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INTELLIGENT MACHINE LEARNING ANALYSIS FOR FUEL CELL OFERATIONS:

SOLID OXIDE FUEL CELL GENERATOR SYSTEM MODEL

ABSTRACY

A performance computational model for a 100 kW nominal solid oxide fuel cell

generator
system is described. The calenlational methods are based on the FORTRAN prcgﬁmmjmg
language. Comprehensive parameter input options are presented, and constraints gre tdentified.
Example reactant, electrical, and efficiency ontpints are demonsirated over the telerant operating

ranges. A sample calculated output display at nominel operating conditions is given.
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BACKGROUND

The relatively high operating temperstures (§00-11 00°C) of solid oxide fuel cells offer the
promises of internal refonming (elimination of external reformer compenent) of nateral gas foel,
rapid kinetics (without the involvement of precious materials), imrmmity to "poisons” (carbon
monoxide actually serves as a fuel), and high quality product heat for bottoming eycle and/or
valuable process nse, hut offer substantial challenges regarding construction materials and
control requirements (Ref. 1), Performance models can assist in exercising and evaluating
selected confrol options. .

MODEL DEVELOPMENT

A FORTRAN lanpuage-based model of performance for a 100 kW nominal solid oxide fuel cell
generator system (illusirated in Fig. 1) was developed. The model characterizes setpoints,
comtrols, and outputs of the system for selected fuels, operational states, and operator inputs
within identified envelope limits, The main program accesses system Hmit information stored in
a0 ASCII fle named LIMITS.DAT and operator input informmation stored in a separzte ASCH
file named OPINPUT.DAT to avoid the necessity of recompiling the main FORTRAN file each
time a change in limit or operator input parameters is desired. A deseription of the details of the
model is presented below, Figure 2 shows a model flow chart for convenient reference. The
remaining fignres shew sample relationships between parameters caleulated by the model and
operating currents for selected values of other operator mputs.

INPUTS

Cell Stack and Geomefry

The generator module is comprised of a “stack” or array of 1152 individual tubular solid oxide
£a] cells as shown in Fig. 3. They are arranged as 12 strings (of 96 cells each) seriss-conuected
in a serpentine configuration with one air-cooled power lead at each end for direct-current power
takeoff, Bach string consists of 2 segments (of 48 cells ¢ach) also connected in sedes. Bach
segment consists of 2 bundles (of 24 cells each) again connected in series. As the fundamental
tmilding block of the module, a bundle has 3 parallel current paths (circuits) formed from 3 rows
of 8 series-connected cells each. Bach cell has a length of 150 cm and an outside diameter of
297 cm. The module arrangement provides fuel to the outside of each tubular cell and air to the
inside, Thus the outside electrode serves as the anode by producing electrons for the external
power connection while the inside elecirode serves as the cathode by accepting elecfrons from
the external power connection. The oxygen ions are condncted through each cell’s solid oxide
electrolyte with an effective conduction area of 810 ent®.

Fuel Characteristies

The primary fuel supply for the generator system is nateral gas. The composition of this fuel is
suhject to change both as a function of time (for example, summer Jow dermand versns winier
peaking) and location [for example, the Westinghonse (FN: GAWESTC) location in the United
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States versys the Nuon (EDB/ELSAM) location in the Netherlands]. In principle, the solid oxide
fizel cell is capable of operation with hydrogen, hydrocarbon, or carbon monoxide|fuel.
However, with natural gas, the mafn constiment of the fuel is methane, with small fractions of
Ligher hydrocarbons (ethane, propane, butane, efc.) also being present. For presemt purposes,
mixed hydrocarbon fuel is characterized by the average nember of moles of refortied fuel
{hydrogen and carbon monoxide) produced from each mole of unreformed fuel. If the
unreformed fuel contained only methane, the relevant value would be 4. For the PNG/WESTC
location, this value is taken to be 4.056. For the EDB/ELSAM location, the corresponding value
is 3.5606. Related fuel properties include effective molecular weight and heating|values (lower

and higher).
. Generator Temperature

The generator temperature is an operator input intended to achieve and maintain the cell
electrolyte at a temperature that can provide the required oxygen ion conductivity, subject to
other constrainis. At steady state, this iemperature is the result of achicving a balpnce between
the heat produced within the generator and the heat removed from it. In practice,|control is
accomplished by varying bypass air flow around one low and ene high temperature recuperator
and/or by varying electrical power input to one or/off air heater {100 ¥W) and onp modulating
air heater {100 kW max), Normally, heater power is not required when the generator is operating
shove the “thermal sustain boundary,” estimated to oectr at a generator current of approximately
407 A. The generator termperature 2lso determines whether or not specific operal onal states are
permitted. For present purposes, cell performance data was available in Ref., 2 ogly for an
operating ternperature of 1000°C.

Fuel Utilization

The fuel utilization. increment is an operator input intended to control the excess
(above that required stoichiometrically for a given current) supplied to the generator. The .
haseline fuel uiilization has been established by the matmfacturer to be 85%. At an earlier point,
the allowed increment range about this baseline was —3% to +5%, giving a net fugl utilization
range of 82% to 90%. Later changes increased the allowed increment range to —§%6 to +3%,
giving a net fuel utilization range of 77% to 90%. For operation in the RUIN opetational state,
fuel whilization is one of the parameters used in the algorithm for determine the dgsired fuel flow

setting,
Cuorrent

The current is an operator input that acts as the primary parameter for determining fuel flow,
steamn flow, air flow, and air inlet temperature setpoints for the generator. Together with the cell
stack geometry, the current determines the current density, which, in turn, establishes the cell,
segment, and terminal voltages of the stack, as well as, ultimately, the gross stack (direct current)

POWEL.

¥
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Operational State

pricrator
01, SAFE-

or i3

The operational state is an operator iput +that establishes, within constraints, the g
functional mode. The valid states are PRE-OP, HEAT, LOAD, RUN, STOP, CO(
STOP, Allowable operation in a particular state of change frow ene state 1o anothy
predicated on satisfaction of selected constraints concerning generator ermperaturg, current,
segment voltage, ete. In ¢he model, detailed consideration is linmited to the LOAD and RUN
states because they are the only normal functional modes in which the generator ig producing

electrical power.

ALGORITHMS, MODELING, AND OUTPUTS

Current Density, Voltages, and Gross Power

ensity is
determined
1
mture (Fig. 4
ECts
irresponding

As indicated in the first vertical leg of Fig. 2, first the effoctive generotor curent g
determined from the current and the cell stack geometry. Next the cell voltage is
from the calenlated cmrrent density and the generator temperature, based on the o
voltage/current density characteristic applicable to the panticulsr generator fempen
based on Ref, 2). The decrease of cell voltage with increasing current density refl
polarizaiion and other losses characteristic of this type of fuel cell (Ref.1). The cq
segment (Fig. 5) and terminal (Fig, §) voltages are caleulated in the model from the cell voltage
and the cell stack geometry. Established minimum segment voltages are shown i Fig, Sand
checked as indicated in the section on wamnings, Established RUN and LOAD stafe current
limits are shown i Figs. 5 and 6 and also checked as indicated In the section on ings. Next
the gross stack power (Fig, 7) is calenlated from the terminal voltage and the currgnt. The
ponlinearity of the line i Fig. 7 again reflects characteristic lnsses.

Fuel Flow and I_\Tuzzle Pressore

corresponding
operational
first leg of the
lower (Fig.

As shown in the second vertical leg of Fig, 2, the fuel demand (Figs. 8-9) and the
nozzle pressure (Figs. 10-11) are calculated from algorithms vsing fuel utilization
state, and current operator inputs, as well as cell stack geometry information. Thg
model then uses this result along with fuel properties and gross power to calculate
12) and higher heating value (Fig. 13) gross electric efficiencies.
The model first calculates the reformed (hydrogen or carbon monoxide) fuel flow|in standard
liters per minute required to suppert a curretit of 1 A generated by one cell. This yalue is then
multiplied by the total generator current and divided by the total mumber of paraliel circidts
(presently 3) to determine the reformed fuel flow for one cell at its effective operating cutrent.
o this amount a fixed correction for each cell is added (from Ref. 2, currently set at 46 standard

cubic centimeters per minute; earlier values ranged from 13 10 21 standard eubic

minute) ta account for apparent leakage effects. This combined amount is then m
total nnmber of cells in the ammay Lo determined the total reformead fuel flowr requit

generator at the operating current. This result is then divided by the appropriate 2
of moles of hydrogen

P

entimefers per
pliiplied by the
ted by the

verage Tumber

and carbon monoxide produced from each mole of unreformed fuel
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CELL VOLTAGE VERSUS CURRENT DENSITY AT 1000°%C
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Fig. 12, LHV Cell Electrical Efficiency Versus Current.
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(natural gas) to give the unreformed foel flow in standard liters per minute required if the
generator operated at 100% fuel utilization. This value is divided by the fuel niilization and a

2) to give the required unre’ormed fuel flow in standard liters per minute.
TAIS PEr

aive the

- desired

carrection factor (Ref.
Then from the nnreformed fuel molecular weight, the related standard density in g
standard Titer is calculated, The previcus result is thon multiplisd by this regult to
required unreformed fue] flow in grams per mimute, which is then eonverted to the

setpoint units of kilograms per hour.

For the T OAD operational state, the algorithm is a stmilar but slightly different limear relation
between fuel sefpoint and current.

Figure 8 shows the results for EDB/ELSAM fuel in both RUN and LOAD operat]
the firll projected current cperating range. As shown in both Fig, 2 and the LIMI]
listing, allowable currents arc presently limited to valnes less than 300 A in the L4
operational state, For the RUN operational state, aliowable currents presently ran
t0 759 A. Tho implied dependence of RUN stafe setpoint values on fiel ntilizatioy
using the base, minimum, and maxiraum lavels. Qf course, higher fuel utilization
lower fuel flow for a given current.

Figure 9 shows related resolts for PNG/WESTC fuel in the same operational state
range. The LOAD state characteristic is identical to that in Fig. 8 because the relg
depends only on the operating current, However, the RTUN state characteristics az
{he corresponding cnes in Fig. 8 becanse of its algorithm’s dependence on the par
composition. Specifically, referring to the parameters supplied earlier, one mole
PNG/WESTC fuel is calculated to provide 4.056 total moles of hydrogen and carl

ional stares over
[S.DAT file
DAD

oe from 185 A
n is also shown
corresponds 10

5 and current
rvant algorithm
e lower than
tienlar fuel

pf unreformed
hon monexide

when reformed, while one mole of unreformed EDB/ELSAM fuel will provide only 3.5606.

For present purposes, the bypass flow around the primary nozzle of the exhaust rg

reirculation

ejector is closed. In this situation, all the fuel flows throngh the primary nozzle,
employs an algorithm to relate the primary nozzle pressure to the fiel flow. This
with nozzle pressure expressed in bar gauge units is llustrated in Fig, 10 for ED
and in Fig. 11 for the PNG/WESTC fuel.

To calculate the gross electric efficiency of the generator, the model calculates th
gross stack power determined earlier to the effective heating value of the fuel

generator. For the EDB/ELSAM fuel compo sitior, the lower heating value effici
presented in Fig. 12 and the higher heating valne efficiencies in Fig. 13 for both I
RUN operational modes and for RUN fuel yiilization value corresponding to the |
and maximum levels. The use of the lower heating value basis gives higher appa;
because it does not account for the heating value associated with condensing watg
during the reaction process. Also, higher fuel ntilization implies less fuel flow fo
power, resulting in higher efficiency. The apparent efficiency maxima indicated
ourrent range are the result of a combination of inherent loss mechanisms. As o
the polarization and other losses, illustrated by the vaoltage decrease with increasiy
density in Fig. 4, reduce the efficiency. However. as current {and, therefore, foel

T

the model
relationship,

ratio of the
lied to the

hase, mInimum,
rent efficiencies
it vapor formed
[ & given

in the moderate
[rent increases,
ng cutrent

flow)
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decreases, the rzlative impurténce of the fixed fuel leakage loss increases, thus decreasing
efficiency. .

Air Inlet Temperature

As indicated in the third vertical leg of Pig, 2, the generator inlet air temperature getpoint is
caleulated from elgorithms employing operational state and current operator inputs. Inthe .
LOAD operational state, the generator inlet air temperatore setpoint is fixed at 735°C.

The same is true for the RUN operaticnal state when the operating current is less than or equal to
300 A. As currents increase above 300 A, in the RUN operational state, the generator inlet air
temperature setpoint decreases, as shown in Fig. 14, to approximately 444°C at the 753 A current
limit to accomumodate, in part, the greater heat generation from the stack.

Process Afr Supply

As shown in the fourth vertical leg of Fig. 2, the main air demand setpoint (Fig. 15) is calenlated
from algorithns using generator temperature, operational state, and current operator inputs. In
the LOAD operational state, with no current the main air blower demand is set at the HEAT
operational fixed value of 88.0%. As current increases in fhus state, the main air hlower demand
decreases linearly nntil it reaches 72.0% at an operating current of 300 A, the upper LOAD state
current Kmit as shown in Fig. 15, Within the RUN operational state, the algorithm incorporates a
proportional integral derivative (PID) control component to assist in controlling the generator
temperature. The value of the PID output employed can vary between 0.00 and 1.00. With the
output value at 0.00, the base algerithm blower demand will be adjusted downward by 10.0%.
With the output value at 1.00, the base algorithm blower demand will be adjusted upward by
10.0%. With the quiput value at 0.50, there will be no adjustment to the base algorithm blower
demand. As an option to automatic variation based on generator temperature, the PID cufput
value can be manually set as an operator input. For the RUN operational staie, Fig. 13 illnstrates
the base (PTE cutput =0.50) algorithm’s linear decrease In main air blower demand for currents
less than 300 A, consistent with that already discussed for the LOAD state. As the operating
currents increase above 300 A, the main air blower demand (using the base algarithm} increases
linearly from 72.0% at 300 A to £6.6% at the 759 A current limit showm in Fig. 15,
Corresponding RUN operational state bovndaries estahlished by minimum snd maximum
allowed values of the PID output are also given in the same figure,

Steam Demand

As shown in the fifth vertical leg of Fig. 2, the steam demand setpoint (Fig. 16} is caleulated
from algorithms employing operational state and current operator inpuis. For present purposes,
there is steam demand only when the generator is in the LOAD operational state, Although
_some steam may be generated by the steam supply system for checkout purposes in other states,
the steam demand requirement is primarily for “startup” purposes to provide sufficient water for
_the jmternal fuel reforming processes at low loads (currents less than approximately 250 A}
during ramp-up. At higher loads, the gencrator provides adequate quentities of water as 8 result
of its inherent electrochemical processes. As indicated in Fig. 16, for operating currents less than
or equal to 150 A in the LOAD operational state, the steam demand is fixed at 50%. For greater
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emand drops linearly with increasing ¢

operating currents in this state, the steam d
greater than

reaches 20% at an operating current of 250 A. For operating currents
stezm demand vanishes,

Warnings

As shown in the final vertical leg of the flow chart, potential warnings of imallow;
are generated from algorithms employing generator temperature, fuel utilization, ¢
state, and current operator inputs, as well as segment voltages determtined previou
leg. For example, in the RUN operational state, the allowable generator temperaf
t0 1050°C, the allowable current range is 195 to 759 A, and the minimum allowal
. voltage is 8.96 V. While in the LOAD operational state, the mirtmum allerwahle
temperature is 535 °C, the maximum allowable current is 300 A, and the minimu
segroent voltage is 9,28 V. These values are stored in the file LIMITS. DAT and ;
throngh the associated NAMELIST assignment in the model. Earlier versions alg

MO, 434

F.2%/3%

mrent until it
250 A the

ible conditions
yperational

sly in the first
e range is 830
le sepment
enerator

m allowabla

aocessed
o checked, for

. "warning purposes, whether or not ths air flow/fiel flow combination met mininmm

stoichiomeiry requirements, depending on the operating current,
Single Operating Foint Results

In addition to the parametric exercises already illustrated, the model described aby

- (with associated input files) following the figures was emploved to provide singls
point displays of the relevant variables as indicated by the sample in Fig. 17. Inp
1o represent nominal performance in the RUN operational mode af the thermal &
with EDB/ELSAM fuel. '

Conclusion

nve and listed

operating
s were chosen
tain boundary

A FORTRAN language-based madel has been developed that can assist in exercising and

evaluating selected contrel optons for a 100 kW nominal solid oxide fuel cell g
The model has been employed to generate parametric relationships for wide rang]
conditions.

REFERENCES

1. Fuel Cells: A Handbook (Revision 3) DOE/METC-94/1006.

2. Training Manual for EDB/ELSAM 100 KW SOFC Generator System, Westing
Corporation, Pitisburgh, Pemmeylvarnia ' ]
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fuel = EDB/ELSAM

state = RN :
generator temperaturs = 1000. degC
fuel utilization = 85.00 %

current = £07.0 A

fuel flow = 385.7 &1l/min, 19.23 kg/h
nozzle pressure = .2671 barg

main air blower demand = 75.48 %
current density = 167.35 mi/cm2
cell wvoltage = 7185 V

segment voltage = 11.50 V

terminal voltage = 276.1 V

gross power = 112.4 kW

air inlet temperature = 651.5 degC
steam demand = L00 %

methane-based cell electrical efficiencies:
lower heating wvalue = 48.568 %, higher heating value

Fig- 17. Sample Single Operating Point Display.

MO, 4394

43,87 %
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FORTRAN Listing of Main SOFC Generator Model

c
c
C
C

onononn

b0 000

aoognanoannoaonaeon

[o]

+ MODEL FOR 100 kWe SOLID QXTNE PUEL CELL GENERATCR STETEM

* pperator input (cperating state=HEAT, LOAD, RUN , COOQL, or ST

fmatural das flow, air flow, air temperature, current density
voltage, segment valtags, stack voltage, Jross STack powesn, o
pressure, steam Z1low}

implicit real*®({a-h,o-z}
real+#8 1k, lkvechd
character atatev4, fuel*s
nmameldst/limits/toenminl, tgenming, tgenmaxr, futnninr, futnraxy
1 currmaxl,currmimr,currmaxr,vsegminl,vsegminx
namelist fopinpuz/fuel, tgen, futnepe, amps, state, pidout

razd state limit values from file
open {unit=0,file='limits.dat")
read (B, limits)

read -operator inpat values from file
open (unit=9, £ile="'opirput .dat ')
read (3, opinput)

cperatoxr input {generator temperature; not explicitly used her
berause only available characterizaziom data is for 1000 degl

cell

s 2le

generally used to control adr heatoro and,/or recuperator bypace

ralves
tgen=1000d0

operator input (fuel utilization increment in %)
cld allewakbls ranga:. -3% Lo +5%
new allowsble range: -B% to +5%
Futneperdad
Futneopo=240
futhepe=540
fotilne=-240

cperator inmput {current in amperes)
ampnin=15540
ampmin=C<o
ampmeax=758d0
ampmax=200d0
iac=50
ampinc:tampmax-ampmin]jinc )
open{unit:?,file-‘effild&l.dat';status='unknawn‘)
ds 100 i=0,20
do 100 i=0,ine
ampe=510d40
ampe=100040
amps=ampmin+ivampine
if{i.ag.4)zmpe=30040
if {i.eq.inc)amps=75940

smate="'LOAD!

e

=]

F.2773%
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C
c
)
c
C
<

¢ * gperaztor imput f{air stoichiometry)

[a}

C * check to ssa if gpecified stoichiometry exceeds minimm regquix

anodan

* poerator input [FID contribu=icn te maln air blower demand (to

dnannan h 0o nan

* gpecify alr composition: molesular weight, Eraction ouryogen

* gpecify ecell atack arrangement and geonetry: number of circul

w gpecify "leak" rate {acc/min}

+ specify fuel type fcomposition] as EDE/ELSAM, ENG/WESTC, ar M

confrol generator center Temparaturs) cam me changed manually

plzcing FID loop & in "manual' and directlv setting tha oucpu

walue batween 0.0 znd 1.0; setting the FID loop € qutput te 0

eliminates amy PID loop coatzibution to blower demand]
pidout=0. 540

stoich=5. 640

for spacified current
if (amps.le.75540) then

gtoichmi= (10.893d0%amps/ 2A0+14852d0) / (0. 0158540 amps ¥ ualtg
1 neizcl

eloe

stolchmne=3 . 544

end 3f

sflag="'(SPT)"

if (stoich.lt.stoichmn) then
sflag=" (MIHN}'
stoich=stoichnn

end if

pi=3.1415540

ena=2E.854540
froZ=n.2054840

rowe in @ oundle, hundles in 3 aegment, segments in a pass,
paszes in the stack, cell length, cell inside diameter, air
clectrode thickness, electrolyte diameter, electrolyte area
noira-3
nrwbund=e
nclbund=neirc*nrwbund
nhndseg=2
nelseg=nclbund*nbndeeg
nNEEApag=?
nclpas=ncleeg¥nsegpas
npug=12
ncltot=ncloas npas
2lzl=150d40
di=17.8/1040
tae=2.2d2/1040
dlyte=di+tae*2d0
aclyte=pi*dlyte*alcl
aclyte=817340

1k=2140
old walue

1l=1640
new value

1k=48d0

fuel='EDBESELSAM '

23)}'@_

by

remant

./

THANE

E to a

F.28-3%
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o fuel="'PNG/WESTC'
¢ * determine average pumber of moles of 2 and 00 from each mole of
[nd mixed hydrocarbon fuel
if [fusl.eq. FOB/ELERN')eghfae=3 560640
if {fuel.eq. 'FNG/WESTO' ) eghfac=4.05&64¢
if{fuel.sg. 'KETHANE ')eghfac=440
¢ * determine molecular weight of fuel
if(fuel.eq.'EDB/ELSAM')emf=lB.5812dO
ot if[fuel.eq.'PNGIWESTCI]emf=15.8229d0
if(fuel.eq.‘PNG/WESTE'Jemf=lE.BlsdG
if (fuel.eq. 'METHANE ')emf=ledD

gt gpecify lower and higher heating values for methane (J/standard
ul liter)
. 1hvehd=35818d40

Rhvohd=3874540

C * determine fuel utilizetion from base and increment
futhspa=9540
futpe=futhspo+futncps

¢ + determipe current density
zhay=amps/aclyte*100040/3d40

+ psa V-J curve fit to 150-cm cell (558) data {ranges:
0,48eVe0,75 V, 100<J<480 mi/cm2} for BS% fuel consumption (BS% F.U.
+ 21 mcem) =t 1000 degd, &20h, to deduees cell, secgment, and stack
woltages
vgel=0.785785d0-2 . 832024 4*zhay -5.329284- T*Zhay*zhay
rsegenrvbund*nbndsegrveel
vterm=ncltot*veal /340

nonn

o * checks for/warns of unallpowed cperating state

c generator temperature cheoks
o LOAD state:
if {(gtate.eg. LOAD'} .and. (tgen.le. tgeqmlﬂl)!then
write (£,10000)tgen, state
10000 format{/,' WARNING: ',£5.0,' degC geherator temperatura ig toeo 1
law for the ',a4,' atate',/)
end if
C BUN state
if [{state.eq. 'RUN ') .and. (tgen.le. tgenmnnr}jthen
_ write(s,10000}tgen,stace
end if
iff{state.aq.'RUN ') .and. (tgen gt - tgenmaxr) | then
write{&,10000)tgen, state
10004 format(/,' WARNING: ',£5.0,'! degC generator tegperature is too b
1 igh for the ',a4,°' stake', /) ’
and if .
[ad fusl utilizaticn increment {percemt) checks
c RUN state

if{¢state.eq.'BUN ').and. (futnope.lt. zutnm;nr))then
write(s, lDaDs]futncpc state . -
10005 format(/,' WARNING: LE5.D,' & fusl utilizaticn increment -is teoo

1 gmall for the ',ad,’ state’,f)

28
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10306

10003

o

10001 format(/,' WARNING: ',f4.0,' A current is too low for the

[

1Qq002

£ % determine gross stack power

¢ # pew LOAD gtate startup gteam supply contrel algorlillmm

* old LORD state ctartup sieam supply control algorithm

end iE
if! (state.eqg. "RON 1) .and. (futncpe. gt . futnmaxr) ) then
write (5,10006) Sutpepe, state
format(/,' WRRNING: ',£5.0,' & fuel utilization incrsmnent
1 large fexr the ',.24,f state’, f)
end 1f

ourrent ckecks

~OAD state
if[(state.eq.'IOAD‘J.and.[amps.gt.:urrmaxl))then
write(€,10003) amps, state
format{/,' WARNING: ',f4.0,' A current is toc high Eor th

1 ' state', /)

end if

TUN state :

if{(state.eq. 'RUN ').and. {amps.ls.currmine) ) then
write (8,10001)amsa, state

1 ¢ stata’,/}

end if

iz {{state.eq. 'R ').and. (amps.gt-currmaxr) ) then
write(6,i10003)amps,3=ate

end it

geqment voltage checks |
iff{etate.edq. 'LORD'] .and. (vseg.le.veegminl) | then

write(s,10002)v=eg, 5oats

formet [/, ' WARNING: ',f4.2,' V segment voltage is too low
1z ',a4,' state',/} :

end if

if({state.eqg. 'EU t} ,and. (vseg,.le.rsegminT] } then

write(6,10002)vsag, state :

end if

growr-amps*vterm/100040

if{atate.ag. 'LOAD"') then
1f (ampe.gk,. 15040} than
etdm=-0,0433d0*amps+13 - 740
else
stdm="7.2d0
end if
end if

ifl(state.eq. 'LOAD'] Chen
if {amp=.le.15040) then
stdmpe=80d40 ’
elpe if({amps.gt.lﬁndﬁ).and.[amps.le.25ﬂdn}]then
stdmpe=-0. 640 *arpa+170d0
else
atdmpo=040
end if
end if

£l

ig too

1

'ymd,

',a4,

far th

F. 3835
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o & demermine air flow set point
asp=0d0
new HEAT state process alr supply control algorithm
if(state.eq.'HEhI‘]bldmpc:BBdn
¢ # pew LORD state process tir supply control algorithm
if{state.eq.TLOAD’)bldmpc=-0.0533dc*am95+85d0
~ * new RIM state process air supply control algorithm
if (state.eqg.'RUN ')tken
if (ampa.le.200d0) then
bldmpc-—ﬂ.0533dﬂ*amps+aado+{20d0*pidput-10dﬁ&
alae
hldmpc:ﬂ.0325do*amps+62.25d0+{2ﬂd0*pidnutrlud0}
end if
end if
o % new COOL state process alr supply cemtrol slgorithm
if (gtate.eq. "COOL" ) bldmne=8840
O * ney STOP state process air supply control algerichm
if (gtate,. 2. 'STOP' }then
if((amps.lt.lodoi.and.{vterm.gt.ESﬂdD)]then
bldmoc=540
alse
bldmpe=6740
endif
endif

rpn
»*

+ sld LOAD state nitrogen/hydrogen mix contzal algerithm??
may bs tough because Iflow is determined by relation between
purge gas suppbly pressure and induced fuel nozzle hackpressure
(p. 125} - ’

nona

determine fuel flow sat point :
+ determine Fuel standard demsity (grama/standard liter)
cgk=emE /22. 41440
c gEp=040
gsp=2.Sdﬂfamps*(13.4d0-2.5d0)/300d0
o+ NEAT state matural gas supply algoerithm
if (state.eq. 'HEAT' ] gsp=040
O * new LORD ctate matural gas supply algorithm (modified-factor of 10)
if(gtate.eg. 'TLOAD' } than
gep={0.795d0*ampa+50d0) *0 . 497140,/1040
gelpmegeprldl/egk/6040
end if
if{ztate.eq. 'FIN ')then
# determine the recquired reacted fuel (H2 or o) for each cell per amp
generataed: {caulomhsfsecond]*(electronsfcoulomhl*
{standard litersfmole)*(seccnds/minute}f(alectronsjmoleculejf
{molecules/mole) =standard liters/min
cgsl:ﬁ.242&13*22.414d0~eadn/2dn/6.023d23
* old RON state nabural gas supply algoritm
gslpm:[cgsl*amps/nciré+lkfld3)*ncltot/ethac/fc
« pew RUN state matural gas supply algorithm .
galpms[cgsl*amps/ncirc+1kj1d3)*ncltot/ﬂ.97Ed0/eqh£acf(futpc/ldz)
C % determine fuel setpoint {kilegrams/hour)
gsp=gslpu*ogk*60do/1d3
end if
o ¢ ool etate matural ges supply algorichm
if(s:ate.eq.1CDOL1]gap=od0
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o % STCP ctate matural See supply algorithm
iftstate.eq.'STOP'}gspsﬁdU

¢ * norEle progsure
proz?={gep-6.423d0} /47.56d0

o % determine methane-hased low ard high heating value cell

c efficiencies
efflhv=10Qdo*grpwr*lﬂOﬂdu*sﬂdoflhvchéfgalpm
BffhhvzlﬂOdo*grpwr*lﬂODdD*EDdO/thCh4/gslpm

casl=cgsl/2d0/fro2
afcslpm:stoich*caal*amps/ncirc*ncltot
cak=50d0%ema/22.414490/1d3

afe=afoslpm*calk .

aldmdidd

asp=afc+ald
asp:stoich*ﬂ.DISTdD*anms*ncltot/nCirc*cak

oDnNnoaoaonon

+ 10aD state air inlet temperatura control -algerithm
if{atats.ag. 'LOAD') then
tairin=72540
end if

0

¢ * new RUN state air inlet temperature cocntrol algerithm

if (state.eq,'RUW "}then

if (ampe.gt.300d40) then
cairin=-0,.58B5d0*ampa+021, 040

elss :
tairin=73580

end if

end if

write(5,4000}amps,gap,bldmpc,tairin,pnnzz
write{7,4000)amps, gep, bldmpe, tairin, puoz2
write (s, 7000) arpe  vierm, Spwr, vaeg
write {7, 7000) amps, vherm, grpwr, ¥3eg
7000 format{4£10.2)
2000 format (SEL0.3)
write{&,1000) fuel, state

Onaon

o write(E,ZDODJtgen,futpc,stcich,sflag
write(8,2000) tgen, futpe, 2mpsa
= write(&,3000}arps, asp, gslpm, I5p

write (6,3000}galpm, I8P
write (6, 8000)pROZ2
write(s,3500) bldmme
writels, £500) ghay
write{s,5000)vcel,veeg, viarm
write{¢,&6000]) grpwr
write (6,8100) tairin, stdmpa
writetE,azoo}eEflhv,effhhv

o write{7, 20000} amps , stdmpe

a write{?,BOOUO}amps,efflhv.effhhv

10000 Fformat (F7.2,2£6.2)

20600 format (f5.0,£6.2)

100 continmue
1p60 formas(' Zuel = ',a2,f,' state = Ly-3 ]
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o 2000 format (' generator tamperature=
c 1 f4.1,'%; air stoichs=',£4.2,a5
2000 feormat(' generator Lemperature =
1 ' fuel utilizatiom = ',£5.2,' %

o 3000 format (! current=' ,£5.1, TAMPS;

UT BATELLE~111E UMIOM “WALLEY

MO, 4394

b, £5.0, 'degC; fuel utilizatian=',
]

VLES.G, ¢ deglt, /. :
VL cluTrent = v E5.1,0 AT)
air flow=',£f5.0, 'kg/h; fuel Zlow=',

o 1 fg.2,'sl/min, ',%5.2,'kg/h']

3000 format(' fuel flow = ' £5.1," sl/min, ',E5.2,! kg/ht)

3500 format(’ main air blower demand = v, E5.2,0 5}

4500 format(' current density = ',=5.1.,° mAsomz ')

Soof format(' cell wvoltage = ', £5.4,° v',/,' seeuent vol-age = '.£5.3,
1 1 Wy, /, " termizal voltags = ',£5.1,' L'AD]

G000 format{' oross power = ', I5.1.' KW'} )

S0t format(' mozzle pressure = ', £5.4,' harg')

5100 format(' air inlet temperature = 1L, f5,1, ' degl',/.
1. * steam demand = !,£5.2,7 %}

p2p0 format(' methane-based cell slsetricel cfficiencies:',/,” lower b
leating value = ', £5.2,' &, higher heating value = ', £5.2," &'}

end
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LIVITS.DAT File for Use by Main SOFC Generator Model

glimits

tgenminl=535d0,
tgenminr=850d0,
tgenmaxr=1020d0,
futnminr=-&do0,
futnmaxr=5d0,

Ceurrmaxl=30040,

/

currminr=19540,
currmaxr=758d0,
weegminl=g, 2840,
vaegminr=8.9640

UT BATELLE~111E UMIOM “WALLEY

34 (KT

MO, 4394

FP.34-3%


l6c
Pencil


JUM. 24,2883 11: 160AM UT BATELLE~1113 UMNIOM WALLEY MO, 434 P.35-35

OPINPUT.DAT File for Use by Main SOFC Generator Model

soplinput
fuel="EDE/ELSAMN' ,
tgen=100040;
futncpo=049,
amps=40740,
state="'RUN ',
pidout=0.540
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