T— N AT

. NASA-CR-198948 1 - ‘ o
e e S
55/
/0 3 /0
.
TRANSIENT RESPONSES OF PHOSPHORIC ACID FUEL CELL POWER PLANT SYSTEM
/v - - - - - - - - e T TN
}(NASA-¢R-198948) TRANSIENT N95-30015
'RESPONSES OF PHOSPHORIC ACID FUEL ;
CELL POWER PLANT SYSTEM Ph.D. !
‘Thesis (Cleveland State Univ.) Unclas i
1310 p
{ G3/44 0055110 .
o .i
* N _ o _ ~ o o
Cheng-yi I . .
M.S. (CH.E.) University of Cincinnati 1980
B.S. (CH.E.) Tunghai University 1976 -
Soepi!
:'ﬁ
o,
>y
X
Submitted in partial fulfillment of requireménts for the degree
~eem. .. .. __ _DOCTOR OF ENGINEERING . e
‘ at m R '

THE CLEVELAND STATE UNIVERSITY

 Kovenber, 1983 -




i
BL

This thesis has been approved

for -the Depa_rtment of _Mechanical Engineer‘ing

and the College of Graduate Studies by

A K (D WIS

Mech. ENGINSETuvg DECE2,/983

Thesis Adviser

(Depa.rtment/Da*e)

/la/()\\_/ él;/a. X 2 /2 /%5

\J( -4
m C;/ 8"7£ ?»%zr

te)

(Depar tme

ZS[Z (= 12)12)83.

Mechan ical Fnﬁrﬂ@?nﬂ}j

(Department/Date) -

/”lez/ [nq /Z//Z/g.? .

(Depa.rtment]{)ate)

i
e




ACKNOWLEDGEMENT

I would like to express my deep gratitude and appreciation to my
advisor, Professor Kalil Alkasab, His support and encouragement were

invaluable to me during the course of this investigation.

I thank Professors George C. Chang, Vincent H. Larson, and Rama

S.R. Gorla for serving on my dissertation committee.

This thesis is based on a research project sponsored by the U. S.
Department of Energy through a cooporative agreement between Cleveland
State University and the NASA Lewis Research Center Fuel Cell Project
Office. The author expresses sincere appreciation for the support of

Dr, A, F. Presler, the NASA Technical Officer.

Pinally, for love, faith, and encouragement, I shall be eternally

indebted to my family.




S e e

L1 RS S 2R s,

T

3
H
3
3
21
.
2
£
x
3.
!

ey

. network.

ABSTRACT e

An analytical and computerized study of the steady state ard
transient response of a phosphoric acid fuel cell (PAFC) system was
completed. Parametric studies and sensitivity analyses of the PArC

system’s operation were accomplished.

Four ron-linear dynamic models of the fuél cell stacl:;, reformer,
shift converters, and heat exchanzers were developed based on
nonhonozenzous non-linear partial differential equations, which include
tha material, componant, energy Salance, and eiectrochemical Ikinetic
features. Due to a 1lack of experimental data for the dynanic reséonse
of the comﬁgzents, only the steady state results were congared with data ’

from other sources, indicating reasonably good agreement.

A steady state simulation of the entire system was developed using
nenlinear ordinary differential equations. The finite difference method

and trial-and-error procedures were used to obtain a solution.

Using the model, a PRFC system, that was developed under NASA Grant

_“NCC 3f17, was improved through the optimization 6f the heat exchanger

Three types of cobiing'_configurations %or cell plates _yére_ g

Lo

evaldated +to obtain the ~best ~ current density and tenperatufe




5

Lt

LA Y w4 - METIINY £

AR

2
¥

5

W A2 T
W LBYT e iy

Tars A1

distributions.

The steady state solutions were used as the initial conditions in
the dynanic model. The transient response of a simplified PAIrC systenm,
which included all of the major components, subjacted to a load change

was obtained.

Due to the 1lenzth of the computation time for tha transient
response calculations, analysis on a real-time computer was not
possible. A simulation of the real-time calculations was developed on a

batch type computer. The transient response characteristics are nzeded

for the optimization of the design and control of the whole PAFC systenm.

All of the models, procedures, and simulations were programaed in
Fortran and run on IBH 370 computers at Cleveland State University and

th2 NASA Lewis Research Center.
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CHRPTER 1

INTRODUCTION

A primary objective of the energy conservation efforts is to reduce
the consumption of premium fuels such as oil and natural gas. This can
be realized by displacing the premium fuels with noncfitical fuels such
as coal, or by developing energy conversion systems that can
siginificantly increase the utilization efficiency of fossil fuels.
Fuel cells can échieve both objectives by efficiently using a variety of
fossil fuels, ffom which hydrogen can be derived, in applications where
electric power and process heat are simultaneously in demand. In
addition to their efficiency and fuel flexibility, fuel cells are
potentially attractive because of modularity, environmental
acceptability, and adaptzability to both utility and on-site dintegrated
energy systems. Thus, fuel cell system analysis efforts which are

essential for design optimization to improve system performance and cost

effectiveness have acquired significant practical importance.

.~ For a"device that was invented ;g_lgggbby Sir HNilliam Grove, the
fuel cell has taken a long time to come into its ou;; ‘iéh‘did“f;f;iéh
power for the Gemini ﬁnd Apollo spacecraft and the space shuttle, but
that was an exotic and expensive application. Now the fuel cell, vastly
improved over the spacecraft versions and {n assemblies 1,000 times

larger than the ones carried by the spacecraft, appears to have‘reached

1
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1.1 Definition of Fuel Cells

"A fuel cell is an electrochemical cell which can continucusly

change the chemical energy of a fuel and oxidant to electrical energy by

a process involving an essentially invariant electrode-electrolyte

systen” (Ref. 1).

A fuel <cell concsists of two electrodes, a positive electrode (the
‘ cathode) arnd a négative one (the anode), separated by an electrolyte,
vhich transmits ions but not electrons. A fuel, typically hydrogen, is
supplied to the anode and oxygen (in air) is supplied to the cathode. A
catalyst on the porous anode causes> hydrogen molecules (lp) to
dissociate into hydrogen ions (Ht+) and electrons. The hydrogen ions
migraté through electrolyte to the cathode, where <they react with
electrons (supplied through the external-circuit load) and oxygen to
form water (HoQ). This ele;trochemical transformation is isothernzl;

that 1is, thé fuel cell directly uses the availahle free energy in th2

fuel at its operating temperature. Thus, it is not Carnot-cycle limited

and can yield a'high fuel to DC power conversion efficiency. Unlike a

battery, a fuel cell does not run down or require recharging, it will

operate as long as both fuel and oxidant are supplied to the electrodes.
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1.2 Fuel Cell Efficiercy

The main attraction of fuel cells is'efficiency: A fuel cell can
- convert cheniczl energy directly into electricity and heat. Therefore,
it is important to mention the theoretical efficiency of fuel cells'
here. The followinz includes a comparison of maximun fuel cell
efficiency with maximum theoretical efficiency of conventional powver
generation techniques <to illustrate the basic attfactiveness of fuel

cells.

The process of galvanic oxidation that produces electricity in a
fuel cell resembles that of a conventional storage battery. However,
the fuel cell does not store electrical energy; instead,.it conbines
‘electrochenical oxidation (a property of the storage battery) with
continuous feeding of sufficient fuel (a feature of the mechaniczl

engine) to maintain a desired output.

The efficiency, £, of steamn or internal combustion enginas, which
are two of the most widely used conventional methods “of generating
electricity, is limited by <the temperatures at which heat is supplied

(T2C) and rejected (T1C), according to the Carnot cycle-

g - T2C-TIC. -
T2C | (1-1)

The maximum practical theoret1cal efflclency for heat enaxnes zs qon to

504. Fuel cells convert energy isothermally {not Carnot~cyc1e linnteu),

and most of the chenical energy of the fuel may be converted to

v T LY -
Tia . N

electricit&.
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In a H>/02 fuel cell, the following reactions occur:

Anode Reaction . Hj, = 2H* + 2e~ (1-2)

Cathode Reaction 2e~ + 1/2 0, + 2H* = Hy0(g) (1-3)

Overall Reaction Hp + 1/2 07 = Hp0(g) (1-4)

The overall reaction occured at 177 °C, based on the 1lower heating

values (LHV),

G = -52.9 kecal/g-mol

H = -58.2 kcal/g-mol

The maximum amount of heat energy that can be produced isothermally and
{sostatically by the overall reaction is the”enthalpy change, & H, but
the fuel cell can only convert to eiectricity an amount equivalent to
the Gibbs free energy, A G. The difference, TAS =OH -06G, s the

minimum amount of heat that is produced in fully reversible processes

both on cathode and anode sides. Therefore, the maximum efficiency of a

H2/02 fuel cell at 177 °C is .

fAG -52.9 )
E max =\ H )(100) = (-58.2 (100) = 91.0 % (1-5)

The standard potential of a fuel cell, E° , is directly related to

the Gibbs free-energy change for the overall reaction, according to the

expression

CAG amEET o - ae

wvhere n is the number of electrons transferred, or g-équiv/g-ml, and F

is the Faraday constant, which isﬂ.'e.qua.lqzo, 23.06 kcal/V-g-equiv..

In a fuel celllall ofthe freeénergy,/:\.t;, of the reaction is

available as cell electromotive force (emf) and a large fraction of the




Cell Potential, volts

TAS heat can be recovered 4in a bottoming cycle or cogeneration scheme.

In contrast, 4n any heat engine a smaller fraction of the AH of the

combustion reaction is available for useful work as a result of the

Carnot efficiency limitation.

Nevertheless, there are inefficiencies in a fuel cell, for example;

the irreversibility which will be discussed in Section 2.2.1, fuel

utilization, and electronic and fonic conduction resistance through
components and at contaét-points. Deviation from ideal behavior caused
by dirreversibility 4£s 1llustrated in Figure 1-1. Therefore, under

realistic operating conditions the efficiency of fuel cell is between 40

to 45 percent (Ref. 2).

Ideal Condition

Ehe e e e e e e e e e e
TMohmic
b ~ _
Veel11 F———— Thotivetion
S
nConcentration

o f———————

. ig,

Current Density, A/ft° of cell

Figure 1~1 Schematic Fuel Cell Polarization Curve
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1;3 Types of Fuel Cells

Fuel cells are usually classified according to the type of

electrolyte and the operating temperature, as shown in Figure 1-2.

brief introduction to the four fuel cell types follows.

Operating
Temperature

Electrolyte

Low
25 «200 C

Medium |

250 C

High

Acid

Electrolyte
Support

Base

Molten
Salt

Soli

500 -1000 C

JE e TRl

p oo d

Figure 1-2 ~
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(1) Solid Oxide Fuel Cells. Fuel cells with solid oxide electrolytes

operate at temperatures between 700 °C to 1000 °C using non-noble metal
electrodes. The electrolyte 4s usually yttria or calci#, stabilized
zirconia (Zr02) (Ref. 7), which conducts oxygen fons at the operating
temperature. Solid oxide fuel cells are intended to offer the advantage.
of burning electrochemically conventional carbonaceous fuels with air,
without posing any particular electrocatalytical problem. This

technology is still at the research stage.

(2) Nolten Salt Fuel Cells. This type of cell operates at temperatures
of 600 °C to 700 °C, wusing 4mpure hydrogen and air, non-noble metal
electreodes, and an electrolyte of molten alkali-metal carbonates in a
porous ceramic carrier. RAs with solid oxide cells, high-quality waste
heat is available for use in cogeneration to increase the overall system
efficiency. Holten salt fuel cells are entering the pilot plant

technology stage.

(3) Basic Fuel Cells. RAgueous KOH electrolyte fuel cells operate at
lower temperatures (50 to 150 °C) or medium temperatures (210 to 235
*C). The latter is célled a Bacon cell which was used as the foreruner
of the Apollo fuel cell systenm. The alkaline electrolyte used in these
fuel cells cannot tolerate oxides of carbon in either the fuel or the
oxidant, therefore, their nonspaceA use s 1limited by the cost of

producing reactants that are free of carbon oxides.

(4) Rcid Fuel Cells. Hany acid electrolytes have been considered for
use in fuel cells because acids are tolerant to carbon dioxide, which
allows the use of impure hydrogen and air. Phosphoric acid fuel cells

are the most advanced of all the fuel cell technologies: Pilot plants up>
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to 4.8-I8! have been successfully operated (Ref. 8) both in New York city
and Tokyo; Heanwhile, UIC (Unfited Technology Corporation) is developing
an 11-M1 plant and Hestinghouse Electric: Corporation is working on a
7.5-1 design, also using_phosphoric acid. Because of these facts, This

research concentrates on this particular system which £s called the

phosphoric acid fuel cell (PAFC) power plant systen.




1.4 PRFC Systen
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Figure 1-3 is a block diagram of a phosphoric acid fuel cell (PAFC)

power plant with three “principle modules: fuel processor, ~fuel cell

ower section, and DT power conditioner.
P P

ich Ga

Fuel Cell DC " Power AC
e

Fuel
Power Section | Power Condition%r Power

Methanol, H20

Naphtha etc.)

' Spent Fuel

Figure 1=3 Fuel Cell Power Plant Modules

Natural gas, methahol, and naphtha are principly considered for

fuel cell use, so these three fuels are the fuel options treated in the
Production of hydrogen, thich is the major function of

The overall

preseni model.
, occurs by reaction of the fuel with steam.

fuel processor

reactions are:

: mn
Cn Hm + 2n Hp0 = nCOp + (Zn f—Z_)H
for naphtha and methane, ‘and = "™~ -%i7 ' v 5 Tmmo swll ogtaas o ds

C!I.ﬁl'!‘:*mﬂzo';"-'-' C02+3ﬂz LN cimwt i hent smoravicn wi(1-8)
B P | S R S e T A
for methapol ” md 7 Zvesd mearvent.oogoel the ommcl. L mere istalled
flew ddagyran is shown Io 5200 104,

The major compoﬁenfs in 'the fuel processor subsystem are; <the
OI@GWML Paam |
OF POUR‘“Q{N Qf‘_"‘s
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reformer, <two shift converters, and several heat exchangers. The
reformer‘ is basically a nonadiabatic, nonisothermal catalytic reactor
which can operate as high as 1200 °C and 10 atm. The shift converters
are simulated as adiabatic packed bed catalytic reactors which proddce
hydrogen through a water shift reaction:

H20 + CO = Ko + COp | (1-9)
The heat exchangers are modeled as shell and tube type heat exchangers.

Rithin the fuel cell stack subsystem (Power Section), hydrogen and
oxygen react to continuously produce DT electricity, uastelheat, and
steam (as a reaction product). The reacting oxygen is obtained from air
and the waste heat produced can be removed by passing a coolant through
the fuel cel; stack. For the present simulation, air is used as the

coolant.

The reaction which take place at the anode and the cathode,
respectively, are;

Ho = 2H* + 2e~ . A (1-2)

1/2 O + 2H* + 2e~ ='H20 - EEEE (1-3)
and the overall reaction is |

Ho + 1/2 0o = H20 + energy - . (1-4)

_The electrical power production in the fuel cell stack is
accompanied by approximately egqual amountS:.Bft:héa%"géhé;ation which
should  be removed <to avoid overheating of the stack. A more detailed

system flow diégram is shown in Figure 1-4,
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the catalyst/electrolyte imterface, 1t 4is electrochemically oxidized
according to Equation (1-2). The electrons are transported through the
external circuit, and the hydrogen ions are conducted to the cathode
through the 967 phosphoric acid electrolyte bheld in place by and inért

inorganic or polymeric matrix.

Bulk gas in manifold

Porous conductive backing sheet

Porous catalyzed layer

Forous catfalyzed layexr

1

PPRP IR TN

POR IR

Lo e

Current pick-up

Figure -5 Elemental Phosphoric icid Fuel Cell Schematic

The basic cathode structure and materials are the same as the
anode’s (the cathode 1s not doped) although the physical parameters
(pore size, thickness, etc.) may be different to achieve the desired
mass transfer characterisfics. When the hydrogen 3ions arrive at the
cathode reaction sites, they reac£ with the oxygen, which has diffused
through the pores of the cathode’s Teflon region. The reaction is

Equation (1-3).

Single cell assemblies are stacked in a serie?—éonnéctedﬁ bipolar
mode. The directions of flow channels for air and hydrogen fuel are
perpendfcular to each other. In addition to the DC power generated,
heat is produced as a result of the reaction. This heat is removed from

the cell stack by cooling air passing through channels in cooling plates

ORIGINAL PASE IS
OF POOR™QUALITY

1]

Matrix, Hgg‘; electrolyte in wick-type structur
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located approximately every fifth cell so as fo maintain the Acells at
the desired temperature. Figure 2-17 is one of the symmetric parts in
the stack. The heat carried away by the cooling air is used to generate
low pressure steam to drive a steam turbine. The c¢ooling air is then

recirculated back to the fuel cell systen.

The effluent fuel fron anode side goes to the burner after mixing
with air from the air compres#or. The’cathode exhaust is first allowad
to pass through an expandér to recover some power. It is then cooled
to condense ouf water i; the stream. The condensed water is separated
from the gas stream and sent to storage so that it can be used for the

fuel processor or steam turbine.

1.4.3 Power Conditioning Subsystem

The primary functions of power conditioninz subsystem are to
control <the magintude of <the direct current DC generated in the fuel

cell stack and to combine and convert the DC to alternating current

(AC). Secondary functions are to povide appropriate fault protection,'

reduce harmonic distoration, and to provide power factor correction

capability. The DC power source will be connected in various
series/parallel arrangements to deliver the power at the required

voltage and current.

y
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CHAPTER 2

DESIGN OF PAFC SYSTEN

A primary objective of the energy conservation efforts is to reduce
the consumption of premium fuels such as oil and natural gas. Ihis can
be realized by displacing the premium fuels with less critical fuels
such as coal, or by- developing energy conversion systeﬁs that can
significantly increase(the utilization efficiency of fossil fuels. Fuel
cells can achieve both alternatives by more efficiently using a variety
of fossil fuels, from which hydrogen can be derived, in applications
where electric power and process heat are simultaneously in ﬁemand.
However,.while the potential conservation of fuel 1is 4{mportant, the
ability of fuel cell to penetrate the marketplace is essential in order
to succesfully achieve <that potential. Thus, fuel cell system analysis
efforts, which are essential for design oétimization to improve systenm
performance and cost effectiveness have acquired significant pracfiéal

-

importance.

- The. purpose of this chapter 1s to utilize mass and energy balance

techniques Hith electrochemical and chemical kinetic disciplines to

develop mathematical - models and . the - associated - digital : computer
simulations. = The purpose of the computer - simulation fs .to develop a
simple hut  sufficiently accurate model of a PAFC system to allow for

careful engineering evaluation of the systen. The temperature,

17
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pressure, and material balance at various locations in the systen and

the sensitivity of operatinz conditions in major components are

determined using the computer code. In addition, alternative design

‘configurations in the reformer and fuel cell stack will also be examined

for the optimal design of the systenm. The philosophy of the computér
simulation is not to develop a highly accurate, rigorous mathematical
.analysis in microscopic detail but rather a workable but sufficiently

accurate approach to a practical engineering problem.

In this chapter. we consider two kinds of mathematical models for
the components. One 4s the lumped model and the other is the
distributed model. The lumped or "single-staged” model calculates the
material and energy balances and the physical and chemical properties of
the streams at one operating condition, such as the mean temperature and
pressure. On the contrary, the distributed or "multi-staged” mogdel,
which usually is solved by <the finite-differences method, handles the
balances and properfies at_éifferent sections. In the reformer and bhoth
shift converters, the lumped model utilizes the approach differential
temperature (Apr)t. however, chemical kinetic will be considered in the

distributed model.

- There are two schemes of PAFC system which will be simulated in

this chapter for steady state performance. One is the design developed

Y

®: The approach differential temperature is the temperature difference

between the exit temperature and the assumed operating temperature at

yhich equilibrium occurs.
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with this research vhich will be referred to as the CSU design, the
other is the MHestinghouse conceptual design (Ref. 12) which was

described in Chapter 1. The CSU design scheme can be described as

follows:

As shown in Figure 2-1, methane which is circulated by compressor
(C) is preheated by heat exchanzer E-1 prior to mixing it uith'the super
heated steam which receives its heat by passing through heat exchanger
E-9. Before entering the reformer, the methane steam mixture is heated

via heat exchangers E-2 and E-3. Inside the reformer, methane is

catalytically reformed by reaction with excess steam to produce carbon

monoxide, carbon dioxide, and the desired product, hydrogen. The
efflueht from the reformer is cooled by flowing through heat exchanger

E-2 before it enters the high temperature shift converter S-1. The

AT TR Y

function of the high temperature shift converter 4is to increase the
hydrogen concentration and to reduce the carbon monoxide concentration
of the reformer gas effluent. The temperature of the effluent from the
shift converter S-1 s then reduced by passing through heat exchangers

~ E-1, E-9, and E-6 before entering the low temperature shift converter

S-2. The low temperature shift converter further increases the hydrogen
concentration by promoting <the shift reaction at a lower operating

temperature. The effluent from the low temperature shift converter then

converts inputs of hydrogen and oxygen to Du power, ‘water and‘ heat.

Oxygen is delivered to the fuel cell by air compressor A which also
provides air to the reformer burner. The spent fuel from the fuel ce11

ancde goes to the burner after mixing uith air supplied by compressor A.

enters the fuel cell contain;ng Hy, CO, CH4. ‘COy and HQO. The fuel cell

e ey 9y
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Before entering the burner, the mixture is preheated by the burner
effluent via heat exchanger E~4. The Speht fuel is then burnes with
whatever additional methane is needed to provide the thermal energy

necessary for the reformer reaction.

Heat generated in the fuel cell is removed by heat exchangers E-7
and E-10. Heat from heat exchanger E-7 can then be utilized in
$ndustrial heat processing or space heating and cooling, while exchanger
E-10 is used to préheat the water supplied by liquid separator @ to
provide the necessary steam needed for the reforming process. The
effluents from <the burner and fuel cell -cathode will have their water
removed and separated by condenser E-5 and liguid separator @ before

allowing them to be exhausted to the atmosphere.
.This chapter will begin by nodeling the components in the fuel

processing subsystem and fuel cell subsystem, <then <the system steady

state performance will be presented.
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2.1 Hodelinz of Fuel rocess%g; Subsysten

Production of hydrogen, which 4s the major function of <the fuel
processing subsystem, occurs by reaction of the fuel with stean. The
major components in this subsystem are the reformer, the high
temperature shift converier. the low temperature shift converter, and

several heat exchangers.

- 2.1.1 Heat Exchaneger

A zero capacitance sensible heat exchanger 3is modeled in the

double-pipe counter mode.

Lumped Model

For <the counter mode, given the hot and cold side inlet
temperatures and flow rates, the effectiveness is calculated for a given
fixed value of the overall heat transfer coefficient. The mathematical

description which follows is covered in detail in Ref. 20.

Tho = Thi - B (—At) (Tai - Tos)

Tcosz( ) (Tpi - Tei) + Tei
Q'r = ECmin (Thi = Tei)

UA
1= (Catn/Caax)e OuiD (.' mtn/Cnax)




where Cc: capacity rate of fluid on cold side, lcCpc, J/s-K

Ch:'capacity rate of fluid on hot_side, MhCpe, J/s-K
Cmax: maximum capacity rate, J/s-K .
Cmin: minimum capacity rate, J/s-K

Cpc: specific heat of cold side fluid, J/g-K

Cph: specific heat of hot side fluid, J/g-K

E: heat exchanger effectiveness

He: fluid mass flow rate on cold side, g/s

fh: fluid mass flow rate on hot side, g/s

Q7: total heat transfer rate across heat exchanger, J/s
Tci: cold side inlet temperature, K

Tco: cold side outlet temperature, KA

Thi: t side inlet temperature, K

Tho: hot side outlet temperature, K

UA: overall heat transfer coefficient of exchanger, J/m?-s-K

Distributed Hodel

?rom the first law- of thermodynamics, the energy balances for

tubeside gas, shellside gas, and tubewall can be written as,

Tubeside: hi 7{ @i (Tw-t) = , b 74}‘- LIRSS fg

Shellside: ho do (T-Tw) = -Po Ao Cpo Vo—:fTT

Tubewall: ho do (T-Tw) ~ hi df (Tw-t) =0 - - - - - . -

where h: composite heat transfer coefficient, J/sec-m?-K

f: density, g-mole/m> . == e meiem et

Cp: heat capacity, J/g-mole-K . __" ; e e

t: temperature of tubeside gas, K




T: temperature of shellside gas, X
Tw: temperature of tubewall, K
'V: velocity, m/sec
d: diameter, m
suhscrip; 1: tubeside
0: shellside
w: tubewall
Boundary conditions
z=0 t=t fnlet

z=L T=T inlet

These simultaneous ordinary differential equations were solved by

finite-differernce nethod. The diagram of one section is shown in Figure

2-2.

3 fM
1 ! | M
Voj, T3 ‘—m——-vw»z Tj+2 shell side

tubeside Vj=1,t3j=1 ——*,/ / N —eyie1 341, 341
.._4// '/ p—

I £§Z |

Pigure 2-2 Section j of heat exchanger

Results

-

Distributed nodel uas used to estimate the dinensxons of the heat

1 ™ . 5

exchangers in Figure 1-3. Tahle 2-1 shows the results uhere the known

inlet and outlet temperatures are from the Hestinghouse conceptual




design (Ref. 12 ). These result# will be used a2s input data for the

system steady state and transient state simulations.

2.1.2 Shift Converters

The function of both types of shift converters (high temperature
and low temperature) is to further increase the hydrogen concentration
and to reduce the carbon monoxide concentration of <the reformer gas

effluent. The equation,

CO + H,0 = H,+ CO; - (water shift reaction),
dominates the material changes in the shift converters. The methanol

input fuel does not need to pass through shift converters because the

carbon monoxide level is low.

Lumped Model

In <this model, the water shift reaction is assumed to be at
equilibrium and utlizes an approach differential temperature (ADT)
ranging from 15 to 25 °F. The material balance {s

Ky = Pcoa Pu; _ (Fco, +x) (Fna +x)
Pco Pyo  (Fco-x) (Fryo =x) (2-1-1)
where Kz: equilibrium constant of shift reaction at ADT
~'P—:—partialﬁpressufe,of component, atm _ .
F: inlet\nplar flow rate of component, g-mole’/s

reacted amount rate, gfhoig)s

x

Equation 2-1-1 can be solved for x. Newton’s method was used in the

Computer program.




Air Beatsr

Inlet 3
gv Bate 20 R xR @ |t P
Flow Yo, a4 co cee
A2 0 o 4] 5.0 [s] 389.9 103.7| & 1.3
A7 11.8 10,9 134.3 1133 561.7 7.6 C | 495 | 4.26
Gatlet 3
MJ A3 a18
Vestinghouse Simulation 192 401
Our Results * 155 428
L J
30, of tubes 80
ID of tube 0,25 £t
a of tube 0,28 I
@ of shell 0.36 4
langts of exchanger 1.5 4]
Anode Exhaust Heat Exchanger
Inlet ¢
Flow Rate ’
ov Rom——. CH4 co [o{s4 H20 2 N2 o0 T P
31 11,8 10,5 134.3 60.7 112 7.8 0 376 3.4
413 11.8 100.1  44.6 203.7 473 7.6 0 899 5.1
Outlet ¢
MJ A24 a9
Westinghouse Simulation 761 720
Our Results * 165.7 T720.1
*
EC. of tubes 220
ID of tude 0.1485 £t { 1.782 in ) )
Q2 of tube 0.1667 £t ( 2 in )
@ of sheld 0,28 £t ( 2.88 sn )

Length of exchanger

Table 2~1

14 £t

Estimation of dimensions of heat exchangers

... in Westinghousé PLFC system

.
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Heat Bxchanger
Inlet:
ov Rate l
:&N CB4 co cor 820 ;4 4 [+~4 T P
Al i [} o] [¢] 2.0 0 389.9 103,7 | 192 1.5
A J 161 [} -] 4] 0 8 0 180 6.3
215 | 11,8 45.7 96,6 151,10 523,01 1.6 O |a0 |4.76
Units s Flov Rate 3 lb-mcle/2z.
Temperature: r
Pressure am
" Outlet: o
Resomrsi——®_ | Ad B 416
Vestinghouse Simulation l 00 00 m
Our Results ® ! 699.8 698,0 381,.6

@ 4 double pipe heat exchanger model is considered with these conceptual

design paramstars s

B0. of tubes for A3
BO. of tubes for A6

402
178

‘... .. Table 2=1 .continued :: =

ID of tube 0.0652 £+ ( 0.782 in)
oD of tubs 0,0833 ££ ( 1 40 )
@ of shell 0.,1215 £t { 1.458 in)
length of sxchanger 19 £t
Preparator
Inlet 3
ov Rate

Pov o CB4 ©CO R R0 B -] @ ® 3

410 j156.3 o 0 3%24 0 7.8 ] 556 | 6.8

12 11,8 100,71 44.6 2035.7 473.0 T.6 0 | 1100 | 5.1
Outlet
N' amn A13

. Westinghouse Simulation 800 899 .

Oz Resalts ® 90 "5 h
*
B0, of tubes m
D of tube 0.1485 1t ]
o of tude 0,1667 £2
@ of shell : 0.24 £t ‘ . L
length of exchenger - .. 9P . F S ooUTeL @gﬁ@ﬂNﬁLP%E 18 -

OF POOR™QUALITY
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The energy balance equation for the gases in the shift converter

1" {ncludes <the reaction and sensible enthalpies. For adiabatic the
; . proceés in the shift converter Tf

’ 2 nj (Ah°f)j -2 ni @n’HK)i + 3 an (Cp)3 4T

173 PS RS PS 298

¥ ) Te | '
B | -3 s (CpYi aT = 0 (2-1-2)
[z

Fi% RS 298

where the subscripts PS, RS correspond to the products and reactants in
the shift converter, respectively. If, 7Ti are the final and initial
temperatures of the gases, respectively. The only unknown in the

equation ,Tf, is determined iteratively.

The Ergun egquation, which estimate'sA pressure drop caused by the
flow of gas through dry packings, is used to determine the pressure drop

in shift converter and reformer. The eguation is (Ref. 22)

1-& 6 (150(1-€)g + 75)-1'1

AP =1878 €° dp ep dp G 2-1-3)

where € : void fraction in bed

M viscosity, Kg/m-s

dp: effective diameter of packing particle, m

G : superficial gas mass velocity, Kg/s-m

h ¢ packed height, m
P: density, Xg/m®

AP: pressure drop, atm . . e

Distributed Model

In the distributed model simulation, .the_.shift converter .is.

sinulated as an adiahatic packed bed catalytic reactor which produces




hycdrogen through the water shift rezction.

The general assumptions made for simulation of a packed bed reactor

(like the reformer and shift converter) are discussed here; ] g;

(1) Axial dispersion and radial gradient are negligiblé - plug flow o g

R 2 2

condition. Generally if the ratio of the length of the

reactor to the catalyst’s diameter is greater than 100, R R
gr B/

the axial dispersion effect is negligible.

(2) A uniform temperature exists throughout each catalyst particle,

and this temperature is the same as the gas temperature in that

section of catalyst bed.

{3) The kinetic expression represents a global rate, and therefore

neglects reactivity différences found between ihe inside
and outside of the catalyst particles.

(4) Entrance effects are negligible.

(5) Heat transfer by radiation is negligible.

(6) A single reactor tube is analyzed. Thus, all the tubes in the

reformer or shift converters behave independently of one another.

(7) ldeal gas behavior is assumed.

(8) The outside shell wall is adiabatic.
A more detailed discussion of assumptions (2) and (3) {is provided in

"‘hppendixfz—by;examinatiqg_pffyhg7”interna1" and "external” effectiveness

factors of commercial catalysts used in reformer and shift converters.

Hass Balance

PN

:{fron_ the ggggral continuity and assumptions, the kinetigz mass

-

R

balance for the shift converter is
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where V ¢ average velocity of fluid through the bed, m/s
C : g-mole of CO per m® fluid
ra’: reaction rate, g-mole of CO/s-Kg catalyst

ea: density of catalyst, Kg/m? bed

Reaction Rate

From Ref. 24 the rate expression for a high temperatire shift

converter with a catalyst composed of Fe203 and Cr203 is (Ref. 23)

r = k{(PH;0 Pco -K; Pcog PHz).‘ :
A PHzO + PCOQ_ ‘2“1"5)

where r : reaction rate, m?C0 @ STP/m® bed-s

1.3

rate constant

R : constant
for a low temperature shift converter with a catalyst composed of IZIn9,
Cr203, and CuO, the first order rate and Arrhenius expressioﬁ is

-EA/RT
-r =Ko e Pco , (2-1-6)

where r in g-mole of CO/s-kg cat.
Ko: Arrhenius frequency factor, g-mol/s~kg cat.-atm
EA: activation energy, J/g-molv

R : gas constant
) ‘T : temperature, K

-
The reooooo B S : R W T DL Comn

a

-.Energy. Balance T T WU DA

¥
W]
1]
#
¢
1
"
]
o

IR B el L e N - N TR S g - . F . e e s
> - et e s R 3 .~ et e PN e EFle |- - e D RWE o e DU S A

simul; The energy. balance for the reacting gas is
dt ra €3

€

Cp Q V:IZ.= (-pAH) (2-1-7)




wnere Cp: heat capacity o< fluid, o/g-mole-k
P: fluid density, g-mol/m>
-AH: heat of reaction, J/g-mol of CO

¢ : temperature of reacting gas

These two oridinary differential equations were solveé Ly the

finite-difference method. A diégram of one section is shown in T gure

2-3.

Ci+1
Viel, ti+1

Figure 2-3 Section J of shift converter

Results

The distributed model was used to estimate the dimensions of the
high temperature and low temperature shift converters in Figure 1-3.
The results are’showﬂ {n Table 2-2, where the Enéﬁh jnlet and outlet -
compositions and temperatures are from Ref. 12. These results will be
used as input data for the steady state_ ;nd transient response

simulations of the system.
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High Temperature 3hift Converter - i i
* H

inles: o4
Flow Rate ; '
CH4 co co2’ H20 74 N2 c . T . P Lo

Flow XNo. ! ) ;
. H

i ; .

A4 11.78 100.16 44.6 203,66 472,96 7T.57 O ! 720 5.9 : E
il

Units: Tlow Rate: lb-mole/hr ;E
Temperature: F i
Pressure: atm o

. i

it

Qutlet: SH
".Flow Rate : E
Resource cs4 <O coz W0 ®2 x2 02 i T l ) 5
oL N 1 ;;
“estinghouse | 4y 78  48.2 96.56 151.7 524.92 7.57 O ] 840 | 4.8 i
Simulation i . . : ‘§
Our Results# | 11.78 49.8 95.0 153.3 523.4 7.57 O I 864 5.0 e
i

* A single Pipe reactor is

considerec with these conceptual design parameters:

NC. of reactor tubdes 92
ID of reactor tube Q.3 £t
feight of reactor tube 6 £ I
Low Temperature Shift Converter r
Inlet: ,

7low Rate :

CE4 co co2 H20 B2 N2 02 T | P

Flow No. ’

A6 11.78 48.2 96.56 151.7 524.92 T.57 0 l 59714 42
Cutlet:

Flow Rate

CE4 CO coz H20 A2 N2 02 ' 7 F
Resourc?
- - ]
~€STiNghouse| 44 73 0.8 133.96 114.3 562.3 7.57 O 495 | z2.42
Simulation
Our Results+*] 11,78 10.9 133.8 114.4 562.2 7.57 0 502.2 | 4.36
* NO. of reactor tubes 92
ID of reactor tube 0.25 £t
2 1t

Height of reactor tubg

Table

2=2

-

in Nestlnghouse'?"FC systen

A

45u1m4t10n of dlmen51cns of

e T dn ame

shlft corvertpr

sev N A
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2.1.3 Reformer

The key component in the fuel processing subsystem is the reformer

which catalytically reforms methane (methanol or naphtha) by reaction

with excess steam to produce carbon monoxide, carbon dioxide, and the

desired product, hydrogen. HMHethane will be the only input fuel in the

following discussion.

Two reactions are assumed to be the principle reforming reactions
in the model, they are

CH4 + B0 = CO + 3H; (demethanation.reaction)

Co + H,0 = CO, + H, | (vater shift reaction).
Appendix 1 lists all of the possible reactions and discusses the minimum

steam to carbon ratio (S/C) required to avoid carbon formation.

Lumped Hodel

In the lumped model both of the reactions, demethanation and shift
reaction, were assumed to be at eqﬁilihrium by utilizing the respective
ADT's of each. The equilibrium constants were determihed from the

temperature. The equilibrium expression are

K = Pco;BY,  _ YeoaY3s .

I ™ PeHy PHzo YcH, YHa0 , (dgmgthanation)
K,= Pcog PHa _ YcoaYH,

2 Pco PHzo - Yco YHzo - - T . .. (water shift),

where K1 and K2 are the ‘equilibrium constants of demethanation and water
‘shift reaction, respectively. ' Expressing the mole . fractions as the

Indiyidaal molar flows divided by the total molar flows yields:




K _ _(Fco-x+y) (Fn,+x+3y)> P2
1" (Fery-y) (FAo-x-y) (Fr+2y)? (2-1-8)

K- (Fcoz +x) (Fr;+x+3y)
2° (Fco-x*y) (Fn, o-x-y) (2-1-9)

where y is the conversion amount rate in the demethanation reaction and
F is the total inlet flow rate. Equations (2-1-8) and (2-1-8) can be
solved for x and y. Newton’s method was used in the computer program.
Figure 2-4 and 2-5 show the equilibrium conversion of methane at
different S/C ratios, temperatures, aﬁd pressures. It can be observed
thzt greater pressures and greater S/C ratios will favor the conversion,
but over the temperature ranges, temperature seems to be the major

factor.

Thz quantities involved in the energy balance will be the sensible
enthalpies of the gases, the reaction enthalpies of the gases, and the
heat transferred from the combustion gases to the reformer gases, Q;3.2.

The value of Qgz.q can be determined from

@g-g= UAATH, = Hout - Hin (2-1-10)
where, A T.nis the log mean temperature defined as

(Ter = T.0) = (T, - Tip)
~N Tfm - fC (R a fR

) Tfe- Tig
ﬂ’_—‘_——"- .

- I;K (2-1-11)
where, Tgc is the temperature of the combustion gases'after leaving qhe

reformer; T;;3 and Tigare the temperatures of the reformer gases beftfte

entering and after leaving the reformer; A is the heat transfer area;

and U {s a modified form of a heat'transfer coeffiéieﬁt.
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Thus, from the first law of thermodynamics and equation (2-1-11),

the energy balance for the reformer gases can be written as,

T4R
UALTm = m, (ah?) - m: (ah?). +Zm J (Cp). dT
"“p‘;a w%‘ PO RR O agg e
TR ,
=) my (Cp); 4T, ... (2-1-12)
rrR 298 '

where the subcripts PR and rR stand for preducts ancd reactants in the

reformer, respectively.

Distributed Model

Kinetical ‘analysis was used for simulation of the performance of
the reformer. The reformer is basically a nonadiabatic, nonisothermal
catalytic reactor, that {s heated on the shell side by comtustion gases

from burner. Figure 2-6 shows 1ts simplified scheme.

Combustion
Gas

Reformer N

Tigure 2-6 Simplified reformer diagraﬁ

v T T




The demethanation (eaction is assumed to be kinetically controlled
and, hence. oocurs at a finite rate, while the water gac shift reaction
{s assumed to be equilibrium controlled. The modeling assumptions
discussed in Section 2.1.2 are also applied here. The demethanation
reaction used in_ this model is slightly modified with 1linear
corbinations of the original demethanation reaction and shift reaction,
which results in

CH4 + 2H20 = CO, + 4dH> - (2-1-13)
In the equilibrium calculations, the demethanation reaction cheice
causes no changes in the final results. However, fhe kinetic
consideration will cause the final results to vary slightly with the

reaction choice.

Hass Balance

From the generalized continuity and the assumptions, the kinetic

mass balance is

clC - V"a’ ‘eB .
Z-TTE (2-1-14)
this is the same as Equ. 2-1-4 except that the basis is changed to

v
methane.

Various kinetic expressions for the reforminz of methane with stear
have been proposed whzch could provide the rate equation (kef. 2&, 25,

26). The simolest form amon° the proposed expresszons is the first
orde. rate expression, uhich 1s ‘ |

. “ts, =EART L~ L el . -

-ra' Ko e Pch (2-1-15)

5

in Arrhenius form (the same definitions as Equ. 2-1-6). Unfortunately,
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1ittle agreement can be found for the values of the kinetic perareters,
some values mav be three orders of magnitude different from others. The
data from Ref. 26 using a commercial catalyst (Gindler G-58E) is used in

this model.

The water gas shift reaction is assumed to be at equilibrium. The
conversion quantity is based upon the carbon dioxide mass balance.
Thue, when coupled with the demethanation reaction, the watef gas shif:
reaction proceeds in reverses, therefore, the shift conversiqn is always
negative. Using these two reaction schemes, all of the molar flows
anywhere in the reformer can be written in terms of the feed guantitiec

and the conversions of the two reactions.

Energv Bzlance

Two energy balances bare required for the system! one for the
reformer gases and one for the combustion gases. The reformer gas
balance includes its own sensible heat change, reaction enthalpies, and

~heat transfer from the hotter combustion gases. The Sombustion gas

balance 4nvolves sensible heat change and  heat transfer. This

translates quantitatively into Equation (2-1-16) and (2-1-17).

__pawvcp j—:; (-H, )A;%Zl_f _(jaxz)%—r hix di (Tu-t) (2-1-16)
Po vo Ao Cpo%= ~ho X do (T-Tw) L e L (2-1T)

where AH, : demethanation reaction enthalpy, J/g-mol CHy =~ - - -
AH,: water shift reaction enthalpy, J/g-mol :CO
Af : inner tube cross area, m?

hi : wall heat transfer coefficient of tube side, J/s-m2-K

B
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Tw ¢ wall temperature,K

di : inner tube diameter, m

T : combustion gas temperature, K
do : outer tube diameter, m

subscript o refers toc the combustion gas side

There 4is greater uncertainty in estimating the heat transfer
coefficient at the wall of tube than the rate expression. The scatter
in experimental data is very high (Ref. 22, 24, 25); The situation will
be evern more cormplicated by considerinz the unequal stoichimetric
reaction (Ref. 28). Due to Beek'’s recommendation (Ref.29) the modified
Thoenes-Kramers (Ref. 30) correlation should be used for sghere-like
particles near the wall, which are used in the model.

hi(dp/k7

where dp: equivalent particle diameter, m

r) = 2.58(Re)’3 (Pr)*®+ .094 (Re)®® (Pr)o4 (2-1-18)

k;: thermal conductivity, J/s-m-K
Pr: Prandtl number

Re: partical Reynolds number

Differential egquations, (2-1-1), (2-1-14), .(2-1—165; anid (2-1-17)
were solved simultaneously with the inlet conditions as the boundary
conditions. The Ergun equation (Equation 2-1-3) is used to evaluate the
pressure drop. The Computer code which was developed to simulate the
performance used <the finite-difference method .to solve these'
simultaneous ordinary differential equations. Figure 2-7 shpws one
section of the reformer, and the program flowchart for the model is

given in Figure 2-8.
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Results and Comparison

The model results were compared to the Phillips Petroleum reformer
data (Ref. 25). Th2 reformer described in Ref. 25 is used in the
refinery industry, so the tube is electrically heated to maintain a
vertical temperature profile. The model discussed in this section were
modified to fit this special condition. Figure 2-9 gives the
temperature, pressure, and conversion profiles along the reformer tube.
Table 2-~3 shows the comparison together with Westinghouse BOLTAR
simulation results (Ref. 11). As the results indicate, the model.
corresponds to the given data very well. Pressure drop considerations,
different .rate expressions, and different heat transfer coefficient
estimation enable the CSU model to better simulate the Phillips

Petroleum reformer in comparison to BOLTAR.

The CSU model can also ﬁe modified to simulate the "regenerative"
reformer which will be discussed in Section 2.2.3. Because the
reformer’s performance greatly depends on the temperature level, the
uncertainty in the rate expression and heat transfer coefficient will

limit the simulation model accuracy.
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Reformer Results Comparison

Phillips Petroleum

Reformer Data

Input Data (Ref. 25). BOLTAR(Ref. 13 ) CSU
Height, m ’ 12.2 12.2 12.2
‘Tube ID, cm 13, D2=13, D2=13,
Tube wall thickness,cm 1.35 1.3 1.35
Catalyst part, size, cm 1.59x1.19x.48 1.27 1.27

rings spheres spheres
Mass flow rate 26700 FO=19.1 P0=19,1
(superficial) kg/ hrem? kg-mole/hr kg-mole/hr
Steam/methane ratio 7:1 , T:1 T:1
Gas inlet temp., °C 364. 364. 364.
Tube wall temp., °C 704+31x2-1,2k22 same same

. (2 in m) ,

Inlet pressure, MPa a. 1443 13.2 throughout 14.3
Output Results Given BOLTAR CSU
Outlet pressure, MPa a., 12,2 13,2 12.7
Outlet temp., °C 793. 823 776
Conversion, % 91.7 86.1 91.9

Table 2-3 (Comparison of CSU model with experimental
data and BOLTAR

e N e
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2.2 Nodeling of Fuel Cell Stack Subcysten

In the fuel cell power section, air, in excess of the
stoichiometric mixture, enters the cathode side of the cell, and
effluents from the low temperature shift converter enter at the anode.
The anode input contains CH4, H,0, H,, CO and CO,. In this analysis, it
is assumed that a fixed percentage of hydrogen is consumed at the anode,
an? the H O being formed exits the fuel cell, with the depleted air,
through the cathode exit. The overall reaction in the fuel cell power
section is,

Hy, + 1/2 0, = H0 (2-2-1)

This section presents the two distinct mathematical models of fuel
cells that were developed and computer programs that were written to

perform the necessary calculations.

The simplified lumped model 41s an "input-ocutput” model developed

for the system trade-off studies.

The detailed distriputed model is a finite -difference model of the
operation of tne fuel cell which was used to calculate the effects of
the cell and module design on performance. It calculates the current
density distribution in the cells as a function of the 1local reactant
compositions. local temperatures, catalyst utilization factors, etc.

Since these are interdependent (e.g. the local temperature depends on

the 1local current density). the computations are highly iterative and

' require considerably nore computer capacity and time than the lumped

,._,. R - .-
CER SN A T al - - 3 B LA o

nodel An associated computer program will be used to compare an
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alternative design of coolinz scheme in the stack.

2.2}1_Lumped Hodel ang Voltage-Current Characteristics

The sihplified lumped model provides a rapid (in terms of computer

time) means of calculating the fuel cell module ocutput characteristics
(voltage, current, and heat generation rate) in term:z of the inputs from

the fuel processing subsystem and the gross fuel cell design parameters

such as catalyst loading.

The mass balances of hydrogen, oxygen and water are as follows:

NXH, = NI~, - (Imean - A/ (n-F) (2-2-2)
NXop, = NIp, - (Imean - R)/(2n-3) (2-2-3)
(2-2-4)

NXi,0 = NIwyp + (Imean - R)/( n-7)

where NX: exit flow rate of hydrogen, oxygen, or steam, g-mole/sec

NI: inlet flow rate of hydrogen, oxygen, or steam, g-mole/sec

Imean: mean current density, A/cm?
A: effective area of cell plate, cm?
n: number of Faraday equivalents transfered

F: Faraday constant

The energy ‘balance for the fuel cell is,

-(Q + W) = }'_‘:'n (Ah Z" (‘-‘-hf) LT (2-2-8)

n - s - T;F. '_'._ Z, P 298
ihE Tal el +Z ﬂdJ-; (CP:)‘— our = Z ﬂ‘. . e-:'r;(CP )EO(T
PF 298 _,,.Wd_’._ rF TF _

T o e
B P

vhere the 'subscripts PF, ?F»tepréSént the products and reactants in the

H, - . - . . . ) . .
fuel cell, respectively.' TfF is the final temperature of the products
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and TiF 4s the iritial temperature of the reactants in the fuel cell.
The nj and n: are the species flow rates of the products and réactants,
respectively. The terms Q and N are the rates of heat and the
electrical energy generation by the fuel cell, respectively. Q {s

proportional to the specific heat generation Gr where:

Q = Np-Xn-¥n-Qgp (2-2~-6)
H .
and Qf = (%—f’- wI (2-2-7)

where Q ¢ iotal heat generated, J/sec.
Q- : heat generated per unit area of cell, J/sec.cm?
Np : number of cells
Xn : width of cell plate
¥n : length of cell plate
I : fuel cell current density, A/cm?

AHy ¢ heat of reaction, J/g-mole of Hj
Voltage-Current Characteristics

Because of the irreversibility, the voltage V for a working fuel
cell is the difference between the open circuit voltage -and the cell

polarization terms:

V=E-7 | : (2-2-8)
where E: Nernst potential (reversible open circurt E.N.F.)

T : overpotential or polarization = 7 ST o osmRivalisa,

= < . s =
~ . =% . - n . - g & - - % o -
. 'y P P s, e .o [
c 2 7 - . 5 A T &Y ¥ T e Doomtme e
~ ; 4 & - (RPN Lok S NN e

To e . RT t(qxﬂai_EIXQ& e e e , -
E°= E (I) + ¢ 1n \TYH;0 - Teee s, IUWD L S 27T T (2-229)

total pressure, atm
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E,(T): standard E.K.F. of cell at temperature I, volts
E,(T)= 1.261-0.00025 T, T, K (Ref. 10 )

YH;; mean mole fraction of hydrogen at anode

Y0,: mean mole fraction of oxygen at cathode

YH,0: mean mcle fraction of water vapor at cathode

The polarization term consists of four components,
p P

N ?TLa +Mr +77d +Neo (2-2-10)
where 7{a: activiation poparization at cathode, volts
Nr: resistance polarization, volts
Nd: diffusion polarization, volts
T\eo: activiation polarization at anode due to co poisoning
of catalyst, volts
and
_RT i
. (2-2-11)

Na =olZF 1n ($0)(SA)(CL)(CY)
with Lo: transfer coefficient
i ¢ current density, mi/cm?
io: exchange current density of cathodé. mh/cm?
SA: specific catalyst surface area, ?m* /g
CL: catalyst loading on cathode, g/cm?

CU: catalyst utilization factor.

The exchange current is a function of the acid concentration,

-«
R R A ™

temperature, and partial pressure of the oxygen. The acid concentration

s 'a function of the water vapor ~partial pressure’ which® permits

€orrelation of fo'as a function of “YO2, YH2O0, and T. RAn empirical £it

8. vl .o W tem

§s7 ) B T
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fo = 222.7 (Pt¥C2 )°o* , (PtYH20)°%377 exp (-6632/T) - (2-2-12)

The resistance polarization is
where r: specific cell resistance, ohm-cm? .

The expression of 7( co was chosen to have stronz temperature
dependence, be directly proportional to Yco, and have a logarithmic
dependence on i, 3iao and catalyst effective area. The resulting

expression (Ref. 10 ) {s

i

' 1_1_
7 c0=0.0782PtYco exp [91906_1'" 450)] 1n (o =% co o) (2-2-13)
where ClLa: anode catalyst loading, mg

fao: anode exchange current, mA/cm?

Diffusion polarization has been neglected here because it is

significant only at very high current densities.

In the associated computer program, Subroutine VI, calculates cell
voltage as a funcfion of the current density or alternatively solves the
nOnlgnear equétion to evaluate current density as a function of the czll
voltage.

It }s. difficult to compare' the predic@ions ‘pf a cell volt#ge
equation with experimentél data Seéaﬁ;e ofiéﬁ;“J;;nerally incomnlete
electrode or other cell specifications. Figure 2-10 {llustrates the
effect cof electrode performance on cell potential. Each of the six

Curves was developed for different catalyst utilization factors, using
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Egquation 2-2-8. The curves are compared with the precdiction of the
design relations from Ref. 10 » 7The 1latter are in the nature of
off-design corrections to a baseline fuel cell operating on pure

hydrogen and oxygen, 1 atm, pressure, 175°C, and low utilization.

2.2.2 Current Density Distribution

In the fuel cell module, the combined modeling of temperature and
current distribution is an absolute condition for reliable scalinz-up of
the results obtained with small cells, and for predictive models

starting from elementary porous-electrode representations.

This subsection éescribes the calculation of the current density
ﬁistribution over a cell plate on which the air and fuel flows are at
right angles. The procedure divides a cell plate into "grids” which are
small enough so that variations in fuel and oxidant composition and
tenmperature are mnegligible. Then by means of. calculation of the
boundary conditions for each "grid"” and iteration, a solution will be
obtained <that satisfies the input specifications (e.g. average current
density, fuel and air utilization, and reactant flow rates). R diagram

of the "grid” is shown in Figure 2-11 .

The overall method is to first specify a desired average current

density 4 for the whole plate and then determine the corresponding

voltage V for the plate. This voltage will be determined such that it
produces unique local current densities over the plate whose average

value approximates i within a specified tolerance. A trial-andi-error
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procedure §s used to estimate the local current density an:!_ overzll
voltage. - The model basically applies the same voltage-current eguation

used in the lumped model (described in Section 2.2.1) <to each grid

section of the cell.

Nathematical Formulation

Exit flov of hydrogen from grid (i,4)

N 4,08, 35) = NIp (4, ) - (I€4,3) A/ (n-F) (2-2-14)

Exit flow of oxygen from grid (i-.j)

NXo,€5,3) = NIog, (4, 3) - (Ii,5) RY/(2'n' ) (2-2-15)

Exit flow of water from grid (i, })

Nin0 €4,5) = Kl (4,3 + (1(1,3) RY/(C n'F) (2-2-16)
- where KXy, o, n,0 (4,3) ¢ hydrogen (oxygen or water) portion

flow rate at exit of grid (1,3,
g-mole/sec.

NI Hy .0y H20 (£,3) : hydrogen (oxygen or uate;‘) portion

flow rate at inlet side of grid (4,3
g-mole/sec.
I (5,3) : current density of grid (41,5), A/cm?

A : area of grid, cm?2

The flow chart of executive program for calculating current density

‘ distribution is shown in Figure 2-12 .
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is 450°K has been determined from the computer program. This
distribution is presented in %igure 2-13 as a field plot of lines of
constént current density. The fuel and process air conditions are given
in the figure: where 7(]:. 'Qo represent utilization of fuel and oxygen

respectively. The maximum current density occurs at the corner of the

plate common to the two inlet streams and is 30% above the average

current 6ensity, however the minimum current density occurs in the
opposite corner and is 20% below the average. Since there §s no
satisfactory experimental method of measuring the local current density
(Ref. 11), confirmation of the predicted current density must be

inferred from temperature measurement.

The computer program can be modified to simulate different types of
cell plates - i.e. Zee plate (Ref. 11) and hexagonal type plates. The
operating conditfons ani results for these two alternatives are shown in

Figure 2-14 and Figure 2-15 ,
2.2.3 Thermal Analysis and Temperature Distribution

The electrical energy production in phosphoric acid.fuel cells is
accompanied by approximately equal amounts of heat energy generation.
Removal of this heat can be accomplished by a suitable flow of input

gases or by using separate cooling plates.

The work reported $n this section is directed towards estimating
the steady state temperautre profiles in practical phosphoric acid fuel

cell stacks. The fuel cell stack considered §n this section is composed

eIl s
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of cell plates on which the air (oxygen) ang fuel (hydrogen) flows are
at right angles. A cooling plate {s placed between individuzl groups of
cells at a regular 4interval. Symmetry in the stacking direction occurs

at the middle of a cooling plate and midway between cooling plates.

2.2.3.1 Previous Hork

Estimation of the temperature profiles in an operating cell £s
{mportant for thé estimation of the power density distribution, thermal
étability, and cooling requirements. Only a 1limited amount of
information on this suhjecf has been reported in the past. Baker and
co-workers recognized this need and have performed a comprehensive study
of steady state heat transfer in electrochemical systems (Ref. 6,14,15
). They studied various cases 1nvol§ing oné dimensional analysis of a
single adiabatic fuel cell ani a three dimensional analysis of a

nulticell stack.

A single fuel cell with no lateral heat transfer and no conduction
of heat through the cell 4in the direction perpendicular to the gas flow
was considered (Ref. 14 ). Heat transfer by condﬁétion in the
direction of the gas flow was considereﬁ negligible in comparison to the
heatl transfér. by ;onvection, and analytical »expressions for thé

-electrolyte, fuel, and air temperature profiles were derived.

: . AT wre i e

_For. the three dinensional analysis of the stack, it was assuned

S

. that all of, the walls except tor the uall from uhich the air enters were

. naintained at a eonstant tenperature. Ihe rate of heat generation per

unit volume of the stack was assumed constant An analytical solution
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for the temperature profile wac developed, assuming that the electrolyte

and gas temperatures were not very different.

Another paper (Ref. 15 ) cbnsidered various limiting and special
cases to determine the maximum temperature of a stack. Iwo dihensional“
heat transfer analysis was carried out in the case of a thick stack
where heat transfer in the direction of stacking was neglected. In the
case of thin stacks, three-dimensionzl heat transfer was considered with
each wall at 'a different temperature. Infinite series solutiéns were
developed for both thick and thin stacks. The authors estimated the
maximum stack temperature for the constant wall temperature case. An
approximate formula to predict the effect of conductivities, size, and
current density on the maximum stack temperature was developed. A
generalized énalysis, which c¢an incorporate the effect of finite
resistance to heat transfer at the wall, the effect of cold or hot
feeds, or nonuniform heat generation, was also carried out using the

method of Green'’s function.

2.2.3.2 Temperature Distribution

The temperature distribution for the module was developed from the
temperature distrihutions within representative slices or strips within
a set of cell and cooling plate ;ells. The analysis includes conduction
within bipolar plates, éonduction between plates, the separate cooling
effecis of the process air and the coolant (basically air 1is considered
as thg c&éiant), and the teﬁpe;ature chaﬁﬁe of air flows along their
respective charmels. The distribution of the heat generation~ ‘is

determined from the current density distribution.
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The model assumes that (1) the temperature gradients in the

direction of the fuel flow are small. This assumption is justified

gince the major temperature gradients are in the air flow direction and

gince the heat capacity of the fuel stream is only a few percent of the

heat capacity of the air stream. (2) The edge of the cell is operating

adiabatically. (3) A half set of cell plates between coolinz plates is

analyzed, which includes one half cooling plate and two and a half cell

Thus ‘because of the symmetry all of the stack behaves
(Lx X Ly X Lz)

plates.

similarly. The geometry of a representative slice

through the stack is shown in Figure 2-17.

Nathematical Formulation

The material balances of the fuel and <the oxiden: have been

presented in section 2.2.2. There are four energy balance equatiods for

the cell plate, cooling plate, process air, and coolant.

cell on process air side in air flow direction

2 .
:xya kam 27T C.m_ dTp N
- -Kx — - n— - - -~...
3y2 0X 1ot 2% |4 PP oy (> =) I (2-2-11)
cooling plate in coolant direction
2% aT Ce &
c 2 Te :
2y° 2% | z4t1/2 pe 27 ~2-18)

d hp sp Do
r’h S mo (W) | (2-2-19)
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coslant side

hc Sc
d_Tc ( T~7c ) .
dy mc Cc ¢ _ (2-2-20)

Boundary conditions

x =0 8T/9% = 0 symmetric condition
y=0 0T/3y = 0 adiabatic assumption
x =Llx 09I/gx =0 sym@etric condition
y =Ly O0T/0y =0 adiabatic assumption

y=0 Tp = Tp, inlet

y=0 Te = Tec, 1n1ei

where

m= mass_flqw rate; Kg/hr-channel

¢ = heat capacity, J/Kg-K |

Ky = effective thermal conductivity of cell in flow direction,
J/hr-m~K |

Kx = effective thermal conductivity of cell on stacking
direction, J/hr-m-K
= thickness of cell includind fuel and air channel,

x1 = effective conduction disfance from plate to uppef cell
plate,.g:>

x2 = effecti?é'conduction diﬁtgnée from piéte to lower cell
plate, m

T el T Gl cosTneogm o donzTi alamaent 0 D0sivee i of the

P = pitch of channel, m

CC‘.’):“T_H' - - L T ey
x1’ = effective condiuction distance from cooling plate to upper

PR MY M

cell plate, o . £ s o AT e

- |
A

h'

Al -
e D ¥

Lx Ly height and 1e gth of one_ slxce, respectzvely, m

[T FSRIVA S b 1 R SO
ST~
-y

CoEl L i e ORIGINAL pA,gE IS
N OF POORQUALITY




Ve = -ANZF, V

t’ = thickness of cooling plate, m

h = heat transfer coefficient, J/hr-m2-K

S = perimeter.of the channel, m
Subscription |

p = process air

¢ = cooling air

These simultaneous ordinary differential equations and
corresponding boundary conditions were solved by the finite-difference

method. The finzl difference eguations are in next subsection.

Finite-Difference node;

The energy balance on an internal element j (25jSN-1) for bipolar

plate i (2<i<N1) can now be written as (see Figure 2-17 )

- (-&—)Tz.a-w(z&—”z P B Ky g

oot
.- ( AY:. ) T173+1" (ﬁ—) Ti=- 1’3"(_)‘1"4'113 N (2_2_21.)
+ (ARCRy (7pi, ] -Tpi,a‘-ﬂ = (V*=V) Ii,]

Pp-AY

e T _
e [ oA SN

Cf:}ing Plate 1‘1 can be uritten as .

4! .
T g%—;——) T1,, =1+ (2 %;—- + 2 %. ) T1, (G- TE

ey

- (—‘f,%z—) ™, 31 - (2 ) 12, §

-
Lt -

m C'D ‘;_ . CLSTIT I I e e o
- (_’P‘;,AY Y ( TCJ-TCJ-1) |

The energy balanﬂe on an internal element j (2<j$N 1) of the

R I~ SNVEN

tfe e = e et ¢ e+ oo

g = 4 e e




The energy balance on interior element j (2£j<H-1) of the symmetric

plate i=N1 is

_ (K-t > Ryt S KXy o
- (Bt - (22 : '
nz N1, j+1 ° X2 N1=1,] (2-2-23)

+ Cpprav Pp o) Ty L™, 3-1) = 7V) Iy

where §= 2 for odd values of NK

LT 2N

§= 1 for even values of NK
NK: the number of cell plates between two adjacent cooling plates
Ni: 1 + NK/2 for even NX

1 + (NK+1)/2 for odd NX

The energy balance on elements j=1 are obtained as above except
for: the values of Ti,0 are replaced by Ti,1; the values of Tpi,0 are

replaced by TPO, which is the inlet process air temperature; and TCo is

replaced by TCO, the inlet cooling air temperature. The energy balances

on elements j=N are obtained from the above with Ti,j+1 "replaced by

Ti)N.

B e the process éir flow, one can set ub N1xN eﬁuations of the form

T4 - #p;

"> TP1,§ = TPi, j-1 + (Ti,§ = TPL, ) U-e P44y T (2-2-24)

where

i
P ’j ‘Mp Cp -

For the cooling air flow, one obtains N equations of the form
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LICS = TCj-1 + (Ti,§ - TCj-1) (1-e &9 (2-2-26)
where
: Bey Se . (2-2-27)
¢cj = - AY )
M Cc

Thus thHe <total number of temperature equations matches the nuﬁber
of unknown temperatures and the set can be solved using the Gaussian
elimination method with calculated or input values of cell voltages,
current densities, mass flpu, heat generation and heat <transfer
coefficients. [Each resulting temperature distribution is wused to
recalculate the current density distribution until convergénce is
reached; The relationship between voltage and current and the

calculation of heat generation have been presented in Section 2.2.1.

Heat Transfer Coefficients

An empirical equation (Ref. 18 ) for the Nusselt number for fully
developed laminar flow in a rectangular channels is:
Nuf = 3.61 + 4.63 (1-0°° | . (2-2-28)
where ol = asb; a is the smaller side of rectangular channel and
b is the larger side of the channel.

Near the 4{nlet of a Ehannel. 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 the average Nusselt number for. the

Fegion 0 to x to the fully developed Nusselt number, then (Ref. 19 )

C Rmq4 001836z . » (2-2-29)
1 + 0.04.Gz2/3 |

o e e gt L ot e e e
- et o g ame e

R RN

4 e i
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where GZ: Graetz number = Re Pr (Dh/x)
Re: Reynolds number based on D~
Pr: Erandtl number of gas
DH:'Hydraulic diameter, m
For turbulenf flou, the average Nusselt number over the region 0 to x is

described as (Ref. 22 )

/3

Nu, = 0.116 (Re¥> -125] Pr 7 11 + (/)" 1. (2-2-30)

The flow chart of the executive program for calculating the

temperature distribution in the stack is shown in Figure 2-18.
Results
A femperature distribution in the fuel c¢ell stack with 0.20 m x

0.43 m cell plate has been determined using the computer program. This

distribution is presented in Figure 2-19 as a field plot of lines of

constant temperature on the second cell plate. The operating conditions

are shown in the figure where Kx, Ky represent therma;: conductivity

along stacking direction and on the cell plate respectively. The
maximum temperature occurs at the corner of fuel inlet and air outlet
and the minimum occurs at the opposite corner. _The_staéking direction

temperature profile will be discussed in the next section.
P ‘ l - e e e
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‘ START ,

READ
input
data

estimate
input fuel

and air

calculate
input
coolant

determine
the cooling

confi

A

calculate
heat transfer

coeff, of coo

atioj. _

4

assume the
local temp,
distribution

eatima,te
C.D . disﬁ-i.
CALL CUPRO

calculate
C.D. distri.

variance

A

p=--» DO II=1,MX

calculate
heat transfer

coeff, of air

Y

calculate
constants

set up
simitaneous

equations -

[

solve
simi, egnse.
CALL GUASS

}

WRITE

mp. distry.

for “strip
]

WRITE

final temp

distributi

STCOP

ow Chart for the Temperature Distribution in Cell Stack
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A comparison of the temperature profile on the cell plate as precicted
by the developed model was made ;ith tﬁe Hestinghouse measured data
(Ref. 11). Figure 2-20 shows the Hestinghouse measured temperature
distribution with a "branch" cooling configuration which will .be
discussed in detail in the next section. Figure 2-21 shows the
calculated results. The significant difference between the operating
temperature and the anode inlet temperature in the experimental work
conflict with the assumption which neglects the anode flow effect
(Section 2.2.3.2). Therefore, the computer peogram was modified <to
include a fuel flow cooling effect and the resﬁlts are shown in Figure
2-22 with the parameters 1listed on the figure. The ”hot spot” shifted
to right with the addition of the add anode flow effect (compare Figzure

2~21 with Figure 2-22 ).

The temperature contour lines are very sensitive to many parameteré
which will be discussed in next section. For example, Figure 2-23 shows
the contour lines for the same parameters as Figure 2-22 except the
temperature of the process air (TKA) (not the cooling air) was decreased
by 10°C. Therefore, considerinz <the complex interaction émong
temperature levels, ~reaction rates, reactant depletiﬁhs, current
densities, heat generation rates and reactant distributions and that
only temperatures can be measured directly; the agreement between

calculated and measured ieﬁhérétures is very good.” - - - - S

$2.2.3.3 Parametric Sensitivity and Cooling Scheme

The plate temperature is a function of the current density, the
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concentrations of hydroger and oxygen, ancd the cooling effecfiveness.
In order to achieve the optimum deeign with respect to the temperature
distribution, more studies of the parameters involved and the cooling
scheme are necessary. Here the computer program discussed in the

previous section is used to examine and compare these design parameters.

Thermal Conductivity in Stacking Direction

The temperature profile for four different values of thermal
conductivity'are shown in Figure 2-24 . It can bhe cbserved that the
temperature gradient in the direction of stacking increases with a
deerease in Kx. The temperature drop acrosé a cell is 2°C (mean value)
for Kx = 1 Btushr-ft-R (1.73 J/sec-m-K) whereas it is 0.5°C for Kx = 2.5

Btu/hr-ft-R.

Dimension of The Cell Plate

The temperature distribution for <two different sets of dimensions
of cell plates were simulated and compared with, and the results were
shown in Figure 2-19. All of the operating conditions were the same as
in Figure 2-19 except for the plate dimensions (width and fength). The
first one (Figure 2-25 ) with the reversed width and length of Figure
2-19 and the second (Figure 2-26 ) with’équare dimensions. The results
Shou that the rectangluar shape with a fuel flou length loncer than the

air flow length will obtain the lowest peak temperature and have a good

average temperature. .;LowerJ peak;temperatures mean 3 more uniform

tenperature distributzon and a louer average temperature means that less

auxiliary power will be required to pump the coolant.
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"It is noted

The computer analysis was done for a seguence of cell plate sizes"

under the same operating conditions. The various sizes are 2" x 2"
(5.08 cm x 5.08 cm), 6" x 4" (15.24 cm x 10.16 cm), 10" x 7" (25.4 cn x
17.8 em), and 12" x 10’ (30.48 em x 25.4 cm). The normalized current
densities and temperatures along the plate diagonals, are given in Table
2-4 . The tab;e shows that for a relatively small cell, both current

density and temperature vary almost linearly from the reactants inlet

corner to the exhaust corner. As cell size 4{increases, both

distributions become somewhat parabblic alonz the "A" diagonal, while on
The "B"” diagonal, the temperature extremes are accentuated for the

larger plate sizes.

The smallest plate shows the most uniform temperature distribution
but the worst current density distribution. The greater change of
hydrogen or oxygen concentration in the small plate results in a varying

current density.

The indicated trend in temperature extremes as plate size increases

(vhile average temperature stays constant) can create a potential .

"problem for very large plates. Some portions of the plaiés' could

Possibly exceed the boiling point temperature of the electrolyte.A

that‘fhe';aVerage; cﬁrrenﬁ.&enSIty‘ and the average

temperature are the same alo;g the "A" and "B" diagonals (and'thé?plate)
fot;a}l of the plates sizes. This resﬁip indicates a conveniénéé of the
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diagonal analysis method.

Average Current Density

Hhen the output power requirement of a PAFﬁ systen are determinec,
the average current density is also decided due to its relationship wiih
voltage. The typical relationship between power and current density is
shown in Fiéure 2-27 for a fixed plate area. In addition, examination
of the effect of current density on the temperature distribution will

decide the size or the number of plates needed.

The computer program ués run with four different values of the
average current deﬁsity which are 0.1, 0.2, 0.3, and 0.4 A/em?* . The
diagonal analysis of "A" type diagonal (see Table 2-4 ) on a 25.4 cnm x
17.8 cm plate is- shown in Figure 2-28 and Figure 2-29 . It can be
observed that the smaller average current density the more uniform the
temperauture distribution. Another important result is that the current
density distribution corresponded to the temperature profile for the
larger average current density. This 1is contrary to the 4isothermzl
current density distribution'which has a minimum value at the right side

corner (Figure 2-13 ).

Coolant Flow Rate

A majority of the heat energy removal is acé?mplished by the flgw

of coolant ‘through the coolin° plate. For example,« 2 times the

| — s v
e e mins b e s v e v - PR L T U U S R SRR ST S S

stoichiometrically required amount (2 stoich) of cathode gas is passed

) -
v U L.

throtgh individual cells and a 30 stoich cathode gas 1s going through

"‘r . .
&h‘- . - - . K

d 5 S .- :: : - 4,.,',

- ___a 2.




15808, 23

Kw

DC POWER

¢8

1302, 20

11020. 22

9ud. 21

703. 23

SPE. B@L

300. 2oL’

12@. 2@

PR Y]

|

!

[ 1o
. |

. i

" Pigure 2-27 DC power with different current density

. @5 . 25 .45 .65

»CURRENT DEMSITY CAMP/CM#*#2)

T= 190 °C

P= 2,41 atm

‘area of plate= 1080 cm'
. No. of plate= 3450 -




Fraction of current dengity (i/imean)

8

m_.&.,ﬁ |
1,15}

1.10F

1,00\

0.80

0.75[

0.70

5

Pemperature correspond wi
i=A \o

: 1, Figure 2-28 Effect of the mean C.D. on the diagonal C.D. distribution

Diagonal distance (dimensionless)
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cooling plate. From a cost view point, the greater the flow rate cf
cooclant the greater the auxiliary power needed to recycle the coolant.
Noreover, the flow rate of coolant will also affect the temperature
profile. Figure 2-30 shows an example‘ for the stacking direction
temperature profile with two different stoich values of coolant. The

more coolant that is used, the lower the mean temperature will be, but

the greater the temperature difference between plates will be.

The thermal conductivity in flow direction and inlet temperature of
both fuel and process air also affect the temperature distribution.

This will be discussed after we compare different cooling schemes.

Cooling Scheme

The cooling factor is conceived to be a function of <the heat
transfer characteristics, plate size, and stack construction. The
latter will primarily specify the number of power'plates between a pair
of cooling plates. The heat transfer characteristics will be a function
of the type of coolant (gas or liquid), cooling plate design; and the
thermal conﬁuctivities of <the plate material. Some of fﬁese factors

have been examined in the previous subsection. This subsection will

. concentrate on the design of the cooling channel.

-

There are three coﬂfigurations of;éooling channels considered here,

whose nomenclature é;dﬁdéfihitishéhé;e;ié4foli$us,

" 10 Straight: the dimensions of cooling:channel jare-fixed:

2. Branch: ;hévéb;iing éﬁgﬁ;éi?ig Eéaﬁéﬂeétiioné?iﬁéﬁédalant flow

direction, one example is in Figure 2-31 .
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Mean Temperature °C

167
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51¢#re 2-30 Comparison of the effect of the coolant flowrate on the

169

g 164

| |

I

O NC=25

A NC=28.62

P1 P2

Flate Number Along Stacking Direction

P3

mean temperature for plates in the stack direction
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3. Varying width: the width of cooling channel is different along

the fuel flow direction.

After the cooling stream has become fully developed <the heat
transfer coefficient drop dramatically (see Subsection 2.2.2.2). The
*pranch” configuration was designec to prevent the formation of fully
developed flow and to increase the flow rate (as the total crossectionzl
area is decreased). The “varying width” configuration will put more
coolant on the larger heat generation side, But the heat transfer

coefficient does not change.

In the "branch” configuration, a study was done to optimize the
arrangement of different sections. The numbef of sections and the width
of each section were hold fixed. The computer code developed in the
previous section was modified <to meet this configuration. Table 2-5
presents the results for various length ratios (dimensionless) with
comparison to the "straight” configuration. The estimated standard
deviation of the temperature and the peak temperature provide an
indication of the uniformity of the thermal distribution. The average
temperature can be used to estimate the cooling effect;_ Both of these
results are not quiie concordant. For example, Figure 2-32 plots the
results for different length ratios of <the first section, which include
}hen"straighi"Vconfiguration. It can he'observed~£hat the most unifornm
#istrihution occurs- et higher (around 7) ratios; whereas, -the best
. ooling effect occurez at lower (around 2)- ratiee.= The results of the

°°ﬂparison among different section length arrangements are shown in

“x

Fig“re 2-33 1n which the temperature profiles along the coolant

-
“‘—\—\_,_
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direction are drawn. There are five arrangements in this figure, they
are the straight configuration, the longest first section (7:2:1), the
longest second section (1:7:2), thé average length (4:3:3), and the
longest third section (1:2:7). The arrangement of average lenzth shows
the best ‘cooling effect and good thermal uniformity (the values are -
listed in Table 2-5 ). Nore detailed comparisons among the three
configuration are shown in Table 2-6 with a fixed ratio of coolant ard
Table 2-7 with a fixed operating temperature. The section ratio in
"varying width"” configuration is the ratic of the number of channels in
each section which have different width ratios. The different channel

width will result in different coolant flow rates.

It can be observed that: (1) from the uniform;ty view point, the
branched charmnel is 23% ((10.-7.7)/10.) better than "straight"
configuration and 14% ((8.9-7.7)/7.7) better <than "varying width"
configuration and the peak temperature is much lower (Table 2-6 ); (2)
from the cooling effect view point, the branched channel 15 17%

((35-29)/29) better than the other two configurations (Table 2-7 ).

The "varying width” configuration requires further examination of
the effects of the section and width ratios on the uniformity to
determine an optimal desiéﬁ. However, there is no optimal ratio for all
Operating Acohﬂiti&ns.A For example, the results for the calculated

uniformity compared to the branched channel are guite different in Table

..3:5 and Table 2-7 . Rlthough there 4{s no improvement in the cooling

effect, the "varying width” type is attractive due to its simplicity for

®anufacture and reliability over the "branch” configuration.




branched channel varying width

no separation (section ratio 2:3:5) (section ratio 3:2:1)
(width ratio 1:0.95:0.9)
S cated |
2428 .
randad 0.0236 0.0202 ' 0.0152
gﬂ-iation
srege
e eralure 180.0 17161 180.2
s eak : - :
u:"came 1701 800 13.3
esperature
ss2inated
seandard 10,0 T7 8.9
teviation ' o

w=4it: temperature: °c
C.D.: Amp/cm?

¢=eral input datas

‘ate dimension: 12, x 10. in?
1ization of Hp: 0.75
dlization of 05z 0.50

=put Hp fraction: 0.75

=t cooling air temperature. 375 K
tvezage C.D.: 0.300 Amp/cm?

).'.oo

Table 2-6 Cor;xpa.rison of ‘different cooling configurations
with fixed ratic of cooling air
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.32123ted
gandard

seviation

sverage
sezperature

seax
se=perature

secperature
essimated
scandard

teviation

satio of
cooling air

no separation

branched channel
(section ratio 3:2:1)

varying width
(section ratio 3:2:1)
(width ratio 1:0.91:0.77,

0.08172 0.06151 0.05382
190.0- 190.2 190.8
36.3 2447 25.6
1877 13.52 15.62
35 29 35

=it: temperature: °C
C.D.: Amp/cm?

gemeral input data:

late dimension: 13,95 x 12, in2
stilization of Ho: 0.8
stilization of 0p: 0.5
put B ratios 0.76
favut CO ratio: 0,01

Sput cooling air temperature: 403.3°K

tverage C.D.: 0.325 Amp/cm?

Table 2~7 Comparison of different cooling configuraticns

with the Same average operating temperature
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Therzal Conductivity in The Flow Directicn

The temperature profiles alonz the coolant flow direction are
simulated in Figure 2-34 for two different Ky values (thermal
conductiviéy in flow direction) in the "branch” configuration. For the
smaller Ky value, <the break of the fully developed phenomenon can be
observed more apparently uhich increases the heat transfer coefficient.
As was expected, the greater Ky values ©produces better <thermal
distribution and a worse cooling effect. The material and construction

of cell plate decide the Ky value.

Inlet Temperature of Process Air

Though the cooling effect of the process air is less <than 1C% of
the total cooling, the inlet temperature of process air (TKR), or more
precisely the temperature difference (4&T) between average operating
temperature and TKA, is an important factor in thermal analysis. For
example, in the "branch” configuration, a small AT (183-155=28°C) will
obtain more uniform <temperature profile than that of hiéher AT
(163-118=45 °C). The results are shdﬁn in Figure 2~35 and-Figure 2-36 .
Therefore, {t 4is suggested that both the anode and cathode inlet

temperatures should be close to the average stack temperature.
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Figure 2-34 Compa:nson of temperature dlstnbutlon ‘with dlfferent
" thermal ccnductivities in the plate direction
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Figure 2-35 Comparison of P3 temperature distribution with different
‘inlet process air temperatures ' ‘
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2.3 Steady State Performance of PAFC Systen

The computer codes devéloped in previous sections were combined to
simulate the PAFC system performance. The main program is’the executive
which'cont;ols the flows, manages and tests the iteration procedures,
reads input data, and writes the final results. There are two PAFC
systems which will be simulated: The CSU design and the Westinghouse

design.

Results for the CSU Design

The 1lumped model of each componeﬂt was used to simulate the

original CSU design (Figure 2-1) except in the reformer where the
distributed model was used. The flowchart of the executive program is
shown in Figure 2-37 and the input data definitions and values are
listed in Appendix 5. Figure 2-38 provides the final results which are
presented as the P-T-V (V as a flow rate) status of each stream numbered

on the flow diagram. The calculated electrical and heat generated are

124 Kw DC and 4.78 x 10B J/hr, respectively with a fuel cell efficiency

of 37.4%.

There has been much interest in the effect of alternate qommercial
fuels on the performance and costs of PAFC power plants. The computer

program developed can be modified to allow for methanol Br naphtha as

input iﬁé}i_ythé “system with methanol input fuel-obtains the highest
effeciency_(aﬁﬁroxinately 42% for total the system) ;m;ng the three
sions on this topic are presented in Ref.

- P 2

;uels. More detailed discus

16,
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fuel compres
CALL COMP

i
z
j
|

assume
composition
of 13

O—

—

assume

P(31)

mass balance
of fuel cell

CALL FUCE -

|

calculate
composition
of 28

O

i

divider
CALL DIVID

calculate
composition
of 33

mixer
CALL OMIX

calculate
compositions
of 17 & 21

calculate
P(22),7(22)
P(26),T(26)

air compres,

calculate
composition
of 2,3,4,5,

assune

CALL COMP

P(5), 7(5)

Heure 2~37 Flow chart of executive program for simulating CSU's PAFC system

steady state performance
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A
high temp.
assume shift conv.
)
CALL HEXC CALL HEXC
Y
§
2-9 "
E -4 CALL HEXC
CALL HEXC
|
[ mixer
burner . | .__ CALL DMIX
CALL FLAME
NO
reformer
CALL REPENT
E -2
CALL HEXC
(2
E~3
CALL HEXC

TV e

s S ey

PUNSELRIE A SR Tl sasidT .

Figure 2-37 continued

YES

E-6
CALL HzXC

low temp.
shift conv,

CALL ENSH

-
-
-
.

ray




energy balanc
fuel cell
CALL ENFU

calculate
AC output

E - 10
CALL CDPH

IR KT

mass balance
E-1T

!

mixer
CALL DMIX

E-5
CALL COND

L
.
Tar

T NI RPN i PO
TaLntax

“Figure 2-37 continued

mass balance

E -5

s eparatol‘
CALL SEPAR

pump
CALL FUMP

WRITE
the

results
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Compzricson with the Hestinghouse Conceptual Desizn

Both the 1lumped and distributed models were used t6 simulate the
Hestinghouse PAFC system (Figure 1-3). The estimated dimensions of the
heat exchangers, shift converters, and reformer discussed 1in previous
sections were used as input data for the distributed model simulation.

The definitions and values of input data are listed in Appendix 6.

Because the flow diagram of this system differed from the CSU
system, the executive program was modified to meet this change. The
flouchart of executive program is shown in Figure 2-39 . Results for
the mass balance, temperature, and pressure of the gas stream at various.
locations for Westinghouse PAFC system are given in Table 2-8 . The
stream numbef refers to Figure 1-4 and the gas comﬁonent_Qalues are in
mole fractions. There are three values presented for each stream, the
first row is the Hestinghouse concéptual design (Ref. 12), the secord
row is the results from the "lumped” simulation, and the third row is
the results from the "distributed” simulation. A comparison of results
is shown in Table 2-9 . Because the type of reformer in the distributed
simulation 4is "once-through” and the reformer in the MWestinghouse

conceptual design is ‘'regenerative”s, <the outlet temperature . of

reforming gas is higher (939°K) and the temperature of combustion gas is

lower (835°K) 4in the CSU simulation than that (867°K and 1051°L
respectively) in MHWestinghouse conceptual design. The résulggﬁ;gnjﬁgﬁh
shift converters are also affected by this temperature;dif{eren;g:.“pne

Serious problem that arises with the CSU "once-through” refpr@er is that

hot enough heat for evaporating water is available from the outlet




‘ fuel cell
—
; Stack
input data CALL S :
| calculate
ca.lCl.lla‘.te air input
conditions of]
direct contacit amount
: condenser
air blower
assume CALL COMP
X and DTM2
] \‘/— calculate L - ' assume
" § concentration - DT™™1
L f of amode |
inlet ~
‘ | F o
if: Y ::
; calculate . E
; input flow rate flow rates ;
- of Stack ' :
» f stream 12 .
:L CALL DATACB S |
t assume
%_ calculate TA(13)
i3 i
g. input fuel - : | PA(13)
g rate I
f . = —
_ anode exhaust
fuel input - heater
compressor | ' - CALL STEADH
CALL COMP ~ CT A
- high temperatyre
o , . shift converter
- CALL STEADS

L : § H
Lo ey T Yo A e
e =R & . (R SN

Pigure 2-39 The flow chart of executive program for steady state simlation
of Westinghouse PAFC system |




assume calculate
TA(3) economizer
PA(3) duty
n 4
heat exchanger steam gener
1 and 2 super heater
CALL STEADH gﬁi ;:JI(?{EJ
- low temperature ]
HOET e cemvert
;g;(;):TCD shift converteér |  mixer
; CALL STEADS CALL DMIX
air heater 1 -
CALL STEADH preparator
CALL STEADH
\
reformer
CALL STEADR
divider
CALL DIVID calculate
TX, TDTM1,
burner
CALL DMIX3 . r
CALL FLAME ) i - preparator
IR CALL STEADH
pump . .}
CALL POMP -- - et
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Figure 2-39 continued”
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ra(1 3);110

PA(13)=P!

:

X=TX

i ey
—0

TDTM2

recuperator
CALL EXHER

direct contacl
condenser
CALL COND

CHGET: "
A R e

steam gener.
super heater
shell side

o E,%'E S A X e

?i CALL EXHEK

Ty e
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economizer
shell side
CALL EXHEK
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Figure 2-39 continu ‘
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Py W

STREZAM Ch4 €O CC2 H2O H2 M2 02  FLowW RATE(1b/hr) TLMPBIATUHE(F) FRESSURE(psia)
10 o 0 .010 0 .782 .208 14064.68 80.00 14.70
o .o o 010 0 .782  .208 14326.57 80.00 18,70
0 .010 0 .782  .208 14358,00 77.00 14.70
2 [s] [v] 0 .00 O .782 ,208 14084.68 80.00 _19.99
0 0 010 © «782 .208 14326.57 137.04 19.99
) o o 010 0 .82 208 14358.00 80,00 20.00
3 0 (4] 0 +010 0 +782 ,208 14084 .68 214.45 19.97
o o o 010 0 .782 ,208 14326,57 255,03 18,80
o o 0 010 0 .782 208 14356.00 192.00 20,00 °
4 o 0 o 010 0 .782 ,208 14084.68 747.61 19,84
° 010 0 .782 ,208 14326.57 124,72 18.79
o 0 0 010 0 .782 ,208 14358.00 700.00 20,00
5 <950 © 0 0 0 050 © 2853.75 80.00 49.98
.953 © o 047 © 2800,00 80.00 49,98
950 0 o 0 o 050 0 2797.00 77.00 50,00
6 .95 0 o ) o 050 0 2853.75 181.42 98.48
9530 o0 o0 o .047 © 2800.00 183.83 99.96
.95 o© o o 0 050 © 2797.00 180,00 100,00
7 .95 0 ° o 0 <050 0 2853.75 735.48 98.48
+953 0 o ] 0 <047 0 2800,00 728.72 99.95
<950 0 o 0 o <050 0 2797.00 700.00 100,00
B .95 0 ©0 ©0 0 .05 o 2853.75 735.48 95.53
953 0 0 ] o 047 0 2800,00 724.72 99.95
.950 © 0 o ° «050 © 2797.00 700,00 100.00
9  .950 0 0 0 0 .050 0 82,64 735.48 95453
2953 0 o 0 o .047 0 81,09 724.72 99.95
.950 0 0 0 0 .050 0 81,00 700,00 100,00
10 281 © 0 704 © 015 0 9907.54 5534 36 97.88
282 0 0 «704 © 014 0 9754.09 551.33 102400 "
271 0 0 T4 0 014 0 9779.00 556,00 100,00 .
1M1 .28 0 ] 704 0 .015 0 9907.54 856.50 97.88
.282 0 0 704 0 014 © 9754.09 798.80 102,26
27 0o ) J4 0 014 0 9779.00 800,00 100,00
12,014 .101 .00 .222 .583 .010 O 9907.55 1229.84 76,04
£012 ,122 051 237  .569 .009 O 9754.09 1100,06 74.97
014 119 053 .242 562 .009 O 9779.00 1100,00 75.00
13 014 L1291 ,070. ,222 ,583 ,010 0 9907.55 990,57 76.04
«012 ,122 051 ,237 .569 .009 © 9754.09 899.19 4.97
«014 119 053 .242 562 ,009 © 9779.00 899.00 75.00
14 .01 .101 .070 .222 .58 .010 © 9907.54 192,70 75.84 S
012,122 ,051 237 .569 .009 0 9754.09 721,99 74.96 O@/@f '
0 119 .053 242 562 .009 © 9779.00 720,00 75.00 0] Po%yl-p
| Opp.-.
15 <014 .063 .1080 .184 621 ,010 O 9907.53 887.46 7.7 R p(f@@';
012 .060 113 1757 632 009 O 9754.09 851.44 . 74,96 q{/h;
014 ,058 .115 ,180 .623 ,009 © 9779.00 840,00 70.00
16,014 .063 .108 .184 621 ,010 0O 9907.53 411,87 71,7
«012 ,060 113 175 632 ,009 © 9754.09 442.41 74.96
014 .058 115 .180 .623 ,009 O 9779.00 397.00 65.00 109

Table 2-8 Temperature, pressure, and mass balance of Westinghouse PAFC system
with three kinds of simulation




17 .014 ,002 .169 ,123 ,.683 ,010 O ’ 9T.52 557.25 66,03

% 012 ,009 .164 .124 .683 .009 O : 9754.09 553.63 74.95
& .014 .013 160 L135 .669 .009 O 9779.00 495.00 65.00
: 18 .04 .002 .169 .123 .683 .010 0O 9907.51 481,23 66.02
- .012 .009 164 124 .683 .009 O 9754.09 491.73 74.95
.014 .03 .160 .135 .668 ,009 © 9779.00 401.00 60.0C
19 014 ,002 .169 .123 .683 ,010 O 9907.51 191.31 66.02
.012 009 .164 .124 .683 ,009 © 9754.09 211,02 74.95
.014 ,013 ,160 .135 .669 .009 O 9779.00 200,00 €0.00
20 .016 .002 ,188 .024 .759 .01t O 8353.79 123,20 €0.01
012 009 .167 .063 .741 009 © 8879. 36 159.20 60,01
015 ,014 171 .077 .713 010 O 8826.,00 159.00 60.00
21 .016 .002 .188 .024 .759 .01t O 8353.79 450,72 60.01
.012 ,009 ,167 .063 .741 .009 O . 8879.3% 449.27 60.00
015 014 .17t 077  .713 .010 O 8826,00 376.00 60.00
22 0 0 0 .00 0 0 v} 713%6.43 325.21 95.72
0 0 0 1.00 © 0 0 7035.18 328,36 100.45
23 0 0 o] .00 0 4] 0 7136.43 441,98 95.52
0 (o} 0 1.00- 0 O 0 7035.18 445.77 99.95
0 o 0 .00 0O 0 0 7063,00 480,00 100.00
24 .040 .006 .479 .062 .386 L0286 O 7418,01 845,90 47.48
029 .022 ,410 ,153 .34 .025 O 7891,28 760,12 49.97
035 .031 .398 ,180 332 .023 O 7924.00 . 761,00 50.00

25 0 0 «221 235 O 531 ,013 21585, 34 3266.50 - 23.49 .

0 2207 .26 O .512 012 22298.94 3176.58 22.91 ?
0 0 207 .270 O .511 012 22364.00 3184,00 15,00
26 0 0 221 235 O 531 .013 21585.34 1042.89 21.14
o 0 .207 .269 O 512 012 22298,94 1279.95 20,62
0 0 . .,207 .270 O 511 012 22364.00 1432,00 15,00
21 o 0 .221 ,235 O .531 ,013 21585,34 325,21 20,51
0 o «207T 4269 © 512 012 22298.94 319.56 ., 20.00
o 207 270 O 511 012 22364.00 446,00 15.00
28 o0 0 221,235 0 .531 ,013 21585. 3 249,92 20.41
o o «207 .269 O 512 012 22298.94 231,09 19,90
o 0 .207 270 O <511 012 22364,00 355,00 15.00
29 .95 o 0 0 o £050 © 2171.1 735.48 95.53
#953 © 0 0 [+] 047 © 278.9M T24.72 99.95

Table 2-8 continued
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Yestinghouse Our Our

Conceptual Results-1 Aesul ts=-2
Design ‘
System Similation Methed o Thermodynamic Distriduted
Natural Gas Comp. Vol %
-CB4 90 95.3 95
-C2H6 5 0 0
-K2 _ 5 4.7 5
«Pressure psia 100 100 98.5 i
Reformer Tudbe Type Regenerative Regenerative Oncewthrough
~Approach Diff, Temp. ‘P 25 25
Conversion of Mathane 0.925 0,935 0,524
-Refarming GCas Inlet Temp. °F 800 798 856
-fefarming Cas Outlet Temp. °F 1100 1100 1230
-Reforming Cas Inlet Pressure psia 100 102 98
~Refarming GCas Outlet Pressure psia 75 75 76
=Combustion Gas Inlet Temp. °7 3184 3176 - 3267
«Combustion Gas OQutlet Temp. °F 1432 1280 1043
High Temp. Shift Converter
-Approach Diff. Tewp, °P =25 =25
~Conversion of CO 0.51 0.51 0.38
<Inlet Temp., °F 720 7ee 793
«Outlet Temp. °F 840 851 388
«Iniet Pressure psia 75 15 76
«0utlet Pressure psia 10 15 172
Lov Temp, Shift Converter
«Approach Diff. Temp, °F -25 -25
«Conversion of 20 0.776 0.85 %57
=Inlet Temp, 'F 397 442 a12
=Outlet Temp, °F . 495 554 $57
~Inlet Pressure psia 65 75 72
~Qutlet Pressure psia &3 75 ¢
Tiel Cell Stack R
~Design Current Density ma/cn? 325 325 325
-Design (Calculate) Cell Voltage 0.683 0.616 0,665
valis/cell
~Operating Temperature (average) °F 376 376 315
=0Operating Pressure psia . ' 50 50 350
~Effective Cell ives cm? 1080 1080 108
winode Inlet Temperature ‘7P 376 445 i34
~inode Outlet Temperature °F 316 FIS a3
«Cathode Inlet Temperature °FP 3 368 35¢ S
«Cathode Outlet Temperature °F 376 3715 39z

Table 2-9 Comparison of simulations of Westinghouse PAFC system
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conbustion gas at 835°K. This conditicn lacks 1/3 to 1/4 the heat duty
(see the output for this simulation in Appendix 7). One way to ameni
this " problem is to recover some heat from the product gas by adding a

heat exchanger between the evaporating"water and product gas.
Considering the complex interactions of temperature and composition

at each 1location, the agreement between the CSU simulations and

Hestinghouse conceptual design is very good.

®regenerative reformer: - the product ‘ gas is recycled through “'thé most
inner tube to’'recover somé energy (heat). This design ‘will savé 10-15%

Of "the heat rieeded in Feforming (Ref. 13) -+ '® Tar. "ii. o ot mme g

w3 g [T, Lo : - . £ et e
}.\ Q:‘o";-_,:”. i SE ol .- o g o Wl & B .
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2.4 Process Synthecis with Heat Exchanzer Network

The CSU PARFC system developed originally can be cosé improved by
consiaering the energy conservation. BAny heat recbvered and reused in
the process not only reduces the amount of fuel consumed but also
reduces the amount of heat rejected to the cooling system. One way to
solve this kind of problem is to find the optimal heat exchanger
network. This task consists of finding a feasible sequence  of heat
exchangers in which pairs of streams are matched, such that the network

is optimized as the total cost is minimized.

A new combined algorithmic-heuristic approach has been developed.
This <three-phase algorithm can generate, with great ease and
considerable speed, a near optimal exchanger network. The description
of this new algorithm and a comparison with other approaches 1is
presented in Appendix 3. This approach was used to improve the heat
exchanger network in the CSU original PAFC system shown in Figure 2-1.
Figure 2-40 shows the network with the corresponding temperatures.
KHere the cooling media (steam without phase change) in the fuel cell
stack is to be cooled from 433°K to 413°K by evaporating.the pressurized
steam (steam no. 25) and the outside loop cooling water. The outlet
Cooling water can be used in domestic applicitions. Figure 2-41 shows
the improved heat exchanger network for the same operating conditions.
The cost comparison is shown in Table 2-10, where the assumptions for

the heat exchanger cost calculations are the same as in the sample

" Problems described in Appendix 3 Table 2. There is 10% cost improvement

for the new design over the old one. A greater reduction in cost could -

be expected if the inlet temperatures of the reformer, shift converters,
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Figure 2-40  Heat exchanger network of original PAFC system
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Original network Optimai network
(Figure 2-40 ) (Figure 2-41 )

83. 251,
164.8 149.5
175.1 66.4
529.6 209.1

1216.3 (cooler) 112.6
176.7 92.
132, 191.2

| | 507.1
972.8 | 115.6

2071.7-(cooler) '

TSI <2 L O o B ! I &

= ®

=

277945
411.5

—————————————

o Q ®w

\

5522.1 4885.6

Table 2-10 Cost comparison of heat exchanger network




and mixer were not fixed.

{

The results presented depend upon the assumptions made in cos®

estimation and heat capacity calculations. However, this approach

provides an optimal scheme for energy conservation.
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CHAPTER 3

SIHULATICN OF TRANSIENT STATZE WITH LOAD CHaNGE

In normal operation, the plant control system will act to maintain
the electfic power output at a level required to meet the plant load
demands. The cathcde air and anode fuel gas flow rates will be
méintained at prescribed levels corresponding to the current demand
level. The coolinz air flow will be adjusted to maintain a constant
fuel cell temperature. The fuel cell pressure level ui11>be adjusted to

match the compressor characteristics.

The daily electrical energy consumption either at a cocmmercial or
residential site is varying. Load changg is an important and frequent
operation in the power plant. Since the PAFC #ystem can be subjected to
sudden load changes and load ramping, an understanding of the effects of
these transient conditiﬁns on the PAFC systen's performan;é is essential
for the optimal design and control of the system. For the PAFC systen,
the controlled variable is the level of output AC power required, and
the manipulated variables are the input fuel and air gquantities. In
addition to the orderly analyses, evaluztion of the performahce under
Catastorphic conditions can provide a means of designing emergency
shutdown systems, and thus prevent disasters in PAFC plant; Basically,
the problem is a "what would happen if” situation that must be analyzed,

Preferably, before the plant is built.

118




Therefore, the process. dynamics jnvolve the modelirg of the

L : processing system in order to optimize jnvestment and operating costs,

shutdown and

and provide for startup,

achieve automatic control,

£ emergency procedures.
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3.1 Nodeling Procedures of the Iransient Response of the PLFC Syster

Ihe steps to model the transient response of the PAFC syster are
described as follows: ‘ |
(1) Set up the mathematical model for each major fuel cell system
component.
(2) Estimate the design dimensions for each major fuel cell system
component.
(3) Simulate the distributed system performance at steady state as the
initial conditions for the next step.

(4) Calculate the transient state system responses.

The results of steps (2) and (3) have been shown and discussed in
Chapter 2. The following chapters will concentrate on steps (1) and

(4).

,
s
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3.2 General Procedures for Trancient State Simulation of HMNajer

a—

Components
e ettt

For computer simulation of the dynamic system, a mathematical model
must first be developed which defines the input-output relationships of
a process as a function of tiﬁe. Usually these' mathematical
relationships are in <the form of simultaneocus differentizl equations.
These differential equations are determined either empirically, from the
operating system or a similar operating system, or analytically, from
the physical laws governing the dynamics of the system. The computef
sfmulation described 4in this work was derived from a combination of

these two techniques.

A system of simultaneous partial differential eguations was derived
and subsequently solved from the physical and chemical laws, such as the
law of conservation of mass, energy, and momentum, and the defining

equations gbverning the PAFC system.

In solving these types of problens, the first step is problem
definiiion. bnce the proslem hés been defined, the next step for
solving it is usually the application of conservation equations. These
apply to mass, enefgy and momentum balances. Generally, this procedure

is applied  to steady-state or static problems. The general equations

e

for mass, energy or momentun conservation for a system are given by: __.

»
. o RO EE - P o
- R E R AR & BN OE DG ARLLON

! ':Flow__:Flow-+jReéétidh*ﬂ_ SRR
in  out product ~ Accumulation . o e £3.1)

LI © e g - A L AT e .- -
o o DY w ’

N Energy  Energy | Reaction _ Accumulation . .
i T dn T cout’” ¢ energy T “"of energy - ¢ T (3.2)
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Sum of forces acting = Change of momentum 3.3

In Eq. (3.1), the flow and accumulation terms can represent the
amount of a particular component, or all (i.e., total) components of the
system.. In Eq. (3.3), the change of momentum represents the mass
multiplied by its wvelocity. Eg. (3.3) is app}icable to a specific

direction-i.e., it is a vector equation.

The general procedures for transient state simulation of ma jor
components are as follows:
(1) Set up the mathematicalrmodel for the transient condition.
(2) Formulate explicif differential-difference working equations* from
the mathematical model.
(3) Delete‘time varying terms to obtain steady state solutions as the
initial conditions.
(4) At t=0, perturb the controlled variables with a desired change.
(5) Solve these equations with a numerical integration routine for each
time step.
(6) Increase time by one time step, if steady state is reached p1§£ the

results; otherwise go to (5).

*Differential-difference equation

By substituting the distance varying terms with backward or forward

- 1 oen

differences and keepxng the equation in explxcit form, the equations

~ .
- e ” Tarmoeordae

_thus obtained forn a set of 1nitxa1 value ordxnary dxfferentxal

equations which can be solved by standard integration methods.




3.3 Convuter Solutions for Differentizal Eguztions

The most powerful tool for solving the differential equations for
modeling process-dynamics problems is probably the digital eomputer.
Digital computers eliminate many of the disadvantages of  their
analog/hybrid counterparts. for example:

(1) Initial setup time is less.

(2) Once a digital program is developed that adeguately simulates a
certain phenomenon, we can retrieve the program and simulate the
phenomenon dndef different conditions at a later ¢time with less
difficulty.‘ |

(3) Reproducibility of the results 4is much greater with the digital
computer.

(4) The digital computer can handle very small numbers and very large

numbers.

Problems arise in solving systems involing differential equations
when numerical integration for digital simulation is used. All of the
numerical intevration nethods that will be described reguire that a
prohlem have known values of the dependent variables at ‘some time, e,

that is usually set equal to zero. We then predict the values of the

dependent variables that satisfy our differential equation at successive

-t . - N -~

tine intervals via one of several numerical techniques.
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nost generalized numerical integration subroutines are set up to
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f1 (8, v1, v2,¢0., yN)

ds
dy2
de £f2 (8, vy1, ¥2,.4., yN)

. »

dyn .
d8 = fn (8, y1, y2,..., yn) (3.4

(1) Euler method. He can calculate the point y at time (B+h) by Tayler

series for Equation (3.4) as:

dy (8 ) hz dzy (8 )
y (8,+4h) =y (8,) + h~" d8  + 2 do? + e (3.5)

where h is the step size.

In usingz this equation, the value of y(8.) is given by the initial
condition and y’'(8,) 4is evaluated from f (B, , ¥. ), given by the
differential egquation, dy/d8 = £f(8,, y). It will of course be necessary
to use this method iteratively, advancing the solution to 6 =8, + 2h

after y (8,+ h) has been found, then to ® = 8,+ 3h, etc.

Adopting a subscript notation for the successive y-values and
representing the error by the order relation, we may write the algorithm
for the Euler method as: | “

yn+l = yn +hy’n + 0(h’) | ‘ . 3.6)
(2) Fourth-order Runge-Kutta method. The most cpﬁmog used set of values
in fourth-order Runge-Kut;# method is suﬁmarized in Tagle 3.1.

Q) Runge-xufta-nerson method. For integration purposes, procedures

D S RNV S S S S S e v e e e @ e

vith  automatic step-size control  are  recommended. The
Runge-Xutta-Herson routine is summarized in Table 3.2. The error of

integration can be (after one step) estimated from the relation for e.

. L
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Provided E is the maximum permissible error, the step size is halved, if

E<e, and doubled, if e<E/32.

Taple 3.1 Fourth-Crder Runge-iutta Icutine
Yne =yn+%(k1 + % + Zk3 + &Ky )+0(h5)
kq = bt ( 6n, ¥p ) |
kzsh.f(en+%h, yn+%k1 )
ks = ht ( 8-+ zh, vy + 37 )
kg = nf (6, . Vg + K1)
'I'able 3.2 Thelﬁunge-i:utta:;'terson Routine
_ u -:y$+, = yn + % (ky +akg+kg )+ o(n)
Ky = 30 (850 vp.)
ks -;‘I(Sn+;, Yo * kg )
O T L T

Cba e n . n T e .
R AL AR R o
sWTD - - o e e e e e o ‘h. - - 3 9 . - 1 .
e SLALT LGN L & _KS = 31 ( Sn + h, yn i ka‘ - zka + ékd \) - UL e el
PR I > e ) - Kk - P s FEN FE A
TRimar ITre T hiien v Sem ke - gks * 4k4 - 25 T 3O L
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CHAPTER 4

DYNAMIC SIMULATION OF THE FUEL PROTESSING SUBSYSTEN

The fuel processing subsystem, discussed in Sectfon 2.1 for design
under steady state conditions, was analyzed dynamically for simulation
of the transient response due to changing loads. This chapter describes

the component and subsystem dynamic analyses.

The subsysfsm considefed here is basically from the Hestinghouse
conceptual design (Figure 1-4). In the analysis, lore attention was
placed on the process components. Therefore, the auxiliary components
were assumed to be at steady state conditions and were neglectec in the

simulation of the transient state response. Figure 4-~1 shows this

simplified subsystem.

A convenient method for analyzing the dynamic characteristics of

dynamic in a component or system is to develop a computer program for
the mathematical model and solve it. The objective here §s to set up a

system of simultaneous differential-difference ~equations, and use Athe

. -—

g~~u~nuner1cal integration methods discussed in previous chapter to- solve
K722
[ ~‘

these equations. Ihe general flowchart of the executive program qsed in

this chaptgr is shoun in Figure 4-2, Ef:jfxff' ' 4 ?

L
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record fiow
rate of
tube side

record flow
rate of '
shell side

calculate time varying
terms
CALL FUNCTH
(heat exchanger)
FUNCTS
(shift converter)
FUNCTR
(reformer)

integration
CALL
EULER

Pigure 4-2 General flowchart for calculating transient change in heat exchanger,
shift converter, or reformer

ORIGINAL, PAGE 1S
OF POOR™QUALITY




| calculate
i properties at te.s.
CALL PROPTH
(heat exchanger)
PROPTH
(shift converter)
PROPTR
(reformer

1ccu(3)=1ccu(i+1.

Y

redord the
outlet
conditions

. _cpnt inued




R Nt thrlmiitar i

130

4.1 Keat Exchanzers

The heat exchangers in the PAFC system are simulated as counter
current double-pipe heat exchangers as describecd in Chapter 2. The
unsteady-state operation {is considered with the dependent temperaturg‘
variables as functions of the independent variables, time and distance.
Since there is more than one independent variable, the relationship

between temperature, time, and distance can be stated as a partial

differential eguation.

4,1.1 Nathematiczl Nodel

The heat balance equatidns on the tube-side and shell-side c¢an be

written as follows:

rate of heat accumulation = heat flow in - heat flow out + hest

transfered
tube-side:
X P11 cp 2t/38 = -1 viXa1® Cp 9/0Z + 4 hiKdi (Tu-t)
‘ (4-1-1)
shell~side:
Po Ro Cpo ©1/38 = -fo Ao Cpo vo 2T/3Z - ho do (T-Tw) (4-1-2)

where the variables are the same as those used in the distributed model

R

(for steady state conditions). . . BRI

- - L

o i

‘ Ihe equation for the tenperature of the tube-uall separaiing

3
4

13-'{

shell and tube sections is
tube-wall' '
Putac® ~as®)cpw aTw/d8 = ho do (T-Tw) - ht di (Tw-t) . (4-1-3)




where the initial conditions are the sieady state solutions

Boundary conditions

dt inlet
de

0

dT inlet _
de =0 : (4-1-4).
In Eguations (4-1-1) and (4-1-2) the 4nside and <the outside
composite coefficients include the thermal resictance of the tube-wall,
If we add half of this resistance to both the 1inside and the outside

heat transfer coefficients, we can calculate the composite coefficients

which are given by: (Ref. 21)

: -1
i = (1/hi* + R+ &1 (do-e1) / ku (do*ai)) (4-1-5)
ho = [1/ho’ + R + do (d0-a1) / ko (dorai)]” (a-1-6)

where hi’ : inside tube heat transfer coefficient, J/m?-s-K
ho' : outside tube heat transfer coefficient, J/m?-s-K
R : fouling factor, m2-s-K/J
kv ¢ thermzl conductivity of tubewall, J4/m-s-K

The fouling factor R was given the value 0.000176 m2?-s-K/J.

Differential Difference Eguations

Since the objective was to reduce the mathematical model to 2 set

of simultaneous ordinary differential equations (f.e. only one

independeq} yarié@lgt time), the equations were "finite differenced” to

a set of 'ﬂiffe}eh;iéi-difference equations. The heat egchahger was
Qivided into M sections. with each section on the tube-side corresponding
to a section on the shell side; a typical section § appears in Figure

2-2 . Fluid on the shell-side flows from section §+1 to section J,

3
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while on the tube-side, it flows from section j to section j+l. The
£inal set of differential-difference equations for the heat exchanger
are

tube-side:

section 1:

[+ 9
—

t
©

=0

[o )

sections j=2 to j=l:

= 83-1 (MW3a1=tjm1) = vije1 (tj=tj-q1)/D2

- 4« hi] |
VU piydicey (4-1-1)

D-I:lo
@it

x>

tube-wall:

sections j=1 to j=N:

S = By (T3-Twg) - Cf (Twi-t3)

hoj do 4 hijdi
BJ = Bucpw(do2diz), I~ éprw(doz-_&izS (4-1-8)

shell~-side:

sections j=1 to j=l-1: _ )

88 - —voy (BH=TL) _ py (mj-1vi)

hoj do
Dj = %oijoJ(ds2-d025 (4-1~9)

where ds: shell insfide diameter
section N:

dTy

ge =9




The resulting equations are then solved by one of the

numerical-integration methods discussed in Chapter 3.

4.1.2 Example and Results

A computer program was written to simulate the dynamic
characteristic of the heat exchanger. The progran, which uses the Euler
method with 0.018 sec. time intervals, was run on an IBI/370 to
simulate the response of a step chanze (SO“K).in the shell-side input
tenperature. Table 4-1 shows the input data and the results are given
in Figure 4-3 and 4-4. The time scale in Figure 4-3 is 100 times of
that in 4-4, which shows a more detailed change at the shell-sice.

As expected, the rate of the steadily increasing temperature at
tube-side was much slower than that at the tube-wall and shell-side.
The final outlet temperature at the shell-side increased by 33°K and was
66% of the inlet step change. Finally, although this is a nonlinear
system, the response of the shell-side is similar to a first-order
response and the tube-side and tube-wzall are similar to second-order

response with a damping factor greater than 1.




Unit

Definition

4 0.63 g-mole/s
49.1 g-mole/s
7 13047 g-mole/s
1.36 atm
300 X
1.83 m
0.045 m
0.0508 m
0.0732 m
55
6

8027.17 kg/m
0.502416 kJ/kg~-K
20.76882 J/m-s-K

1 1.49 g-mole/s
2 1.37 g-mole/s
3 16.92 g-mole/s
4 14.28 g~mole/s
5 70.77 g-mole/s
6 0.96 g~mole/s
4.26 atm

531 K

Flow rate of Hp0 in tubeside
Flow rate of Ny in tubeside
Flow rate of Oy in tubeside
Pressure of tubeside
Temperature of tubeside inlet
Length of heat exchanger

~ Inside diameter of tube

Outside diameter of tube

Inside diameter of shell

Number of tubes }

Number of finite-difference sections
Density of wall

Heat capacity of wall

Thermal conductivity of wall

Flow of CE4 in shellside

Flow of CO in shellside

Flow of CO2 in shellside

Flow of H20 in shellside

Flow of B2 in shellside

Flow
Pressure of shellside

rate
rate
rate
rate
rate
rate of Np in shellside

Temperature of shellside inlet

Table 4-1 Input data of dynamic simlation of heat exchanger
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4.2 Shift Converters

e

The shift converters discussed in Section 2.1.2 is remodeled here
for dynamic analysis. The reactor, which was treated as a fix-bed
reactor, has no provison for removing the heat of reaction, such as a
jacket, so it operates with an adiabatic process.. The heat generated by
the reaction, therefore, heafs up the gas ac {t flows through the
reactor. The gas then exists at a higher temperature than the inlet

feed temperature. All the assumptions described in Section 2.1.2 are

also applicable here.

4£.2.1 Nathematical Hodel

The dynamic modeling of the shift converters must take into account
the energy balances of reactinz gas and catalyst, and the materisl

balances of reacting gas.

Similar tc the distributed model at steady state, the mass balance
is
3¢/38 = -v 3 ¢c/3Z ~ ra'ta /e ' - (4-2-1)

and the termc are the same as those in the steady state model.

The two energy balance equations are
reacting fluid: Cp P 2t/28 = ~Cp Pv dt/0Z 4+ (-Aﬁz) (ra’ €3 /¢)
+ hechc (Tp~t) (4-2-2)

4-,._—:»,,: o~ s

catalyst: Cpc €5 2 Tpr20 = hehe (t-Tp) (4-2-3)

vwhere hc: particle-tluid heat transfer coeffictenx, J/m’-s~x

- sy .
K

”hc: specific :urface area of packing, n’/m’

=,
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Cp=: heat capacity of catalyst, J/kz-K

Tp: ‘temperature of catalyst,K

The initial conditions are the distributed model’s steady state
solutions, where the catalyst temperature is assumed to be the same as

the fluid temperature, and the boundary conditions are

dt inlet _ g -
@ - (4-2-4)

dc inlet _
—as = 0 (4-2-5)

The only parameter which has not been discussed is hc, the

particle-fluid heat transfer coefficient. From Ref. 32 hc can be

calculated by

1}

€ §h = 0.395/ke”>" 30 < Re < 10° (4-2-6)

€ 5h

where jh: Colburn analogy factor of heat transfer, and

0.725/Re®3* 2 ¢ Re < 30 | (4-2-7)

sh=hper” vpcp (4-2-8)
h: heat transfer coefficient, J/m#-s-K
v: velocity of fluid, m/s
P: molar density of fluid, g-mole/m?
Cp: molar heat capacity, J/g-mole-K
Pr: Prandtl number
Re: Reynold number

7...2€¢ vosd fraction A T T S liils

_Qigferential-nifferehé;.EQQati;né.

<. - .- ES PR Cre e e gmae

&
;
)‘

s

The distance varying terms were

. e, .
- .- e e . EFS PSR- H

changed to finite-difference form
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(back-Cifference). The finzl set of differential-difference eqguations

for the reacting fluid are:

de_ - L
dae = ©° g - © (4-2-9)
sections j=2 to j=IM:
dej _ . C_v.:'?_:._. 1:_ 1€ (4-2-10)
23 = ~vier ( ) - ra'j-1€3/ € 4
dtj _ _ (=B 3-1)rz2'3-1€B , hej se(Toint
de VJ-1 ( ) ij_1 PJ_.‘ CPJ PJé C( PJ J)
(4-2-11)
catalyst:

sections j=1 to j=Il::

dTpj hcj Ac . .
d6 = Cpeceg (ti=-Tpj) E (4-2-12)
These simultaneous differential-difference equations, (4-2-9) through

(4-2-12), were solved to obtain the temperature and concentrations of

the reacting fluid under transient conditions.

4.2.2 Example and Results

The computer program, - which utilizes the Euler method with a
0.00072 sec. time interval, was run on an IBN/370 computer to simulate
the transient responses of the high temperature shift converter. Table

4-2 shows the example’s input data and the results are shown in Figure

. - e s . 3
s g b e m T Ja e rares @ T owy
el e s il e LTI N ..4533.;_ LS i

.QfS.

Figure 4-5 shows that the outlet temperature did not change but the
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anle Dimension Initial Unit Definition

value
1.52 g-mole/s Inlet flow rate of CHy
10.93  g-mole/s Inlet flow rate of CO
7.53 g-mole/s Inlet flow rate of COp
23,95 g-mole/s Inlet flow rate of H20
62.91 g-mole/s Inlet flow rate of Hp
1.05 g~mole/s Inlet flow rate of Np
1.5 atm Inlet pressure
696.2 K Inlet temperature
1.8288 m Height of high temperature shift converter
0.09144 m Diameter of high temperature shift
converter
92 Number of tubes
6 Number of finite difference sections
964.57 m/m3 ‘Specific surface area of packing
0.879 kJ/kg~K Heat capacity of catalyst
1281.5 kg catalyst/m3 Density of packing
bed '
0.469 Void fraction
0.00305 m Diameter of catalyst
G,
Oﬁgg‘g’ﬁgp% |
% Quay S
Ay

P AU T T e ———r L B T TR T o~
- o ~ ST

Table 4-2 :Inpuf data of &ynaﬁic simlation of high Eémpeégturéw
shift convﬁgter
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-onversion rate is increased. The reason why +this situation occurs can
be observed from Equation 4-2-2, where the time varying femperature
depends on three terms which are the material. transport, the reaction,
and the heat transfer terms. The reaction term is directly proportionsl
to temperature ( exothermic reaction) while the other two terms are
inversely proportional. The temperature increase at the inlet Ais
balanced inside the reactor. Actually, most of the increased heat
energy is used to increase the temperature of the catalyst in this

example.

Because the rate expression in shift converter is an expotential
function of temperature, the accurmulation term is very sensitive to the
temperature and ‘the stable time interval is small. The small time
interval results in a larger trunction error and a longer running time
for the computation. A method for improving this situation is discussed

at the end of this chapter.




4.3 Reformer

The combustion gas heated steam reformer was discussed in Section
2.1.3 where it was modeled as a heat exchanging fixed-bed reactor.
Equations were derived to determine the temperature and concentration‘
gradieht as a function of location in the reformer only. In order to
eliminate time as an additional independent wvariable, steady-state
operation was assumeg. The more general case of unsteady-state
operation §is discussed here, with the the dependen? temperature and
concentration variables as functions of the independent variables, time
and distance. The reformer i{s shown in Figure 2-6. Because there is
more than one independent ‘variable, the relationship between

. temperature, flow rate of the components, ;ime, and distance can be
stated as a partial differential eguation. However, since the objective

is to reduce the mathematical model to a set of simultaneous

differential-difference equations (i.e., only one independent variable,
time), the system will be "finite differenced” with respect to the

location.

4.3.1 Nathematical HNodel

‘A detailed mathematical model for studying the dynamic response of

‘ the.reformer was developed. BAll of the assumptions _stated in Section

——

: 2.1.3 are applicable here.

P
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Hass Balance

The material balance or design equation bezins with the generalized

continuity equation for a cylinder,

- 3
ur-aa—::) + r—béz— (<uc +DLa—cz—) -ra'€gr

2
?
=T © ‘ (4-3-1)

where ¢ = methane molar concentration, g-mole/m3?

u superficizl velocity, m/hr

Dr = radial diffusivity, m2/hr

g

ra’ = methane reaction rate per unit mass of catalys?,

axial diffusivity, m2/hr

~-mole/hr-kg catalyst, ra’ = -r
g-mole z catalys CHA

& = catalyst bec dencity, kg catalyst/m’reactor

r = racdial dimension, m
Z = axizl dimension (height), m
€ = time, hr.

1f Dr and D are not sensitive to r or Z, then

2
Dr.a—ar(r-%%)+ra—az-(-uc)+rDL-g—Z§--ra'€Br )
. 2C |

roe (4-3-2)

For a plug flow condition, dispersion is assumed to be mnegligible,

thus, D_ = Dr = 0, and
roT : .

3(-\10.[ _ éc | :
0z TTEB =3 (4-3-3)

Let Ye be the mole-fraction of methane in the reactor and the molar

X

density of bulk gas, then




15
C = P Ye
and
2(-uc) _ =3(F¥e) _ 4 : _
D2 02 X(di)e (4-3-4)
where F = molzr flow rate inside the reactor, g-mole/h-
di = inside diameter, m
Equation (4-3-3) is replaced by
-)FYe voo X(di)2 D x(di)2 '
57 - T'es g =58 (P = (4-3-5)
The conversion, x1, can be replaced by the mole-ftaction of methane:
ye = F1(1=x) o xq = El=Fo Ye
Fo+2x1F1 ; | F1+2F1 Ye (4-3-6)
where Fo = fnitizl total molar flow rate inside reactor, g-mole/hr
F; = $nitial methane flow rate inside reactor, g-mole/hr

£

The equations for the molar flow rate and density as a function of

conversion are given by!

F=7Fo«+ 23(1 F1 . | | ) (4-3-7)
: P ,F ,

where P = pressure, atm

= gas constant

o
!

L

3
o
n

tuhé-sideﬁtgmperai@re,;K coe T e AT <
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Energy Ealance

Four energy bzlances are required for the reformer: oﬁe for the
reformer gases (tube~s§de), one for the tube-wall, one for the
combustion gases (shell- -cide), and one for the catalyst. The refcrmer
gas balance includes ijts own sensible heat change, reaction enthalpie;;
heat transfer from the hotter tube-wall, heat transfer to the catelyst

particles, and the accumulation term, which are as follows:

—-EL«» T F (- AH) 2% , pi & di(Tv-t) + hoke -——-(Tp £)

14d12 Cp a! t)
08 - (4-3-9)
where Cp = heat capacity on the tube-side, J/g-mole-K
t = tube-side temperature, K

Ac external surface ares of particlie per volume of catalys®

"

bed, m3/m°

Tw = tube-wall temperature, K

Tp = catalyst temperature, K

hi = inside heat-transfer coefficient, J/hr-m-K

he = particle-fluid heat transfer coefficient, J/hr-m-X

AH = heat of reaction,\J/g-mole
In the heat of reaction term, the component molar flow rate, F, is for
that component corresponding to the conversion x. Therefore, for the

reactions at hand = . . .. Coe e

£ #(-48) 35 = B(-am1) BF + (FexiP) (-a8) 2

where 2 H, =‘thg.QemethanationErgaction'epthalpy, J/g-mole CH,




LK, = the water shift enthalpy, J/g-mole CO
The enthalpiec, £H , are evaluated at the average reformer temperature.

Negative values indicate an exothermic reaction.

e

Shell-side and tube-wall equations for the energy balance are as
&l :
%; follows:
5 . 2T _ 2T
@c ao Cpo 36 ° -Po vo Ao Cpo 57 hoXdo(T-Tw) (4=3=-11)

3 Tw

éb(doz-diZ) Cow 33

= 4 ho do(T-Tw) - 4 hi di(Tw-t) (4=3=12)

where Qo = Fluid density =zt shell-cide, g-mole/m®

Ro snell-side flov area, mn?

Cpo = heat capacity on shell-side, J/g-mole-K

T = temperature of'shell-side. K

i Vo = shell-side velocity, m/hr
g;; ho = outside heat-transfer coefficient, J/hr-m3-I
g;f Tw = tube-wall temper;turg, K
3 do = outside ciameter, m

density of tube-walli, kg/m®

Qv

Cpw = heat capacity of tube-wall, J/kg-K

The energy balance equation for the catalys?t is

&R R

- Cpeep ?.’a_T:g = he Ac(t-Tp) . (4-3-13)

[ T T A Ve e D W

R < N
- w—— ‘.‘-‘-"(‘_\-‘-ﬁ B N o T R e )

v F s oLt h -
RS A d - Dot T

where Cpec = heat éaﬁacify of caralysze; J/kg’K“
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ial conditions for these equations were taken as the steady

The init

state solutions and the boundary conditicns were the nev inlet

variables.

Solvinz the Hzthematical Models

Expanding Eq. (4-3-5) and Eg. (4-3-9) to obtain:

td 2 ?Ye 2€, _ QFYe o Xdil
= (P75 * e 308 - - %z "% (4-3-14)
.2 '
K:I cp ( @g—-;— + tg-g-) = - D;C"gt +3 F(- AH) + hiXdi(Tw-t)
di? '
¢ he o == (Tp-t) (4-3-15)

Expandinz OP/0 8 by using Eg. (4-3-6) anc (4-3-8) and the followirg

identity:

g _,2°f 2
-5 & F

making the necessary substitutions into this identity, we will obtain:

28 _2p &y

0x{  RtFo R ~ (4=3-16)
X1 _ —(F142F; Ye) 'Fo = (PieYe Fo)-2-F; = | :

oTe F1+2F1 Ye (4~3-17)

gg. 2P Py (il"‘wzia Ye)-Fo = (FP1~Ye Fo):-2-Fq aYe
> Rt Fo ) (4-3~18)

(Fy+2F1 Ye)<
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In order to find solutionc for the var;ables in the example for
tubular reacter, numerical data for all the variables at time € is
needed. In using the finite difference technique, the reactor ic
considered to have Il sections (see Figure 2-7 ) and ;alues for the
varizbles at (8 + A 8) are obtained. The final set cf
differentizl-cifference equations are as follous:

tube-side:

sections j=1 to j=ll, define

A 2PjFy (—(F1+2F1 Yei) -Fo - (P1-Yej Fg)-z-Fl)
J =Rty Fo (F1+2F; Ye3)2

cj = D ( Pj+ves Aj)

Fo+2x14 M1
93 Rta ( Fo )

b
o
"

Fo + F1 2 x4j

(2]
.
"

D Cpj @3]

_ Xdi2é | ‘
D =SS (4-3-19) e

section 1: .

N a2

dty _ d Yet _ a6 .
as - O a6 -0 EL_GJ_ =0 (4-3-20) =
‘sections §=2 to j=lN:: B
d Yej = =(Fj Yej - F5-q Yej-q) ra'i-1€pD )

48 DZ CJ. Ci € (4-3-21)

a4 7 J" o
ae, f‘.‘ ( Zs)

(4-3-22)

eameTh R e
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- _,d b
2 =t (dG)DCpJ

- DZ

Q_E'l 1 [_ ( Copji #j tj = Cpi-1 Fi-1 t3 ) .
a6 - Gj e

(71 (-8E13-1) ‘13':—3(1']:1 + (F3 + xq3-1 F1)(-8423-1) ——J——J—H —X23=1) +

— ) . 1-2_24
hcj Ac g(ij-tj‘) + :.ij-1(/\ di) (T\dj_1-t3-1) - EJ] (4-2 )
shell-side:
sections j=1 to j=N-1:
dTj _ =voi (Tiw1 = T3) _ ». (m. — ™s)
de = DZ R IR J
wWhere
i o= X hoj do \
J 7 Qoj 4o Cpoj (4-3-25)
section M:
dTs ‘
de =0 . (4-3-26)
tube-wall:
sections j=1 to j=H:
A3 e i N o (e o a)
a6~ = 0 (7§ - Dwj) - Q5 (Twj - t3)
T Pw pr (doz—d:.?)
QJ_ - 4 h11 d.‘L ) A \
Rw Cpw (doc—dic) - «.o = o (2-2-27}
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catalyst:
gsections j=1 to j=N:

(4-3-23)

[2%
(=9
@

:‘:‘3 hc' AC t. - .
= -—J__—CPC €3 ( 3 TPJ)

4.3.2 Example and Results

The corrésponding computer program, which use the Euler method with
a 0.0036 sec. time interval, was run on IBH/370 computer to simulate the
dynamic response of the reformer. The initial disturbance was a 100 °K
step increase in the inlet combustion gas temperature. Tables 4-3 and
4-4 present the input data and the output of the transient respbnse,

respectively.

Note that the outlet temperature on the combustion gas side
increased by 16 °K while inlet temperature increase was 100 °K , and the
outlet temperature of the reforming gas did not change much. RActually,
the reforming gas outlet temperature would gradually increase with time.
The increased energy is partly éoihg into heating the wall (then

reforming gas and catalyst) and partly simply "wasted” with stream flow.

Here the competition between heat transfer and flow rate can been seen.
A more complex condition in the reforming gas, occurs when the reaction
rate is the third competitor (for an endothermal reaction) and more than

one direction for heat transfer is allowed. - - S

Again, the small value for the time interval is a problem, which

‘Tequired much computation . time. - In the following chapter, methods for

improving this condition are discussed.

Crae,

"




veriable Dimensiorn Iritizl Urit Definition

caze value o
—
x5k 1 0.0375 g-role/s Input CEz flow rate
3% 3 Steer. to carbon ratio
FX : 1.5 atm Inlet CHs pressure
0 811.1 K Inlet CE4 temperzture
ZE 1.524 o Eeight of reformer
}] : 0.105 o : Cutside diamzter of regenerativz tuts
52 0.1315 m Inside diameter of reforming tube
3 0.1414 m Outside diameter of reforming tutbe
&C 10400 Rate constant of demethznation rezction
EA ‘83736 J/mole Activity energy of demethanztion
reaction
THECR 1281,48 kg/m> Density of packing in reformer
iFS : 0.469 ' Void fraction in reformer
S 0.229 m ¥idth of corbustion gas square duct
Dr 0.005 m Diareter of catalyst ‘
) 3 23 Number of finite difference sections
REY 8027.17 kg/m3 Density of wall
CFw 0.6113 kJ/kg-K Heat capacity of wall
SARZA 669.29 m2/m3 Specific surface area of catzlyst .
Cre 1.026 kJ/keg-K Eeat capacity of catalyst E
DXNSG 3 0.042 g-mole/s Inlet CO2 flow rate in combustior gas '
4 0.036 g-mole/s Inlet HoO flow rate in combustion gzs }
£ 0.109¢ g~ncle/s Inlet ¥2 flow rate in combusticn gas g
F3 1.5 . atm Inlet combustion gas pressure - -
THZ 1811,1 K Inlet combustion gas temperature

PR cer . o
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Table 4-3 Input data for dynamic simulation of reformer
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- Table 4~4 Output of the dynamic simulation of the reformer
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Outlet temperature OQutlet Last section Last section
- -e—hr, of reforming gas temperature wall catalyst
' of combustion temperature temperature
gas, K K K
0.00000 0.,95195D 03 0.10348D 04 0.99917D 03 0.95195D 03
0.50000D-04 0.95195D 03 0.10348D 04 0.99919D 03 0.9519SDh 03
0.10000D-03 0.95195D 03 0.10348D 04 0.999220 03 0.9519SD 03
0.15000D-03 0.95195D 03 0.10348D 04 0.99924D 03 0.95195L 03
0.20000D-03 0.95195D0 03 0.1034801 04 0.99926D 03 0.9519SD 03
0.250000-03 0.95194D 03 0.10348D 04 0.99928D0 03 0.95195D 03
0.30000D-03 0.95196D 03 0.10348D 04 0.99930D0 03 0.95195I" 03 i
0.35000D-03 0.95196D 03 0.10348D 04 0.99932D 03 0.95195D 03 |
0.40000D-03 0.95194D 03 0.10348D 04 0.99934D 03 0.95195D 03 i
0.45000D-03 0.951970 03 0.10348D 04 0.99937D 03 0.95195Dh 03 |
0.50000D-03 0.95197D 03 0.10348D 04 0.99939D 03 0.95195Dh 03 |
0.55000D0-03 0.95197D 03 0.10348D 04 0.99941D 03 0.951950 03 |
0.60000D-03 0.95197D 03 0.10349D 04 0.99943D 03 0.95195D 03
0.65000D-03 0.95198D 03 0.10350D 04 0.99945D 03 0.95195D 03
0.70000D-03 0.95198D 03 0.10353D 04 0.99947D 03 0.95195D 03
0.75000D-03 0.95198D 03 " 0.10358D 04 0.99949D 03 0.95195D 03 kS
0.800000-03 0.95199D 03 0.10346D 04 0.99951D 03 0.9519SD 03
0.85000D0-03 0.95199D 03 0.10375D 04 0.99953D 02 0.95196D 03
0.90000D-03 0.95199D 03 0.10388D 04 0.99956D 03 0.951940 03
0.95000D-03 0.95200D 03 0.10402D 04 1 0.99958D 03 0.95196D 03
0.10000D-02 0.95200D 03 0.10417D 04 0.99960D 03 0.95196D 03
0.10500D-02 0.95200D0 03 - 0.104330 .04 0.99962D 03 0.95194D 03
0.11000D-02 0.95201D 03 0.10448D 04 0.99964D 03 0.951980 03
0.11500D-02 0.95201D 03 0.10442D 04 0.99964D 03 0.95196D 03
3 0.12000D-02 0.95201D 03 0.10474D 04 0.99948D 03 0.95197D 03
E 0.12500D-02 0.95202D 03 0.10485D 04 0.99970D 03 0.95197D 03
b 0.13000D-02 0.95202D 03 0.10494D 04 0.99972D 03 0.95197D 03
£ 0.13500D-02 0.95203D 03 0.10501D 04 0.99974D 03 0.95197D 03
0.14000D-02 0.95203D 03 0.10506D 04 0.99976D 03 0.95197D 03
0.14500D-02 0.95203D 03 0.10510D 04 0.999780 03 .  0.95198D 03
0.150000-02 0.95204D 03 0.10513D 04 0.99980D 03 0.95198D 03
0.15500D-02 0.95204D 03 0.10516D 04 0.99982D 03 0.95198D 03
0.16000D-02 0.95204D 03 0.10517D 04 0.99984D 03 0.95198D 03
0.16500D-02 0.95205D 03 0.10518D 04 0.99984D 03 0.95198D0 03
- :.17000D-02 0.95205D 03 0.10519D 04 0.99988D 03 0.95199D 03
: o::gggg:gg 0.95206D 03 0.10519D 04 0.99990D 03 0.95199D 03
7§ 0118500003 0.95206D 03 - 0.10520D 04 - 0.99992D 03 0.95199D 03"
g 0:19000D-03 0.95207D 03 0.10520D 04 0.99994D 03 = 0.95199D 03
0.195000-05 0.95207D 03 -0.10520D 04 0.99994D 03 . 0.95200D 03
020000003 0.95207D 03 0.10520D 04 0.99998D 03 0.95200D 03
Ve 0.95208D 03 0.10520D 04 0,10000D 04 0.95200D 03
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gq.4 Discussion
4.4 biscdss o8

The objective of this chapter was to examine and develop a computer
simulation for the dynamic characterictics of components in the fuel
process subsystem. The main program and subroutines for each couponent

will be modified to be a group of subroutines in the final simulation of

vhole systen, and some of the duplicated subroutines will be omitted.

The examples illustrated in this chapter were not concernad with
the flow rates which were assumed to be constant. However this does
affect the transient responses due to transpotation lag in the pipe.

This fzctor is considered in the next chapter.

The selection of an appropriate time interval in solving difference
equations is a problem in digital simulation. Large values for time
intervals will "blow-out"” <the computation. BAs the calculated value
approaches infinity. However, smaller time interval values require more
Conputation time to iterate, and increasing truncation error occurs in
the computation. One possible solution to-this problem ﬁay be the
Runge-Xutta-Yerson integration method (Section 3-4), which automatically
selects the proper time interval. -Hodévér; this method does not work
vell with a reaction term that is expontential with temperature change.
An alternate method, which is discussed in the following paragraph,

Places the attention on the mathematical model.

For the heat exchanger, it can be obéerved from Equation 4-1-8 that

the DZ/v term (the time needed to travel on section) determines the time




iss

gnterval (H). The change in temperature of the previous section will be

greater if DDZ/v. Therefofe, DZ/v is the maximum H value, especially

when the transport rate is larger than heat transfer rate, which is
usually the case. It is not the same condition in the catalytic
reactor, where the maximum H is determined by the reaction rate which

{s much faster than the other two. If we add one more assumption to the

simulation, such that no temperature difference exists between the

reacting gas and the catalyst, then Cp in the accumulation term (see
Equétion 4-3-9) 4is the composite heat capacity of gas and catalyst,
which is much larger th;n that of the gas only. Subsequently, this
assumption will decrease the amplification, and thus increase the stable
time interval. .In the example for transient simulation of the reforme;,
this additional assumption increéses the time interval from 0.0036 sec.
to 0.05 sec. The simulation of the whole system discussed in Chapter §,

includes this assumption.
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CHAPTER S

DYNRMIC MODELING OF THE FUEL CELL STACK SUBSYSTEN

As stated in Chapter 2, within the fuel cell stack, hydrogen and

oxygen react to continuously produce DC electricity, waste heat, and

steanm.

Generally, the operation of the PAFC system duringz a load change is
to control the voltage level ‘to obtain the required power level. A
change in the voltage levgl will affect the current density on the cell
plates. The relationship between the current density, voltage, and
pover is obtained from Ohm’'s law and the current-voltage characteristics
‘stated in Chapter 2. One typical result is shown 4in Figure 2-27 for

fixed operatinz conditions.

When the current density is changed, the inlet flow rates should
also be changed to meet the regquirements. Therefore, the variables
that can be manipulated for control of the fuel cell stack subsystem

a@re the input flow rates of fuel (hydrogen) and oxident (oxygen or air).

In addition to the assumptions made for calculating the steady
$tate conditions in the stack, there are several other assumptions made
for system simulation during the load change period:

1. The temperature and composition of both of the reservoirs (fuel and

156
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i

air) outlets (see Figure 5-1) do not change. However, the flow rates
are chanzed in proportion to the DC change. Also, the inlet témperaturg
of the process air does not change. |

2. The pressure in both reservoirs is slightly above the maximum (full
load) operating pressure.

3. When changing the fuel cell operatinz temperature and preésure, a
1ine of constant phosphoric acid concentration is to be followed.
Figure 5-2 shows thé total pressure of phosphoric acid solutions as a
function of temperature. This criteria produces a significant increase
in the estimated cell life at 25% of the rated power (Ref.27 ).

4. The utilization ratios of both fuel and process air are the same. 1In
addition, the stoichiometric factor for the cooling air 4is hold
constant.

S..Because thg reaction rate (including the reacting gas diffusion and
fon migration) is faster than the heat transfer rate and the component
flow rate, the accumulation of components resulting from the reaction is

neglected.
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5.1 Design of The Subsystem for Load Chanze

A preliminary process flow diagram, for control of the loéd change,
{s shown in Figure 5-1 . The basic control steps for a load change in
this subsystem are as follows:
1. The flow control valves (FCV-1 and FCV-2) regulate the flow of fuel
and process air in direct proportion to the DC current. |
2. The cooling air flow control valve (FCV-3) regulates the cooling air
flow rate in proportion to the flow rate of the process air.
3. The governor control valve (RPH) regulates the speed of the #ir
compressor (air flow rate is proportional to the speed). At steady
state conditions the inlet air flow rate is the same as the process air
flow rate required in the staclk; however, the air flow rate depends on
the pressure level of the reservoir in transient conditions.
. 4. The pressure levels of the fuel and process air are regulated by the
pressure control valves (PCV-1 and PCV-2 respectively), while the
cooling air pressure level is the same as that of the air reservoir and

is complemented by the circulator through speed or pitch control.

The advantages of placing the two reservoirs beforeﬁthe fuel cell
stack are as follows: |
1. The flow rates canAbe rapidly changed " because the independence ofg
fuel processing subsystem.
2. The fuel cell stéqk‘suhsystem can operate for a period of.time when

‘the air compressor is not working.
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5.2 Hathematical Hodel

The mathematical mcdel for evgluating the transient temperature
distribution in the stack is similar to the model used to simulate the
steady sta?e temperature distribution. RAdditional accumulation terms
are used iIin the transient -model <to represent the unsteady state
situation. According to assumption (5), there 4is no accumulation of
components caused by the reaction. The model for the current density
distribution, wbich interprets the mass balance and was discussed in
Section 2.2.2, i§ appiicéble for célcﬁlation under transient conditions,
however, the inlet flow rates and the temperature at each grid section

are functions of time.

Considering one strip of the PAFC stack (see Figure 2-17), we can
write the energy balance for the plates 3in the form of
differential-difference equations.

(1) Engergy balance in the stack

(a) cooling plate

section 1:

28 0(1,2) - (BB 4 2 0e,1) + B a(z,0)
- nc‘;ch§12 !Tii1}-Tcol ==€c cc 4 dr(1,1) ' | (5-2-1)

dae

. sectfons 2 to H-13 5 oL L e s B

P —— ;~,.._.. - A i
2

Cam e L R ". &

t! 1 “
- 2y, ?(1-3'*1) (‘Ay2 -f%)a.'rh,j)_f'%—;f%fm(f,j_.‘[)-

Fd

Ax1 T(2 3) - me(1)Ce(d) (o (3)-1c(3-1)) =Pc co & aT(1,3)

PcAy de (5:.2L2)
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section M:

__53 T(1,%1) - (7;5§ + ———) T(1,M) + -——-T(2 1)

LY
¥)Ce (M ) dT(1,M
- 9%%:&;—L—l (Tc (M)-Te (11)) Pc cc ¢ —E%—L—l (5-2-3)

(b) cell plate No. 1

section 1:

T(1 1)

A&Y-} T(2,2) - (HZ +Ax1

+ Z%E T(3,1) mp(; 1?—C§(1 21 (TP(1 1)-Tp0) + tv*(1)—’v’(1)] 1(1 1)

ar{2,1) '
(5-2-4)

=Pp cp * T3¢

sections 2 to N-1:

Krty n(2,341) - (B2 + ‘f§1-+535;0 2(2,3) + 5% 2(2,5-1) + B r(1,3)
) 101,3)

(;532§§("3)»(Tp(f.;)-Tp(1,j-1}) f‘fv*(f)'v(1)

=Q&P't92ca§l S , _” | - (5-2-5)

section M2

T . .‘.. :‘~."»' -

,%Z T(g,n_1) - (Ay +A-‘-‘-§“-1- + ——) T(2,M) + —- (1, M) + '1‘(3.1'1)

- (o2 (gp(n, Tt 1) ¢ [W?’.W-V“))] (1)
ar(e,M) . sl  (5-2-6)

~ =P"cp de - Ee s o-oewn
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(c) cell plate No. 2

section 1:

t t
A5 7(3,2) - G5 + 25 2(3,1) + K& > 7(4,1)

- m;}(}’; )§P(3'1) (Tp(2,1)-Tpo) + {(V*(2)-V(2))]1(2,1)

d7(3,1
=PP°P t _ég'_l

(5-2-7)

sections 2 to H-1:

T(3.a+1) - (&, ) 23,3) + &
+f"72 7(4,5) - BIG) (g
=fep %Z‘ﬂ

T(3.3-1) + o X > 7(2,3)

13)-Tp(2,5-1)) + [(v*(z)-v(z))]x(z.j)

4
¥

(5-2-8)

section N:

2L (3,1) - . 2 T(3.1v) B = T(2,m) + X = T(4,1)
- m(3,M)cp(3,M)

(PRGN (22,1t (2,1)) +[<v*<z)-v(z'>)] 1(2,m)

L dT(3,M)
frep + 53 (5-2-9)

(@) cell plate No. 3 (symmetry plate)

section 1' - ' :

] % 1"—.— - —- =
: &

% T(4.2) - (g‘y'z-rmz) 7(4,1)-4 2KX % 2(3,1)
EE!&&.lgRLAL_l (Tp(3,1)-Tp°) *ﬁv*(B)- Tan iar owinea.

By L1l V() 15,1
=€} cp t 9%%&;11




sections 2 to M-1:

2 2K . 2Kx
K 24,541 - (BE%  22) 1(4,3) + 252 2(4,5-1) + 22 2(3,3)

- 20:11000ud) (1(3,5)-19(3,3-1)) +[(V*(3)—V(3))] 1(3,3)

dT(4
=fpop t _é'édl

section I:
K2 (a,01) - Gz + 53) Tl + 2% 1(3,m)

=G G (g55,m)-mp(3,01)) + (7)Y 16,9)

) |
= Dpop ¢ d—(i"lge (5-2-12)

Initial Conditions : T(x,y;0)=Ti(x,y) -- steady state distribution

where
Cc(j) : molar heat capacity of cooling air in element (i, j), J/g-mole-K
Cp(i, j) : molar heat capacity of process air in element (i,3),
J/g-mole~-K
I(4,3) : current density of element (i,j), A/cm?
Jx ¢ thermal conductivity along stack direction, J/hr-m-K

ky : thermal conductivity in flow direction, J/hr-m-K

N ¢ number of elements along air flow direction

mc(j) : molar flow rate of cooling air in element (i,J),

g-mole/hr-channel

mp(i, §j) : molar flow rate of process air in element (i, J),

\ o om e = mlives oo, Bmole/hr=-channel
: pitch of cooling channel, m .,
pitch of process air channel, m

t : thickness of cell plate including matrix, bipolar plate,




and electrodes, m

t’ ¢ thickness of coolinz plate, m

T(i,3) : temperature of cell plate, K

TcO

i = 1 cooling plate

i = 2 cell plate No. 1
i = 3 cell plate No. 2
i = 4 cell plate No. 3

J : sections defined along air flow direction

: inlet temperature of cooling air, K

Tc(j) : temperature of cooling air, K

TpO

: inlet temperature of process air, K

Tp(i,J) : temperature of process air, K

§ = 1 plate No. 1
i = 2 plate No. 2
i = 3 plate No. 3

V(i) : operating voltage of cell plate i, V

V#(i) : ideal voltage of plate i under operating conditions, V

x1
%2
y?

ep *

e :
cc ¢

.3 specific heat of cell plate, J/kgK. ;:y:

H t/2.+ t'/72, m

: -t,: m

finite differencé diétance élong air flow direction, m
density of cell plate, kg/m®

density of cooling plate, kg/m®

time, hr
_specific heat of cooling plate, J/KgK < ...rorn meriez,

W

LSRN
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(2) Convective heat transfer (energy balance) in the chann2ls (both

- process and cooling air)

E)AOC 2T708 = hs(Tw-T)-mC 2T/2x

I1.C. 8 =0 T=T'
where
Tw
Tj-q —> J — Tj ‘

h : heat transfer coefficient, J/m?-hr-X
s : perimeter of the channel, m

m : molar flow rate per channel, g-mole/hr
c ¢ molar heat capacity, J/g-mole-K

Tw : temperature of cell plate, K

T : temperature of air, K

x ¢ distance from‘the edge, m

Q ¢ molar density, g-mole/m?

Ro : cross area per chaﬁnel, m2

B : time, hr

' ¢ steady state solutions

The equations were solved by the Laplace Transform method, and the
solutions were changed to difference form with the properly chosen time

intervals (detailed discussion is in Rppendix 4).




for process air

15(8) = T3-1(0) exp (B + Maj(1-exp(F5))

- AX

e myeR)e 1) em =x))

) + Tw5(1-exp( 3

for cooling air

6=x 13(H) = T5-1(8) exp (2E) 4 may(1-exp(FE))
8 =2H T3j(2H)= T3j-1(2H)exp (-gbx) + T“j(1'exP(-gAx))
etc.
__h
where A= PAS
m -

B = s

n o

(Tw(e) + Tw(e+H))/2
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The procedure for the simulation of the transient respones of the
current density and temperature distributions on the cell plates, when
the system load decreases, are as follows:

1. Ohtain_the steady state solutions.

2. From time=0, decrease the 1load at a fixed ramping rate until the
required load ratio (the minumum ratio is 25%) is reached.

3. Calculate the corresronding operating pressure to keep the phosphoric
acid (electrolyte) concentration constant (see Figure 5-2).

4, Estimate the mean current density and operating voltage at the new
operating conditions to fulfill <the new load. Two typical figures
(Figure 2-27 and Figure 5-4 ) show the relationships between the power,
current density, and opefating voltage.

5. Calculate the flow rates of the fuel, the process air, and the
cooling air at each position from the new mean current density.

6. Estimate the current density distribution from the new flow rates and
pressures.

7. Calculate the new temperature distribution on the cell plate.

8. Calculate the new temperatures of the gases at each position.

9. Stop the procedure when the final (new) steady state is reached.

Otherwise, increase the time by a time interval and go back to step 2.

This procedure was developed into a Fortran computer program. The

?final set of differential-difference equations described in previous

‘section was solved by ‘one of fﬁe.”intééfafion methods discussed in

Section 3.4. In Figure>5-3, alsimplified flowchart of the computer
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Figure 5-3 Simplified flow chart of PAFC stack dynamic program
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program, where the status of various variables (current density, flow

rate, temperature of plate and gases, pressure, voltage, and power

output) at different times (8 and8+A8) is shown. Figure 5-3 also

expresses the function of each calling subroutine.




5.4 Results and Discussion

———

The program, which uses the ﬁuler method (Section 3.4) with a time
interval of 0.108 seconds, ﬁasb run on an IBlf 370 computer and the
results are shown in Figures 5-5 through 5-16. Using a 12.5% per second
ramping rate, the load decrease (from full to S50%) can almost be treated
like a step change. Table 5-1 lists the {input data in SI units. The
cooling configuration is a "straight"” type (see Section 2.2.3.3) and the

inlet flow temperature is close to the average operating temperature.

Fipures 5-5 <through 5-10 show the numeric distributions of the
temperature and current density in each finite-difference cell on the
symmetric plate (plate no. 3) at the initial steady state, the transient
state (10.152 sec.), and the final steady state (280 sec.). The plots
of the temperature distribution for the three cases are shown in Figure
5-11 and 5-12. Finally the mean values of the temperature, voltage,
and current de.sity at special points were plotted vs time, with a small
time scale and a 1large time scale. The results are shown in Figures
5-13 through 5-16. From the results of the small time scale plot, the
changes in the early transient state, which decide the“stable ramping
rate and dead time for control, can be seen. The plots with the larger
scale provide information concerning the transient time period, the
system response between the tﬁo steady state periods, and the final

Steady state conditions.

As expected, the temperature responds slower than the current

den;ity which is dependent upon the inlet flow rates. The damping
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Pigure 5~5 Steady state temperature distributicn
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Pigure §-6 Steady state current density distribution
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Figure 3.7 Transient state current density distribution (10.152 sec.)
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Plgure =.8 Transient state temperature distribution (10.152 sec.)
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Pigure 59 Final steady state temperature distridution (280 sec.)
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Pigure ©-10 Final steady state current density distribution (280 sec.)

T=188.8 C
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variable Dimension Initial Unit

Definition

name value
N 0.41 m Length of cell plate in x-directicn
YN 0.28 m Length of cell plate in y-direction
XDNSO 3250 Afem? Designed current density
UTA 0.5 Utilization of Qp in stack
UTH 0.75 Utilization of Hy in stack
POPC 3.4 atm Pressure of cooling air
POP 3.4 atm Operating pressure in stack
TKA 443 Inlet temperature of process air
WFD 0.001016 m Depth of fuel channel
WiW 0.003048 m Width of fuel channel
NCC 30 ' Number of cooling channels
WE 0.001016 m Thickness of cell (electrode and matrix)
TKF 450 Inlet temperature of fuel
T 0.003302 Thickness of cell plate
Y 5 Number of plates between two cell
v plates
WAD 0.001016 - m Depth of process air chanrel
WAW 0.003048 m Width of process air channel
NP 23 Number of cell plates
NCA 80 Number of process air channels
NF 55 Number of fuel channels
™ 0.008891 m Thickness of cooling plate
NX 6 Finite difference number in x-~direction
" NY 6 Pinite difference number in y-direction
ER 0.01 Criteria for convergence
CICA 0.0052 kg/m? Catalyst loading on cathode side
CLAN 0.0034 kg/m2 Catalyst loading on anode side
Cu 0.15 Utilization of catalyst
SA 50000 n/kg Surface area of catalyst
SRO 0.000044 -2 Cell resistance at 450 X

Table 5-1 Input data for simulation of dynamic PAFC stack




Table 5-1 continued

Variable Dimension Initial Unit Definition
name value
ALFA 0.5 Transfer coefficient
DKC 240000 A/atm Constant to calculate limiting current
density
R 8.314 J/g-mole-K Gas constant
“ A 2 g-equivalent Number of Faraday equivalents transferred
FCONST 96500 C/g~equivalent Faraday constant
NC 36 Ratio of cooling air to air consumed in
stack
KX 2.5961 J/m-s=K Effective thermal conductivity in
7 stacking direction
§ KY 51.92205 J/m-s-K Effective thermal conductivity on the
cell plate '
: TKC 403.3 Inlet cooling air temperature
! WCW 0.00559 Width of cooling channel
WCD 0.00559 Depth of cooling channel
§ Y1852 0.76 Mele fraction of I, in anode inlet
§ Y1C02 0.24 Mole fraction of COp in anode inlet
; Y202 0.208 Mole fraction of 0y in cathode inlet
g’ YaNn2 0.782 Mole fraction of Ny in cathode inlet
i Y2H20 0.01 Mole fraction of H20 in cathode inlet ~
RHOP 2611.01 kg/m3 Density of cell plate
; RHOC 2162.49 kg;/m3 Density of cooling plate
T CF 1.0467 kJ/kg-K Eeat capacity of cell plate
i cee 0.841547 kJ/kg-K Heat capacity of cooling plate
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ratios of all of the presented variables are small, less than 1% for the
mean voltage and less than 0.1% for the others (see Figure 65-15 and

5-16).

It is not necessarily true to say that the final steady state is
reached ‘at 280 seconds. Actually at that time the calculated
temperature of the stack is still fluctuating. This fluctuation is
caused in part by the damping characteristics of the system and in part
by the computation errors. From Figure 5:15, the final steady state may
be considered to be reached at 43 seconds when the mz2an temperature

reaches a steady value.
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CHAPTER 6

TRANSIENT RESPONSE OF THE PAFC SYSTEM IN LOAD CHANGING PERIODS

The objective of this chapter is to combine all of the progranms
developed in the previous chapters to determine the performance of the
power planﬁ and its components in the following transient conditions:
sudden and gradual change from full power load to partial load, from

standby to partial load, and from the shutdown to standby condition.

The final computer program was then wused to simulate the
performance of a 7.5 megawatt power plant (Figure 1-4) subjected to a
pover reduction 1linearly ramping from full 1load to partial load. The
results obtained include: the temperature, pressure, and flow rate of
the components at various 1locations in the system; the transient
temperature and current density distributions in the fuel-cell stack;
the dead time for major components considered ih the simulation; and the

amount of heat and electric energy output.
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6.1 Ascumptions

For simplicity,  several assumptions were made to simulate thz load
change responses. The five assumptions made for the fuel cell stack
subsystem in Chapter S, are also applicable to the <imulation of the
whole system. In addition, the following assumptions were also made for
the transient state study.

1. There are voltage and power constraints, resulting from the fact that
the platinum and carbon components can corrode at cell potentials above
0.8 volts. This maximnum allowable voltage determines the minimum 1load
at which the system can operate. 25% of the fuel load has been chosen
as the minimum load.

2. The loads linearly decrease or increase with time.

3. The conversion rate of methane in the reformer is fixed, as well as
the carbon dioxide to carbon monoxide ratio. Therefore, the amount of
input methane is proporitional to the amount of hydrogen needed in the
stack. The temperature level will be monitored to deternine the= flouw
rate of methane into the burner.

4. The inlet air which flows through the air blower, is proportionzl to
the inlet fuel at the kurner with the excess ratio fixed.

S. The steam to carbon ratio is fixed and transient changes in the
econonizer and steam generator are not éonsidered, therefore the inlet
Steam is proportional ‘to inlét methane. The transport lgg of water
Pumping and steam generating is neglected.

6. The recuperator, Zn0 bed, and coolinz power are nSt considered in
this transient study.

7. Transport 1lag is not considered in the piping which combines




186

L]
n
P
[
]
=3
(o}
Q.
£
[*]
L

AL R N et ame . FP it @Y e




6.2 Program Description

A computer program for simulating the transient behavior of the
PAFC power plant was developed. The steady state conditions for the
system presented in Chapter 2 were used for the initial conditions in
the transient state calculation. Efficient, i.e. numerically stable and
adequately accurate computer models with relatively short computation
times, were utilized for the individual components and were described in
Chapters 4 and 5. Finally, by mean$ of the "on-off” flags, which
controls computations between components, simulation of feal-time

computation can be done on a batch-type computer.

This Fortran progran, which includes 45 subroutines and 20
functions (descriptions of these subroutines and functions are in
Appendix 8), was used to simulate the system's transient responses, with

the required power load being decreased from full load to partial load.

Although no experimental data was available, +this simulation
provides information <concerning the optimal design, operation

requirements, and control procedure within the load changing period.

The main (executive) program calls three subroutines which are
DATAIN, STHAIN, and STTRAN for reading input data, calculating initial
Steady state performances, and simulating transient state responses,

respectively. The flow chart of main program is shown in Figure 6-1.

The steady state solution was discussed in Chapter 2. The
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4
READ input
data

CALL DATAIN

steady state
similation
CALL STMAIN

y
transient stage
similation

CALL STTRAN

STOP

Figure 6-1 Flow chart of Main program
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following section will' concentrate on the transient responses.

To decrease the computation time, several assumptions havé been
made. They are ‘
1. neglet the temperature difference between the stream and the catalyst
in the reactors. This was discussed in Section 4.4;
2. decrease the finite-difference section. There are two advantages
resulting from this modification: first, fewer equations must be solved;
second, because the maximum stable time interval is decided by the time
needéd to travel one section (except in the reactors). A decrease in
section number - -leads to an increase in the maximum stable time, and then
an increase in the time interval. However, this procedure will also
lose some accuracy in the final results;

3. increase the time interval in each component to its maximum- stable

value: If there are two streams in a component (like the tube-side and

shell-side streams), the greatest common divisor (GCD) of <the two
maximum values is chosen to be the fixed time interval. Thus, the
system time interval is estimated from the GCD of these components’ time
interval;

4. neglect the transport lag in the pipes connecting components and in

the auxiliary components.
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6.3.1 Simulation of the Real-time Procedure PRECEDING-PAGE BLANK NOT FWLMED
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To simulate the real-time computation on a "batch” computer, the

program uses controlled clock time and "on-off” flags in the computer

coding. There are four flags which will be discussed as follows:

(1). IFLAG: flag to indicate the 1load changingz period, 0 indicates

outlet power under ramping, whereas a 1 indicates that the required load

has been reached.

(2). IFLG: flag for the registering of one of the components so that the

MU I

component may be evaluated for its transient response. HWhere a 0 means

no registered reaction of the component and a 1 indicates registration.

R N

There are two situations for "0" being assigned to a component, they are
the initial steady state and the final steady state.

(3). NFLG: NFLG is used when the calculation will be "operated” at some
system processing time. Because the time intervals for calculation of
the components are multiples of system’s time intervals, at some
specific system time, some components may not be calculated even if thé
IFLG of these components are on.

(4). IFLG: flag is used to indicate the condition of the outlet(s) in a
component. There are three possible values, 2 for initial steady state,
1 for transient state, and 0 for the final steady state. By means of
these "on-off" flags, the calculations among these components
(subroutihes) can 5e controlled, and the results priﬁted at specific

transient times to present the components and system conditions.

Hhen the system time=0, all MFLGs are equal to 2, IFLGs are equal

to 0 except for the IFLGs of Heat Exchanger-2, RAir Heater, and Fuel cell
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stack (see Figure 4-1), NFLGs are equal to 0, and IFLARG is 0 also. The
MFLGs will"ﬁe'chanéed to 1 if the corresponding outlet’s temperature is
gréatér (or less) than the initial steady state value determined by
CRT2. CRT2 may be some specific value of a temperature criteria or some
percentage criteria. The NFLGs will be changed to 0 if a change of the
corresponding outlet temperatu;e is smaller than Y.CRT1l, where Y is the
outlef temperature and CRT1 is another convergence criteria. This
situation will last for some period of time (5 seconds in the example).
Then a new IFLGs’ value will be assigned according to the previous
component’s MFLGs. 1In addition,' the NFLGs’ value will depend upon the

corresponding IFLG and component’s time interval.

6.3.2 Transport Lag Consideration

Because this is a gas system, the transport lag of streams in
pipes, reactors, and channels cause a "time delay”. A typical example
would be one pipe (finite-difference) section (in the heat exchanger for
instance)’ transporting gas from one location to another. An ihput flow
rate change will not immediately transport to the exit. This situation
can be characterized by specifying the inlet stream as ; and the outlet
stream as J. The flow rate in J will be "delayed” from the flow rate in
stream I by the time to travel dowm the section length 1. Such a dead
time can be simulated on a computer by a "time delay" procedure. ThisA
can be constructed in several ways, the most direct of which ‘would be
the "bucket brigade” approach, a self-explanatory term (Ref.'31). o =.

The operating principle of this approach .is to allocate NIN spaces

to the delay channel, - where NIN=time delay/(IDH x SDT) where IDH is a
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multiple of the system time interval . (SDT) for a specific component.
Instead of feeding <the input signal (flow rate for instance) in at the
front end, and moving the values in each space.one position toward the
exit end, and finally reading the wvalue in the 1last space as the exit
value ("bucket brigade"), the technique does not move the values but the

pointer for the readin and readout moves from space to space.

Each difference section is treated the same way. For simplicity,
the mean flow velocity is used to estimate the transport time (time
delay) of one section, then the NIN for every section is the same.
However, there may be two different values of NIN for one component, one

is of the tube-side gas, and the other is the shell-side gas.

6.3.3 Deternination of Final Steady State

Determination of the final steady state is a problem Because of the’
fluctuation of the calculated values. However, there are severalr
criteria to use,

(1). calculate the final steady state performance 'usingvthe required
input data, then when transient responses reach 99.5%Eor more of theﬁe
values, the solutions are considered final steady state solutions.
(2). decideﬁby the temperature damping ratio - if the ratio is less than
0.1%, e.g..vthe finai #.s. is assumed to be reached.

(3). decide by the temperature change between the continuous time period
= 1f the change is less then 0.05°K, say, and lasts for a period of time
(e.g. 5 seconds), it is assumed be the final steady state.

For simplicity 4n the computer programming, the last criterion was

Selected for this simulation.
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6.3.4 Flowchart of the Program

The flowchart of the executive pr

which shous how the "on-off” flags funct

1392

ogram is given in Figure 6-2,

jon and how the program executes

the computations for the transient period.
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record S.S.
solutions
for testing

calculate
dead time
no,

calculate
criterion
time no. for
final S.S.

start system
transient
time

ICCUNT = 2

IWRT(j)=1

calculate

changing
ratio

IFLAG=1

o)

Figure 6-2 Flow chart. of PAFC system transient state simulation




' JST(ig=

NFLG(i)=1"

JST(i)+1

YES

calculate
memory
position for
inputs

record
input flow
rate

CALL TRANH

ixs5)

TRANC (6< i <7)

TRANR

i=8)
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record
output fiow
rate

CONTINUE

Figure 6-2 continued




DMIX3

CALL
FLAME

record
output flow
rate

L

NO

mixer on

-
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CALL
DMIX

NO

FLG(Z) on

CALL
TRANF

- Figure 62 " continued ' 197
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final s.s.

IFLG(i)=0

test
inal system
8¢8.7

YES

ICOUNT =
ICOUNT + 1

WRITE
results

Figure 6-2

continued
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6.4 Example and Results

The example discussed in this section involes the simulation of the
PAFC system response for an output power decrease from full load to 90%
load. The assumed ramping rate is 5% per second for this power:

decreasing operation. Bppendices 6 and 7 provide the definitions and

.values of <the input data for the steady state and transient state

analyses, respectively. Some of the input data used here for the steady
state simulation differs from that of the previocus simulation in Chapter
2. The values are listed in Appendix 6.2. All of the input data is in

SI or SI acceptable units.

This sample example was run on the NASA-LeRC IBN/370 computer. It
required 115.39 minutes of CPU time to reach the final steady state
which occured at a system time of 14.38 minutes. The criteria used for

determining the final steady state was discussed in Section 6.3.3.

The results include the operating conditions in e;ch
finite-difference grid (in the fuel cell) or section (in other
components) at specific transient times, and initial and final steady
state solutions. Portions of the solutions for +the transient time and
both of the steady state periods are in.Appendix 9. Some of the»results

will be discussed here.

Figure 6.3 shows the  temperatures of some important locations with
respect to time, the locations are: the input fuel after heat

e&chénger-i (A8); the hi%iufétéstieémﬁand fuel (R10); the reacting gas
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6utiét of reformer (A12); the outlet of the high temperaturg_shift
converter (A15); the shell—sidé outlet of the heat exchanger (A16); the
outlet of the low temperature shift converter (A17); the shell-side
outlet of the air heater; and finally, the anode outlet (Bl1). The
nomenclature for the streams refers to figure 1-4. Note that most of
the stream temperatures fluctuate somewhat before the first minute.
Because there are several process loops in the system, the temperature
at any location 1is affected by other changes in the systenm. This is
specially true for the initiai changes which result from adjustments in
the flow rates at four inputs: air for combustion and the fuel cell

stack, and fuel for the reformer and the fuel cell stack.

Table 6-1 shows the operating conditions of the fuel cell stack in
a transient period, the conditions include the operating voltaée, mean
current density, average temperature in the stack, anode side outlet
temperature, operating pressure, and Qutput power. Because a fixed '
anode inlet composition was assumed (Section 5.1), the fuel cell stack
subsystem is independent from other components in the calculations.
Therefore, the time needed for the fuel cell stack to reach the final
steady 3Is much faster than that of the whole system, actuélly, the fuel
processing subsystem. The time period is 3.3 minutes compared to 14.38
minutes for whole system. In Table 6-1, it is evident that the current
density and operating voltage are changing dramatically in the first 2
seconds when the manipulations (of input flow rates) occur, whereas no
significant change 4in temperature appears after that time. Table 6-2
also 1ists the change of voltage and current density in the first two

seconds. Note that the linear change in these two sets of data has
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Time Operating voltage Mean C.D.
s : volt Afem?

0.324 0.669 0.319

=t 0.540 0.671 0.316

2 1 0.756 0.673 0.312

j 1.08 0.676 0.305
& 1.296 0.678 0.301

Lk 1.512 0.680 0.296

Ty 1.836 0.683 0.290

i 2,052 0.685 0.287

s

I ; ) -

- Table 6=2 COperating voltage and mean current density of PAFC

- £ stack changing with time - small time scale

A

i
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resulted from the linear manipulation of the inlet flo? rates. In
conclusion, the current density is 1initially affected by the
concentrations (flow ratés) of fuel and air during the édjustment
period, and then by the temperature distribution in the stack. The
resulting current density distribution also affects the temperature

distribution at the same time.

It is difficult to see both of the distribution changes in Table
6-1. The temperature and current density at each finite-difference
section of the middle strip in the symmetric plate (see Figure 2-17) are
given in Table 6-3 and 6-4, respectively. Both of the changes at the
outlet sections are greater than those of the inlet sections, they are

2.49 to 0.76 °Kk for the temperature and 0.0443 to 0.0306 A/cm? for the

current density.

Appendix 10 provides a 1listing of the initial and final steady
state solutions for the current density and the temperature

distributions.

The assumption that the same concentrations of hydrogen occurs
after the reformer and shift converters is not accurate (see the listing
of the initfal and final steady state performances). However there {s
only a 1.69% ((0.5928-0.5829)/0.5829) difference after the reformer and
a 2.35% difference ((0.7000-0.6839)/0.6839) after the shift converters.
The same conversion assumption is essential to calculate the inle; fuel
flow rate for the first step. Houever,Athis does not greatly affect the

anode fnlet composition, because the cooling tower before the reservoir




Finite-difference section along air flow direction

T-K 1 2 3 4 5 6
0 180.43 °  186.65  193.24  197.57  202.46  204.06
20 179.89  185.98  192.54 196,90  201.68  203.25
. 40 179.68  185.68  192.16  196.50  201.2  202.74
& 60 179.65  185.58  191.98  196.30  200.94  202.44
' 80 179.64  185.54  191.90  196.18  200.76  202.24
. 100 179.64  185.52  191.83  196.07 200,62  202.08
A 120 179.65  185.5  191.79  196.0  -200.51  201.94
140 179.66  185.49  191.75  195.93  200.41  201.83
198 179.67  185.48  191.67  195.78  200.41  201.57

Table 6-3 Temperatures of the mddle portions of the PAFC stack symmetric plate

(see Figure 2-16) changing with time




Finite-difference section along air flow direction

C.d.-

 A/cm? 1 2 3 4 5 6

«3074 « 3204 « 3357 «3397 <3431 <3311
0.324 . «3034 <316 « 3307 3343 «3372 « 3252
0.756 «2963 . 3082 .3223 .3258 .3285 <3165
1.08 «2903 .3018 .3153 .3184 .3210 3096
1.296 .2866 +2976 .3108 .3136 .3160 . 3047

g 1,512 .2829 2936 . 3063 . 3090 3112 .2998
T 1.836 2773 L2875 .2997  .3020  .3038  .2925
I 2,052 <2749 .2849 2969 2990 .3006 .2893
£ 4.104 2755  .2855  .2973  .2992  .3004  .2884
© 60.48 2763 .2856 +2970 <2990 .3000  .2881

198 .2768 2865 L2972 .2985 2990  .2868

Table 6-=4 Current densities of the middle portions of the PAFC stack symmetric plate
(see Figure 2-16) changing with time
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can provide some adjustment.

Although there is some CPU time spent in the iteration of the
steady state solution, there is still too much CPU time spent in
obtaining the transient solution. Other than running this program on a
more powerful "supercomputer” §like CRAY-1), it is necessary to imprové
the computation time by adding some simplifying assumptions which will

be discussed in the following chapter.

This program can be modified to simulate the startup and shutdown
responses of PAFC system, but the procedures for these operations should

be standardized beforehand.
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CHAPTER 7

iy

CONCLUSION

7.1 Summary
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1. The fuel cell {is an attractive option for electrical energy
generation due to its high efficiency and lack of disturbance to the

environment. Because of {its flexibility in size and operating

characteristics, the fuel cell can also be placed on-site at the point

of end use. In this location, the fuel cell not only povides

electricity but thermal energy as well.

2. Phosphoric acid fuel cells (PAFC) are the most advanced of all of the

fuel cell technologies. Pilot plants up to 4.8-11 have been

successfully operated.

3. The PAFC system has three subsystems, which are the fuel processor,
the fuel cell stack, and the power conditioner. The fuel processor

converts a hydrocarbon fuel to a hydrogen-rich gas that is fed to the

fuel cell stack to produce DC poﬁer. The power conditioner transforms

the DC power to AC power compétible with user'’s requirements.

4. The accuracy of digital simulation depends upon the mathematical

hodels;ﬂpéraﬁéter:éséiﬁhtioh;“anh:nﬁmé?ical methods used.
AR S S B P Th-) A SO T ’ T

Sf,There_are_tyo,imodgl}pg_ng§p9d§ Hsgg inﬁfhﬁs:s;mulayiqn,

one is the

lumpegd model and the other is the distributed model. The former uses
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the thermodynamic balances to set up algebraic equations, whereas the
latter use kinetic and thermodynamic expressions to form simultaneous
ordinary-differential equations. The finite-difference method is used

to solve the differential equations.

6. In distributed modeling, the reformer is treated as a combustion-gas
heated heat-exchanger type catalytic reactor; the shift converter; are
treated as adiabatic catalytic reactors; and counter-current double pipe
heat exchangers are used to model the heat exchangers in the PAFC

system.

7. The steady state simulation of the reformer will be limited by the
uncertainties of the rate expression and estimation of the heat transfer

coefficient.

. 8. The regenerative type reformer recycles the product gas to save 10 to

15% of the energy in the combustion gas, which can be used to evaporate;
the water for reforming. In addition, this can be accomplished by meansw
of an external heater using product gas to evaporate part of the

required water.

9. The performance of the PAFC is ;ontrolled primarily by the rate of

oxygen reduction on the platinum.

10. For = the design of fuel . cell systems, modeling is needed to obtain

the 1local | current generation  as a function of position, flow rates,

“ e

VITAC e o wZiiw

temperatures, feed concentrations, voltages, etc. Non-uniform current
€eneration results in non-uniform heat generation £n the cell. Hore

heit “should be removed at the locations” of highest current density and

thus highest heat generation . This gives rise to various possibilities
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for devising better cooling schemes for optimum performance. HAmong the
proposed coolihg schemes in the cooling plate, the branched channel can
obtain the best cooling effect but suffers from structural aeflection
and complication, however, the varying-width scheme can provide good
uniformities of both current density and temperature and has a simple

structure.

11. In the analysis of the fuel cell stack, both the concentration
gradient and cooling scheme determine the uniformity of performance of
the cell plate. High wutilization of hydrogen or oxygen will increase

the concentration gradient.

12. The models for steady state performance in the reformer, fuel cell
stack, and the whole PAFC system agree very well with the experimental

results.

13. The developed steady state model can be used in the design of the
components and system of the PAFC. The model is also used for further

simulation of the transient state.

14, A combined algorithmic-heuristic approach was  developed to
synthesize the heat-exchanger network in PAFC system. There was a 10%

cost improvement from this synthesis.

15. Load change occurs in the operation of the power plant in béth
residential and commerial applications;“ Some transient operation
-methods and assumptions were developed in order to simulate the . PAFC

System response under transient conditions.

16. The dynamic study of each component was the first step in the
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simulation of PAFC system’s transient response. The distributed model

was used to estimate the response of each component.

17. Usually, the stable time interval is a problem in a digitzal dynamic
study. A small value will require a large amount of computation time
and a larger truncation error will result, and the larger time interval
values will lose iﬁformation iﬁ the initial time interval and may result

in a divergent solution.:

18. The maximum value of the time interval in one component depends on
the time réquired to travel one finite-difference section in a
non-reacting component, or the sensitivity of the reaction rate to the

temperature in the reactor.

19. Neglecting <the kinetic considerations in the PAFC dynamic study
results in no accumulation of components in each section and also in the
equilibrium calculations in the transient state computation. Because
the <time constant of reaction rate process is less than that of the
material transport and much less than that of the heat exchange, this

assumption is acceptable.

20. The length of the computation times prevents the use of a real-time

computer in the simulation of PAFC system’s trnasient responses. By

-means of the "on-off” flags and a process controlled clock the.real-time

computation procedure was simulated on a batch-type éomﬁutgr.

21. Although no experimental data 4is available to test the transient
state simulation of the componehts and system, the accurate steady state
simulation, and the smooth transient responses, $ndicate reasonable

dynamic results.

A




ogram developed {is useful for establishing the

22. The computer Ppr

controller settings, to design a procedure for power ramping, and to

study the transient responses.




7.2 DISCUSSION AND RECOIMMANDATIONS

1. Oneluay to decrease fhe computation time in the reactors is to assume
no accumulation of components 4in the finite-difference section. This
assumption was used in the simulation of the fuel cell stack in the
-transient study. There are two advantages resulting from this
assumption:! one is the simplification of the differential equations by
deleting the concentration terms, and the other is the increaséd time
interval. If the transport 1lag in the reactors is neglected, further
increases of time interval are possible. R comparison was made with
these simplified conditions in the reformer, which assumes a fixed wall
temperature profile. The operation definitions, assumptions, and stable
time intervals are shown in Figure 7-1, where Nodel I was used in
Chapter 4, Hodel II was used in Chapter 6, and Model III was proposed
here with previously discussed assumption(s). MNodel III-A, taken from
Chapter 5, also includes the assumption of no accumulating components,
in addition, Hodel III-B also assumes no transport lag in the reformer.
It is evident that the stable time interval is dramatically increased
500 times by using Hodel III-B instead of Hodel I, or even in comparison
with HNodel II (40 times). A futher reduction of computation time
results from fewer variables in Hodel III. However, the results of Hode
III-B 1lose the information for the design of the operation procedure
(ramping rate) and controllers. If we <treat the PAFC stack as a

reactor, Hodel III-B can save a large amount of computation time.

2. Because of the iterative trial-and-error xprocedures'in the steady

state calculation,- the accuracy of the -final solutions depends on the

convergence criteria. Loose criteria may result in an unstable
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pescriptions Model I Model II | Model 111
A\ B
L———f .
Additional 1. no temperatured 1. no temperature difference
Assumptions difference between stream and
(all assuzptionp between catalyst A
in Secticn stream and 2. no accumulation of
2.1.3 are catalyst "components in the finite-
available) difference section

3. A: transport lag of each
section is equal to one
time interval
B: no transport lag, time
interval is greater than
transport time through

the reformer

Time Interval 0.0072 sec. 0.09 sec. 0.18 sec. 3.6 sec.
1.mole fraction}i.mole fractibn 1.reforming 1.reforming
of CH4 of CH4 gas temp. gas temp.
Yariables 2.reforming gas{2.reforming gas
density density
3e.reforming gas|3.reforming gas
temp. temp.
4.catalyst
temp.

e

General Descriptions: height of reformer: 40 ft

temperature profile of walls 1300+17x-0.2x2, °F; x: height, ft
inlet temperafure of reforming gas: 687°F
finite-difference sections number: 21
-Se.S. outlet conversion: 82%
kinetic expression: 19400-e'(29900/T)-PCHA
"~ uhere' T in °R
: initial condition: input flow rate ‘decrease to 50% of

orjginal, rate: 50% per 0.18 sec.

Meure 7-1 Description of different models to compare the stable time interval
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calculation (divergence) in the transient state calculation which uses

the steady Staie solution as the initial conditions. The convergence
error may accumulate with the initial manipulation changes and result in
a divergent solution. A preliminary step can be taken to "stabilize"
the steady state solution. The dynamic program with the steady state
solutions is run, without any initial changes, until the difference
between the calculated steady state solutions and the "stabilized”
solutions is reduced, which means that the accumulation terms approach
zero. This require some extra computation time, however, 1t is
important to start from the "real” steady state conditions (the initial

conditions).

3. Non-uniform temperature distribution in the stack results from
non-uniform current density distribution. The non-uhiform concentration
profiles cause these non-uniformities. Use of Zee' plate or hexagonal
plate stated in Section 2.2.2 isv one solution. The combinition of new
cell plate configurations, effective cooling shemes, and suitable

coolant is a goal for future research.

4. In order to reach a balance between accuracy and computation time,
this system’s dynamic model neglects some small changes which can be
considered in future work. The steady and fixed transport 1lag in each
component can be reconsidered as a function 6f position and time, the»
transport lag; in ﬁipes'and auxiliaries can be estimated and added to
the simulation. A more important consideration is that the conversions
in reformer and shift converters should not be fixed. BAll of the

calculation can be based on this data which will be updated with the

most recent values.
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5. Good models can also be used to explore behavior where only limited
experimental data are available. For example, atmospheric pressure data

can be used to model fuel cell performance at elevated pressures.

6. Digital simulation is a powerful tool for the design of the process
plant, and it may be expected that the day will come when engineers will
substitute pilot plant establishment with simulation on digital

computers.

7. Although PAFC power plant operation is not as critical as that of a
nhcleér power plant, it is necessary to establish a simulator which can
be used for the design df safety feature#. A number of "what if”
questions (sometimes problems) can be answered with this type of
simulator. The program developed here is really the first step in the

development of a PAFC power plant simulator.

8. Other future research.could be on (1) the estimation of wall heat
transfer coefficients in a catalytic reactor, (2) the kinetic expression
of fhe demethanation réaction, (3) a new algorithm with decomposition
procedure for the heat exchanger network, (4) the reliable prediction of

the current-voltage relationship.
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Apnendix 1

Hinimum Steam to Carbon Ratio

A possibility exists that durinz reforming elemental carbon may
form and deposit on the catalyst bed. Primary control is by proper

selection of a suitable steam/carbon ratio.

Hany reactions are possible in this system. A few, including the
more likely are as follow (Ref. A-1-1):

CHy = C + 2Hp . , : (A-1-1)

C + Hp0 = CO + Hp | (A-1-2)
CHy + Hp0 = CO + 3, | | (A-1-3)
CO + Hp0 = COp + Ho (A-1-4)
2C0 = C + CO2 (A-1-5)
€02 = CO + 1/2 02  (A-1-8)
HoO = Hp + 1/2 02 (A-1-7)
2CH4 = CoHg + Hp (A-1-8)

Consideration of the values‘-’7 of . these equllibrium constants
indicates that, at normal reformer operating temperature, reactions
(A-1- 6), (h-1-7), and (A-l 8) can proceed only to negligxble extents,
and hence that 0, and C2H6 cannot be apprecxably present at equil;brium.
If no carbon is to appear in the . equzlibrium mixture- represented by
these three reactxons, ;t is necessary to add sufficient steam

so that the activity ratio szné /aCH4 may be equal to or greater than
K1;~the”édhiliBriun"éonstant*ﬁofFreabtionf(hi'kf)Jthnd that the activity
ratio (a\c0 Nay )/a'H o7 bes ‘fequal’ toor ‘less than K2, the equilibrium

2 2
constant © of reaction(A-1-2).:" If the first ratio is greater than Ki,
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then carbon added to such a  system can react with hydrogen and form
methane until the ratio is reduced to K1. If the second ratio is less
than K2, then carbon added to such a system can react with steam until

the ratio is elevated to K2.

When the ratio of steam to methane in the feed is sufficiently high
so that carbon cannot be present at equilibrium, the equilibrium
composition may be calculated by considerinzg only reactions (A-1-3) and
(A-1-4), which involve all the significant reactants in the absence of
carbon. In order to determine the minimum steam ratio required for
freedom from carbon, a constrained minimization problem was set up:

min., x(3)
subject to:

1. ( 3x(1)+x(2) )2 P _
€ 1-x(1) ) ( 1+x(3)+2x(1) ) > K1

2. (3x(1)+x(2) ) ( x(1)-x(2) ) P
( x(3)-x(1)-x(2) ) ( 1+x(3)+2x(1) ) < K2

3. ( x(1)-x(2) ) ( 3Ix(1)+x(2) )3 P2
T C1-x(1) ) ( x(3)-x(1)-x(2) ) ( 1+x(3)+2x(1) )* = K3

4. x(2) (3x(1)+x(2) )
S0 x(1)-x(2) ) (x(3)-x(1)-x(2) ) = K4

i B x(2) "(14x(3)+2x(1) )
(x(1)-x(2) )2 P > K5

6.“§(2)4x(1)- < 0 - ;~&,~LA T o e Famentios
where x(1): mbles'Cﬁ4*éon€efted by reaction (A-1-3) vl
2 <. x(2): moles CO converted by reaction (A-1-4)

x(3): steam to carbon ratio
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K1, K2,..., K5: equilibrium constant of reaction (A-1-1),

vee, (A-1-5)
So at equilibrium (assume initial CH is 1 mole),
moles CHy 1 - x(1)
HP: x(3) - x(2) - x(1)
Co: x(1) - x(2)
CO2: x(2)
Ho: 3x(1) + x(2)

Total moles: x(3) + 1 + 2x(1)

This minimization problem was solved by COHPUTE computer program
(Ref. A-1-2). The COHPUTE code solves the constrained optimization
problems using mixed penalty funtion* together with Hooke and Jeeves

pattern search method for extremization.

Each equilibrium constant was calculated utilizing a correlation of

the form

a b - c -
InK=T>+T2+7T+d. . (A-1-9)

This correlation is found to be a very good fit over the range 800-2000

*: By mixed penalty functlons, we mean if the first 1 constraints are

1nequa11ties and constraxnts (1+1) to m are equalxtxes, our problem

- f .- R 0 A R RS S i

becomes: minimzze

# = fo (x)-K z: ln(gi (x)) + 1/K Z (g:. (x))2 . The function
: s oo i=1+1 o e

% (x,K) is then minimlzed for a‘;equence of monotonically decreasing K

> o.
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Rppendix 2

External and Internal Effectiveness Factors

in Reformer and Shift Converters

Consider the fixed bed of catalyst particles shown in Figure A-2-1.
In general the easiest parameters to measure in such a reactor are inlet

and outlet conditions and perhaps a temperature profile.

e

Pigure 4-2-1 Pixed bed remctor

W

Harea

reaction rate expression explicitly contains

[T

The - surface

concentration and temperature terms which must be evaluated at the

surface. These conditions may be very different from the measurable

conditions.

' If we let the observed (sometimes térmed "global”) reaction rate of

P -

cbhﬁaﬁehf’hfih'a fikédiséd‘reééfof;"éb; bé ‘s function ' of the measurabie

quantities,




Ty) ET (A-2-1)

TAT Tobs = Tglobal =3 Rs(C p0sCppre-er

where a active catalyst surface area/unit
volume of reactor bed

(sq.ft. catalyst/ cu.ft. bed)

R = heterogeneous (surface) reaction rate,

($moles A/(hr)(sg.ft. active catalyst))

E internal "effectiveness”" factor

external "effectiveness"” factor

T
Cio, CBo,..., To = bed avg. comp. and temp.

The internal effectiveness factor, E, accounts for the differences
between concentration and temperature at the externzl surface of a

catalyst particle (CAs, Ts ) and on the inside of.the catalyst pores (CA

» T)o

The external effectiveness factor, { , accounts for the differences

between conditions at catalyst surface (Cas, Ts ) and the bulk gas (Cio,

To).

Internal Effectiveness Factor

An examination of Figure A-2-2 shows that the concentration of

Feactant A is at maximum at the pore mouth and then decreases down the

length of the 'pore. Thus, the surface reaction rate must vary toward
the center of the catalyst particle. He need to evaluate the difference

between the actual .reaction rate in the pore and-the rate when the pore

Mouth concentration prevailed throughdut the pore. "% ¢~ -




Pigure A~2-2 Model of a catalyst bead vith s micropore

This difference is evaluated in terms of the internal
"effectiveness factor” which is the ratio of the rate of the process

occurinz in the pore to the chemical reaction rate which would occur if

the inner pore surface was totally exposed to the pore mouth
/

concentration.

Thus,

Rate of process occurring in the pore
E = Rate of surface reaction @ gas phase conds.

External Effectiveness Factor

No matter how active a catalyst particle is, it can be effective
only if the reactants can reach the catalytic surface. The transfer of

Yeactant from the bulk fluid to the outer surface of <the catalyst
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particle requires a driving force, the concentration difference.
The concentration of reactant is smaller at the surface than in the bulk
fluid. Hence the observed rate, the global rate, is less than the
intrinsic rate evaluated at the coﬁcentration of reactant in the bulk
fluid. The same reasoning suggests that there will be a temperaturé
difference between bulk fluid and catalyst surface. External
effectiveness factor is to evaluate these differences. Thus

heterogeneous surface.reaction rate @ surface conditions
(= heterogeneous surface reaction rate @ bulk gas conditions
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Effectiveness Factors of Catalysts Used in tha Reformer and Shift

Converters

There are several different kinds of of catalysts used in the
reforﬁer and shift converters. For instance, in the reformer, there are
four kinds of catalyst for experimental or industrial use: Girdler’'s
G-56B (Ref. 9 and 10), I.C.I. 57-1 (Ref. 11 and 12), Catalyst 100, and
Halder Tops®e'’s RKNA/S (Ref. 11). 1In this study, only one kind of
catalyst for each kind of reactor is examined, which are Girdler’s G-56B
for reformer, 93% Fe,0; and 7% Cr,03 (Ref. 13 and 14) for high
temperature shift converter, and Girdler’s G-66B (Ref. 15) for 1low

temperature shift converter.

The definitions of variables and algorithm used in the calculations
of both internal and external effectiveness factors are in Table A-2-1
and A-2-2, respectively. The data of catalysts, reactions, and the
reacting gases are 1listed in Table A-2-3. Some catalyst data is

estimated from similar kind of catalyst.

The final results are ;isted in ‘Table A-2-4. Thezb-SGB catalyst
shows small internal effectiveness factor, which means the concentration
of methane and the temperature of the reforming gas are much idﬁér down
the pore than af‘tﬁe pore mouth. Therefore, the. calculation of global

reaction rate of demethanat1on react;on in the reformer should consider

this difference if G- SGB is usod as the catalyst. The assumpt1on, which
neglects the internal effectiveness in calculating the reaction rate, is
generally correct in the simulation of shift converter. Usually when

the differences between the conditions at catalyst surface (Cas, Ts) and




Variable Description Unit

LA

DP
APR
PP
1I
IM
RMA
RMI
EPA
EPI
NA
NB
TOR
DAE
RID
BWE
BD
BTH
EPS
TOP
P
X
FL(i)

DLC
FACTR
ACT

size (diameter) of catalyst ft
average pore radius |
catalyst porosity

shape of catalyst

model used in cal. effective diffusivity
aver., radius in macro region (IM=2) i
aver, radius in micro region (IM=2) i
void fraction in macro region (IM=2)

void fraction in micro region (IM=2)

stoi. number of reactant (IM=1)

stoi. number of product (IM=1)

tortuosity factor (IM=1)

effective diffusivity (IM=3) ' £t2/nr
internal dia. of reactor _ ft

bed weight A ~1b

bed density 1b/£t7
bed length - ft

bed porsity or for sphere (Ref. 1 & 2)

operating temperature : R
operating pressure ATM
conversion

average flow rate of gas i lb-mole/hr

i=1:CHy, 2:CO, 3:C02, 4:H20, 5:H2, 6:Np, 7:02

thermal conductivity of catalyst BTU/hr-ft-R

factor for cal. effective diff. (option)

activation energy : BTU/1b-mole

order of reaction

Table A=-2-1 Definitions of variables for calculating

effectiveness factors

234




(2)
(3)
(4)
(5)
(6)

(1)
(8)
(9)
(10)
(11)
(12)

(13)
(14)
(15)
(16)

(17)
(18)
(19)

Check radial temperature gradient; (Ref. 5)
Check axial dispersion effect; (Ref. 5)
Check differential reactor approach;
Calculate superficial mass flow rate of bulk gas (GO);
Calculate Reynold Number (RE); (Ref. 6)

Calculate Chilton and Colburn JD factor (JD); (Ref. 3)

JD=1,82%RE** §-0.51g RE < 350.
JD=0,99%RE** (-0.41 RE > 350,

Calculate Schmidt Number (SC); (Ref. 4, 6, and 7)
Calculate mass transfer coefficient (KG);
Calculate (or input) observed reaction rate (ROBS);
Calculate characteristic length (AC);
Calculate Damkohler Number (DA);

Calculate (or input) effective thermal conductivity (DLA);
(Ref. 4 and 6)

Calculate Prandtl Number (PR); (Ref. 6)
Calculate factor BATAj;
Calculate Weisz Number (Arrhenius Group) (RO);

Use Newton's method to estimate external effectiveness
factor;

Calculate surface conc. (CAS);
Calculate surface temp. (TS);

Check the conc, and temp. differences are significant
or not; (Ref. 5)

Table A-2-2 Algorithm to calculate internal and external

effectiveness factors




(20)
(21)
(22)
(23)
(24)

Calculate internal effective diffusivity (DAE); (Ref. 4)
Calculate Damkohler Group II (PHI);

Calculate heat generation function (BAT); (Ref. 5)
Calculate max, internal temp, difference;

Check plots in (Ref. 8) to estimate internal effectiveness
factor or check PHI (1./ABS(N-RO*BAT)) (Ref. 5) to see
internal effectiveness factor is significant or not (5%

interval)

Table A=2=2 continued




DATA

Catalyst G~-56B 93% Fep03 T%Cr203 G-66B

Reaction steam reforming water shift (high) (1ow)

DP 0.015625 0.001837 0.00177

APR 305. 32.5 175,

PP 0.407 0.623 0.56

II 2 1 1

™ 2 3 1

RMA 993.

RMI 33.2

EPA 0.328 -

EPI 0.0792 .

NA -1

NB 1

TOR 4.

DAE 0.02286

RID 0.0677 0.002133 1.41

BWE 0.02866 0.001433 668.
80, 85.52 76.78
0.1025 0.0469 5.58
0.467 0.39 0.51
1640, 1177.5 888,
1. 1. 1.5

6.52482

0.054 0.78
0.02145 0. 0.234
0.0003968 0.0004966 0.37
0.001708 0.0004192 2,626
0.0653 0.000854 2.29
0.001984 0.00038 13.27
0. 0. o.
o. O. 00
1. 0.5 Te
0.07 )
36000, 43200, 22860,
1 1 1

Table A-2-3 Input data of examined catalysts
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G-56B  93% Fep03 7% Cry0s G-66B

| CAS/CAO 0.99 0.998 0.9999
TAS/TAO 0.99 1,000 1.000
; External :
Effectiveness 0.8872 1.01 0.9999
Factor
Max, Internal
Temp., Diff, -27.8 0.87 : 0.042
Internal :
; Effectiveness 0.3 1.00 1.00
3 Factor

Table A-2-4 Results of examined catalysts
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the bulk gas (Cao, To) are small, then the external effectiveness factor

is close to'l.
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Appendix 3

Heat Exchanger Network

A combined algorithmic-heuristic approach to fhe systenatic
synthesis of heat exchangers, heaters, and coolers 1is proposed. This
three-phases algorithm may generéte, with great ease and considerablé
rapidity, a near optimal exchanger network. All the sample problens

ranginz in size from 4 to 10 streams were examined.
(~] (-]

Results compare favorably with the presently available techniques

and allow to handle realistically large broblems.

Introduction

The area of energy conservation that has been receivinz increased
attention is the improved process heat recovery. BAny heat recovered and
reused in the process not only reduces the amount of fuel consumed tut

also lowers the amount of heat rejected to the cooling systen.

Essentially, the synthesis task consists of finding a feasible
sequence of heat exchangers in which pairs of streams are matched, such

that the network is optimal as the total cost is minimun.

The general <techniques that have been developed recently for
solving this problem include the heuristic approach which is based .on
the use of rules of thumb (for example, H/H combination in Ref. A-3-12),

and algorithmic methods which often involve some  established

optimization principles (for--example, Branch-and Pound in - Ref.-A-3-6;
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illustrate the method. The results are compared with the present
synthesis methods. Also, more detail considerations of different

structures are examined and some recommendations are also given.

RAlthough this proposed method does not favor all the problems, less
computation time and relatively easier algorithm still give us good

understanding in this kind of problems.

Further extensions of the present approach alonz with decomposition

for the synthesis of heat exchanger network are recommended.

Problem Statement

The synthesis problem to be considered has been defined by Hasso
and Rudd (Ref. RA-3-9). In brief, there are H hot streams
Shi(i=1,2,...,H1) to be cooled and N cold streams Scj{(j=1, 2,...,N) to be
heated. Associated with each stream are its known input teﬁperature Ti,3
output temperature Tti, and heat capacity flow rate Hi. There are also

available auxiliary steam heater and water coolers Suk(k=1,2,...,p)

called utilities. The problem is to create a minimum cost network of

exchangers, heaters and/or cbolers so that the desired output
temperature of each process stream is reached. Heat transfer area of an
eichanger of this type is expressed by

A = Q*log(d2/41)/(UF*(d2-d1)) |
where dl=Tho-fci, d2=Thi-Tco.
In genefal, the investmené cosf for the ith exeha;gef, heater, and

cooler, denoted by Céi, Chi; and Cci, respectively, can be éorrelated to

their cdrresponding heat -traﬁsfér area Aei,' Ahi, and Aci by the
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enpirical expressions Cei=a*fei»®b, Chi=a®Ahi#**b, and Cci=a%hci*+b. The
total cost of investment and utility of the network to be minirized can
be expressed as

J=de (5" a*Rheis*bt _a*hhissb+ Tashcissb)+T Z) uk*Sukl ' (A-3-1)
el hi ci ~ k ,
For convenience, the following simplifying assumptions, uhich have been
used in most previous studies of synthesis of heat exchanger networks,
are included: the use of countercurrent shell and tube exchangers with
minimun allowable approach temperature (MAAT), no phase changes of
‘process streams, and equal values of the effective heat transfer
coefficients for all exchangers. The illustrative examples in this

paper are all taken from the literature, and their specifications of

process streams and design data are summarized in Table 1 and 2.

Alzoritha
phase I:
(1) Calculate the upperbound of heat dﬁty on the level of enzrzy
recovery.
(2) Calculate the minimum heating capacity in the heater.
(3) Select Tct#=pax(Tcti) and Thﬂ=nax(Thj5 corresponding
to cold séreém i and hot stream (include heater) j,
respectively. |
4> Consider‘a ekchanger or heater deciding the Th*
of which Tct%kandﬂTh* are the cold outlet and hot inlet
tempefétuie %especfively.v ; S ;-;’ - ‘

(5) Use an appropriate heuristic (maximal heat recovery or
minimal exchanger. area for example) to determine the
. quantity of heat transferred in this exchanger, while for

heater the minimum heating capacity is considered.




All other

4SP1 problems
Steam:
pressure (1b/in.2abs) 962.5 450.0
Latent heat (3tu/1lb) 656.6 7675
Temperature (°F) 540 456
Cooling water: ,
Temperature 100 °F
Heat capacity 1.0 Btu/1b°F
Maximum water output
temperature - 180°F
Minimum allowable approach temperatures:
Heat exchanger 20°F
Steam heater 25°F
Vater cooler 20 °F

Overall heat transfer coefficients:

Heat exchanger 150 Btu/hr £12 °F g
Steam heater 200 Btu/hr £t2°F
 Water cooler 150 Btu/hr £12°F . . B
Equipment down time 380 hr/yr for 4SP1 and 6SP1

260 hr/yr for all other problems
Network cost

parameters a =350 b=0.6
innual rate of return § = 0.1
Cooling water cost 5 x 10=2 $/1b
Steam cost 1 x 1073 $/1b

Table 2 Design Data
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(6) Calculate the new corditions for the exchanged system

and delete the fulfilled strean.
(7) Repeat steps (3) to (6) until no further matches can be made.
(8) Heat any remaining Tci to Tcti using heaters, and cool

any Thi to Thti with coolers.

The above procedure will generate only on2 process, but it is

nearly always close to the optimum.

Phase II1

(1L Calculate.the lower bound of units by the following rule
(Ref. A-3-3)
"The minimum number of units is nearly always one less than
the number of streams required in the problem”.

(2) Eliminate the unnecessary heaters when the mininum capacity
of heater criterion is violated.

(3) Eliminate the unnecessary exchanzers by evoluticnary rules
(Ref. A-3-7 and A-3-8).

(4) Go back to phase I and recalculate the new structure and
compare to the original one. If improved result is:pbtained
go to Phase III; otherwise, keep the original structure an3d

go to Phase III.

Phase II can be omitted when the criterion (stated in (2)) is not

violated. It also can skip steps (1) and (3).

Phase III
(1) Count the number, NC, of "critical” exchaﬁgers (vhich means

that the approach temperature is equal to HAAT).
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(2) If NC=0, the opntimal solution has been obtained;
if NC=1, Golden-ratio search method is used to find optimal
HARAT and the resulté;
if NC>1, Pattern search method is used to find optimal

HAAT and the recults.

Results and Comparison

The sample problems 1listed in Table 1 are solved usinz this

algzorithm by IBH/370. These results have been compared with other

approaches and sumnarized in Table 3.

Discussion and Recommendation

Phase III will improve a 1lot in Problem 4SP1. The Golden-ratio
search method 1is discussed in Ref. BA-3-10, and the results are
sumnarized in Table 4. However, in other problems the improvement will
not be apparent (sez Tzble 5). Hhether the optimal MRAT will be larger
or smal;er than 20 °F is dependent on thz temperature differences in the
"eritical” exchanger and prﬁperties of streams. In conclusion, 20 °F is
a good approach of HART and Phase III can be onitted for saving

Computation time.




Table A=3=3 Comparison with Previous Situdiss

maar (F) Cost of Problam £3P1

13530
12746
11655
11069
10781
10986

' Table A-3=4 3earzh for Cptimal YAAT of Proclem 43P1

kT (F) , Cost of Problem 7521
20 3C850
- 22 s i 20754 - -

) 25 - 30634
27 30557

= 30 30534

35 30453

40 C414

M RN .

-

Table i=3=3 -Seareh for Cptimal FaaT of

Froblam 7371

Cost of 4571 43P2 5521 321 7591 75P2 1C3F1
Yasso and 38762 24376 26328
Rudd .
Lee et al 12688a 724C0 28762a 373301 !

(acyclic) :
MeGalliard
and 13688a 38762a 35780
‘Westerberg ;
Pho and 13638a 38762 35659 32152a 285180 44150 5
Lapidus
Rathere 13590 )
Powers i
Ponton :
and 12530 23716d 4519% 33407 40€25 J4873 :
Jonaldson !
Xelahan 10624 38762 25048 i
and Jaddy g
Nishida 13590 20353¢ 3871% 35010 43534 :
et al,
Linnhoff
and 13530 21€44ad  38777a 33010 35735a 27560a  43%4%a
Flower 19557ac
This work 10586e 2192145 38752 33010 30414°f 25325

18512¢
a3y the cost is correszed for she differen< design dasta used nere
2t not feasible c: splitsiing
d: cyclic ey MAAT 1,313 7
froMaaT 24,47 7 g3 MAST 40 7 i
73 max. Reat recovery i: 1in. 2Xchanger area i




"Cyclic”" structure is better than "acyclic” structure espically in

the problems where the number of hot streams is quite different from the

number of cold streanms. Some algorithmic methods (Ref. A-3-6 and

[

SR, Ty

A-3-11) can only obtain acyclic solution and should not be considered i;i
}%‘ solving this kind of problems. The most apparent example is 4SP2, the
%1 result is a three-fold decrease in annual cost.
3% "Splitting” structure was discussed by Linnhoff and Flower (Ref.
%" BA-3-8) and will not be repeated here. Two different answers of 4SP2

vusing splitting structure are listed in Table 3. Our solution uses
? usual optimal technique to obtain optimal splittingz ratio and is
tﬁﬁ referred to that of Linnhoff and Flower's. Although this procedure is

:f ' not included in our algorithm in which splitting structure can not be
created, it is worthy to note the difference for this special problen.
- Besides, in order to ensure that its temperature difference at the hot

end does not, in turn, violate NAAT, the heat capacity flow rate chosen

for the bypass must not be chosen below a certain threshold value.

Haximal heat recovery or minimal exchanger area abproach for
calculating the duty of heat exchanger in which Qci is larger than Qhj

is considered in this work (in Phase I). Though it does not make much

difference in Problem 10SP1 (see Table 3 the last two results), it is a
good consideration to obtain a better solution. Some constraints and

criteria are mentioned for choosing these different approaches in our

_algorithm,

This proposed algorithm does not guarantee the "best” solutions
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(neither do the other approaches), but the 1less computation time,
relatively easier algorithm, and almost optimal solution still make it

attractive to go further.

Decomp;sition method is recommended to combine with this proposed
algorithm and hopefully will give a better.result. An element duty Q is
chosen by the greatest common divisor of overall duty (Qhi or Qci), then
we substitute each cold or hot stream by a number of equivalent
pseudc-streams with each one labelled by a duty Q. These pseudo-streams
are then solved by the procedures described in this paper. A large
number of pseudo-streams, which exists in the revised problem, will

result in longer computation time.
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Use Laplace Transform Method to

Appendix 4

in the Channels

Transient Convective Heat Transfer

" In the mathematical function of <the <transient convective heat

transfer along the channels in the fuel cell stack,

considered, {s

Tw

T-1— 3

— TJ

T

QAo ~ = hs (Tw(B) - T) - mC

0

where T = T (x,8)

B.C. x=0 T=Tj (8)

I.C. =90 T=T'

where Q : molar density

Ro: cross area per channel

6 : time

4 previous value

SR 36 = ~Aop(™M(0)-1) -

Let o5 x§~1'3 AoC

then _2% =R (Tue) - r)

~ Taking Laplace Transforms, we havg

P

S'r - T(x,0) =A - Tu(s) - AT -B

'y
[t

~;' ~ - [ §
aF, g5 5 _ ATu(s) | T
ax*tB B B

_BC_ 2T
A'OC ox

= B, and E= x/B

2T

2L Iéu.

lx‘

=£{T(x,t)},

only one grid is

(A-4-1)

(a-4-2)

(h-4-3)

(r-a-0)

(2-4-5)
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T = -(A Tu(s) + T") " Clexp ( 3 x) (A 4-6)

at x =0 T =Tj-1 ($)

: R ' 1
t Cl = - - ’ L
hen C1 = Tj-1 (s) - (A Tw(s) + T") ( 5 )

§~!'A A+S
A4S ) - Tw(s exp (_ _3__ x

=. Tw(s)eA , T

T A+3 75 * Ti-1(s) exp (- Fox A+S
(1) (11) (111) v)

T A+S
-3 e (-5

(V) (4-4-7)

The inverse Laplace transform of

(D =/e A exp (-Au) Tw (B-u) du by convolution property
0]

(II) = T’ exp (-AB)
(III) = exp (- A Ex) Tj- (8- E ) U (8- E ) by
second shifting property
where U (8- E ) is the Heaviside unit step function
UV (6-E) = 1 when 6 > E

0 when 8 < E

(IV) = ~A exp (- RAEx) je exp (-A(u- E)) U (u- E) Tw (8-u) du
0
8
= (-A o exp (-Ru) Tw (B-u) du 8>E
0 . 8 <E

(= -1’ exp (- REx) exp (-A(6- E)) U (8- E)

= -T' exp (-AB) U (8- E)

,,,,,

. a; X = AX . : o R e e D T TR I S
let D =4ax/B ... .. . . | . . o
. ® Fo @lf?lly
Tj’.exp (-R6) + A 5 xp .(-Au) Tw (8-u) du . .,ﬁpOOgl_pﬁ
Cos ~ . ife<hb . Daﬁ(f’{?
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: D
exp (- RDx) Tj (6- D ) +A ‘L exp (~Au) Tw (B6-u) du
| i£6>D
if we use trapezoidal formula (2 points for O being smail) to
approximate the integration, then
Tj’ exp (-A8) + 1/2(R6) (Tw(B) + Tw(0) exp (-RB)
for 8 <D
Tj = \ : (A-4-9)
Tj-| (6~ D ) exp (- D ) + 1/2( D ) (Tu(B) + exp ( -D )
Tw (8~ D )) for 8 > b
if we let H (=48)= D but iarger than D,
then at 8=H TJj(H) = Tj-1 (0) exp (-~ D ) + 1/2( D )
(Tu(H) + Tu (0) exp(- D ))
8=2H Tj(2H) = Tj-) (H) exp ( -D ) + 1/2( D )
(Tw(2H) + fw(H) exp ( -D )
8=3H Tj(3H) = Tj-j (2H) exp ( -D ) + 1/2( -D )

(Tw(3H) + Tw(2H) exp ( -D ))

etc.

for §j=1 Tj-iis constant and egual to inlet temperature.

The problem is that B is quite different between process air and cooling

air, therefore H can not be estimated. That is .

——fn— . ~— 1 A -—dy-
B = Bho and ( D ) cooling = Zg:g( D ) process, (h-4-11)
so if we estimate H from D process then H >> D cooling. z:l..:l. -

Therefore, for cooling air,
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at 8=H T§(H) Tj (H) exp ( =D ) + 1/2( D ) Tu(H) (1+exp( -D ))

8=2H Tj3j(2H) T3 (2H) exp( -D )+1/2( D ) Tw(2H) (1+exp( -D ))

etc L
But, 4if D 'is close to or larger than 1, which happens in the process
air channel when we consider larger grid (A x is larger), then 2 points

frapezoidal formula approximation does not work.

Reconsider the mathematical model and take Tw as a constant (can be

the avérage of the time period), then Laplace transform of Tw term is Tw

S
and
_ __Twea 7! ' A+S
T = 5Y(ass) - 55 - Ti-1(8) ex (- F=x ]
(1) (11) (111)
- e (AR ) o D e (- M8,
S)(A+S B -A+S B
USSR W (a-4-12)

The inverse Laplace transforms are the same except (I) and (IV) are (Tw
(1-exp(-A8)) and (Tw (exp(-AB) -exp ( -AE ))) U (B~ E), respectively.
Then the final solutions are
Tj = | T3® exp (-AB)+TIwj(l-exp(-R8)) ife<p
T§-1 (8- D Jexp(- AD )+Twj(l-exp(- AD )) : (A-4-13)
ifre>D
After going through the same treatments as before, the solutions are as

follows;
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for process air:
8=H Tj(H) = Tj-|(0)exp( -AD )+Tuj(1-exp( -AD ))

=2H Tj(2H) = Tj-; (Wexp( -AD )+Tuj(l-exp( -AD ))

etc .

where Twj = (Tw(8)+Tw(B+H))/2.

for cooling air:
6=H Tj(H) = Tj (H)exp( -AD )+Tuj(l-exp( -AD ))

6=2H Tj(2H) = Tj (2H)exp( ~-AD )+Tuj(l-exp( -AD ))

T NIRRT T e o
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Appendix 5

Input Data for Similation of CSU PAFC System Steady
State Performance

Variable Dimension Initial Unit Definition
name value '
TOPFC 443 °K Operating temperature in fuel cell
hipy 0.8 Utilization of H2 in stack
CD 600 mA/cm? Designed current demsity
- DNSM 1 1216, g-mole/hr Input mole flow rate of CE4
2 0 g-mole/hr Input mole flow rate of 02
3 1.36 g~-mole/hr Input mole flow rate of CO
4 21.8 g-mole/hx Input mole flow rate of COp
5 166, g-mole/hr Input mole flow rate of Hp
6 0 g-zole/hr Input mole flow rate of Ha0
7 0 g-mole/hr Input mole flow rate of Np
TAT 298 i Ambient temperature
PAT 1 atm Ambient pressure
SMRA 3.0 Steam to carbon ratio
PCPR ' 5.0 atm Operating pressure of reformer
'IFUEL 1 =1 Input fuel is methane

=2 Input fuel is methanol
=3 Input fuel is naphtha
ERR 0.01 Criterdn of convergence in system
trial and error procedure

Ir : 2 =1 adiabatic operation in shift
' converters
=2 igothermal operation in shift
converters
I 7 Number of components in whole systex
o ¢y 100 Extra percentage of needed air in
EXA 100 Extra per centage of air in fuel
cell stack

N
3:]

2.438 m Height of reformer




Variable Dimension

Initial Unit

Definition

name value
DX1 0 o Outside diameter of regenerative
‘ tube

DX2 0.0457 n Inside diameter of reforming tube

DX3 0.0509 m Outside diameter of reforming
tube

KO 10400 Rate canstant of demethanation
reaction - |

EA 83736 J/mol Activity energy of demethanation
reaction

REOB 1281.477 Kg/m3 Density of packing in reformer

0.487
0.0762 m
0.001 m
0.0762 n
1.3 m2- %
56.78263  I/ml-g-%
0.2 m
0.2 me
2
5
0.3048 a
0.019 m
" 0.0254 m
0.00634 =m
0.25%4 m
0.0142 m
0.00016 ol
0.0136 ol
0.61 .

Void fraction in reformer

Width of cimbustion gas square duct
Diameter of catalyst in reformer
Height of finite-difference section
Q x 4/C min in heat exchanger
Overall heat transfer coefficient
in heat exchanger

Transfer area in E-7

Transfer area in E~10

Number of tube passes

Number of tube rows

Buffle space

0.D. of tube

Pitch of heat exchanger

Clearance in heat exchanger

I.D. of shell

I.D. of tube

Flow area in heat exchanger

Surface area per line

Length of tube
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variable Dimension Initial Unit ~ Definition
name value
SITSZ .0.5 Ratio of total inside tube cross-
sectional area per pass to header
cross-gectional area per pass
DTH 0.7 Fraction of AT over inlet gas film
o in heat exchanger
DPD 1 0.36 m Diameter of shift converters
AHRN 1 0.66 Void fraction in shift converters
APPD 1 6.41 n? Total surface area of packing
CLEFD 1 1.8 m Length of shift converters
NTPD 1 Number of tubes in shift converters
NTAF 140 Rumber of fuel flow channels in stack
FULE 0.433 m Length of fuel channel
WIDAF 0.00297 m " Width of square fuel channel
NPFU 3365 Muimber of cell plates
NTAA 40 Number of process air flow channels
ATRL 0.348 m Length of air channel
WIDAA 0.00157 m width of square process air channel
' SRO 0.000044 . -m? Cell resistance at 450 °K
Sa 40000 ml/Kg Surface area of catalyst
Co 0.15 Utilization of catalyst
CL 0.0075 Kg/m2 Catalyst loading
ALFA 0.50 Transfer coefficient
SN 2 g~equivalent Number of Faraday equivalents
transferred '
FCONST 96500  C/g-equivalent Faraday constant.
DKC 240000 Afatm Constant to calculate limiting

current density
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Appendix 6
A6.1 1Input Data for Simulation of Westinghouse PAFC System S.S. Performance

Variable Dimension Initial Unit

AR g

Bt

4

]

2

SRR

T

0.0034  kg/m®

0.35

50000 n2/xg
0.000044 L -n

0.55

240000 A/atm

Definition .
name value
XN 0.35433 ] ‘Length of cell plate in x-directim
N 0.3048 m Length of cell plate in y-direction
XONSO 3250 8/l Designed current demsity
UTA 0.5 Utilization of 02 in stack
- UTH 0.8 Utilization of B2 in stack
POPC 3.4 atm Pressure of cooling air
PP 3.4 atm Operating pressure in stack
TKA 450 K Inlet temperature of process air
WFD 0.001016 m Depth of fuel channel
WIW 0.003048 m Width of fuel chammel
NcC 36 Number of cooling channels
VE 0.001016 =m Thickness of cell(electrode and matrix)
T 0.003302 m Thickness of cell plate
NK 5 Number of plates between two cooling plates
WAD 0.001016 o Depth of process air chamnel
WAW 0.003048 m Width of process air channel
NP 32400 Number of cell plates
NCA 80 Number of process air channels
55 Fumber of fuel channels
0.008891 n Thickness of cooling plate
6 Finite difference number in x-~directaon
6 Finite difference number in y-directieom
0.005 Criteria for convergence '
- 0.0075 kg/m Catalyst loading on cathode side

Catalyst loading: on anode side
Utilization of catalyst
Surface area of catalyst

Cell resistance at 450 K
Transfer coefficient

' Constant to calculate limiting current

density
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Variable Dimension Initial Unit Definition
name value
R 8.314 J/(g=mol)(K) Gas constant
z 2 g-equivalent Fumber of Faraday equivalents transferred
FCONST 96500 - C/g-equivalent Faraday constant
NC 29 Ratio of cooling air to air consumed in
v stack
KX 1.730735 J/m.s.K Effective thermal conductivity in stacking
direction ‘
KY 51.92205 J/m.s.K Effective thermal conductivity on the
cell plate
TKC 403.3 K Inlet cooling air temperature
NTREED - 3 =0 Straight or varying width cooling
canfiguration
=3 HBranched cooling configuration
WTRE 0.1524 n First section length of branched cooling
configuration
0.1016 m Second section length of branched cooling
configuration
0.0508 m Third section lemgth of branched cooling
configuration
WCW 0.00508 m FPirst width of branched or varying width
. cooling configuration ‘
0.00254 =m Second width of branched or varying width
cooling configuration
0.00127 =m Third width of branched or varying width
cooling configuration
wCD 0,00508 m Depth of cooling channel
NVARY 0 =0 Straight or tranched cooling
configuration »
=1 Varying width cooling configuration
Iva o} First width section number
‘ 0 Second width section pumber
0 Third widih section number
Y202 0.208 Mole. fraction of 02 in cathode inlet




Variable Dimension Initial Unit Definition
2 B name value
Y2N2 Cc.782 Mole fractiom of N2 in cathode inlet
Y2820 0.01 Mole fractiom of 820 in cathode inlet
RECP 2611.01  kg/m’ Density of cell plate
RHOC 2162.49 ka/m’ Density of cooling plate
CCP 1.0467 kJ/(kg.x) Heat capacity of cell plate
cce 0.841547 kJ/(kg.K) Heat capacity of cooling plate
SAREA 1 964.5670 ©°/m’ Specific surface ares of packing in high
[ temperature shift converter
2 2411.417 ©o/m’ Specific surface area of packing in low
temperature shift converter
CPC 1 0.879228 kJ/(kg.K) Heat capacity of catalyst in high
temperature shift converter
2 0.753624 kJ/(kg.K) Heat capacity of catalyst in low
temperature shift cinverter
RHOB 1 1281.501 kg catalyst/m’ Demsity of packing in high temperature
bed shift converter
2 1229.920 kg catalyst/m5 Density of packing in low temperature
bed shift converter
op 1 0.003048 m Diameter of catalyst in high temperature
shift converter
2 0.001219 m Diameter of catalyst in low temperature
shift converter
EPS 0.469 Void fractien in shift converters
ZBS 1 1.8288 n Height of high temperature shift converter
2 0.6096 n Height of low temperature shift canverter
D1s 1 0.09144 =m Diameter of high temperature shift
converter
2 0.0762 m Diameter of low temperature shift
converter
NTS 1 92 Number of tubes in high temperature
shift canverter
2 - 92 ‘FBumber of tubes in low temperature

shift converter
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Variable Dimension Initial Unit Definition
name value
MS 1 6 Number of finite difference sections in
bigh temperature shift converter
2 6 Fumber of finite difference sectioms in
low temperature shift converter
A 1 1,8288 o Length of air heater '
2 4.2672 o Iength of anode exhaust heat exchanger
3 2,743 m Length of preparator
.4 5.7912 o Length of heat exchanger-1
5 5.7912 m Length of heat exchanger-2
M 1 0.0452628 m Inside diameter of tube in air heater
2 0.0452628 m Inaside diameter of tube in anode
exhaust heat exchanger
3 0.0452628 m Inside diameter of tube in preparator
4 0.0198729 =m Inside diameter of tube in heat
exchangexr=1
5 0.0198729 m Inside diameter of tube in heat
exchanger-2
D2 1 0.0508101 =m Outside diameter of tube in air heater
2 0.0508101 m Outside diameter of tube in anode
exhaust heat exchanger
3 0,0508101 m outside diameter of tube in preparator
4 0.0253898 m Outside diameter of tube in heat .
exchanger=1
"5 0,0253898 m Outside diameter of tube in heat
exchanger-2
D3 1 0,073152 wm Inside diameter of shell in air heater
2 0.,073152 m Inside diameter of shell in anode
exhaust heat exchanger
3 0.073152 =m Inside diameter of shell in preparatar
4 0.0370332 m Inside diameter of shell in heat
exchanger=1
5 0.0370332 =m Inside diameter of shell in heat

exchanger=2
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variable Dimension Initial Unit

Definition

name value
NT 1 55 Number of tubes in air heater
2 220 Number of tubes in anode exhaust heat
exchanger
3 177 Number of tubes in preparatar
4 178 Number of tubes in heat exchanger-1
5 402 Nubber of tubes in heat exchanger-2
ME 1 6 Number of finite difference sections in
air heater
2 6 Number of finite-difference sections in
anode exhaust heater
3 6 Number of finite-difference sections in
preparatar
4 6 Number of finite-difference sections in
heat exchanger-1
5 6 Number of finite-difference sections in
_ heat exchanger=-2
REW 8027.17 kg/m3 Density of wall in heat exchangers
CPW 0.502416 kJ/(kg.K) Heat capacity in heat exchangers
TEW 20,76882 J/m.s.K Thermal conductivity in heat exchangers
ZBR 12,192 m Height of reformer
D1R 0] m Outside diameter of regenerative tube
0.12701 m Inside diameter of reforming tube
0.149992 m Outside diameter of reforming tube
10400 Rate constant of demethanation reaction
83736 J/mol Activity energy of demethanation reaction
1281.477 k&/m3 Density of packing in reformer ’
0.45 Void fraction in reformer
0.2286 m width of combustion gas square duct
0.004572 m Diameter of catalyst in reformer
21 ‘ | Number of finite-difference sectioms in
reformer ]
8027.1725 kg/m’ Density of wall in reformer
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Variable Dimension Initial Unit

Definition
name value
CPWR 0.6112728 kJ/(kg.K) Beat capacity of wall in reformer
SAREAR 669.29133 n/m’ Specific surface area of catalyst in
: reformex
CPCR 1.,025766 kJ/(kg.K)  Heat capacity of catalyst in reformer
IRATE 0 u0 First order reaction kinetic of
demethapation reaction
=1 Westinghouse kinetic model of
demethanation reaction
NTR 35 Number of tubes in reformer
CTAN 1 0.95 Mole fraction of CEH in input fuel
2 o Mole. fractiem of CO in input fuel
3 0 Mole fraction of CO; in input fuel
4 (o] Mole fractiom of B,0 in input fuel
5 0 Mole fractiom of H, in input fuel
[ 0.05 Mole fractiom of Ny in input fuel
7 0 Mole fractiom of 02 in input fuel
TAT 300 K Ambient temperature '
PAT 1 atm Ambient pressure
. SMRA 2.5 Steam to carbeon ratio
IFUEL . 1 =1 Input fuel is methane:
=2 Input fuel is methanol
=3 Input fuel is naphtha
IP 1 =1 Adiabatic operatiom
=2 Jsothermal operation
I 7 Fumber of components in whole system
EXT . 10 Extra percentage of needed air in burmer
ERR 0.0025 Criterionof convergence in system trial and
'  error procedure
T 56.78359 J/(m%.s.K) Overall heat transfer coefficient of
EA 371.04° 2 Transfer area of recuperstor Cet
RREF 0.971: Divider fraction of input fuel
PF1 3.4 atn Initial input fuel pressure
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Variable Dimension Initial Unit Definition
name value
PFO 6.7 atm Designed input fuel j:ressure
TDRUM 394.4 K Temperature of steam drum
PDRUM 2.4 atm Pressure of steam drum
aPTC 324 K Operating temperature in the direct
cantact condenser
CPPC 4,082 atm Operating pressure in the direct contact
condenser ‘
DUTYM 0,062 Extra heat duty in steam generating
_ super heater '
PDESIG 1.36 atm Designed pressure of air used in burner
TCPRS 464 K Temperature of anode side gas reservoir
RATO 1.8 Maltiple factor of Beek corelation in
calculating wall heat transfer
coefficiert in reformer
PDST Q.02 Pressure drop ratio of steam through
steam generating super heater
PDR 0.1 Pressure drop ratio of combustion gas
through reformer
PDS 0.03 Pressure drop ratio of combustion gas
through steam generating super heater
PDE 0,005 Pressure drop ratio of water through
economizer
0.1 Pressure drop ratio of combustion gas
| through burner
0.05 Pressure drop ratio of anode side fuel
in fuel cell stack
0,03 Pressure drop ratio of input fuel through
) 2n0 bed
0.75 Efficiency of air blower
0.6 Efficiency of fuel compressar
0.7 Efficiency of water pump
0.92417 Initial guess of conversion in reformer
86,11 Initial guess of CO2 to CO ratio in the

anode side inlet
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Variable Dimension Initial

Unit Definition
: name value
‘ DM 0.68724 Initial guess of CO2 to CO ratio after
- refoarmer '
TAI3 806,16 ):¢ Initial guess of 13th stream temperature
PAI3 5.159 atm Initial guess of 13th stream pressure
i TA3 374.58 K Initial guess of Xrd stream temperature
PA3 1.3587 atm Initial guess of 3rd stream pressure
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A6.2 Different Data Used in Chapter 6§

ﬁnit

Variable Dimension Data used in.
name Chapter 6

MS 1 4

2 4
Z8 1 2.286 m
D1 1 0.0762 m
b2 1 0.08535 m

_ D3 1 0.10973 m

MH 1 4

2 4

3 4

4 4

5 4
X 0.923
DTM2 270,
DTM1 0.6886
TA13 805.8 K
PA13 5.17 atm
PA3 1.3599 . atm
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Appendix 7

Input Data for Simulating Transient State Respanses

Variable Dimension Initial Unit
name value

Definition

CRT 5 x 10~7

SDT 3.6x 1072 g
MT 9

4,5,4,5,2,
451,1,3
IFLG 9 9x0

IDE 9

NF1G 9 9x0
MFLG 15 15x 2

Criterion for testing reach of final
steady state

Standard (system) time interval
Number of major components comsidered
in transient 3imulation

component (i)

i=1 : air heater

i=2 : anode exhaust heat exchanger
j.=3 : preparator

i=4 : heat exchanger-1 (CH4 side)
i=5 : heat exchanger-2 (air side)
i=6 ; high temperature shift converter
i=7 : low temperature shift converter
i=8 : reformer '

i=9 : fuel cell stack

Multiple of system time interval in
component (i) ' _
Flag for register of component (i)
Flag for operation of component (i)
Flag for condition of gas stream
outletss

2: initial steady state

1: transient state

final steady state

gas stream:

J=1 tubeside of i=1

j=2 shellside of i=1

J=3 tubeside of i=2

J=4 shellside of i=2

j=5 tubeside of i=3

j=6 shellside of i=3

(o]
.

272




Variable Dimension Initial  Unit Definition
name value
J=7 tubeside of i=4
J=8 shellside of i=4
J=9 tubeside of i=5
3=10 shellside of i=5
J=11 reacting gas of i=6
J=12 reacting gas of 1ia7
J=13 reforming gas of i=8
J=14 combustion gas of i=8
J=15 anode gas of i=9
NTN 15 1,153, 3 Multiple of system time interval for
2,5,3,1:8, calculating hold-up of gas stream(j)
15,1,3,1,1
JST 9 9x 1 Counted number of calculations m
component (i) '
ITIME 9 9x 0 Counted system time number of component
V ‘ (i) when previous calculation performed
ICCU 15 15x 0 Lasting time number counted for
testing final steady state
CRT2 0.01 K Criterion for testing transient
state occurance
NCR 139 Number of system time intervals for

testing final steady state
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Appendix 8
Definitions of Subroutines and Rmctions

SUBRCUTINE DESCRIPTION

BURN calculation of mass balance in burner

CALPRO calculations of the new temperature of process air and cooling
air after ome time interval at transient state in fuel cell
stack ' 4

CDFRO calculation of current density distribution at transient state

CMASS calculation of mass fractions of gas stream

CﬁOIE calculation of mole fractions of gas stream

COMP. calculatiors of power needéd and ocutlet temperature in cdmpressor

CONRD estimation of heat duty in condenser

CONV Wegsten method used for algebraic convergence

CUPRO calculation of steady state current density distribution on
cell ‘pla.te

DATACB calculations of fuel input rate, process and cooling air input
rate, and coefficients at different cooling configurations

DATAIN input data reading and change of units

DIVID calculations of material and energy balances in divider

DMIX calculations of material and energy balances in mixer

DMIX3 calculations of material and energy balances in 3 streams' mixer

EULER Euler method used to solve ordinary differential equations

EXHEJS estimation of the outlet temperature in tube side with input

L heat duty

m estimation of the outlet temperature in shell side with input
heat duty ' ' R

EXHER estimation .of the energy balance in heat exchanger
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SUBROUTINE DESCRIPTION

FLAME calculation of the maximum flame temperature in burmer

FONCT calculations of time rate of change for plate temperature in L
fuel cell stack : | |

FUNCTH calculations of the time rate of change for temperatures of
tube side, shell side, and tube wall in heat exchanger

FUNCTR ' calculations of the time rate of change for molar fraction of
CH4, temperature of refarming gas, demnsity of reforming gas,

and temperature of combustion gas, wall, and catalyst in

reformer
FUNCTS calculations of the time rate of change for molar fraction of
CO and temperatures .of reactant and catalyst in shift converter

FUNCTR calculations of the new flow rates of fuel, process air, and

cooling air after onme time interval at transient state in fuel

cell stack _

GAUSS Gauss-Seidel iteration used to solve similtaneocus linéa.r
equations

HEPD calculation of pressure drop in heat exchanger

LOADCE calculations of operatiom conditions and flow rates of fuel and
A air at transient state
PROPTH calculations of the properties and coefficients of stream in

heat exchanger after new temperature and flow rate obtained

PROPTR Acalculatians of the properties and coefficients of stream in

reformer a.fter new tempera.ture and flow rate obta.ined
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2 SUBROUTINE  DESCRIPTION

PROPTS calculations of the properties and coefficients of stream in

shift converter after new temperature and flow rate obtained

FoMp calculations of power and outlet temperature in water
pump
PVI estimations of the current demsity and voltage from input power

at given conditions

SNAE _ Newton-Raphson iteration used to solve equilibrium compositions
in reformer witih given equilubrium constants

SCRT . sorting of the largest input data

STEADF | calculations of steady st;te current density and temperature
distributions on cell plates in fuel cell stack

STEADH calculations of steady state solutions ( include temperature )
in heat exchanger

STEADR calculations of steady state solutioms ( include conversion,

temperatures, and pressures ) in reformer

STEADS calculations of steady state solutions ( include conversion,
temperatures ) in shift converter

STMAIN calculations of the steady state solutioms of PAFC system -
the procedure control subroutine

STTRAN simlation of thé transient responses in PAFC system with load

change ~ the procedure control subroutine

TRANC execution of the simmlation of heat exchanger at transient state
TRANF execution of the similation of fuel cell stack at transient
state
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SUERCUTINE

DESCRIPTION

B A s e

-
3

in fuel cell stack

execution of the simmlation of heat exchanger at transient

execution of the simulation of reformer at transient state

calculation of relationship between Qolta.ge and current density
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FUNCTION

DESCRIPTION

DE1

DH2
HC
HI
HIR
HO
HCR
HTCP
K1
K3
RAGE
RATE
RUNGE

HUNGM

THC

Ul

calculation of heat of demethanation reaction - CO02 is product
calculation of heat of water shift reaction |
calculation of total flow rate with conversion x in reformer
calculation of heat transfer coefficient between gas stream and
catalyst

calculation of heat transfer coefficient in tube side
calculation of tube side heat transfer coefficient in reformer
calculation of heat transfer coefficient in annular shell side
estimation of heat transfer coefficient of annular shell side
in feforma:

calculation of heat capacity of gas mixture

calculation of equilibrium constant of demethanation reaction
- C02 is product

calculation of equilibrium constant of water shift reaction
calculation of equilibrium constant of demethanation reaction
- CO is product

calculation of reaction rate in low temperature shift converter
calculation of reaction rate in high temperature shift converter
fourth-crder hunge~Kutta method used to solve oxdinary differ~
ential equations

Runge-Kutta~Merscn method used to solve ordinary differential
equations |

calculation of thermal conductivity of gas mixture

calculation of total heat transfer coefficient in reformer
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FUNCTION DESCRIPTION

Vis calculation of viscosity of gzas mixture
X2 : estimation equilibrium conversion of water
reformar

shift reaction in
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Appendix 9
Printout of PAFC System Transient Responses

A 9.1 Initial Steady State Solutions
A 9.2 Transient Responses at Specific Time
(1 sec.,4.5 min., 9.0 min., and 13,5 min,)
A 9.3 Final Steady State Solutions (14.38 min.)
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Appendix 10

Printout of PAFC Stack Current Density and Temperature Distributions
at Tr;nsient State

4 10.1 Initial Steady State

A 10,2 Transient Distribution at 96.77 sec.
A 10.3 Final Steady State (197.64 sec.)

295

Ve ot me o R st fm .




$L6 0
{86°0
£66°0
%00° 1
900°1

(3)531v1d 1130 € ANV 3ivid

v0°€£02
f£°102
SU 96l
98 6L1

0860
Y66°0
100°1
fi0°1
slo’y

9¢0° ¢

066°0
30071
fio°1
Ltcot
620°

wemn e el et staie it salimes 4 bt

16670 .
TR
L0t '
FYUM
‘201

OIL1vd JANLEVEIANIL T 3LVvid 114D

99102 227961 SH 261 £6°S¥1 96 6L
YU 661 BR°H61 H9°061 92° 98l 26 LLI
00°S6l 627681 207981 LT-6L1 227141
L1700 9 141 20 141 89 €91 66° 151

OHIT00D 40 "dIA MNOTYY MIV ONOIV "dWiIl F9VHIAV 3HL

£0 QL2161°0 €0 QISI61°0 €0 A22981°0 €0 USL691°0
ANV 31vid ONIT00D 40 J3NiVAIdWIL FDVAIAV 3L

€(3)S31vid 113D ¢

aje}q Apeajs TRIRTUL L°OL ¥

Leee:
ffue-
6062°
0262"
£962°
Lege:

2912’
»E82”
sl62°
1262
6662°
2162°

so0L2°
gLee
LT Y
9v6e’
900¢°
9662

OH1100) ALV

9262° HR08° HIIL" 9L18° 9edit”
T120€° 9SIE€° 628" If€y" 261¢°.
9LIL’ B62L° 9IHE" LOST' 6468
9918 SEEL° VGHE" T66C° 629¢°
Q1L OLEC" 26958 £9GL° 669¢°
YIIL® 6S28° €£9€8° 6LvL" 664%C"
00 AY92(9°0 S1 3OVIV0OA 3Nl
$062° L00E° 4808 HYIL° Zolt”
SI0€° 6518° 942C” TZee” Tu¥ig’
£H1E° 088" 0298 6UGE" OUSD
0LIf" LE€8° 96HC" 0GGL° §29¢°
612E° 98€L° 60SE° 009f° </(9¢"
OETL " 91207 0888 £6%€° [LIsT™
00 052699°0 SI 39V110A NI
1L82° 0262° (862" 610f" 1vUL-
6008° 1E16€° 2225 \62%° 1viv-
S9IL" QIES” 0fvf Gl4L° fY4E
LLIE° SEEL” 06987 [T4E° 909¢C°
6928 9LHL 6668 6Y9L° 1eLf”
CLLL" 92887 62487 90GC° (9aut
00 4298469°0 S1

IOVITOA ML

296

[




R T T T L T A SRR B 16 Geali W aAWosan L0 =

JANLVETAUIL HIV SSTI0Nd d0 QHIT00D  mxr.
19 'CLT HL°SLU YT 4Ll GL 821 0C°6GLL 887 6LY
CSLL 2L 18T L2 €V 27581 28 G861 0L 9¢1
B9 LRl U L8 YS 6801 0T 161 £9°261 69 161
Y6° 981 287061 &% L6 44 G661 16°961 B8O B61
86°061 S2°S61 LT°86Y 82 002 88 102 YI'S0C
L2 261 857961 £6°661 99°102 92°£02 £5 %02

£ 3lvud

8H 091 SCTOLT §9°TLT - S9°241 0Y"CLTL 00° %L1
CO°ULL 207441 18T €U 08T ST 181 £6° 181
Y6 6L1 CL1°L81 SE°G81 86°991 12°08([ 61 681
€9°CUl L1°981 29 881 1%°061 9L°161 €2 6l
627 LR L2°160 66°€6% L6°G61 9% LOY %9 B0 1
L2°8B1 @2°261 20°S61T 10°¢61 0S5 L6l €9°G61
JENIVHEIINGL ATV $522044 ¥O INIT1AQD  wxn
89°891 SC°0LY 89 1LY G9°2L1 0% TLT 00° %21
LY°%L1 207241 19 841 €108 €L 101 €6° 101
Y6 6Ll CLL8T SE°GOL €6°981 12°BRI 61 681
€9°28U L1°981 29 981 15°061 9L 181 £8°261
6Z2°L81 LZ2°161 66°S61 L6°G61 9% 261 ¥9°BaL
{27800 R2°261 20°661 10 61 0S°B61 B9 661
< 3tvid

298

9

PRECEDING PAGE BLANK ROT FRRMED

€0 QOS61L°0- Z0 AYSE92°0- 20 QvSHQI 0- 20 ASOLIT'0- 10 AOSRSH 0- 00 G26L91°0-
€0 @Qzy00€°0- 20 AVHLHZ 0~ 20 Q980L1°0- 20 Q1Z901°0- 10 UL9%8L°0- 00 AL0642°0
€0 QSL65C°0- 20 '4S0SIZ°0- 20 A9(H,1°0- [0 GL56£8°0- 10 AL%(82°0- 00 QOLY9%Y"0
€0 GLRIST 0~ 20 AL2SCI°0- 10 ATOS9L°0- [0 QUII9%°0- 00 A290€8°0- 00 GOLY99° 0

: (52-1)4 WIVLIS 113D 1IN
S6YC" SE92° 242" £0UI° 6S6C° 2060

€068 00L2° (I8Z° €£062° €952 t2og”

£86S° (82" 162" 020F° 960L° SGSIC

B8SC° 96(3° LT62° 650T° 9UIC" 9L1¢”

B662° LORT 9v62° SYO0L° 6TIC” LL1C°

(Y62 0212 SE82° (168" ®RL6Z° S20¢°

00 Q16589°0 SI 29vitaa 2t
S8YZ° L192° 60L2° ®Li2° 1L82° vige’
SLSC° 8692° 282" (682" 1962 210f°
165" 68LZ" G262 %20f° 660C° QSIE° .
$65C° 008C° 0%62° 0v0C° 9T1€° GLIf”
019¢" 0282° 0962° 0901 %Tig” 161T°
66627 £5L2° 6482 2f62° £662° 0%0T"

00 a91£89°0 SI Joviioa It
919 08627 192" 2692° 6¥.8° 9LLl
£€6C° 9892° 62 2L0T" €E6C° 0TLT
0193° 2082° €€62° 8COL° 66LOT" 9%1T7°
§09C° TO8C" ST6C° 1£0f° TOI1TL°. 091C"
€92 GGRZ° 9662° G600 691¢° L32¢°
68GC° §9L2° 482" 9962 (cle6f° Glof

00 asevL9°0 SI 20ver04 UL
e NIVIES 113D 1ING akx
*098 L]°96 1® UOTINqTIISI(] JUdTSURL], 2°0L V _ 335 20 4899670 - .nu::




5 0

NEO ALS99%°0 ST 3QIS FGONV 40 JANLVEIINIL 1371LA0 2t
A £0 as%29%°0 SI JANIVEIJNIL IOVIIAV JulL

62 SLT 16°LLY L0621 227081 O1°1€1 18 18I
B8 6LL 9L°281 LL° %81 927981 6L (D1 0F 83!
£6°981 8% 881 %6°061 HL 261 TU %61 02°G61
SEBBL YL 261 60°G61 60°L61 19°861 18651
¢Z°C61 967961 LS'661 ££°102 9C€°€02 G9° %02
6S°C61 00°861 20°T102 61°Tf0C £8°%02 €1° 902
JINIVAIIHIL ATV SSTI0NJ O 9NIN00D  xax
6C°GLY 1S LLT LO°6LT CZ2°08L oL T 19 181
BR6L1 9L°C8L LL %81 927981 6C°£81 0€ €31
£6°481 8y 8BL H6°061 927261 TU V61 027661
SEBRL S 261 60°661 60°L61 197861 187661
€C'C6l 857961 £5°661 ££°102 9C°C02 S9 V0L
6S°C61 00°861 20°T102 61°£02 £€° %02 SU°900
b 31V
TOLLU YL SLL 92 LLT ST 8LT 027641 Y76/ 1
COHTBLL CETTBL L2°C8L 227081 287G 0L 991
COC8L I°LBL 467681 0L 161 £9°C51 69°161
96 981 C87O06T 65 €41 %% 66T 167951 80 €46t
B6°061 G2°G6T1 (L1°S61 82°00C €8 10C vi €Ol
£2°¢61 857961 €5°661 997102 92°€02

£6°vo0c

299

.




6y 891 B8 ULT TL TLY 89°2L1 SV S€LT 20" %L1

YO LU 007 LLT 8L°8LT 607081 80 181 89 191

G86LL COLBL TZ2°G8T 28 981 €0 8%l 66 831

£ 281 (67681 LE°881 2U 061 %Y 160 69261 8

SO (8D G6°061 T9°E61 Y5°G61 667961 186l A

66 L81 T6 16T BS Y61 25°961 L6°L6L1 2I°66Y
¢ J1Viud

0 QY0LE1°0- S0 A6SEIT°0- [0 A/80EL°0- 10 A989%C 0~ 00 G29EY2:0- 10 (G1L09%(°0
¢0 GLIeLl 0- 0 4e28stl 0- 10 G96(5L°0- 10 AOGLBE 0~ 00 'AYLITL 0- 00 AXGSL6°0
¢0 aS0611°0- 20 44SS000[°0- 10 G0Y929°0- 10 A8BYE0E 0~ 00 ALBE6T° 0~ T0 uYEyIl°0,
In Jo8LE8’0- [0 GEO0CLL°0- 10 AOYZEL 0- 10 AGLHGZ°0- 00 ALEH06°0- 00 AYELIL'O

(%¥2-1)d4 XOvVis 1130 1anld

H06C° €992° 06L2° 28" L949C° TI16¢

"BEGZ° 90L2° 2Z82° BO6ET vi6eT 9c0¢C

862" 98LC° 2262° 108" 960f° SGGIC°

066C° 96LC° ST62° SS0L°- OTIE" 691F%°

86G¢" £08C° 0462° LEOL 601C" G9IE"

9v6e° STLE° 9ZBe*' 8062 - L9627 -LlOL”

. ¥ : . ¥

”

00 @Z2S89°0" <./SIIOVITOA’ it
069" €292° LTLZ" 98LC° 6§£82'.TL8e”
8562° £0L2° L18C" 1062 9962° 910%f"
£66C¢° T6LZ" 92627:%20%7./850€°951¢"
66627 66L2° 9L62::SL0C°-0LTE” (89T
019¢° 9182 £6627{060L . L2l r6LIL"
L562° L2LT" 1hRei 12623n1B6C 4L20L°

1

oy o

R LI R s
00-426289°0.: .1, SITIOVLIOA-IIIL
CYHC" LGST° 6£9E&7:00LC5 1LVl Y8 LLT
BEGC" C69C° 66(C :8LBC . B8E6C 4685
€£19S° H082° 6£62°.620€°L001€ v 951¢"°
£09¢° 20827 ££62/18208341660€° SGIC"
999" £68¢° 06627188087 2091C° 912¢°
68G2° T19L2° 9L827.166271810€ . b90¢"

[ A

00 ASTIYL9°0 ' - < ST. AQVLII0A!INL
xxx AIVLS THADT 13NS 'wxn
*33s .ne nw.:oa.e \“nu::
! R R T [

coL'y

o

ajess Apesss Teutrd




NEO0 A€996%°0 SI 3IAIS IGONV 40 JANLVAIIWIL 141100 L

A £0 @ceze9v-o

SI JANAVATIWIL FOVHEIAV JiiL

TE'GLL b6 441 OU°64T 927080 o1 T8I vQ 18I
GBT6LT S€L°T8T HL°y81 22°9%1 Y€ (81 € 98I
£8°981 GL°881 8L°061 95°261 16°T61 ©6 %61
LU°8BT 01°260 08°961 92£°961 42 861 TL 661
S 161 227961 £T661 H2°102 €8°202 60°%02
L2 561 LG 161 167002 £9°202 ¢2°%0C 8Y°§02
FANLVYIJWIL HIV SSIO0UJ A0 OHIT00D  rxa
TE°SLT Y67 LLT 0T 641 927081 41 1Qf 48 18l
SR 6LL ££°281 HL°981 227981 ve L81 €2 84l
£8°H81 GE 081 8L°06Y 96°261 6 S6[ €6 46!
CU°881 0T CT6T 08 961 9L°961( 42861 14 601
G6°T61 227961 €1°661 %2 102 £8°20C 60°40¢
LC°E61 LS (6T 1G°002 £9°202 22°%02 84 G0
: Y 11vd
€O°CLY LL°GLT L2°LLT 8L QLT £2°6L1 06 6LI
05°8LT 627181 42°C81 89 981 LL°G81 £9° 9l
BG EBL 20" /81 6£°681 2ZI°T61 €9 261 84 €6t
9L°981 8BS 061 T2 €61 21°661 96°961 0L L6T
CL06T 06°461 SLL6T 28°661 ££°102 09°202
96°T6L LU 961 60°661 YU 102 £9°202 06°£02
JYNAVYEIJWIL IV SSII0¥J HO SHITON0D  xnx
£ CLY LL7GLT LS LLT BE QLU €2°6L0 06 64T
06°8LT 62° T8 42 €8I 89 V8T LL G81 £9° 981
8G°C8L 20° /8T 6€°691 21 161 €5°26I ©yv (ol
9L°981 8G°061 T2°€61 21°6G6T 95 961 0L L6
CL°061 06 96T SL°L61 28°661 (T 102 09 202
96" T6T L1°961 Y0'661 I1°T02 £9°202 06°€02
' £ 31vid
657891 8C 0LT UL TLU 89 2LL €Y SLT 20°vL1
Y HL1 00°LL1 8L°8LT 60°081 80 161 S8 (¢!
S8 6L1 20 €8I 12°681 29 981 £0°88[ 00 681
L% 281 L6°G8L LU 881 2T 061 H% 16l 6Y C6l
GO LB S6°061 19 E61 YG G661 66 961 VI 86T
66° (81 16 161 RS 461 267961 (6 £61 21 661

3ANLVAEIJWIL HIV SSIJ0¥d HO OHITUOD  wxx






