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1 0  SUMMARY

~
• I This final technical report reviews work performed under Army

Mobility Equipmen t Research and Development Command (MERADCOM) Contract

I DAAK- 70—77-C-0l28 during the period May 23, 1977 through Apri l 23, 1978.

The advantages of eleotrochemioal power generation derived from an
easiLy transportable fueL such as methanol have tong been recognized . Military

I and commercial concerns alike could make considerable use of such a development .

I The objective of this effort has been to design , fabricate and test
evaluate Solid Polymer Electrolyte (SPE) fuel cell configurations suitable for
operation on reform ed m ethanol and air. A major thrust of thi s program was the
development of a configuration that internally humidifi ed the reactive air. in this

I regard the expertise gained through deveLopment of a Solid Polymer reactan t
humidifier for NASA/JSC (Contract NAS 9—12332) was of considerable benefit. In
order to simulate the fuel and excess water delivered from a methanol reformer, a

I water injection mechanism was employed at the fuel inlet to the fuel cell. This
Injected water was utilized for air humidification. During the course of this contract,
laboratory—sized cells were developed and successfully operated on simulated

I methanol reformate and air with internal humidification . Environmental and over-
stress testing was also successfully completed. Figure 1 reflects the various tasks
performed during the course of the contract-

H
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2.0 ANALYSIS (Task 1.0)

I The overall purpose of the analysts task was to determine area ratios
of humidification SPE to electrochemicafly active SPE at various operating
conditions. Establishment of the anode side water introduction technique to

I simulate excess reformer water was also to be accomplished.

• Previous computer subroutines Involving mass transport , current
I densities, partial pressures, SPE thickness, EEC (Ion Exchange Capacity~, etc.,
j  were use to obtain a mathematical model of a self-humidifying configuration.

Operational conditions utilized in the NASA/JSC Program were
factored into the computer program for a comparison with hum idifier ares-to-active
area ratios as established for the near-ambient pressure cell.

j  These analyses produced a humidifier area of 1.02 in2 for the 165°F
case . Using a fixed area ratio (i.e. , 14% area for humidification) the required

r operating pressures were determined for proper humidification at higher tempera-
tures. Table 1 reflects the range investigated.

~~
- A more aggressive set of conditions were then evaluated based on highI. pressure 112 ‘air performance obtained on NASA cells. These Input conditions

were :

L . Cathode pressure - 115 psla
• Cell temperature - 220°F
• Cell area 7. 2 In2 (1/20 Ft2)
• Current density - 1000 ASF
• Cathode gap - . 125 inches

1’ 
. Air stoioh - 4.0

For the above configuratIon and operational conditions it was
determined that 1.34 In2 of the total 7 .2 in2 of cell area would have to be devoted
to humidification of the incoming air using excess 112 side water. The analysts
assumed that the exit air had to be saturated to 100% RH at 2200F, and that product
water of the cell would supplement the hum idification water to produce this con-

L ditlon. The actual relative humidity of the air entering the electrochemicai active
area of the cell , having passed through the humidification area, was determined
to be approximately 39%. Table II, Appendix A, displays the computer analysis
that sized the humidifier at 1.34 in2 . Tables UI through VI show analyses at lower
temperatures and pressures.
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TABLE I

[ Computer Evaluation Results

Case Case Case Case
I U UI IV

Cathode Pressure Psia 16 22 30 43

- Cell Temperature °F 165 180 200 220

- Cell Area In2 7. 2 7.2 7 .2 7.2

Humidifier Area In2 1.02 1.02 1.02 1. 02

- 
Current Density ASF 300 300 300 300

- Cathode Gap Inches 1/8 1/8 1/8 1/8

Air Flow Stoich 2.5 2. 5 2.5 2. 5

I’
1

I
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I
I The Appendix Tables reflect the rather complex relationships that are

at work which Influence the ability of the membrane to humidify the incoming air
stre am. In general term s the following relationships exist:

• Pressure - Increased pressure reduces required humidification

I • Temperature - Increase temperatu re increases required
humidification

• Air Flow - Inc reased air flow increases required humidification
• Current Density - Increased current density Increases required

- 

-
, I humidification

• 02 Gas Gap - Increased gap requires increased humidifying area
~ Membrane Thickness - Increased thickness requires increasedJ humidifying area

A “see thiough” acrylic model was sized from the high pressure high

1 current density analysis . Figures ~ and 3 represent simplified drawings of the
transport system subsequently employed.

in the working model the H2 gas and humidify ing water enter the bubble
cavity . The becomes humidified and passes through the overflow tube into the
base of the active area , where it is separated from any excess water that may have been
carried with the H2. The hydrogen Is distributed across the active area by means
of a gold distribution screen; ine rts are removed with a bleed at the top of the active
area. The excess 1120 is also removed with a bleed at the base of the active area.

- A porous titanium plate in the water filled bubble cavity transmits the
1120 to the water transport portion of the membrane. This membrane carries
the water to the cathode to hum idify the incoming air that passes over the wet

- membrane .

A nitrogen-pressurized , fo rced liquid flow system was developed In
the “see through” fixture . This system was found to be highly successful and was
subsequently adopted In the test hardware . After fabrication and testing of this
module based on computer analys&. . the results were applied to the fabrication of
actual test hardware.

j 
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3.0 PARAMETRIC TESTS (Task 2~P)

Following hardware and test stand fabrication and checkout , cell M- 1
was put on teat. Figure 4 displays the individual cell components and FIgure 5 shows
the hardware integration with the test facility. M-1 was fabricated on 5 mu plat-
Inized SPE , Incorporating the 4mg/cm2 standard cathode and 4 mg/cm2 special
CO-tolerant anode catalyst (64 wt % Pt, 21 wt % R u ,  15 wt % W Ox) developed under
contract to NASA/JSC (Contract NM 9-14345). Shortly after introducing 1120 Into
the bubble chamber of the cell , M-1 showed signs that water was entering the anode

J active area , partially masking off the cell . Despite several shutdown and restart
cycles this situation continued.

J At this point the previously utilized “see through” fixture was set-up
again to study this phenomenon. A simulation of all systems flows and pressures
was imposed on this fixture and the probable cause of flooding was rapidly observed.

- In this hardware the water/gas mixture which spilled over the top of the anode ver-
tical trap created a wave as the mixture flowed through the lower trap area. This
wave was able to reach the gas feed parts to the active cell area. Figure 6 shows

J the observed two phase flow condition, as opposed to the desired condition .

With further development It was found that a woven glass wick placed

J in the bottom of the water seperation cavity produced the desired condition. The
woven glass wick effecti vely interrupted the slugs so that they could be removed
through the drain bleed without interfering with the active area.

~iecause initial testing of M-l showed It to have less than optimum
performance and higher than normal resistance , M-1 was replaced by cell M-2 ,

r which had the same configuration. The resistance of cell M-2 was also consider-
ably higher than normal . However , the cell was activated to determine whether
the water masking modifications were effective. Following activation , the reformate

S 
simulated excess water flow was set at 15 cc/hour ; stable perfo rmance was main-
tam ed for two days of operation , indicating proper water distribution.

I The operational temperature was increased to 165°F and a performance
run on air/hydrogen was made . As shown in Figure 7 , the performance demon-
strated In this instance was considerably below that obtained from the NASA/JSC
baseline cell. However, since the lower performance level was also obtained
while operating on 02/112, it appeared that the subnormal performance was not
related to an inability to humidify the dry incoming air with the internal humidifier.

The higher-than-normal Internal cell resistance suggested several
factors that could have contributed to the low performance, including contact re-
sistance, due to oxides on current collectors , etc., or contamination and/or
oxidation of the special CO-tolerant catalyst developed for NASA/JSC.
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I The CO-tolerant catalyst used In cells M-l and M-2 had been prepared
In 1974 , and subsequently not used since 1975. In view of the less than adequate

I performance of M-l and M-2 , It seemed possible that the batch of catalyst had
undergone a negative change since it was manufactured. Preparations began for
the manufacture of a new batch of the CO-tolerant catalyst. While this catalyst

1 was being made, cells using all-platinum anodes were produced to allow further
1 development in the Interim. All cell contacts were platinum-plated to help eliminate

the high internal resistance seen earlier. P

I Cell M-3 was the first of these all-platinum catalyst cells to go on
test. Figure 8 shows performance runs on H2/02 and H2/air at 165°F and 180°F with

• simulated reformate excess moisture. These curves suggest significant Improvement
over the performance of cell M-2. At 123 hours of operation , M-3 was removed
from test for analysis due to an 02-to-H2 leak. The analysis showed extensive

- blistering In the 1120 transport area.

• * Normally the platinization treatment of the SPE acts to prolong the life
of the cell. In the 1120 transport area , however, It was believed that this treatment

f acted as the catalyst to produce the corrosive 112 02. To minimize the 1120 trans-
port area degradation in the future , the platinlzation step was removed from the cell

1 manufacturing procedure for this program.

Cell M-4 went on test shortly after the analysis of M-3; it had the same
configuration as M-3 with the exception unplatinized membrane was used. Figure 9
plots the performance of M-4 at 220°F on 112/02 and H2/air at 29 psig and 100 psig . 5

While M-4 was being tested, the new batch of CO-tolerant catalyst was
completed. Three cells were fabricated and evaluated. Although the CO-tolerant
anode catalyst in these cells had been prepared by carefully following the procedure
developed for NASA/JSC Houston, all three cells fa iled to achieve minimum per-
forniance expectations and were removed from test. Judging this new batch of
catalyst to be defective, a second batch was manufactured by modifying some stock
catalyst. The result effectively achieved the correct CO-tolerant mixture as de-
veloped under contract to NASA/JSC Houston. Cell M-9 was fabricated with this
cataly st on unplatinized SPE with a standard platinum cathode . Figure 10 shows the
02/H2, Air/H2 performance of M-9, which Is significantly better than M-4 , the
latest previous all-platinum ceU. This diffe rence can be at least partially attributed
to the cell resistances: . 0052 ohms for M-9 as compared to an average resistance
of .0063 ohms for M-4. Figure 11 gives performance on simulated reform ate
(75% H2, 24.6% C02, .3% CO, . 1% CH4) /AIr as a functio n of operating pressure.
Sensitivity to fuel flow variations on simulated reformate/air is shown in Figures
12 and 13. When the performance on 10 PPM CO is compared to the performance
with the .3% CO mix, the .3% CO mix showed slightly better performance at

- ‘  1.25 x and 1.5 x stoich.tometric flow.
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The nature of this observation is not completely clear , however ,
these results suggest that there is a limited effect of the CO in the mix .
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4 .0 UFE AND DUR A B IL i T Y (~Task 3.0)

t 4. I Endurance Runn Ing

C~ l I M— 9 began ~‘ndu r :sncc on r eformat e ( •  3 CL) , At r~ afte r the corn —

ple tion of l’a~ a~ 2 .0 of this program. At 295 hours of operation , M-9 experienced
a cathode-to-anode leak , necessitating its removal fro m test. Overall visual
examination of the ceLL show ed a rust—colored stain of approxImately 2 cm 2 in the
1190 transport area. A sample of thi s discolored urea was removed and sent out
for chemical analysis. Also visible was an area of membrane degradation
between the 1120 tran sport area and the active area. A sample of the :~~t ive ~r :~a
was also taken for che:~ ie~ l analysts.

Ti’e (‘L~Il then underwent overall i cri’.~c~opl c examination wI~ici~
detected an area ~f ~ ‘s t~; sxing at the base of th~ :1ct1\.~ ~~~~~ This is beltovod Lu

• awe heen caused by u 2 eofr rtng the anode cavity dur $ ’~ - thr (1epvo~8urlznUon lhsit
fI,t lCJwv~ the shutdo~’n. rt~e n~~n~’)r ane was finally ch& ~rnicct1r stripped of all
ca IaI~ si. ~so that the integr ity of ths’ E could be analvicd . ~~t r o~copic
examination ~ C (  ;.ke stripped SPE ~ho~ ecI di’~ r:a4ut t t ,~ between the H2( ) triuwport

L~~t and active area oldy .

Load C cLe l~vaLuatt ot~
( ‘Il M .11 ~vent on test soon sift er the shutdown of M —9 , bind osfo re the

anal’~~t s of M-9 was completed . At 130 hours of Load cycle operation , Ps i - I l
experienced the same fate as M— 9 . Cell M-11 exhibited a stain in the transport) area nearly identical to that in cell M-9; however, the active area demonstrated
more advanced degradation , including blistering. .\t thi s t ime the lab results fro m
M— 9 were returned , confi rming the suspicion that the humidifying 11 20 system ,
which is entirely of 310—SS , had contaminated the water , in turn contaminating the
SPE . The chemicaL analysis of the stained area showed slguiftcant amounts of Ni ,
Fe, Al and TI with smaller amounts of Mg. To eliminate thi s contnmtnatlon
p roblem , detonizers were added into the 11 20 injection system of each facility and

L t itanium tub ing was installed between the deiontzers and the cells. This
configu ration was then successfully ut il ized in subsequent overatrees testing.

( 4.3 Over-Temperature Study

j Facility modifications were performed and subsequently Cell M— 12
%~Lflt  on test. Preliminary performance evaluations revealed that Cell M-12 had
good initial performance (Figure 14). Temperature was Increased to 26~°E , and
curves were made on 112 O~ and reformate 02 (Figu re 15). Perform ance on the
refo rmate was much higher than previously experienced , and with greater stability .
The sudden dip at the end of the reformate curve , and an increase In resIstance,

21 5
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F
indicated excess drying . It is believed that insufficient humidification of the high
flow fuel was the cause of the pe rformance dip and resistance Increase.

- 4.4 Ambient Dry-Out investiga tion

Cell M-ll underwent initial performance evaluations and wan then
removed from the test facility . The ports were left open to ambient conditions for
one week. The average reLative humidity during this time was 30~ - , with an
average temperature of 68°F. M— ll was then reinstalled into the facility and

- activated. Figure 16 gives performance curves before and after, showingJ essentiaLly no change on 0.-s - ~ 2 or H 2 - - Ai r at 220°F and 29 pslg.

4.5 Freeze Thaw Investigation

After ambient dryout testing was completed on Cell M-11 it was again
5 removed from the facility . The po rt s were capped and the cell was refrigerated to

-70°? (_56°C) for six hours. M-1l was allowed to thaw overnight in ambient
conditions before re-activation. Performance comparisons are given in Figure 17

- and reflect an increase in cell resistance. Thi s resistance increase Is believed to
— 

be the major cause for the lower performance. The cell was removed from the
facility and disassembled for inspection. Visual analysis showed no o’vIous
Indications of the resistance increase. It is suspected that a mino r amount of
a~thode detachm ent may have occurred .

I
1

1
F
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5.0 CONCLUSIONS:

The overall program results of the air/reformate fuel cell have
been very enccuraging. The following conclusions/results were arrived at during

~ 1 
the development program:

• Internal humidification of reactants was found to be success-
fully accomplished .

• Water carry-over to the anode active area was a correctable
situation through utilization of a woven glass wick within the
lower H2 manifold .

S. -

• It was concluded that optlmium humidifier performance is
obtained with unpiatini zed SPE , thus suggesting two
separate SPE’s for humidification and electrical operation.

• Pre-humidification of the fuel gas (as would be the condition
during use of reformate fuel) is desirable, especially at
temperatures above 220° F.

• Metal ions that could contaminate the SPE should not be
introduced via the excess mositure flow .

• Ambient dry-out and freezing of the hardware seems to pose
little difficulty .

• Reactant flow distribution on both anode and cathode requires
optimization to achieve minimum discharge flow rates .

(

I-.
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4 6.0 RECOMMENDATIONS

Because the H90 transport area requires an unplati nized SPE , and• the active area has longer life with platinized hardware , configurations in the
future should incorporate two different membranes: One , unpiatinized , for H20

j  
transport , and another which is platinized for the active area.

Flow distribution studies should be performed for both anode and
cathode. This is probably done best on larger scale hardware.

High temperature operation holds great potential for CO opem tion.
However, mo re study is needed in this area.

Actual operation on a reformer could give furthe r insight into an
optimum design .

Recently a new SPE fuel cell technology has emerged which is
- 

- superior to the open cathode gap configuration. Because this new M&E configuration
uses a conductive cathode wetproofing film , axial current collection can be used
instead of the interrupted wetprooflng film and edge current collection used in this
program • This axial current flow capability greatly simplifies multiple cell
stacks and reduces the IR loss associated with edge current collection.

Because the SPE Is fully supported structrually on both sides with
the conductive wetproofing cell there is no sensitivity to pressure reversal , unlike
the configuration used in this program . No reverse pressure sensitivity greatly
improves the overall reliability of the system. In addition to these advantages
the conductive wetproofing configuration would be especially applic able to the ob-
jective of this program because a much closer cathode gap is used, thus increasing
the humidify ing capability of the configuration tested here. The conductive wet-
proofing concept with Its close gap also provides the opportunity for improved flow
distribution within the cathode chamber. Certainly conductive wetproofing fuel cell
technology should be conside red in future testing and would be a considerable im-
provement over the cell design tested here.

An additional area of attention would be In multi-cell configurations.
Presently NASA/JSC Houston is developing a 1.1 Ft2-cell stack design utilizing
conductive cathode wetproofing. Thi s system is presently being suggested for
spacecraft appLications; however , terrestrial use of the design would require few
modifications.
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I TERMINOLOGY OF APPENDIX TABLES

Computer Readout Terms

I Pressure - PSIA
Temperature -

A r e a - I n 2
Current Density - ASF
Current - Amps
Air Flow - Lbs/Hr
Cell Dimensions - Inches
H2O Qen - Lbs/Hr
1120 Loss - Lbs/Hr
Gas Gap - Inches

IL 1120 Evap - Lbs/Hr
RH Hum - % x l ( Y 2
Limiting SPE Evap - Lbs/Hr - Ft2 

S.

IL Limiting Gas Dill - Lbs/Hr - Ft2

Definition of the Column Readouts

Evap Area - Displayed in In2 .

RH-Gas - Displayed in % x i0 2 . This number provides the relative humidity of
ti the air as it passes over the humidifier. This is an accumulative
L. with increased area. When the RH at the end of the available

humidifier area equals the diffe rence between the water loss
I and generated water the loop has been closed and cell dry-out
I will not occur.

RH-Surf - Displayed in % x io.2 . This provides the relative humidity at the
Ii evaporating surface of the membrane at various points in

the humidifier/evaporator.

II 1120 Flow - Displayed in Lbs/Hr. This number provides the water transport
accumulation as a function of evaporation area.

Ii Evap Rate - Displayed In Lbs/Hr - Ft2. This number provides the evaporation
rate at discrete points within the evaporation.

I
Hi: 
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TABLE I
PRIMARY DESIGN DATA 220°F-115 psia

I
[

FRESS~~TEI1P,AlR ST0ZCH~~CURR CEN ?1154 220,’~,3 022
~1 

N 0 . S T E P S a G A S  ~3AP , EVAP WID TH & EVAP AREA ? 1~~~. t 2 S ~ .5,~NORM AL PRlNT~ W5 IT ERAT I ON OR R 6 I T ER A TION C 1 .2  OR 3 ) ’ l
02 PRESS TEMP VAR PRESS

115 .0000 0  22 2 . e00 ~ 0 17 .18800
CEI L. AREA CURR DEN CURREN T A I R  S T O I C H  AIR FLOW

U 5 .A 37 07 1 0 2 0 . 0 0 0 2 e  37.75745 4.00202 •429~~2C EL.L. W I D T H  CELl.. MT N O . PA S S  PA SS ~ I CTH MW GEN MW ~~ SS
2.6 83 02 2 . 12 0 5 0  3 .00000 •t 6 5 1 7  . 2 2 7 ~ 8 ~~~~~~~~~~

EVAF AREA GAS GAP EVAP WI D TH H2 0 EVAF REL HUM
U 1.34150 . 125 00 .50200 .0 1650  .38925

OXY G EN PAR TIAL P R E S S .P S I A  L. UI ITf l4G EVA F RATES
PC INLET PC OUTLET SPE EVAF GAS CIFF

fl 22.69087 1t.218i~ I1 .91~~28 2.26779
EVAF AREA PH-GAS RH-SURF 1420 FLOW EVAF RATE

ii . 1 34 1 5  .04932 .96~ 63 ~~~~~ 2 . 1 2 9 2 5
JJ . 2 6 8 3 0  .09578 .9 6 7 1 2  .00388 2 . 0 3 4 3 4
U .40245 .13957 .969 39 .00 56 ’?  1.94427

.53660 .18088 .971 47 . 0 2 74 2  1.85513

.67075 .21989 .97337 .00928 1.77641
(1 .80490 .2567 6 .97512 .01066 1.69854

.93905 . 2 9 1 6 2  .976 72  .2 1 2 1 7  1.6243 5
1 .0 732 2  .3246 2  .978 15 .2 1 3 6 2  1 .553 66
1.20735 .35587 .9794; .01502 1.48626

U 1.34150 .38548 .98072 .01633 1.42199

VEL, FPS CYN PRESS REY N OL D S NO.
.61 48456 1.82361E-05 422.2566

PRESS LO SSa 3.05 176E-2S PSID OR .2029 47 IN. H20
P PES S 1TEr IF ,A I f i  S T O I C H , C U R R  CEN ?S T O P

F

I
F 
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TABLE II

1 165°F - 16 psia

I
P R E S S , T E N P J A Z R  STOI CH , CUR R DEN?16 .1 6 5a2 .5 . 3ao
N O . S T EP S . G A S  GAP1 EVAP WID TH £ EVAP AREA

I ?20~ SI I15a .l25~ J ..- 1.J2

02 PRES S TEM P VAR PRESS
16.30333 165.33333 5.34~ 30

I CELL ARE A CURR DEM CUR R EN T AIR ST OI C 14 A IR FL3W
5.76357 330.30000 12.00743 2.50000 .03535

CELL. WIDTH C ELl. HT NO .PASS PASS WIDTH 1420 GEN 1420 LOSS
-, 2.68333 2.24033 3.03333 .70511 .30390 .32436
I EIJAP AREA GAS GAP EVAP WIDTH 1420 EVA P REt 14UM

1.02300 .12530 .38317 .01547 .67602
OXYG EN PARTIAL ORESSURE. PSLA

T PC INLET PC OUTLET
II 2 . 5 9 5 7 2  1. 4 6 2 5 2

EVAP AREA RH-GAS RH-SURF 1420 FLOW EVAP RATE
.06800 .07296 .75944 .30132 2.30533

j .13633 .14638 .72937 .33274 2.95333
1 .20403 .21344 .75631 .0040 ’ 2.32778

.27200 .27365 .77949 .00534 2.67662

.34000 .32331 .33069 .33653 2.53476

~~~~~ .37810 .31974 .33767 2.40062
.47600 .42357 .33693 .30874 2.27397
.54400 .4652 1 .35247 .30976 2.15393[ .61200 .50342 .36642 .01372 2.33972
.68003 .53855 .37909 .31163 1.93173
.74830 .57092 .39255 .01250 1.32906

1 
.31600 .60083 .90133 .31331 1.73217

L .83400 .62341 .91047 .31409 1.63967
.95200 .65395 .91358 .01432 1.55093 —

1.32000 .67761 .92667 .01551 1.46757

I VEL~ PPS DYN PRESS R EYN OLDS NO.
1.16825 9.35774E—36 127.74

PRESS LOSS . 2.74 l 8 1 E 0 5  PSID OR .033761 IN. 1420

I

[ 
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TABLE III

0ISO F - 2 2 psia

7

FRES3 , T E - ~F .AI R ST0I C H ~~CURR C E N ? 2 1 . 6 S . .~, 18 0 1 2 . 5 , 3 e €
N O . S T E P ~~ GAS GAP~ EVAP WIDTH 4 ~VAF A FEA ?l0 ,14 .125~~C~~1.C2N OFMA L F R I N T , W 5  I T E R A T I O N  OR Pt ITEFAT I ON C 1 .2  OF 3 ) ? 1

02 P~R ESS  TE.’IP V A F  P R E S S
2 1 .6 3 4 2 0  1 3 2 . Z2 2 2 0  7 . 5 L 5 e ~

CEL L. ARE A CUF .R CEN C U R R E N T  A I R  S T O I C H  A I R  FL0V
5.7 6357 30 0 .20200  12 .00 7 43  2 . 5 0 0 0 2  .~~8535

CEL L W I D T H  CELL MT ~ O . PA S 5  PA SS ~ I CTH 1420 GEN H 2 0  LOSS
2 .68300  2 .2 4 0 33  3 .0 02 0 0  . 7 2 5 1 1  . 2 2 9 9 2  . 22 5 ~~2

EV AP A R E A  GAS GAP E’.’AP ~ Z CTH 1 42 3  EVA F REL 14U1
• 125 -2 2 .38 017  . 2 l 6 9 ~ .t 9 67~3XY EN FART IAL PRE S5~ P SIA LI~1I T I N ~3 EVAP FATE S

PC INLET PC OUTLET SPE EVAF GAS tIFF
3 .4458 6  1 . 94 3 9 5 6 .942 2 6  5.44827

EVAP AREA RH-GAS RH-SURF 1420 FLOW EVA? RATE
.10200 .12619 .72 5 97  . 002 4 3  3 .4 2 7 5 2
.2~N23 .23237 .7672’? .20465 3.1366’?
.30622 .32273 .3213 9 .00669 2.37396
.40802 .40234 .83 10 3 . 2 C 8 5 5  2 .6 3 5 1 3

I _ .  .51 020  .4675 1  .85569 •0 02 6 2 . 4 17 1 5
. 6 1 2 0 2  .52621  .87~~62 . -~ 1 L 8 3  ~. 2V 4 8
.?LMOO .577W .59443 . 2 1 3 2 9  2 . 2 3~~22
. 8 16 2 0  .62229  .9 0 9 6 1  . f l .~6C 1.~~t 5 1 1
. 9 1 3 2 2  .~~6227 .‘?22~~ . 2 1 5 3 ~.6 9 7 3 2  . 9 3 3 e C  . 2 ~~t -~~

VZL.1F~~S CYN PRESS REY N3~~CS NO..88~-.7 9 8 l  6.-36206E—26
PRES S ..3SS 2 .~~9S0S~~-2 5  P 3 1 3  CR . O C 2 S S W  I N .  M W

~ J~
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FBOM O1)FY U~.Ii~~ l’l) UDO

TA BLE IV

200°F - 30 psia

FF E SS~ TEM P, Al F STOICM~ CURR C E N ? 3 2 ~ 2 i22 .. 2. 5~ 3~ 2
~
; 3 . s T Ep

~~
,3 A 5  3AF1 EVAP WIDTH a EVA? A R E A ? l . , .  125 ,  ~ , 1 . 2 2

NORM AL FRINT~ W5 ITERATION OR P6 ITERAT1t)N 1~~2 OR 3 )?L
02 PRESS TEMP VA ? PRESS

30.00220 202.02020 11 .52 922
CEL L AREA CUFF DEN CU R R E N T AI~~ 3 7 0 1 CM  A I F  F L V

5 .76357  3 0 0.0~~030 1 2 .2 2 7 4 3  2 . 5 2 2 2 2  .6 3 5 3 5
CELL W I D T H  CEL L MT N O . F A S $  PAS S . I E T M  142-3 CEN ~ 2O ~~3W

2 . 6 3 3 2 0  2 .2. .i233 3 . 20 0 2 2  . ‘ 2 5 1 1  .6 .~~;2  .2:::~
E V A ?  A R E A  3A5 3AP EVAF W I  CTH H W  EVAP FEL M U ~-1

1. 2 2 2 2 2  • 1 2 52 2  • 3 8 2 1 7  • 22 1~~t • 7~ 9 1
OXYG EN PA R TIAL PRESS~ F S I A  L I M I T I N G  EVA? R A T E S

PC IN LET P C OUTLET SP E EVA? GAS C IFF
4.47566 2.53417 10.39715 6.49971

E~~AF AR EA R H - G A S  R H - S U R F  1420 FL-O W E’. A F  FAT E
. 1 6 2 2 0  . 15 0 8 5  . 8 1 1 1 3  .2 0 3 2 7
.2 2 ~ 22 . 2721 9  .34 7 24  . 2 2 6 2 0  ~~.

.32602 .37156 .87569 .22884 3.728~~.4 2 9 2 2  .45411 .39333 . 2 1 1 2 2

.51220 .52349 .91t49 .21337 3.63234

. 6 1 20 0  . 53236  . 93 1 12  .2 1 5 3 1  2 . 7 34 2 5

.71422 .6326’? .9429 6 .21705

.81602 .67601 .95256 .21863 2 . 2 2 7 2 3

.91500 .71350 .96037 .22226 2.26972
.74c69 . 96 6 7 3  . 6 2 1 3 M

VEL ,F?S DYN PRESS R E Y N O L D S  N O .
. 682 79 87  5 .2939 1 E — C t  1 2 S .2 3 ~- 2

~F E S 3  ~~ SS= 1.597422-25 ~SI 2  OR . 0 2 2. . -~34 I N .  1 4 3
FF 5 S S, T E : 1~~, A : F  S T O I C H CURR 2 N ? S T O F

¶ 1.
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TABLE S1. ~20°F - 43 p~ ta

I
-

- 
PR S. rE~ PaA LR STOICH.CURR DEN?43.-41t,22~öj2.5,3J0N 0 . STE P S .GAS GA P , EVA P ~ !DT ~ 4 EVAP AR E A ? 1 0 , . 1 2 5 , 3 . 1 . 3 2
N0R ~1A L PR1~I T .W5 I T E R A T I O N  OR R6 I T E R A T L O N C I . 2  OR 3 ) ? l

02 PRESS TEN P VAP PR ESS
43.416 03 22 3 .03330  17.18300

C ELL AREA CURR DEN CURRENT A IR STOICH AIR fl..OW
5.76357 303.03333 12.3-3743 2 . 53333  .39535

C ELl.. W I D T H  CELL HT N3 .PAS S  PA SS W I O T H  1420 GEN 1420 LOSS
2.6 5-333 2 . 2 4 0 33 3 .33030  . 7 0 5 1 1  .33990 .33 137

EVAP AR EA OA S GAP EVA P W I D T H  ?i20 EV AP RC L HU ~11.3 2033 . 12533 .3 901 7  .022 93
0x’rG Er4 P A R T I A L  PRE5S ~~PS IA L I M I T I N G  EVAP RATES

PC INL E T PC OU TLET SPE EVAP GAS 01FF
6.34811 3 .59341  11.9132 8  7.06036

EVAP AREA RH-GAS RH-SUR F 1420 FLO W EVA P RATE
.10203 .16 1 33 .32346 .00362 5 . 1 13 2 6
.20433 .288 53 .363 19 .036.3 5 4 . 5 5 1 37
.30600 .390’?9 .33990 .00972 4 .06376
.4 0830 .47495 .91070 .0122 9 3.6290.2
.51333 .5446-3 .92737 .314 59 3 .24331
.6 12 00  .60323 .94336 .0 1666 2 . -~3967
.71400  .65254 .95043 .31853 2 . 6 O 7~ 5
.3 1603 .6952 1 .95375 .02 0 1 6  2 . 3 3 3 5 5
.91830 .7 3161 .96547 . 3 2 1 6 4  2 .3975 9

1.32030 .76305 .97090 .02293 1.8 318 2

V E L , F P S  DYN PRESS R EYN OLDS NO.
. 4 9 2 0 15 6  3 . 3 1 9 3 7 E 30 L 2 7 . 3 6 ~ -~PR E SS L O S S~ l . 1 92 3 9 E-05 P S I D  OR .3303309 I N .  -~2O —

P RE SS~ T C I P I A 1 R  STO t C H ~ CU~ R DCN7 STOI ’
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