at 10.2 cm
(4 in.) instead of 15.2 cm (6 in.) as was the case for all of the earlier

Treed patterns.

This stack contained a spiral of Teflon in
the acid reservoir channel,which was to support the matrix (MAT-1) and
prevent it from impeding acid flow. A wet assembly procedure was followed
in stacking these subassemblies with the MAT-1 matrix. The heater in the
bottom compression plate was turned on at the start of assembly and the
improvement in acid fluidity was apparent shortly after the 5th subassembly
was stacked. As with previous stacks, compression was initiated the
following day but only to 170 kPa (25 psi). TFinal compression to 340 KPa
(50 psi) was accomplished on the second day.

Figure 4.4.3 is a photograph of Stack 564 with all manifolds
installed. It shows the ease of access to the manifolds prévided by the
crossed arrangement of the cross bars. Although this stack was removed
from the test loop so the loop could be modified for ceSting of Stack 800,'
further tests were planned so no post-test examination was made.

i
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Figure 4.4.3. Photograph of Stack 564
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4.5 Subscale Stack (80 cells)

This stack was basically an 80 cell scale-up of Stack 564.

The end plates of this stack were coolers in which every other flow

passage was closed. The manifold frame was made of steel rather than of

a laminated phenolic because of the overheating noted in the short stacks.
The metal manifold frames were coated with an insulating layer of a
fluorelastomer and separated from the stack by a fluorelastomeric

gasket and a thin sheet of Teflon. Because of anticipated creep of the

seal components based on measurements described in Subsection 4.1.4 the
manifold and compression systems described in Subsections 3.2.3 and 3.2.5

were used to allow for expansion between the stack and the manifold.

The subassemblies of this stack were wet assembled as in Stack
564. Only forty cells were assembled the first day so acid could
penetrate the very fine pore structure of the matrix before any

significant compression was applied to the lower cells. Compression of

the stack to 340 kPa (50 psi) was again divided into a two day procedure.

As shown in Figure 4.5.1, this stack was mounted on a stand which was its
permanent base in the test 1qops.ﬂ

The acid reservoir channels in this stack were provided with
Teflon spirals to support the matrix. Attempts were made to add acid to

the stack after testing had bee<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>