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This dissertation investigates the use of gasnerfiliGT) engine integrated solid oxide
fuel cells (SOFCs) to reduce fuel burn in aircrafth large electrical loads like
sensor-laden unmanned air vehicles (UAVS). The epinoffers a number of
advantages: the GT absorbs many SOFC balance mtf fplactions (supplying fuel,
air, and heat to the fuel cell) thereby reducing ttumber of components in the
system; the GT supplies fuel and pressurized ait $ignificantly increases SOFC
performance; heat and unreacted fuel from the S@€QGecaptured by the GT cycle
offsetting system-level losses; good transientaese of the GT cycle compensates
for poor transient response of the SOFC. The rmilirés a system that can supply
more electrical power more efficiently than compéeaengine-generator systems
with only modest (<10%) decrease in power dengityermodynamic models of
SOFCs, catalytic partial oxidation (CPOx) reactoasd three GT engine types
(turbojet, combined exhaust turbofan, separate westharbofan) are developed that
account for equilibrium gas phase and electrochaimeaction, pressure losses, and
heat losses in ways that capture ‘down-the-chane#écts (a level of fidelity
necessary for making meaningful performance, nas$,volume estimates). Models
are created in a NASA-developed environment cadlledherical Propulsion System
Simulation (NPSS). A sensitivity analysis identfienportant design parameters and
translates uncertainties in model parameters intemainties in overall performance.
GT-SOFC integrations reduce fuel burn 3-4% in 50 kY¢tems on 35 kN rated
engines (all types) with overall uncertainty <1%edgctions of 15-20% are possible
at the 200 kW power level. GT-SOFCs are also ablerovide more electric power
(factors 3 in some cases) than generator-based systeme mfoountering turbine
inlet temperature limits. Aerodynamic drag effeat®ngine-airframe integration are



by far the most important limiter of the combinepulsion/electrical generation
concept. However, up to 100-200 kW can be producedbypass ratio = 8, overall
pressure ratio = 40 turbofan with little or no dggnalty. This study shows that it is
possible to create cooperatively integrated GT-SO$§Gtems for combined
propulsion and power with better overall performatitan stand-alone components.
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Nomenclature

Abbreviations:

AFC alkaline fuel cell

APU auxiliary power units

CEA ... Chemical Equilibrium with Applicatien
CFD computational fluid dynamics

CPOXx s catalytic partial oxidation

DGM ..l Dusty Gas Model

GDC .l gadolinium doped ceria

GT gas turbine

GT-SOFC............... gas turbine / solid oxide fuel cell
HALE  ............... high altitude, long endurance

HP high pressure

HPC .. high pressure compressor

HPT ... high pressure turbine

IR internal reforming

JP-5 jet propellant 5, naval jet fuel variant
LSM lanthanum strontium manganite

LP low pressure

LPC . low pressure compressor

LPT . low pressure turbine

MEA ...l membrane electrode assembly
NASA ... National Aeronautics and Space Administra
NPSS Numerical Propulsion System Simulat
PEMFC ............... proton exchange membrane fuel cell
SL sea level conditions

SLS sea level static

SOFC ... solid oxide fuel cell

TIT . turbine inlet temperature

UAV unmanned air vehicles

YSZ yttria stabilized zirconia

Symbols:

............... area; empirical pre-exponential factor
............... choked flow area

............... combustor reference flow area
............... air-to-fuel ratio

............... wing aspect ratio

............... wing span

............... bypass ratio

............... blade chord

............... drag coefficient

............... drag coefficient at minimum lift
............... lift coefficient
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............... minimum lift coefficient
............... turbomachinery blade solidity
............... skin friction coefficient
............... higher heat capacity of the hot and ctfeéams
............... lower heat capacity of the hot and catéams
............... nozzle coefficient
............... specific heat capacity at constant pressu
............... constant value
S e diameter
............... hydraulic diameter
D e, effective binary and Knudsen diffusiorefftcients
L endurance; activation energy
. fineness
............... Faraday constant; force, thrust
............... fuel cell
............... pressure drag form factor

# molar specific Gibbs energy; acceleratioie to gravity
$ 0 Gibbs free energy
Y specific enthalpy; height
& turbomachinery hub-to-tip ratio
(LG current density, exchange current density
Lo thermal conductivity
+ lift induced drag factor; rotor/statoalle volume factor
s i, length
LT e, non-dimensional duct length
............... mass

e mass flow rate
0 Mach number
1 number of electrons transferred in reacti
1, number of oxygen atoms present in spdcies
1L, number of oxygen atoms to fully oxidizgesiesk
3 number/quantity; shaft speed
3 molar flux of speciels
34 dimensionless parameter number of trangfiés
35 Nusselt numbe
6 overall pressure ratio
768 percent fuel oxidation

e pressure or partial pressure
L e Prandtl number
S heat transfer per unit length

= . fuel heating value
R heat transfer, heat transfer rate
L e, radius

............... gas constant; resistance; range
> . Reynolds number
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? . specific entropy
............... area, wing area
............... safety factor

€ e external surface area per unit volumsadid
AB  eeeeeeeieenn wetted area

C thickness

Cb e flow residence time

............... temperature; torque
T thrust specific fuel consumption
............... overall heat transfer coefficient
............... rotor tip speed
............... specific volume; flow or vehicle velocity
............... volume; voltage / electric potential
............... width
............... active/channel width
............... weight; molecular weight
............... work rate, power
............... molar concentration of specles
............... turbine loading parameter
............... non-dimensional length parameter
............... turbomachinery blade aspect ratio; catabarameter
P forward/anodic and reverse/cathodic aswytnim factors
............... geometry dependent catalyst parameter
............... ratio of specific heats
............... sticking probability
............... surface site density
............... thickness, clearance, incremental disgtanc
............... incremental length along x-axis
............... incremental length along y-axis
............... change or difference in/between propestyes
............... heat exchanger effectiveness
............... duct aspect ratio
............... electric power fraction
............... efficiency
B eeeeereeeenn activation overpotential
............... ohmic overpotential
............... flow viscosity
............... standard state chemical potential
............... stoichiometric coefficient
............... pressure ratio
............... maximum stage pressure ratio
............... density
............... stress, material strength
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............... porosity
A . angular velocity of the shaft

............... property moving in the backward direati

+ property moving in the forward directio
0 initial value; baseline; stagnation peay
b~ e reference length scale is square rodoef area
a anode property/ value

AB afterburner

actual ... real value (relative to theordjica

air air property

amb ... ambient property

B turbomachinery blade

bolt ... hardware, mounting bolt property

bp bypass

BP blade pull

C i corrected property; cathode propertyg side property
C,COMP  .ovenninnnnn. compressor

C,case  ....ooieiennn. case, casing property

cell ..l cell or fuel cell property

ch channel

choked  ............... choked flow property

comb ... combustor, combustion zone

core i engine core

(0] (011 T cross sectional

cruise i cruise conditions

D turbomachinery disc

diff diffuser

dv fuel cell interconnect divider

dome ... burner dome, fuel manifold, fuel nles, etc.
e.gen. ... electrical generation

el electrolyte property

elec electric, electrical

entry ... entry value

exh exhaust property

exit exit value

ext fuel cell interconnect exterior wall

f, fuel ... fuel property

fin final values

free free stream property

ft flame tube

gen e generator

gross  .oiiieiennnn gross value

h hot, hot side property

H hub property
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HW hardware

in, inlet ............... inlet, inflow property; inletl@ment
Nt initial values

NS insulation

k property of species k

M median property

Map ... property from performance map
mech ... mechanical property

mixer ... engine flow mixer

net net value

nozzle  ............... nozzle

oper e operating value

out, outlet ............... outlet, outflow property

p, pore ... porous material or foam pore prop
pass = .. passage, bypass

prop propulsion, propulsive

r turbomachinery rotor

ram e ram air, ram compression

reac  ...ieeeieenn reaction

ref reference value

rep repeat, property of repeating channel
rev. reversible

S i isentropic value; spacer property; tumbchinery stator
S reference length scale of ¢

{=To U segment, segment property
shaft ... engine shaft

stage = ... turbomachinery stage property
stoich ... stoichiometric value

surf surface property, to/from surface
t,turb turbine

T total property; tip property

target ... target/design value

th thrust

throat  ............... nozzle throat property

unit single unit property

w,wall ... wall, wall property

ZONeS ....iceieieens combustion zones

BV Butler-Volmer equation
€ electrical

I ionic

0O standard state value
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1.1 Motivation

1.1.1 High Electric Demand Air Vehicles

The electrical demands on air vehicles’ power antkergy systems are
substantially increasing due to recent trends aghhe replacement of hydraulic
actuators and controls with electrical ones, grgwsensor and telemetry payloads,
and the introduction of new devices like in-flighhtertainment systems (or even
directed energy weapons).

A survey of air vehicles’ electric power demanddlisstrated in Figure 1 which
compares estimates of electric power fractiof i various aircraft for which

information is available [1].

RQ—?l Integrator

RQ-2 Pioneer
RQ-5A Hunter

Elecfric/ hybrid coﬁcepts

All-electric subsystems

Electric Power Fraction (est.)
737 AEWSC

CQ-10A SnowGoose

0
A350 XWB

0% -

Commercial Transport Military Unmanned
Figure 1. Estimated electric power fraction in varbus commercial, military, unmanned aircraft.

The electric power fraction is defined as the raticelectrical power demand to
total power demand (propulsive and electrical)lmntehicle at cruise:

Jl,

xf ————
J/| gJ/
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where J/ | is the electric power and/ Is the propulsive power. Cruise
propulsive power (the product of thrust and crwskcity) is estimated by reducing
the sea level rated engine power (or thrust) by d¢hese altiiude density ratio

(ko 1, ) and assuming reduced throttle to 60% of availableer/thrust.

Figure 2. Clockwise from top left: E-2 Hawkeye, RQ4 Global Hawk, MQ-9 Reaper, Boeing 787

While electric power fractions are relatively sm@l m X m nop7) in today’'s
commercial airliners, the Boeing 787 (a ‘more dlecaircraft’) has a larger electric
power fraction (approximately 4%) that may be iadiiee of future trends. In the 787,
electrically-powered cabin pressurization systepusnps, and anti-icing systems [2]
replace engine-driven ones. Future aircraft cowdgeheven higher electric power

fractions ranging fromX q r7 for aircraft with all-electric subsystems [3] up t

! Image sources, all accessed 3/16/2015:

E_2 Hawkeye (http://www.navy.mil/view_image.asp2d686)

RQ-4 Global Hawk (http://www.af.mil/News/Photos.&8gphoto=2000581685)
MQ-9 Reaper (http://www.af.mil/News/Photos.aspxfigfje=2000649518)
Boeing 787 (http://boeing.mediaroom.com/index.pE@@291&item=982)



X fiss7 for the large all-electric transport aircraft cepts envisioned by NASA
[4]. Electric power fractions in existing mannedlitary aircraft are comparable to
those in commercial transport aircraft with the eptoon of the E-2D airborne early
warning aircraft X q it7 ), notable for its large circular radar dome. Hiecpower
fractions in unmanned air vehicles (UAVs) are sabsally higher than in
commercial aircraft, presumably because of larges@e and communications
payloads. Electric loads will likely continue taciease as UAV technology matures:
at its introduction in 1988, the RQ-4 Global Hawlasvequipped with a 10 kW
generator which was upgraded to 25 kW in 2005 Asjother upgrade to 75 kW is
anticipated in the future [6]. Overall, the datdigate an upward trend in electrical
power demand on aircraft. As this demand growdiveldo propulsion, the efficiency
of the electrical power generation process haswareasingly important influence on
vehicle range, endurance, and operational capabilit

The standard methods for providing electrical poaerturbine-powered aircraft
are either mechanical generators driven by the prgissure shaft or smaller stand-
alone turbine-based auxiliary power units (APUsp[1However, both are relatively
inefficient because fuel passes through the Brayiyele to produce mechanical
power as an intermediate step before conversi@tetdrical power. Fuel cells offer a
direct and more efficient means of converting fiseklectrical power: up to 50-60%
in systems without heat recovery cycles [7] vs4B0%s for a typical gas turbine (GT)

[8,9].



1.1.2 Range and Endurance

To illustrate the impact of improving electricalrggation efficiency, consider Eq.
(2) which presents the general form of endurahgeafid range () equations for a

fuel burning vehicle:

I f u —y fu F— hn;j

In these expressions, is the mass flow rate of fudf is vehicle velocity, IS
the initial vehicle mass, and s the final vehicle mass. The dependencé ons
clear in these equations. Now, consider the massg fate of fuel for a combined
propulsive/electrical system:

J
:YI

fr J EQ hzj

where' Is thrust specific fuel consumption of the promrscycle, g is the
thrust forcez is the fuel heating valud/ , is the electric power, and , is the
electrical generation efficiency.

A modified form of the Breguet range equation [I&n be derived which
incorporates the fuel used for electric power gatien. The traditional assumptions
for the Breguet equation (level flight, constantoeg#y, constant,{ [11]) are
applied and constant electric power is assumededBas these assumptions, the

range of the vehicle:

1 1 F
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where# is the acceleration due to gravity axd is the initial electric power fraction
of the vehicle. The initial (and not instantaneopswer fraction is used so that
electric power is constant and does not vary wittudt. For zero electric power
fraction, this equation reduces back to the stahdlamm Breguet equation. Further
details of this derivation can be found in Appendix

The equation can be alternately written in termghefoverall efficiency at which

the engine produces thrust powés {F g [/ = ):

f= Ys——1. i —————t hpj

Because flight velocity was assumed to be consthatendurance of the vehicle is

simply the range over velocity:

. F X
h oj e M J9=v o x 1 - |
F el TR ] F X hrj
. 9Ev T

(o]
I

These equations are only applicable for the speagsumptions listed, but they make
apparent the dependencies of vehicle performans@eous parameters. Efficiencies
are clearly of great importance but sg{is . This implies that increased drag (which
lowers,{ ) will have a strongly negative impact on range andurance.

To better understand the effects of drag, a detallag polar can be assumed

instead of the simplified assumption of constgnt . Assuming level flight (thrust

equals drag) and drag coefficient is of the formf g+h | j<[12]:
. ; F . X e Poyg. i# ‘ .
f ar jg:YI i'><z(—]F 9+T ht



where is wing area# is the acceleration due to gravity, ;, is the mass of the
electrical conversion system, and is all remaining aircraft mass. The addition of
| increases the drag force (thus the thrust reqenththereby accounting for the
penalty of adding mass to the aircraft. Equational@o accounts for the splitting of
power generated at different efficiencies ( for the propulsion cycle efficiency,
Y , for the overall electrical generation efficiency)ith a fuel cellY ; fY &
which accounts for the efficiency of converting Ifue electricity (including any
losses from fuel processing). With a mechanicaleggor,Y ; fY .., which
accounts for both the efficiency of converting ftelshaft power and the efficiency
of converting shaft power to electricity. A ‘relati fuel mass flow rate can be

defined as the ratio df at a particular electric power fraction/to at zero electric

power fraction (i.e., when the system produces tniyst):

O #
° + . ’ “
g (g] F< 1

Further details of the derivation of this equatiam be found in Appendix A.

Figure 3 shows/ = as a function of electric power fraction (assuming
0— "% hOjf 0.5 at 16.8 km (55 kft) altitudgl { 0.147 kg/m, Ff 147.5 m/s],

f 16.8g ,= f 44 MJKg,Y,. , f 0.4,Ys f 0.6, aircraft specifications
for HALE UAV from Table 18, |, f 0). Figure 4 shows the percent improvement
(i.e., reduction) of fuel flow rate in the fuel tEbhsed system compared to the
generator-based one. It is clear that the systegi-lbenefit of fuel cells’ higher

electrical conversion efficiency increases withceie power fraction. However, it is



also important to note the potentially importanttéas that are not accounted for in
this simple analysis: The electrical system masegected.( ;, fs ) so the range
estimate is an upper bound of what could be acHiesdso, any coupling effects

between the engine and the fuel cell are neglected.

1.5 TSFC = 16.8 g/s/kN

ne.gem =04

Nec = 0.6
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S 13 Mo e /
[V
g Mech. Generator.
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Figure 3. Relative fuel flow rate vs. electric powefraction.
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Figure 4. Percent fuel flow rate improvement vs. elctric power fraction.




1.1.3 Fuel Cells for Airborne Power

While fuel-cell based APUs are being studied [1B,1l#ey are not in widespread
use. One of the main reasons for this is that dleé dell reactor (or stack) requires a
relatively complex system of pumps, blowers, semscontrollers, and often fuel
processors/reformers to deliver the appropriatetasés, maintain proper operating
temperatures, and manage starting and shutdowrsidrds. These additional
components (referred to as ‘balance of plant’) adchplexity, cost, and consume
most of the efficiency advantage of the electrodhamapproach over the heat
engine. They also lower specific power substantidlhe specific power of a stand-
alone fuel cell is on the order of hundreds of WIk§] whereas that of modern heat
engines is on the order of thousands of W/kg [16].

A potentially promising way to exploit fuel celligh thermodynamic efficiency
while minimizing balance of plant and specific powgenalties is to integrate a
catalytic partial oxidation (CPOX) reactor and dalkide fuel cell (SOFC) into a heat
engine’s flow path. At least one study has showWwrgugh chemical kinetic modeling,
that a short contact time partial oxidation readsothe most efficient choice for jet
fuel reforming in aerospace applications [17]. Arample GT-CPOx-SOFC

integration is illustrated in Figure 5 and Figure 6

Figure 5. Schematic layout of a simple turbojet GTSOFC.
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Figure 6. Simplified engine layout of a turbojet GFSOFC. SOFC in annular duct around engine.

The potential complications arising from introdugineramic SOFC materials
into a GT engine upstream of the burner and turkimeuld not be overlooked or
underestimated. In designing a system for operatiche field, careful consideration
must be given to the prevention of fractured cecamaterials from reaching and
damaging the engines turbines. However, the patebgnefits of the GT-SOFC
suggested by Figure 3 and Figure 4 are substaatiaigh to justify further
investigations and future investments in R&D neapsto address and overcome
these problems.

The GT-SOFC system offers several considerable rddgas. The engine
supplies air, fuel, and maintains CPOXx/SOFC tenipegathereby eliminating the
need for separate systems and the associated &atdnglant losses. The SOFC
operates at elevated pressure which improves fisesicy and power density. The
engine’s combustor consumes unreacted fuel exiieagSOFC enabling it to operate
at relatively low fuel utilization without incurrghsystem-level efficiency penalties.
Finally, the rapid temporal response of the Braytgole could permit significant

improvements in transient response over compattibtestanding’ SOFC systems.



1.2 Gas Turbine Engines

1.2.1 Fundamentals of Operation

The Brayton cycle is a thermodynamic cycle that banused to describe the
operation of a class of engines that includes gdsines [18]. The ideal Brayton
cycle is described by the following series of fpuncesses [19]:

1. Isentropic compression
2. Isobaric heat addition
3. Isentropic expansion
4. lIsobaric heat rejection

The working fluid is compressed, heated, expanded,cooled. All processes are
reversible in the ideal cycle. In the most genesahse, the physical means of
compression/expansion (cylinder, centrifugal orabxiurbomachinery) and heat
addition (heat exchangers, internal or externallmgstion) is inconsequential. The
general P-v (pressure - specific volume) and Tesnferature - entropy) diagrams

[20] of this cycle are illustrated in Figure 7.

O O O

O
O O O

Figure 7. P-v and T-s diagrams of the ideal Braytorycle.
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The specific work of the ideal Brayton cycle (whexk processes except heat
addition are isentropic) is defined as the net wak unit mass of working fluid and
is usually expressed using temperatures at vastages in the cycle for a calorically
perfect gas [18]:

3>CI™x f Py, g, b, hoj
"o Is fixed by the ambient temperature, and and', are constrained by the
assumption of isentropic flow. This leaves maximigi s via heat addition as the
primary way to increase the specific work of theley{19]. Becauséy is the highest
temperature in the cycle, the limit on specific was typically set by material
properties and cooling limitations.

The efficiency of the ideal Brayton cycle is théiaaf the ideal net work to heat
addition. This can be expressed in terms of tentpexdor a calorically perfect gas
[18]:

3>CJm T LTS
&>— (C(™1 Fe, "o

his |
Again, the relationships between the temperatureskaown because all processes
are assumed to be isentropic and becayst ,, f . This leads to the
following constraint on temperature ratios [19]: "< f' o '.. This allows the

efficiency to be rewritten in terms of the temparat or pressure ratio of the

compression process:

Fii |
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The importance of this is that cycle efficiencyaisnonotonically increasing function
of the compression ratio (i.e., higher compressiatio always leads to higher
efficiency).

It can also be shown [19] that for a fixed inlemperature,’ ., and fixed
heater/burner exit temperatures, there exists an optimum pressure ratio that

maximizes specific work:

s A hin |

e A e
The gas turbine engine is an implementation ofdhen Brayton cycle using
turbomachinery on a common shatft for the compresai expansion processes and

internal combustion for the heat addition. An ofayton cycle vents the working
fluid after the expansion process instead of pariog the heat rejection process.
Compression in a gas turbine engine is typicallji@aecd via a centrifugal or
axial flow compressor. This real (i.e., non-ideampression process is characterized
by an isentropic efficiency that relates the amaafntvork required for an isentropic

process to the amount required in the real prod€§s

Ner: Ye

Y, f
% %e

hiz |
where% is the total enthalpy and the subscript ‘s’ desatenditions resulting from
isentropic processes.

Expansion in a gas turbine engine is typically eetd via an axial flow turbine.

This real expansion process is characterized hyeantropic efficiency similar to that

of a compressor [10]:

12
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The turbine drives one or more compressor compsngata common shatft.

Heat addition in a gas turbine engine is accometishia the burning of fuel in a
combustor. Combustors are typically can type (sdveans’ with separate air and
fuel flows), can-annular type (similar to can biltame contained in an annular flow
passage), or annular (combustion and air passage®mpletely annular). Can type
combustors are common in older engine designs titsaldom seen in modern
engines [10]. In real combustors, flameholding mscessary [10,18,19] which
inevitably introduces a pressure drop. This mea&as the heat addition is neither
reversible nor truly isobaric.

Non-idealities also arise from the other componeritshe gas turbine engine.
Inlets and diffusers introduce pressure lossesaflysless than a few percent for
simple inlets at subsonic Mach numbers). Similangzzles also introduce losses
although they too are typically small. Even shafitsoduce non-ideality, primarily

through bearing friction.

1.2.2 Engine Types

There are several types of gas turbine engine flatlis (Figure 8):
1. A turbojet engine has a single flowpath passingough the engine core
(compressor, combustor, turbine) and nozzle. legses thrust by accelerating

the exhaust flow through a single nozzle.

13



. A low bypass ratio mixed exhaust turbofan enging tweo flowpaths. One path
passes through the entire engine core while ther dtypasses the combustor and
turbine. It generates thrust by accelerating blothd through a single nozzle.

. A high bypass ratio separate exhaust turbofan engas also two flowpaths. One
passes through the inner portion of the fan andnengpre while the other only
passes through the outer portion of the fan. Tomdaths exit through separate
thrust-producing nozzles.

. A turboprop engine has one flowpath through theirengore and a second
through the propeller. The propeller is driven hg £ngine shaft and generates
the bulk of the thrust. The engine flowpath geresaadditional thrust by
accelerating the flow through the nozzle.

. A turboshaft engine has one flowpath through thgiren core and a power
turbine. It generates power directly via the powebine which is attached to a
shaft that is separate from the gas generatomwrdihe engine does not generate

significant levels of thrust directly.

14
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Figure 8. Different types of gas turbine enginesZ turbojet, (2) low BPR turbofan, (3) high
BPR, (4) turboprop, (5) turboshaft.
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1.3 Fuel Cells

1.3.1 Fundamentals of Operation

A combustion process converts chemical potenti&rggn stored in molecular
bonds directly into heat. This is accomplished axathermic reactions which create
relatively low enthalpy products from higher enfhakeactants [21]. Combustion-
based power cycles convert thermal energy into am@chl energy in order to do
useful propulsive work. To produce electrical enetigrough a combustion based
process, one must convert chemical potential energlyermal energy to mechanical
energy andhento electrical energy. In contrast, fuel cells certvchemical potential
energy directly into electrical energy (along wgbme heat due to inefficiencies).
There, of course, will be mechanical losses in @ ftell system, but these are
associated with the balance of plant componentsgsublowers, etc.) and are absent
from the physical process of generating electpcater from fuel energy.

There is an interesting contrast between the temyes dependencies of ideal
heat engines and ideal fuel cells. The maximumiplsefficiency of any heat engine
is the Carnot efficiency [22]:

Yy g fi,' hip j

where' and' are the temperatures of the low and high temperatservoirs in

the power cycle. The Carnot efficiency is a specdégxample of a “second law
efficiency” [22] which bounds the maximum efficignallowed by the second law of
thermodynamics (i.e., assuming completely revegsgybcesses). Carnot efficiency

of 100% is impossible (would requite at absolute zero or an infinite ) but it can
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be maximized by raising as high as possible. The maximum efficiency pdssib
any fuel cell is given by a general form of thes®at law efficiency [22]:

Y, fJ , W& f i$ & hir j
whereJ is the maximum work output)$ is the change in Gibbs free energy, and
U& is the change in enthalpy. Because a fuel cellogmrate at a single temperature

there is no temperature ratio as there was foatdmgine.
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Figure 9. Comparison of ideal fuel cell and heat egine efficiencies vs. temperature.

Figure 9 compares the maximum theoretical efficyeot heat engines and fuel
cells as a function of temperature (in the case of the heat engine, cell operating
temperature for the fuel cell). The heat engineveus simply Eqg. (15) assuming
" fnoe—+. The fuel cell curve is based on calculation dflisienergy and enthalpy
for a fuel cell at 1 atm with an oxidizer streamaf and a fuel stream of 80%
hydrogen and 20% water vapor. The figure illussdte opposite trends of the two
types of systems with respect to temperature dscéllemaximum efficiency is peak

at low temperature and heat engine maximum effigies peak at high temperature.
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In closing, however, it is important to remembeattithe maximum theoretical
efficiency will never be achieved by a real systemg that ultimately comparisons
between fuel cells and heat engines must be maskrban efficiencies that can be

achieved in practice, not in theory.
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Out mmmmm) Out

Cathode
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Figure 10. Solid oxide fuel cell.

Figure 10 is a schematic illustration of a soliddexfuel cell. Hydrogen, carbon
monoxide, or a hydrogen carrier (i.e., fuel) entdrghe anode side and oxidizer (i.e.,
O, or air) enters at the cathode side. Partial reastoccur at the anode and cathode,
and G ions are transported across the electrolyte topéete the process. The type
of ion varies among fuel cell types. For a PEM foell, protons (H) are exchanged
whereas for SOFCs it is?0 Electrons are drawn from the anode to the cathode
through a load to produce the useable work of #ie The overall reaction in a fuel

cell is identical to the combustion reaction of Haeme reactants5>¢ g ™8( (O>: £
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9:™ 57C?, and the overall energy release is likewise action of the enthalpy
difference between reactants and products. Howéwembjective in a fuel cell is not
to release heat but to drive an electrochemicalgs® from which electrical work can
be extracted. The fuel, the oxidizer, and the eddyte material used to perform the
reaction all vary with fuel cell type and particuégplication.

In the case of solid oxide fuel cells which are theerest of this work, the
following reaction occurs at the cathode [22]:

o¥'§'©¢« 6,9 %9 £ n6d hit

where> denotes an electron. The ionized oxygen diffusesss the electrolyte to
the anode. The electrolyte membrane must havesgagific properties that enable it
to transport6™ ions without transporting the reactant streamsconducting
electricity [23]. The reaction at the anode sidgiven by:

-}© <« & g69E &6gn>T hi— j
The electrons produced by this reaction are cordutitrough the load attached to
the cell and returned to the cathode. The powedywed by the cell is the electron
current times the electrical potential across #le All chemical potential energy not
converted to electricity becomes waste heat.

Electrolyte material choices vary by fuel cell type fact, fuel cells are typically
classified by their electrolyte material. Alkalifieel cells (AFC) are named for the
alkaline solution which saturates a porous mediomiarm the electrolyte [24].
Proton exchange membrane fuel cells (PEMFC) utifize electrolyte membrane
permeable to hydrogen ions but not gases [25]dSolide fuel cells (SOFC) employ

ceramics such as yttria stabilized zirconia (YS&}le porous electrolyte medium to
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transmit oxygen ions [23]. As a result of their qure compositions and operating
conditions, each cell type has its own strengtlasliamtations.

The pressure dependence of fuel cell operationbeannderstood by inspecting
the partial derivative of the reversible cell vgkaGg , with respect to pressure at

constant temperature [22]:

hicej
where 1 is the number of electrons participating in thelfoell reaction, is the
Faraday constant, # is the change in Gibb’s free energy, and is the change in

specific volume of the gaseous species in the imacAssuming ideal gases, the

equation can be rewritten [22]:

Ca.
329y f

- hns;j

whereU3 is the change in moles of gas species from theckiereaction and is

the universal gas constant. According to this i@tahip, for reactions withu3 m s
(which is the case for most fuel cell reactionduding those relevant to this work)
the reversible voltage will increase as pressureesses because the partial derivative
is greater than zero. Fuel cell systems can takarsage of this effect by operating at
elevated pressure to increase efficiency and/orepa¥ensity. Relative to a lower
pressure system, an elevated pressure fuel cellpoaoiuce the same power with
lower current density (i.e., higher voltage andcefhcy) or produce more power with
the same current density. Note, however, that Isecdbe derivative is inversely
proportional to the pressure, there are diminishigtgrns as pressure is increased to

very high levels.
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1.3.2 Challenges

Because of the elevated temperature of the aiingaw gas turbine compressor,
low temperature fuel cells such as proton exchangmbrane fuel cells (PEMFC)
and alkaline fuel cells (AFC) are not viable opsofor the type of gas turbine
integration considered in this work. The most comrtypes of high temperature fuel
cells are SOFCs and molten carbonate fuel cellsK®)J22]. MCFCs use a molten
mixture of alkali carbonates as an electrolyte [@8jch leads to bulkier assemblies
than SOFCs which use solid electrolytes. Additibnahe stresses of ‘freeze-thaw’
thermal cycling of the electrolyte during startfstransients makes MCFCs best
suited to ground based, stationary, continuouslgraging applications [26]. This
leaves SOFCs as the only logical choice for gdsrarintegration.

Despite the potential benefits, the task of implenmg fuel cell technology for
vehicle applications is no simple matter. Most ldraes in developing effective fuel
cell systems are rooted in the very specific platsproperties demanded of the
anode, cathode, and electrolyte materials [27].alldmaterials must withstand
contamination, repeated duty cycles, potentiallgdatemperature fluctuations, and
various physical stresses all without experiencisgynificant performance
degradation. This is in addition to the specifieatlochemical, conductive, and
diffusive properties demanded of the material ideorto function as an electrolyte.
The specific and stringent requirements on fuel materials often lead to issues of
cost and availability (e.g., rare and very expeaglatinum). Additionally, difficult
issues arise with attempts to find cost effectiveithmads to scale up the production of

porous ceramics [27].

21



Thermal management is an important and challengspgct of solid oxide fuel
cell design [22]. Firstly, it is important to maam a sufficiently high temperature to
enable the efficient transport of oxygen ions agrite electrolyte (a more difficult
process than transporting the much smaller hydragenpresent in proton exchange
membrane fuel cells). Secondly, the rates of hgatimd cooling as well as the spatial
thermal gradients must be limited to reduce thelilood of fracturing the ceramic
SOFC materials.

Contamination and poisoning are always a conceth fuel cells. Chloride ion
poisoning has been studied in relation to the mresef HCI in coal syngas [28]. HCI
concentrations as low as 20 ppm were shown to ded8®FC performance. Sulfur is
a very concerning contaminant for aerospace apjaitsa because of the preference
for liquid hydrocarbon fuels. Syngas from hydrocarfuels can contain relatively
high levels (hundreds of ppm) of,&l and other sulfur compounds [29], and sulfur
levels of only a few ppm can deactivate Ni catalystS is among the most studied
anode contaminants [29].

Goodenough and Huang [30] reviewed alternative anmdterials for SOFCs.
They discuss recent developments in double per@ssi8sMg; x MNyMoOs  that
show high sulfur tolerance. Sun and Stimming [34¢ aeviewed advances in SOFC
anodes noting several examples of ongoing researddi free materials that show
increased sulfur tolerance. Gong et al. [32] ree@dVOFC anode materials with a
specific focus on sulfur tolerance. Thiospinels andtal sulfides, metal cermets
(SSZ, ceria, doped ceria oxides), and mixed ionit @ectronic conductors, MIEC,

(perovskites and lanthanum vanadate) are discusstderials showed sulfur
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tolerances ranging from tens to hundreds of ppmokawa et al. [33] showed that a
ceria nanoparticle infiltrated Ni-YSZ anode is dalgaof tolerating 40 ppm of sulfur.
Sengodan et al. [34] showed sulfur tolerance uBQgpm using conventional Ni-
YSZ anodes with a sulfur tolerant nanocoating. Atjeseet al. [35] showed that Ni-
GDC (nickel and gadolinium doped ceria, GDC) exbithia significant decrease in
Ni degradation. Kurokawa et al. [36] showed thatizceand ruthenium-infiltrated
yttria-doped SrTi@ tolerated HS levels of the 10-40 ppm. Trembly et al. [37]
studied a three layered anode of Ni-GDC, GDC, andNIfur levels of 200-240
ppm cause degradation that may stabilize at 10-2#%& several hundred hours.
Aguilar et al. [38] identify La;Srp3VO3 anodes as having particularly high tolerance
to H.S (up to 10% and over 5000 times greater than Bedbaptions). Cheng et al.
[39] demonstrated SOFC effectiveness using strontiloped lanthanum vanadate,
Lap 7Srp3VO3, anodes in the presence of high concentrationg (8%.S. Chan et al.
[40] undertook an analytical study of the sulfuletance of Ce@ Cheng et al. [41]
studied the stability of various candidate sulfasistant material§metal carbides,
borides, nitrides, silicides, sulfides, complex d®s, etq. using thermodynamic
principles.

These studies are representative of the large anwfuresearch being done to
address the issue of sulfur poisoning in SOFC asiobeere is still progress left to be
made for the development of functional SOFCs capablusing hydrocarbon fuels.
Significant advances will be necessary in eithevetigpment of sulfur tolerant

anodes, desulfurizing of fuels, or developmentulfius free fuel options.
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Another challenge of developing fuel cell systemshie relatively large, heavy,
costly and power consuming balance-of-plant systeeexled to operate a fuel cell
stack. For example, among commercially availabledpcts from Ballard Power
Systems [42] a stack alone weighs between 0.8 akgl ®er kW but a full system
(with balance-of-plant) weighs between 15 and 1@Opkr kW. Also, balance-of-

plant can account for greater than half the cost fokel cell system [27].

1.3.3 Solid-Oxide Fuel Cell

As stated above, SOFCs are named for the solickeamadamic materials used as
the electrolyte. The electrolyte must transmit axygions, but have very low
permeability to reactant gases and very low electtonductivity. YSZ, the most
common SOFC electrolyte, is composed of zirconi®{Y doped with roughly 8 to
12% by mole of yttrium (Y) [22]. The doping replac&r atoms in the crystalline
structure with Y atoms, which creates vacanciesutin which & ions may be
transmitted [23]. The mechanism by which the iore/enis only effective at high
operating temperatures, and even then the ion obindy is an order of magnitude
smaller than for aqueous electrolytes used in atbkitypes. The ion conductivity of
YSZ is approximately 0.02 S/cm at 800°C and risge9.tL S/cm at 1000°C [22].
Because of this, SOFCs must operate at high tetyserand the electrolyte layer
must be kept as thin as possible. A side benefitigli temperature is resistance to
catalyst poisoning.

The cathode material must be porous to allow tHasion of reactants and must
also be a good electron conductor. The material mdditionally be resistive to the

highly oxidizing cathode environment, which rulest anost metals. A common
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choice for SOFC cathodes is strontium doped lantfmammanganite, a p-type
semiconductor [22]. It has the appropriate diffesand conductive properties, and
also acts as a catalyst for the reaction.

The anode material must similarly be porous anddaotive, but the catalytic
properties must be suitable for the fuel-side lieacBecause the anode environment
is not oxidizing, metals and other materials notasle for the cathode can be used.
A popular choice for the anode material is YSZ comabd with approximately 35%
by volume of nickel [22]. Nickel is an effectiveastion catalyst and provides for the
conduction of electrons. The YSZ provides the perstructure and allows for a
highly stable interface with the YSZ electrolyt&]2

Because many metals have melting points near ombtie operating ranges of
SOFCs, materials choices are limited. Common cawodsialuminum (660°C) and
copper (1084°C) [21] will melt if exposed to thengeratures in many SOFCs. The
cathode side flow is also a strongly oxidizing eomment (high temperature and
oxygen rich) [26] that will attack aluminum and @&p conductors. Although high
operating temperature presents a challenge, ithalsats benefits. Carbon monoxide
(CO) poisoning, a very common problem in low terapere fuel cells, is not a
concern in SOFCs owing to the high temperaturesohtrast, low temperature cells
require CO levels below 100 ppm [43] which can betipularly problematic when

using hydrocarbon fuels. SOFCs have no such regeine

1.3.4 Catalytic Partial Oxidation Reactor

A catalytic partial oxidation (CPOX) reactor isype of fuel reformer commonly

used to prepare fuel for use with SOFCs [29] amotiger applications. A typical
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CPOx construction consists of a porous alumina feaaated in catalyst material
[44-46]. The alumina foam is a ceramic materialefmred as positive images of
corresponding plastic structures” [47]. These foaaxdibit relatively high bed
porosities of 80-90% which makes them an appeaptgpn for applications where
pressure drop minimization is important [47]. Rilatn [45] and rhodium [29,46] are
options for catalyst coatings. Well designed CP@actors operate near chemical
equilibrium (assuming high temperature operatiotih\active catalyst) [23,29].

As the name implies, CPOx reactors facilitate thartipl oxidation of
hydrocarbons through the use of a catalyst to preda syngas (synthesis gas)
mixture of smaller, more reactive molecules. Theigloxidation reaction has the
desired products of hydrogen jJHand carbon monoxide (CO) as opposed to a
complete oxidation reaction with the desired prasluaf water (HO) and carbon
dioxide (CQ). The partial oxidation (Eg. (21)) and completedation (Eg. (22)) of
methane are contrasted below:

& g6, £ 6 gné& bni

& g6, £ 6,9Nn&H6 hnnj
The partial oxidation of larger hydrocarbons camimee generally expressed:

&9 -6 £86 g-& hnzj
where8 and T are the numbers of carbon and hydrogen atomseirhydrocarbon

molecule, respectively.
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1.4 Gas Turbine / Fuel Cell Hybrid Systems

1.4.1 Advantages of System Coupling

A gas turbine / solid oxide fuel cell hybrid systésrcapable of taking advantage
of a number of beneficial coupling effects betwdantwo systems:

The GT engine provides air to the fuel cell, eliating the need for blowers or air

pumps

The air provided by the GT engine is pressurizddwang higher efficiency and

power density than atmospheric pressure fuel cells

The pressurization process heats the air provided

Heat in the CPOx and fuel cell exhaust is recovénealigh the Brayton cycle

Unreacted fuel from the fuel cell is recoveredhia Brayton cycle

The faster transient response of the Brayton cgoleld improve the overall

transient response of the system relative to cdiovead stand-alone SOFCs

1.4.2 Challenges

One challenge facing the design of GT-SOFCs for ined propulsion and
power on aircraft is the impact of pressure drapugh the CPOX/SOFC assembly
on the GT’'s overall performance. The CPOx catalgssupported on a porous
alumina foam material. This design is preferred ifsrrelatively low pressure drop
[47] compared to alternatives such as packed leddpsses are still significant. The
SOFC flow paths are long, narrow (just a few mmeyidhannels which will also
experience pressure drop from frictional losses.trdexion, turning, and

reintroduction of air flows will cause additionalgssure loss. It is important to the
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operation of the physical system that the pressliop across the CPOX/SOFC
assembly be limited to less than or equal to thessure drop across the GT
burner/combustor at the desired flow rates. Otlsrwithe SOFC will receive
insufficient flow or the GT engine must incur adimal losses that will lower overall
system performance.

Another challenge is designing the physical integraof the fuel cell exhaust
paths with the GT burner/combustor. Required mealifons could add mass to the
combustor or disrupt its flow. Flow disruptions &bgontribute to undesired modes
of turbulent flow or combustion instability. It iglso unknown how conventional
combustors might respond to the injection of lowenalar weight fuel species such
as CO and b though this could perhaps have beneficial eff€etg., increased
mixing and reaction rates).

Finally, there are potentially serious complicasicarising from discharging the
SOFC exhaust into the GT engine upstream of theinewr The SOFC contains
ceramic materials which are less durable than te¢alrstructures of typical GT
system components. If these ceramic componentsufeadue to impact, thermal
cycling, etc. the pieces could carried into the bostor and turbine. Any solid debris
impacting the turbine blades would likely cause g¢tgl damage that at a minimum
would lower turbine efficiency and in a worst casgenario could cause engine
failure. There are a number of possible strategescombat this problem.
‘Ruggedized’ fuel cell designs could reduce thesgmkty of ceramic fractures, but
this would almost certainly add mass and voluméeosystem. Physical screens or

filters could trap debris but likely at the costilnéreased pressure losses. Perhaps the
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best strategy would be some sort of centrifugabsspr which could be as simple as
a flow bend with a particle trap (Figure 11) to aegpe out larger particles not fully
entrained in the flow. In any case, this is an ingnat problem that will warrant

increased attention as this technology matures.

SOFC stack
/
[_> / Ceramic debris
b -~
I .’
—

Particle trap

| /

Flow lines
Figure 11. Conceptual ceramic particle trap.

1.4.3 Review of Research on Ground Based Systems

A number of studies have investigated integratedS®FC systems for large-
scale stationary power generation [48-56] and astl®ne has considered a similar
system with a molten carbonate fuel cell [57]. Matugas [48,51,54], methane
[49,52,53,57], and syngas [55,56] are typical fu@8sme use internal reforming
SOFCs [48-51] while others use external fuel reEn1{52-55]. Power levels range
from 5 kW [54] to 2.4 MW [49].

Calise et al. [48] simulated an internal reform{iig) SOFC running on natural
gas for the purpose of optimizing operating co§tempressors and turbines are

modeled via scaled performance maps. SOFC perfagnamodeling is validated
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against Siemens Westinghouse SOFC data. Estimdaed glectrical efficiency is
roughly 68%, a number which the authors describe“ramarkably high”. A
“thermoeconomic” model is developed to evaluate thsts associated with the
system configuration. The authors emphasize theoiltapce of system level
optimization over stack optimization as gas turbamel balance of plant losses are
significant.

Haseli et al. [49] simulated an IR-SOFC runningnoethane and focused on the
irreversibilities in the system. Compressors ancbities are modeled assuming
constant efficiencies. Findings show that incregsurbine inlet temperature reduces
thermal efficiency but raises the specific powetha overall cycle. The authors also
identify an optimum compression ratio, balancingpriaved SOFC performance
against higher rates of entropy production. Estagiathermal efficiencies for GT-
SOFC systems are on the order of 60%. The irreuétgiin the system is dominated
by the SOFC and combustor (each accounting forhigi8P% of the total).

Abbasi and Jiang [50] simulated an IR-SOFC andsse&@ a multidisciplinary
approach to the system modeling. Compressors ahimhéumodeling methods are not
clearly stated, but they are seemingly modeled wahstant efficiencies. Internal
reforming is assumed and not modeled. This workudes a model of the power
conditioning system. It also models the transiesponse of the system to changes in
demand loads.

Chan and Tian [51] simulated an IR-SOFC runningnatural gas. Compressors
and turbines are modeled assuming constant eftigen The SOFC modeling is

based on a Siemens-Westinghouse design. Findirngs 8at increasing operating
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pressure raised system efficiency, but increasus flow (at constant utilization
rate) decreases system efficiency. The study estgngreater than 60% electrical
efficiency and greater than 80% system efficiendy waste heat recovery.

Palsson et al. [52] simulated an SOFC with a pfeqneger running on methane for
combined power and heat generation. A two dimemsituel cell model is developed
in this work and validated against the literat@éher components are modeled using
standard unit operation models in the Aspen Plsoftware package. Results show
an optimum pressure ratio for maximizing systemceficy. The study estimates
roughly 60% electrical efficiency and greater t8&% system efficiency.

Costamagna et al. [53] simulated a steam reformsystem running on natural gas
fuel. Compressors and turbines are modeled viargwpatal performance maps. A
zero-dimensional (no spatial temperature or comagah gradients) SOFC model is
developed and used in this study. The modeled engira recuperated micro gas
turbine. On- and off-design analysis is presentadthis hybrid model. The study
estimates greater than 60% efficiency for on-desieration. Efficiencies of greater
than 50% are predicted at power levels as low &s 80design.

Lim et al. [54] built and tested a 5 kW class plaG®OFC with pre-reformer
running on natural gas. The Forschungszentrumhluliade stack was designed to
operate at 3.5 atm absolute pressure. The autbstsdtthe stack as a stand-alone
pressurized fuel cell unit and as a hybrid GT-SGly§tem with a micro gas turbine.
The study demonstrates the improved efficiency poaer density from the stack
during high pressure operation. It also demonstrateccessful operation of a

combined GT-SOFC system.
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Suther et al. [55] simulated a steam reformingesystunning on user defined
syngas mixture as fuel. Reformer, combustor, cosgmes, turbine, and all other non
SOFC components are modeled using standard Aspsi'Rhermodynamic models.
A zero-dimensional (no spatial temperature or cotregion gradients) SOFC model
is developed and used in this study. A key findisgthat increasing SOFC
temperature and pressure both increase efficidnayhigher pressure increases cycle
specific work while higher temperature decrease§he study also shows that the
optimum fuel utilization factor is dependent on € cycle efficiency.

Zhao et al. [56] simulated a coal syngas fed SOBGpled with an ideal,
irreversible GT model and used an optimization aigm in MATLAB. The fuel cell
model is simplified to assume uniform structure penature while allowing a gas
temperature gradient across the SOFC. The studsstigates the importance of
current density, operating temperature, fuel #tion factor, GT efficiencies, and
heat transfer parameters.

Leto et al. [57] simulated an internal reforminglten carbonate fuel cell running
on natural gas fuel. Fuel cell and reformer mode¢sdeveloped in this work. Other
components are modeled using predefined blockshin IPSE Pr8" software
package. Estimated efficiency is roughly 60%. Théhars investigate partial load
performance and the sensitivity of the system tel futilization, current density,
operating pressure, air flow, steam/methane radiod component efficiencies.
Performance is improved by raising operating pnesamd current density. 75% fuel

utilization ratio balances the performance of thel tell and gas turbine systems.
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Veyo et al. [58] investigated the conceptual defrGT-SOFC systems. The
study predicts an increase from 45% electrical geimn efficiency in atmospheric

pressure SOFC systems to as high as 59% in presguiT hybrid systems.

1.4.4 Review of Research on Auxiliary Power Units

Investigations of GT-SOFC systems for airborne igppbns generally falls into
two categories: auxiliary power unit (APU) applicats and high altitude, very long
(multiple days) endurance UAVs. The APU applicatisnseparate from the main
propulsion of the aircraft and is designed as aadtflireplacement for existing APU
technology. The high altitude application takesaadage of the unique low power,
very long endurance nature of that type of missiat places a premium on system
efficiency. APUs are discussed below, and very lendurance UAVs are discussed
in the following section.

Daggett et al. [59] review a wide range of topiegarding the potential for fuel
cell and hybrid fuel cell APUs for aircraft. Thethars identify the primary benefits
of the system as removing load from aircrafts’ mamngines and greatly increasing
electrical generation efficiency. They also point the technology challenges that
must be overcome for the technology to reach nacggserformance levels: low
technology readiness level, low specific powerpmneing and sulfur content of jet
fuel, durability, safety, and cost. It is worth imgt that since the 2003 publication of
this paper, significant advancements have been maskveral of these areas.

A NASA team investigated a steam reforming GT-SA&Quse as an APU that
consumed Jet-A fuel [60-63]. All of these NASA sasimodel the system using the

Numerical Propulsion System Simulation softwareselfr et al. [60] detail the bulk
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(i.e., zero dimensional) SOFC model that calculaiestrochemistry for the whole
fuel cell based on exit properties. The model ikdated against experimental data.
The reformer is modeled assuming equilibrium chamisCompressors and turbines
are modeled with performance maps for off-desigalyams. Initial studies with this
model simulated a 200 kW system (186 kW from SOECkW from shaft powered
generator) with estimated 40% thermal efficiencyl &%% electrical efficiency.
Tornabene et al. [61] lay out a detailed mass esiim method for the GT-SOFC
hybrid system including estimates for compressamys, turbine, heat exchangers,
reformer, combustor, fuel cell, and other assodigtarts and piping. The fuel cell
mass model involves the piece-wise summation oS@FC components including
anodes, electrolytes, cathodes, interconnectsiranohting rods and plates. Steffen et
al. [62] simulated an APU system for a 300 passemgenmercial aircraft. The
simulated system delivers 440 kW (289 kW from SOF&1 kW from shaft powered
generator) with estimated 62% thermal efficiencyheTstudy illustrates the
importance of cell geometry in achieving high sgstepecific power. The system
mass of an initial configuration with gas chanrfetsned by the metallic interconnect
layer is 1396 kg. The mass is dramatically redued20 kg using a corrugated
support anode that forms the gas channels. Freah E3] investigated off-design
performance of the hybrid system. The GT cycledaf$ign performance is estimated
using compressor and turbine performance mapse#@tesel full power conditions,
the estimated mass was increased by 37% becauS®OfE stack size increased due
to the fraction of electricity coming from shaftwer dipping from 36% at cruise full

power to 2.5% at sea level. At reduced power (280 kruise, roughly 33% of
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electricity comes from shaft power. System therefitiency is 42% at sea level and
73% at cruise.

Eelman et al. [64] modeled proton exchange membfaglecell (PEMFC) and
SOFC hybrid concepts for commercial aircraft powEne systems utilize steam
reformers. The study looked at 370 kW systems @ih lfuel cell types. The SOFC
system provides 70% to 75% efficiencies. The PEM§tem provides 35% to 45%
efficiencies. Aircraft integration approaches (eaft center vs. tail cone locations) are
also considered. The authors concluded that SOFCepbs show greater potential
due to higher efficiency but that PEMFCs are meshnologically ready in the near
term.

Rajashekara et al. [8,65] modeled a steam refor@ihgSOFC APU system. The
system delivers 440 kW running on commercial jed.firhe split between SOFC and
generator power is not specified. Details of thessrastimation method are not given,
but the modeled system slightly exceeded the tangass of 880 kg. System
efficiency is estimated at 61% at sea level and A%ltitude. The authors predict
that GT-SOFC systems will be competitive in the kWdto 10 MW power range.

Braun et al. [66] modeled an autothermal reforn@igSOFC APU system using
Jet-A fuel. The system is sized to produce 300 KW study investigates two system
architectures: one focused on more near term peddttegration and the second
focused on tighter system integration and higherfop@mance but with higher
technological risks. The second configuration tiheasted at 53% and 70% efficiency

on the ground and at cruise, respectively. Theystinbws that SOFC APU systems
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are capable of significant fuel burn reductions (&%6/%) and emission reductions
(up to 70%). This is in spite of the lower specpgmwer of these systems.

Although some of these studies report efficiencipwards of 70% or more, the
bulk of the other studies surveyed here suggestetledficiency estimates may be

overly optimistic.

1.4.5 Review of Research on All Electric UAVs

As mentioned previously, high altitude, very longuftiple days) endurance
UAVs are a target for GT-SOFC use. The unique mssequirements of low
propulsion power and exceptionally long endurantace a premium on system
efficiency. The specific power of the energy systanomes relatively less important
in these missions.

A NASA study by Himansu et al. [67] modeled 20 kwda50 kW hydrogen
fueled GT-SOFC systems for a fully electric UAV feeming high altitude (50 to 70
kft), very long duration (10 days or more) missiofke study shows that there exists
an optimum cell operating voltage for minimum swysteass (including fuel mass).
The optimum voltage trends higher for longer desigasion durations due to the
increased importance of efficiency. The study idekl detailed trade studies of
system mass as a function of fuel cell voltagesimisduration, and system losses.

Aguiar et al. [68] modeled 140 kW hydrogen fueleB-SOFC systems for a fully
electric UAV performing high altitude (50 to 65 kftow speed (Mach 0.25 to 0.35),
very long duration (1 week) missions. The studyvahohat, for this mission, it is
advantageous to use multiple fuel cell stacks (flosV in parallel, air flow in series

with intercoolers) as opposed to a single largackst Efficiency of a single stack
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system is estimated at 54% and that of a multikstgstem is estimated at 66%. The
improvement is due to reduction of required aimfland an increase in turbine inlet
temperature. However, the study is directed at ming fuel mass only. Fuel cell

mass is not estimated.

1.4.6 Summary of GT-SOFC Literature Review

The following table summarizes several key elemé&ats the works referred to
in the preceding literature review. The system,sfiael cell type, fuel type, model

fidelity, and predicted efficiencies are included €asy comparison between studies.
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1.5 Numerical Propulsion System Simulation

1.5.1 Overview

The analysis of GT-SOFC systems presented in thi&k v performed using the
Numerical Propulsion System Simulation (NPSS) cddeeloped by the National
Aeronautics and Space Administration (NASA) [69,7RPSS was chosen for this
work because it is specifically designed for GT lgsia and is well suited for
expansion to incorporate other complicated thermadyic systems. Additionally,
NPSS is currently in use as a modeling tool by magnanufacturers which would
make it relatively seamless to blend this tool withnufacturer’s engine specific gas
turbine modeling in the future.

NPSS makes it relatively simple to assemble a waléety of flow components
into many different system arrangements. The NP&Rgge comes with a library of
standard components for GT systems like turbinesypcessors, combustors, etc.
New components may be defined in almost any leteletail desired by the user.
‘Interpreted’ components are defined using the NRB8ing language which is
object oriented and similar in most respects to .CHese user defined components
can be as simple as table lookup or as complexirksng to external CFD
simulations. The NPSS element structure has buifteww port data structures that
store and pass flow information (composition, terapee, pressure, enthalpy, etc.)
between linked components. NPSS also has severittirbuthermodynamics
packages which execute functions to determine tbe ftate based on some
combination of pressure, temperature, enthalpy,empy. The modeling presented

in this work utilizes the Chemical Equilibrium witApplications (CEA) [71]
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thermodynamics package which performs chemical liegum calculations each
time these built-in functions are called. Otherrth@dynamics package options
include a limited chemical equilibrium calculatigdANAF’ package) and simple

gas property lookup (‘GasTable’ package).

1.5.2 Solution Method

To model complicated thermodynamic systems sudBTesand GT-SOFCs, one
must define a set of equations describing the diperaf the system. To solve for
stable operating points one must additionally defen array of differentiable
functions (the dependent conditions) of severaldpendent) variables.

There are many methods available [72-74] for sglveystems of nonlinear
equations. In fact, there are essentially infinitgiations upon methods which one
could use (though of course not all are practidals not the intent of this section to
conduct an exhaustive review of solution methodsrather to summarize some of
those most relevant to the type of problem invaséd in this work: finding solutions
to strongly coupled, highly nonlinear systems ofsal equations.

Genetic algorithms are not considered here bectheseare typically used for
optimization and machine learning problems [75udh they have been considered
for solving nonlinear systems (e.g., Refs. [76-78])

For models of complex systems like gas turbinesfamticells, it will generally
not be possible to explicitly calculate solutionsstystem level equations which are
strongly interrelated and dependent on complex nyidg calculations. Therefore,
iterative methods are required that begin with aitial guess and calculate

successively better approximations (often usingction derivatives or their
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approximations) until a solution is found. The stdethe problem (i.e., number of
equations) and the computational cost of evaluatihg functions and their
derivatives are primary factors influencing the ickoof solver [79]. For systems of
relatively few equations with low function compudat cost, methods like finite
differenced Newton’s method that update by calaudat partial derivative matrix
(Jacobian) via finite differencing are preferreddgse the relatively large number of
calculations per equation per iteration is madeepiable by the low overall
computational cost of the problem. In contrast,piablems that are sufficiently large
(CFD problems can have thousands of equations) oorwhich the function
calculation is very expensive, calculation of datives at every iteration is
undesirable. There are methods termed ‘inexact dlewntethods’ [74] that update
without calculating or approximating the derivagv®thers, like Broyden’s method
[72,74,79], approximate the derivatives without tuestly finite differencing. These
types of methods require a preconditioner to perfaell (typically a matrix close to
the inverse of the Jacobian, which can be diffieuften the Jacobian is unknown).
Other methods reduce computational cost by caloglaterivatives for only the first
iteration or only when certain criteria are met.afwples include ‘simplified
Newton’s method’ [72] which simply reuses the datives from the first iteration
and hybrid methods which approximate updates tartiial Jacobian at subsequent
iterations (via Broyden’s method, for example).

It is this final example which is used in the cuatrgvork. Other methods could
certainly also be effective, but a modified Newmethod with Broyden updates is

well suited to this application. The problem isatelely small (several equations) so

41



methods specialized for large systems are not gappte. The function calculation
cost is large, so generating Jacobians at eadtigeris impractical. Calculating a
Jacobian for the first iteration provides the higinality starting point of a finite
differenced Newton method, but Broyden updatesemqumntly allow the benefits of
improved computational efficiency. Refer to Appendd for a more analytical
discussion of Newton’s and Broyden’s methods.

The NPSS solver requires the user to define a fsetdependent variables and
dependent conditions. Any parameter in the syst@mbe defined as an independent
variable which is controlled and varied by the solNThe solver adjusts the values of
the independent variables at each iteration usimg Jacobian matrix in order to
converge a solution that meets all of the dependenditions. Dependent conditions
are defined by equalities that the solver attertptsatisfy. These equalities can take
the form of driving a dependent parameter to aqtrealue, driving two dependent
parameters to equal each other, or any number of smmplex forms. One example
of an independent-dependent relationship is varymigtion speed to match the
power of compressors and turbines on the same. shiadt number of independents
and dependents must be equal.

The solver utilizes the previously described gudsivton’s method to converge
solutions of the system. Perturbations of the iedelent variables are used to form a
Jacobian matrix of partial derivatives that desesibthe complex set of
interrelationships between the independents anéralmts. For each iteration, the
solution algorithm approximates the correction &aclreindependent variable required

to drive the residuals to zero based on the Jaoddom@ the error in the dependent
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conditions. Following the first iteration, a newcdaian is formed only when certain
convergence criteria are not met [69]. User colgdoVariables define the maximum
number of iterations or Jacobians to attempt befaresidering the convergence

failed.

1.5.3 Challenges

Solving complex and highly nonlinear systems pressdarmidable numerical
challenges. While CFD solvers regularly handle #samads or even millions of
variables simultaneously, the task is greatly fatéd by the similarity of the
equations and the sparse nature of the problem 8@ types of systems of interest
here do not have those advantages. Each depermatiti@n is typically affected to
varying degrees by most, if not all, of the indegemt variables (i.e., the system is not
sparse). Solving the system requires simultane@adlgfying equalities in several (in
this work, up to 13) dissimilar functions in a nmugdtmensional parameter space
where the functions are highly nonlinear.

The NPSS solver is appropriate for this effort loseaof its proven track record in
solving problems involving gas turbine integratioh.major issue inherent to all
Newton type solvers is the need for good initigbraximations of the independent
variables [72]. Initial values for the variables ath do not produce a
thermodynamically consistent approximation of tgstem or are simply not close
enough to the converged solution will lead to diesrce. To overcome this
challenge, it is often necessary to begin from avkm initial state that produces a
valid solution and then gradually progress towaicteasingly different target states

(e.g., beginning with a known solution for a lowwsr system and incrementally
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increasing power instead of attempting a solutmmaf high power system directly).
While this could be a significant impediment to fpeming system-level
optimizations over large parameter spaces, itgs important in the context of this

work.

1.5.4 Implementation of CEA

As mentioned previously, NPSS supports many diffetgpes of thermodynamic
calculations. The most suitable for this work inxed determining flow states via
chemical equilibrium calculations. This is accommpéd by an implementation of
NASA'’s CEA code. The CEA calculation is based omiaimization of Gibbs’ free
energy. This produces a solution at the minimura &eergy state, irrespective of the
activation energy or chemical kinetics of the reats required to reach that state. A
summary of how this is done and what equationsnarved can be found elsewhere
[71].

The CEA thermodynamics package is needed becatagedespecies output is
required for the electrochemistry calculations.also performs the equilibrium
calculations used to simulate the catalytic padiatlation reaction and the water-gas
shift reaction. Unfortunately, because of the reddy computationally intensive
minimization of Gibbs free energy, CEA is compuwaglly slower than the other
thermodynamic packages which lack the detailed wutpeeded in this study.
Computational speed is improved by reducing thebermof species considered from
the more than 2000 available in the base packagalyothe approximately 250 that
are potentially relevant to hydrocarbon combustioair (i.e., combinations of C, H,

O, and N). The CEA package is capable of multigtees of equilibrium calculations
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including but not limited to: constant temperatanel pressure, constant enthalpy and

pressure, constant entropy and pressure.

1.6 Objective and Approach

The objective of this work is to evaluate the eftig of integrating CPOXx reactors
and SOFCs directly into an air vehicle’s main gabine engine(s) as a means to
reduce fuel consumption and improve range and emder This is accomplished by
developing ‘intermediate fidelity’ models of var®uypes of gas turbine/SOFC
hybrids. Models of the individual subsystems (gabihes, CPOx reactors, and solid
oxide fuel cells) are tested as separate systefosebbeing incorporated into the
overall GT-SOFC system model. The ‘intermediatelfi' models include detailed
representations of the electrochemistry, pressuack teat losses, and account for
‘down-the-channel’ performance of the CPOx and S®ECnot the detailed aspects
of fluid flow (velocity profiles in the channel,®}). Mass models are also developed
that permit estimation of system energy density @uedeffects of added systems on
aircraft drag. System performance is evaluated diyparing total fuel mass flow
rates (as a proxy for range/endurance) at conspeegd and altitude flight conditions.
The modeling tools are used to perform severaliesud

Comparison of performance of an individual fuell cgderating in the actual
engine environment (delivered air temperature anesgure) at multiple

altitude and throttle conditions
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Evaluation of potential fuel burn reduction in UA¥Rd regional jet transport
applications made possible by GT-SOFC integraticosnpared to GT-
generator systems with multiple configurations aodditions:

o0 Turbojet, low BPR turbofan, and high BPR turbofategrations

o0 Low, medium, and high engine overall pressure sg{oPR)

o High altitude (16.8 km) and mid-altitude (10.7 kitght conditions
Sensitivity analysis of performance (fuel burngystem parameters
Evaluation of the uncertainty in model predictidresed on uncertainties in
the model assumptions
Investigation of the impact of external fuel cedsambly drag on the predicted
performance of systems accomplished by performing:

o An initial study of short, radially expanding SOEGnfigurations

o A more refined study of a more thoughtfully integch GT-SOFCs

that are less obstructive and higher performing
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Chapter 2: Component Modeling

2.1 Overview of Modeling in NPSS

The basic NPSS structure is to define a serieowiponent elements which can
be linked to generate models of any number of asysteThe ease of linking
components makes NPSS a relatively fast and eagyoament for developing
system models and investigating various systemsantigurations.

‘Fluid Ports’ and ‘Bleed Ports’ are types of ‘FloStations’ in NPSS that pass
flows into and out of a component. Each Flow Stastores the state of the fluid
stream. This includes, but is not limited to: tenapere, pressure, enthalpy, entropy,
composition, flow rate, viscosity, molecular weigbpecific heat capacity, ratio of
specific heats, velocity, Mach number, flow are&, & Fuel Port passes a stream of
fuel with specific mass flow and properties. Itfeis from a Fluid Port in that it
stores just a limited set of properties specificatduel (heating value, reference
enthalpy, carbon-to-hydrogen ratio, etc.). Shaft$mput or extract shaft power into
the component, changing the amount of energy ptéseime flows.

The Fluid Output Port of any component is easihkdd to a Fluid Input Port
using the NPSS ‘linkPorts’ command. Bleed, Fueld é&haft Ports are linked
similarly. Linking ports between components is tlhienerical means by which a fluid
stream passes through the system.

Figure 12 illustrates a simple NPSS model (a siimepli turbojet) and its
relationship with the system solver. In this simpleample, Fluid Ports are linked

between the Inlet Start, Inlet, Compressor, Buriierpine, Nozzle, and Flow End
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components. Bleed Ports and Shaft Ports are liddetdieen the Compressor and

Turbine. Fuel Ports are linked between the Fuet &tad Burner components.

[ ——————————— S\(TIT — TITgs)/TITges
(Fn - Fn,des)/Fn,des T

1
H + : :
Inlet . 7 (ET)/Trer
SFart Inlet Comp. Burner |9 Turbine Nozzle End | Adjust:
N : ::“"" No? Error
Fuel : 4 : Ns,f:;i \%"’"ce i
Start ’ : :

1
Shaft!

i |

Figure 12. NPSS model schematic with simple turbojeand solver.

A simple solver setup is shown with three indepahderiables (air mass flow,

fuel mass flow, and shaft spee8ly(g )) and three dependent conditions (turbine

inlet temperature'{ =target), thrust ( =target), and net shaft torqu® €0)). The
model runs and sends information about the depésdenthe solver. The solver
calculates errors in the dependent conditionshéf érrors are within tolerance, the
solver exits. Else, adjustments to the independemtables are calculated and
returned to the model, and the model is run aglaar. more information on the
operation of the system solver, see Section “1SmRition Method” and Refs. [69]
and [70].

System components are modeled in NPSS using theSNRterpreted code
language which is heavily based on C++. Each comporsatisfies the basic
conservation equations for mass and energy in iaddib any other equations
specific to the type of component being modelednyiaodels of basic components
are included in the NPSS software release. Theeguwork uses some of these pre-

existing models and develops new component modelsdditional elements.
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A generic element (Figure 13) has any number oficdFlinput Ports’, ‘Fluid
Output Ports’, ‘Bleed In Ports’, ‘Bleed Out Port&uel Ports’, and ‘Shaft Ports’. The
component performs various operations on the inagnfiuid and fuel streams to

simulate the function of the modeled component.

Bleed In Ports Bleed Out Ports

A 77

Input E Com ponent E Output

e

Fuel Ports Shaft Ports

Figure 13. Generic element diagram.

There are several commands in NPSS that executefuthgtions of the
thermodynamic package. The command ‘setTotalSF #et fluid state using a
constant entropy, constant pressure equilibriurautation carried out by CEA. The
command ‘setTotal_hp’ sets the fluid state usingstant enthalpy, constant pressure
equilibrium calculation. The command ‘setTotalTRts the fluid state using a
constant temperature, constant pressure equilibcaloulation. For more information
on CEA and its implementation in NPSS, see Sectidn4 Implementation of CEA”
and Refs. [69] and [70].

The ‘standard’ components described in Sectionage2all included in the NPSS
software release. The descriptions provided here ndd necessarily cover

functionality that is not used in the current woilkhhe components described in
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Section 2.3 have all been created or modifiedH@ tesearch. The ‘Solid-Oxide Fuel
Cell element is a heavily modified and improvedsien of a model developed in
earlier research [81-83]. The ‘Catalytic Partial idation Reactor element is
completely new for this work. More detail on eaadmponent is included in the

following sections.

2.2 Standard NPSS Components

2.2.1 Ambient Element

The AmbientNASA (hereinafter referred to as ‘Ambierelement is used to
calculate flight condition properties based on udefined inputs. It is a non-flow
element meaning that it does not start, termir@atenodify a flow and it has no fluid
ports. The Ambient element defines the flight ctinds which are then referenced
by an Inlet Start element (described in a lateticek

The element calculates the flight conditions based internally defined
atmospheric profiles including ‘Standard’ day (defi by U.S. Standard Atmosphere,
1962 [84]), ‘Hot’, ‘Cold’, ‘Polar’, ‘Tropical’ days(defined by MIL-STD-210A [85]),
and a number of extreme temperature profiles (ddfloy MIL-HDBK-310 [86]).

The element accepts a variety (literally dozenscaxinbinations) of inputs to
determine the flight condition. The required inpuase typically a set of three
parameters: one defines altitude/pressure leveku@e, static pressure, or total
pressure), a second defines relative temperaterap@rature difference from the
profile, static pressure, or total pressure), artlira defines speed (Mach number,

airspeed, or total temperature/pressure to implidéfine Mach number).
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The outputs of the element include (but are noitdidhto) altitude, pressure,
temperature, Mach number, airspeed, and dynamssipre.

There are no independent variables or dependeditmos for this element.

Parameters (used in this work): ‘Standard’ day,tugle, Mach number,

temperature difference from standard day.

2.2.2 Bleed Element

The Bleed element was created to allow for theaettvn and reintroduction of
bleed flows in gas turbine engines. It is illustcitschematically in Figure 14. The

user can add as many bleed ports as necessargtiblead element.

WY
Mil) Bleed W)

Heat Transfer

Figure 14. Bleed element diagram.

The Bleed element will accept any number of useatad bleed ports into the
element in addition to the standard fluid inlet andlet ports. Mass and energy are
conserved by requiring the total mass and enthsljpymed across all inlets to equal
the values summed across all outlets. The consenvat energy additionally allows

for heat transfers/, in or out of the component.
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where3y,q and3,,e are the total number of inlets and outlets respelgt and%: is
the total specific enthalpy at the port. The NP88mand ‘setTotal_hp’ is used to
set enthalpy and pressure and calculate all olinergroperties at each port including
the output flow. The command sets the fluid stai@egiinput total specific enthalpy
and pressure of the flow.

There are no independent variables, dependenttamlior input parameters for

this element.

2.2.3 Burner Element

The BurnerNASA (hereinafter referred to as ‘Burh@ifement was designed to
calculate the performance of a standard burner/ostob in gas turbine engines. The
Burner element is always used in conjunction withual Start element (described in

a later section) which supplies the fuel streanddamns.

‘ Burner ‘

Figure 15. Burner element diagram.
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The burner mixes the incoming fuel and air streamd performs combustion-
related calculations. The fuel stream conditions apecified in the Fuel Start
element. A pressure drop is applied in the burmdore the combustion calculation.
The nature of the combustion calculation dependghenchosen thermodynamics
package. In this work the CEA thermodynamics paekiagised so the calculation is
based on chemical equilibrium. The element allowesuser to input either fuel mass
flow (used in this work), fuel-to-air ratio, or cdmnstor exit temperature by specifying
one of several operating modes. The element alablesone to specify combustion
efficiency (actual/ideal heat release), heat lassl pressure drop due to heat release
(Rayleigh flow) in addition to other pressure drdjut these are not used in the
current work. Heat loss is assumed to be negligiRayleigh pressure drop is
considered part of the input pressure drop mentliganeviously, and the combustion
efficiency calculation is incompatible with the CE#ermodynamics package.

There are no independent variables or dependedit@mos for this element.

Parameters (in this work): fractional pressure dfo@l mass flow rate.

2.2.4 Compressor Element

The Compressor element raises the pressure of gmflears based on user inputs
to define pressure ratio and efficiency. The pressatio and efficiency are either
assigned directly or they can be looked up in a-deéned compressor performance
map (pressure ratio and efficiency as functionsasfected mass flow and corrected
speed). The actual performance maps used in thik gan be found in Appendix C.
An example compressor map is shown in Figure 17revihige colored lines show

contours of constant efficiency and the black liaes contours of constant corrected
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speed. It is also necessary to define an operétiagparameter in order to uniquely
define a steady state operating condition on th#opeance map for a particular
mass flow or shaft speed. This operating point qppatar directly corresponds to the
concept of an operating line on the compressor [b&pwhich defines the positions
on the map for normal compressor operation.

Shaft
Power in

Compressor

Figure 16. Compressor element diagram.
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Figure 17. Example compressor performance map.
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In addition to the performance map, the elememt h#s inputs for ‘design point
efficiency’ and ‘design point pressure ratio’. dn-Design’ mode, the element treats
the design values as fixed and scales the inpdbnpesince map to match the design
values. This process is illustrated in Figure 18erehthe purple dot denotes the
design point. In the example, the source performanap has a design pressure ratio
of 1.75, design corrected mass flow of 1400 Ib/fsl design efficiency of 87%. The
map is then scaled to a user input design poiniL.bf pressure ratio and 89%
efficiency. The map is additionally scaled sucht ttee corrected mass flow of the
engine is set to be the design value. In the exanthé corrected mass flow of the
engine at the design condition is 1000 Ib/s, thesrap is scaled accordingly. The
scaling is simply performed linearly on all threees. This manner of scaling allows a
single performance map to provide realistic perfmmoe estimates for engines at a
wide range of conditions. In off-design mode, thapmbecomes fixed and the

compressor operates away from the design point.

Pressure Ratio
H

7 N e

<=\ " 0.68

0 200 400 600 800 1000 1200 1400 1600 0 200 400 600 800 1000 1200 1400 160C
Corrected Mass Flow, Ib/s Corrected Mass Flow, Ib/s

Figure 18. Compressor performance map scaling.

The element sets the outlet mass flow and compaségual to those present at

the inlet and sets the outlet pressure based ooréssure ratid, | .
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The exit enthalpy is determined using the definitad the isentropic efficiency [18]:

%, Y% B

Y 9% 8 hnt j

Ye g f

where ; is the isentropic efficiencyhr is the total specific enthalpy, amd is the
specific enthalpy assuming that the compressiortga® occurs isentropically. The
latter is determined using the NPSS command ‘set$&t which returns the
enthalpy in a fluid with a known inlet entropy gand a known exit pressure. The
exit state is determined at the known exit pressur@ enthalpy using the NPSS
command ‘setTotal hP’. The power input to the capor is calculated based on
the change in enthalpy across the component:
Jf . v %w, Y% & . hn—j
Independent variable:
Operating line parameteRRlineMap
Dependent condition:
Match corrected mass flow
1k f 1T kBA hnaj
Parameters (in this work): Design pressure ra@sjgh efficiency, design operating
line parameter, design corrected speed (as a pag®n performance map (see

Appendix C).

2.2.5 Duct Element

The DuctNASA (hereinafter referred to as ‘Duct@mlent models pressure drops

and heat losses in ducts.
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Duct

—

Figure 19. Duct element diagram.

=)

Heat Transfer

Pressure drop and heat loss can be representedaniety of ways: lossless (i.e.,
exit pressure and enthalpy equal inlet pressureeatithlpy), user-specified pressure
loss (fractional) and heat loss rate, or other-gpecified calculation functions. This

work, uses user-specified values:
exe I E Bii,U—V hzsj
Yewo f Y% 5 . K./ hzi j
where g and% are total pressure and enthalpy, respectively.

There are no independent variables or dependeditmos for this element.

Parameters (in this work): fractional pressure dfdp ), heat loss rate={).

2.2.6 Flow End Element

The Flow End element is very simple and only seteeterminate a flow path.
Because every fluid port must be linked, the end @éw path must be connected to

a Flow End which has an inlet, but no outlet ports.

JE) Flow End

Figure 20. Flow End element diagram.
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No calculations are performed by this element.
There are no independent variables, dependentteomg]ior input parameters for

this element.

2.2.7 Fuel Start Element

The Fuel Start element is used to initiate a ftrelasn.

Fuel Start ‘

Figure 21. Fuel Start element diagram.

The element creates a stream of fuel based onspeeified inputs. The inputs
required depend on the thermodynamics package.tite®rCEA thermodynamics
package used in this work, the user specifies tied tiype by name and the fuel
enthalpy at standard conditions. Depending on Her selected operating mode of
the model, fuel flow rate can be specified in tosnponent or in a connected Burner
element. The latter is done in this work.

There are no independent variables or dependedit@rs for this element.

Parameters (in this work): ‘JP-5 fuel, fuel enghaht standard conditions.

2.2.8 Inlet Element

The Inlet element calculates the performance @fsatgrbine inlet.

M) Inlet  MEER)

Figure 22. Inlet element diagram.
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The ram recovery is specified by user input. Tlas be an input value (as in this
work) or an input calculation function. The ram gsere recovery, g , is defined
as the fraction of total pressure in the freestrdatis ‘recovered’ in the inlet.

exce I e \ B hznj

The element also calculates the ram drag, . This is the force that results from
decelerating the freestream flow.

f ./l F hzz|

There are no independent variables or dependeditmors for this element.

Parameter: ram recovery valle g ).

2.2.9 Inlet Start Element

The InletStartNASA (hereinafter referred to aseéinStart’) element is designed

to initiate an air stream to an engine.

Inlet Start ‘

Figure 23. Inlet Start element diagram.

The Inlet Start element is used in conjunction vaithAmbient element (described
previously). The properties of the air stream aoé¢ defined in this element, but
instead they are referenced from the associatediéxiblement. The properties read
in include (but are not limited to) altitude, pness temperature, Mach number,
airspeed, and dynamic pressure.

There are no independent variables or dependeditmors for this element.

Parameters: Ambient element name, air mass flow.
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2.2.10 Nozzle Element

The NozzleNASA (hereinafter referred to as ‘Nozrlelement is designed to

calculate the performance of engine nozzles.

‘ Nozzle ‘

Figure 24. Nozzle element diagram.

Exit

Throat/Exit

M<1 M>1

Converging Converging-Diverging
Figure 25. Converging and converging-diverging noze geometries.

The element can calculate performance for diffetgmés of nozzles: convergent
or convergent-divergent, fixed or variable geometfjhe ambient pressure is
referenced from a specified Ambient element. Chokttbat conditions are
determined by setting the flow station Mach numteerl.0 and using the NPSS
‘setTotal_hP’ function to determine the overallwlcstate. The function iteratively
calculates static flow properties from the knowtat@roperties and specified Mach
number. The flow is determined to be choked whenambient pressure is greater
than the calculated pressure at the throat, + | o . If the flow is not choked,

the exit flow will be subsonic even for a convegyitiverging nozzle.
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Typically, the user sets a model to first run im*Design’ mode followed by a
number of runs in ‘Off-Design’ mode. In ‘On-Desigmode, the exit flow conditions
are determined by setting the flow station pressare g and using the NPSS
‘setStaticPs’ function (which iterates on the fleaxit Mach number to match
pressure) to determine the overall flow state. &kearea is determined by this same
calculation as the area necessary to satisfy tb&spre and Mach conditions. In ‘Off-
Design’ mode for a fixed geometry nozzle, the exéa remains fixed and exit Mach
and pressure are calculated by NPSS as a fundtiratoflow area. In either case, the
gross thrust can then be calculated:

.op f . BFB gh 8, &l hz%
where IS a nozzle coefficient (ratio of actual force gweed by flow momentum
to the theoreticalf g5x W Fj)and g isthe nozzle area at the exit plane. For
a variable area nozzle (assumed in this work) ettfeust and ambient pressures are
explicitly matched so that the final term in thaiation vanishes.

In ‘On-Design’ mode, the throat area is calculatedchieve choked flow for the
mass flow entering the nozzle element. In ‘Off-@Ssi mode, the throat area
(determined by an ‘On-Design’ run or a user inpaitie) is a fixed parameter and the
mass flow rate into the component must be adjubtethe system level solver in
subsequent iterations of the entire model. Thecomplished by changing the flow
rate of air into the entire engine or by changirfgpditter element bypass ratio to alter
the air flow rate through a particular engine flatip

Independent variable:
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None, but the dependent below usually pairs witheeia Splitter element
bypass ratio or an Inlet Start air mass flow.
Dependent condition:
Physical throat area matches calculated chokeddi®a (‘Off-Design’ only)
EB T 1 A hzpj

Parameters: None in this work.

2.2.11 Shaft Element

The Shaft element is designed for use with gadrtarengine models specifically
to perform component matching operations among cihvapressors and turbines

linked to the Shatft.

- P —-
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Power/ |, L' :<.
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Figure 26. Shaft element diagram.

Every compressor and turbine element in a gasrterbngine has a shaft output
port that must be linked to a Shaft element. Anynber of torque producing
components may be linked to a particular Shaft efgpbut all must share the same
physical shaft in the actual system. In the casaufiple concentric shafts (as in this

work), more than one Shaft element is required. dlkenent performs the necessary
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calculations to assure the net torque on the shaero for steady state operations.
The torque balance is achieved by varying the sioddttion speed until Eq. (36) is
satisfied.

Independent variable:

Shaft rotation spee®mecn
Dependent condition:

Zero net torque
h‘TM:;5>j| B fs th‘j

There are no input parameters for this elementeiady state operation.

2.2.12 Splitter Element

The SplitterNASA (hereinafter referred to as ‘Split) element allows for a flow
to be divided into two different streams. The cosipon, pressure, and temperature

are assumed to remain constant through the element.

Splitter

‘ ___________

Figure 27. Splitter element diagram.

The ratio of the exit mass flows is termed the Isgpatio (BPR, Eq. (37)). BPR
is a parameter that may be set by the user orytera level solver. Keeping the
pressure, temperature, and composition constamagieges that energy is conserved

in the splitter.

63



'/kB<

f —— hzt
-/kBe ]
e f . leed. /- hz—j
I B .
. hza
- h%oj

kB <« |g|

Independent variable:
Bypass ratioBPR
Dependent conditions:
None, but usually pairs with a Nozzle element aleg@endent.

Parameters: Design bypass ratio.

2.2.13 Turbine Element

The Turbine element is used for expanding and ebtiig work from gaseous

flows based on user inputs to define pressure aatibefficiency.

Shaft
Power out

Thigh,) YiowE)

Figure 28. Turbine element diagram.

Turbine
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Figure 29. Example turbine performance map.

The pressure ratio and efficiency are either assigdirectly or they can be
looked up in a user-defined turbine performance (pagssure ratio and efficiency as
functions of corrected mass flow and corrected dpeehe actual performance maps
used in this work can be found in Appendix C. laiso necessary to define a turbine
map parameter in order to uniquely define a stesddie operating condition on the
performance map for a particular mass flow or slspieed. In addition to the
performance map, NPSS also accepts inputs for nigggt efficiency and design
point map parameter. While in ‘On-Design’ mode, S$P8nearly scales the
performance map to match the specified design pailotes and the turbine corrected
mass flow and corrected shaft speed. This scaliagess is directly analogous to the

process for compressor map scaling discussed tm8eé2.2.4 Compressor Element”
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and Figure 18. In ‘Off-Design’ mode, the performanmoap remains fixed and the
turbine operates away from the design point.
The Turbine element assigns the inlet mass flothéooutlet flow and computes
the outlet pressure based on the pressure rabsstite turbing, g:
exe f e B \E F%ol
The actual exit enthalpy is determined using thénd®n of the isentropic
efficiency [18]:

Yewe F %6 B %, YE B - ML h%ol
where  is the isentropic efficiencyhr is the total specific enthalpy, amd is the
specific enthalpy assuming that the compressiortga® occurs isentropically. The
latter is determined using the NPSS command ‘sat$&t which returns the flow
state (including enthalpy) in a fluid with a knowntropy state and known pressure.
The exit state is computed at the exit pressumn f&g. (41) and enthalpy from Eq.
(42) using the NPSS command ‘setTotal _hP’.

The power extracted by the turbine is calculatednfthe enthalpy change from
inlet to exit:
Jf .. % g, Yeus- F%oj
Independent variable:
Turbine map parametgrarmMap
Dependent condition:
Match corrected mass flow

1k fooiikeA %o

Parameters: Design efficiency, design geometriaipater.
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2.3 Developed NPSS Components

2.3.1 CPOx/SOFC Assembly Overview

The following subsections present the componentsldped specifically for this
work to represent the CPOx/SOFC assembly. For ¢éheenience of the reader, fig

illustrates how all of the components are linkegetiher to form the assembly.

F.C. Inlet SOFC

__&;,:< P T

y
7

Spli ’ Zone Q '
‘ zﬂer ' < electric power —1

\—“

Figure 30. CPOx/SOFC assembly diagram.

A splitter separates a portion of the flow into @ROXx/SOFC assembly pathway.
The air enters the CPOx element where some patespin the partial oxidation
reaction and some bypasses directly to the fu¢lilet. The bypass air is divided
between a cathode channel flow and a bypass/codlbmg The partial oxidation
products (syngas) pass to the anode channel. Tddeanathode, and bypass flows
pass to the corresponding pathways in the SOFCegienThe anode and cathode
channels participate in the electrochemical reacpimducing electrical power. The
bypass/cooling flow absorbs heat from those channhe anode, cathode, and
bypass exit flows then are recombined with the seécair flow from the Splitter

element.

2.3.2 Combiner Element

The Combiner element was developed to combine gkfiew streams.
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‘ Combiner ‘

Figure 31. Combiner element diagram.

It is similar in function to a Bleed element excépat it is hard-coded to accept
one primary inlet and three secondary inlets (fmtal) and one outlet. Mass and
energy are conserved by requiring that the totadsrfiow and enthalpy summed
across the inlets equals the values at the ostet Egs. (24) and (25)).

There are no independent variables, dependentteomg]ior input parameters for

this element.

2.3.3 Catalytic Partial Oxidation Reactor Element

The Catalytic Partial Oxidation (CPOX) reactor edgmnis used to simulate the
catalytic breakdown of larger hydrocarbon molecuriés the desired fuel species for

the fuel cell, CO and H

CPOx

= gy :

Figure 32. Catalytic Partial Oxidation Reactor elenent diagram.
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Internally, the CPOx element divides the incoming mto reaction and
bypass/cooling pathways. The element models a esi@POx unit out of many
h3.a, ] with the reaction air and fuel flows reduced pmbjpmally v f/ 3 .55 ] .
The single unit CPOx products are multiplied®y, (implicitly assuming all units

operate identically) at the exit.

Figure 33. lllustration of the assumed CPOx reactoelement geometry.

An illustration of the physical geometry being siated by the CPOx model is
shown in Figure 33. The geometry is simple, witlael/air mixture in a circular tube

passing through an alumina foam catalyst.
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Figure 34. lllustration of the CPOx reactor elementmodeling structure.
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The CPOx is modeled by dividing the reactor inteuamber Nseg flow-wise
segments. Pressure drop and heat loss are cattuhatsach segment by enforcing
conservation of mass, momentum, and energy in agiment. This also ensures that
these are conserved for the reactor as a wholeh&&aeloss from the interior CPOx
flow is transferred to the bypass/cooling flow sumding the CPOx units. This

division is illustrated in Figure 34.

[ Incoming air state from engine ]
Add fuel quantity specified by air-to-fuel (A/F) ratio

p |

A Al

AP = Y%pV2efunction(length,diameter,porosity)
Qseg = hA( Tav_ Twall )
Hout = Hin - Qseg

\CEA - Temperature, species concentrations /

no, adjust Tyyess

yes, i=i+1

no, adjust A/Fyec

Figure 35. lllustration of CPOx reactor element catulation and looping procedure.

The calculation and looping procedure within thengnt is illustrated in Figure
35. The incoming air state is determined by theajmn of the engine. Fuel is added
to an air-to-fuel ratio () set by an initial guess. Then the pressure dregat loss,

and equilibrium composition and heat release irsggment are calculated. Details of
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these calculations are found below. The innermasp literates on the segment exit
temperature until energy is conserved:

% . . %k, =oof s h%o]
where ‘out’ and ‘in’ denote segment exit and enteawvalues. Exit temperature is
adjusted to satisfy this equality because of thpeddence on exit enthalpy. The
additional dependence of heat loss on temperatgessitates an iterative solution as
the ‘guessed’ segment exit temperature and thelleddd exit temperature are driven
toward convergence. Once energy conservation isfisdt the segment number is
incremented until the end of the channel is reaclBabed on the resulting exit
temperature of the final segment, the minimum @ifuiel ratio necessary to avoid
soot formation is calculated. The goal is to rua slystem at the minimum  for
no soot formation at all times. The outermost ldepates on the air-to-fuel ratio until
it converges (i.e., the value no longer changewdst iterations).

The assumption of local equilibrium in each read®ment is reasonable since
well-designed CPOx reactors operate near chemigallirium (assuming high
temperature operation with active catalyst) [23,29herefore equilibrium
calculations are used to determine the heat relagehemical composition in each
segment. The CPOx is assumed to consist of a tatdly active ceramic foam
where the heat and pressure loss are determineg the& approach of Richardson et
al. [44,45,87,88].

Pressure drop in a ceramic foam can be descrietheb Forscheimer equation
[45,87-89]:

, F WP SZh o, CSNEQ G hi, T T S F%oi
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where , is the pressure dropf hF™¢5.> ™" F™M( 2i{hC™C—¢ F™ ¢ the

porosity,Z is the flow viscosity] is the flow density, an& is the ‘superficial’ flow

velocity. The external surface area per unit volurhsolid is modeled as [45,87,88]:
cf % Fohi, il F%oi

The parameterd® and Q depend on the catalyst geometry [87]. They are
calculated per the results of Twigg and Richard8dij

Pf otz Ais < )¥®%hi | ~ jd) oGk F9%oi
Cf za— Ais &> d)EESH |~ j)9AeEE h%oi
where s the foam pore diameter in meters.

The heat transfer rate through the catalyst foardei®rmined via a Nusselt
number correlation [44]:

35f %,* . f o '35g (> hpsj
where > is the Reynolds number with length scafé. The coefficient parameters
are highly dependent on the properties and streabd@irthe foam. For the present
work, the correlation of Peng and Richardson [4%] 30-PPla-alumina foam with
6%wt g-alumina washcoat has been adopted fo— Ais 9 _ fsosrsi ).

The heat transfer modeling in the CPOXx currentépiporates radial but not axial
conduction within the catalyst support. At the preslevel of modeling fidelity, this
was deemed an acceptable simplification due toute of equilibrium chemistry
which is most strongly dependent on CPOXx exit tewatpee (currently controlled via
the CPOx assembly insulation thickness). Howeverfuiure modeling efforts
incorporate finite rate chemistry, axial conductwifi need to be included to achieve

accurate temperature profiles within the catalyst.
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There are no system level independent variabletependent conditions for this
element. However, recall that air-to-fuel ratio sseyment temperatures are solved
for internally to satisfy soot avoidance criterraanergy conservation, respectively.

Parameters: fuel mass flow, number of identical €RB@its, number of flow-wise

segments, various physical parameters (listed helow

Table 2: CPOx reactor physical parameters.

Parameter Value Units
Wall
ThicknessG, 0.1585 cm
Thermal conductivity* 5 29.91 W/m-K
Insulation
ThicknessCp 0.1067 cm
Thermal conductivity* o 0.0997 W/m-K
Catalyst
Length,¢ g 2.54 cm
Cross section area,; pp 0.1129 cmA
Porosity,” 0.83
Foam pore diameter, 0.021 cm

2.3.4 Fuel Cell Element

The SolidOxideFC (hereinafter referred to as ‘FQell’ or ‘'SOFC’) element is
used to simulate the conversion of syngas fuel elatricity in a solid oxide fuel

cell.

SOFC

electric power out

Figure 36. Solid-Oxide Fuel Cell element diagram.
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Figure 37 illustrates an example of an annularngeanent of fuel cell channels

integrated with a gas turbine engine (in this ins&a a turbojet).

Figure 37. Annular Solid-Oxide Fuel Cell arrangemeh Top: GT-SOFC integration; Middle:
down channel and isometric views of SOFC; Bottom:&ual and approximate channel shapes.

In the modeling, the number of radially stackedneieds can greatly exceed what
is shown in the illustration. The figure shows htive annular array of fuel cell
channels is integrated with the engine, wrappisgcitcumference. Although the
individual fuel cell channels will each have a smaahount of curvature, in this work
they are modeled as being planar. This assumgiqusiified by the large diameter to
thickness (D/t) ratio of the annulus which resuitsurfaces that are nearly flat.

The NPSS element models a single planar anodetathair out of manyBs- |
with both flows reduced proportionalty f/ 3 &j . The single channel anode and
cathode flows are multiplied bgs. (implicitly assuming all channels operate

identically) at the exit.
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Figure 38. lllustration of the assumed SOFC geomeyr(cross section and down channel view).
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Figure 39. lllustration of the radially extendable SOFC geometry.

An illustration of the physical geometry of theatimferentially repeating fuel
cell unit being simulated by the SOFC model is pieg in Figure 38. At a
minimum, there is one central anode channel withame channels on either side.
The repeating units combine to form a ring arouma éngine, which (as explained
above) can be approximated in simulations as plbeeause the radius of curvature

is much greater than thickness of the unit.

75



The circumferentially repeating fuel cell unit ils@ expandable to include any
number of radially repeating channel — membranetrelde assembly (MEA) units.
This expandability is illustrated in Figure 39. Afiterior channels have the same
height. The exterior cathode flow channels havd tre airflow rate of interior
channels and are 65% the height of the interioncbs. The exterior channel height
is chosen to result in approximately the same presdrop as the central channels.
The insulation thickness is denot€g , exterior interconnect wall thicknessGs ,
vertical interconnect divider thickness @& g active/channel width idd,5, and
channel height i%p .

The physical properties of the membrane electradsembly used in these
simulations are summarized in Table 5. Other MEAapw®ters used in the
calculation of the ohmic and activation overpot@stare summarized in Table 6 and
Table 4, respectively. The values of these parametee drawn from the literature
[90-93] and are representative of a yttria stabdizzirconia (YSZ) electrolyte, a
porous nickel-YSZ (Ni-YSZ) anode, and a porousHanum strontium manganite-
YSZ (LSM-YSZ) cathode. These are the most commotenad choices in SOFC
MEA’s [29,92,94]. In this work, an iron based métainterconnect material is
assumed. Ceramic interconnects are required fdn tégnperature (>85Q) cells
[92,96], but those materials are less durable assl ¢onductive than metals.

Like the CPOx, the solid oxide fuel cell model isvided into flow-wise
segments. Electrochemistry, pressure drop, and losat are calculated in each
segment. Conservation of mass and energy are edfoi@r each segment and

consequently the fuel cell as a whole. The heas losm the SOFC anode and
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cathode flows is transferred to the bypass/codiog surrounding the SOFC units.
This division is illustrated in Figure 40. In thgdre, there is a single anode flow and
a single cathode flow because only a single pamaseled and all other channels are
assumed to perform identically. The figure shows twpass air flows to improve
clarity of how each channel loses heat to the bydast in fact only one bypass flow

stream is modeled in the SOFC element.

Figure 40. lllustration of the SOFC element modelig structure.

The calculation and looping procedure within thengdnt is illustrated in Figure
41. The incoming air and syngas flows are deterchimethe operation of the engine
and the CPOx and FC Inlet elements upstream. Tlesspre drop, heat loss,

electrochemistry and gas phase chemistry are eddzllin the segment. Note that
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assuming equilibrium gas phase chemistry may tendver-predict the rate of
reforming which in practice is limited by chemidahetics. While this is a non-trivial
simplification that can lead to overestimates oélfeell power densities, it is

necessary given present limitations on computatispeed.

Figure 41. lllustration of SOFC element calculationand looping procedure.

The innermost loop iterates on the segment exipé&eaiure and the segment
current density until energy is conserved and vellage reaches the design value.
Energy conservation is enforced via the followingi&lity:

% g.h Y% .l e% w9-hw% 9 Topgd hpi |
where ‘a’ and ‘c’ denote anode and cathode, ‘oot an’ denote segment exit and
entrance valuesy/ pp is the heat loss to the bypass/cooling flow, aAd is the
electric power extracted. Exit temperature and enirdensity are both adjusted to

satisfy this equality because of the interdepenelerfdooth with exit enthalpy, heat
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loss, cell voltage, and electric power. The stranterdependence of relevant

guantities necessitates an iterative solution asghessed’ segment exit temperature
and current density and the calculated values everdtoward convergence. Once

the energy and voltage conditions are satisfieel,skgment number is incremented
until the end of the channel is reached.

The SOFC model is based largely on the approacEhof and Kee, et al.
[23,29,90,91,94,96-98]. The operating potentialtted cell, G , is determined by
finding the reversible potentialg, and subtracting off several overpotentials
(denoted asY) which account for irreversible losses in the tiac process
[23,29,90,91]:

G fCa,Y ., Y , Yg| hpnj
whereY is the ohmic overpotentia¥,s is the activation overpotential, and the
subscripts@ and ‘¢’ denote the anode and cathode, respectively. &hersible cell
potential is found via the Nernst equation whiclaleates the change in chemical
potential that results from the electrochemicattiea in the cell [23,29]:

Cef, UP | FL j, k' h1 jM},EQF. hpzj
In this expression, $), is the standard state change in Gibbs free erdergyto the
electrochemical reactior, is the number of electrons transferred in thetreac9
is the partial pressure in atmospheres of spédieat participates in the reaction, and
[ is the stoichiometric coefficient of species $), is a function of the standard
state chemical potential® , of the participating species [23,29]. The temheem
dependent values @& , equivalent in this case to molar specific Gibkeefenergy

(#)), are found using polynomial fits:
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The polynomial coefficients ( to ;) used in this work are found in Table 3.

Table 3: Thermodynamic polynomial fit coefficients.

Temperature: 200 - 1000 K | 1000 - 6000 K

Species: H 0} H,O | H, 0)) H,O
Cp 2.3443311e0  3.7824564e0 4.1986406e0 3.3372792e 0 3.2825378¢0  3.0339925e0
C; 7.9805208e-3 -2.9967342¢-3 -2.0364341e-3 -4.94024 73e-5 1.4830875e-3 2.1769180e-3
C, 1.9478151e-5 9.8473020e-6 6.5204021e-6 4.99456 78e-7 -7.5796667e-7 -1.6407252e-7
C3 2.0157209¢-8 -9.6812951e-9 -5.4879706e-9 -1.79566 39e-10 2.0947056e-10 -9.7041987e-11
C4-7.3761176€-123.2437284e-121.7719782¢-122.00 25538e-14 -2.1671779¢-14 1.6820099e-14
Cs5-9.1793517e2 -1.0639436e3 -3.0293727e4 -9.5015892e 2 -1.0884577e3  -3.0004297e4
Cs 6.8301024e-1 3.6576757e0 -8.4903221e-1 -3.205023 3e0 5.4532313e0  4.9667701e0

Because the flow is assumed to be in chemical ibguin in each flow segment,
VievCan be computed using any global oxidation read@@©4]. For simplicity, the
oxidation of H is considered:

Cof .12, ., 2, , 2 &M j, k' N %- hppj
i 211

The concentration overpotential is not calculateglieitly here becaus&g is
the reversible potential of the electrolyte membr@mot the same as the reversible
potential based on the channel flow) [91]. The emtations of species in the active
region used to calculat€g are determined by considering transport of cheimica
species through the electrolyte using the Dusty Gl®del (DGM)

[23,29,90,91,94,95,98] developed by Mason and Malskas [99]:

i, s 3 o KN _

T M) g ! ! Z hprj

(0]
where L Mis the molar concentration of specled M 9{" is the total molar
concentration3 is molar flux of specieg, and are effective binary and

Knudsen diffusion coefficients,. is the permeability constant, adds the mixture
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viscosity. In fuel cell electrodes, normal diffusiand Knudsen diffusion are often
comparable in magnitude so it is important to cdesiboth. Effective diffusion

coefficients are modified by _, the porosity-to-tortuosity ratio:

f— Fpt

% B o a— :
D —0-" hJ | hp—j

0
f —
4

where: is the average pore radius ahd is the molecular weight of speciksThe
Kozeny-Carman relationship [95,100] is used to descthe permeability of porous
media formed by closely packed spheres of conslianteter:

LF S < kn b, jed hpoj
where iIs the diameter of the packed spheres. Use of ékmession is an
idealization of porous electrode structure [95].

Summing the DGM equation over all species causeditary diffusion term to

vanish exactly, allowing the pressure gradienteavibitten [95]:

B¢ § O3 e
U h g, . ZO KN s
Re-writing molar concentrations as mole fractiodks #98 ' ) and applying

the simplest numerical approximation of the grad{@nst order forward difference)
gives the following expression for the pressurelgnat:

9., 94 h jO 3
S q’ingd,,.Zd.O8d /

i j

In this expression,+’ denotes properties evaluated deeper into thdreke. Once

the pressure gradient is known, a similar approtoneaof the DGM equation allows
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the calculation of each species’ concentration igrad Rewriting in terms of mole

fractions and applying the simple numerical appration:

hrnj

'8 4 C9

- %g . Z4
The electrode is also divided into segments. Sorperanentation is necessary to
determine the number of segmemtisd) required to resolve the diffusion profiles.

The ohmic overpotential’ |, represents the combined loss from driving charge
through the electrodes and electrolyte in the foff@hm’s law [23,29,95]:

Y f(eef(h g g ] hrz j
where , , and | are resistance terms of the electrolyte, anode, cathode,
respectively. The total resistance is usually dat@d by the electrolyte term [23,29].
The temperature dependent conductivities can beresged in an Arrhenius

exponential form [90,91,94,95,101]. Based on thesk&ationships, the ohmic

overpotential can be written:

N S S
A e T A G
hr%oj
S -
g I-dea@[h, f, jL

where S is the thickness, is an empirical pre-exponential factor, ahdis the
activation energy. Subscript®’, ‘c’, and ‘el denote the anode, cathode, and
electrolyte. Superscripts and ‘€ denote ion or electrical conductivity.

The activation overpotentials of the anode andaxihyY,; andY,g, , account

for the energy needed to overcome the activati@rggnbarrier of charge transfer
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reactions at the electrode-electrolyte interfac28,79,91]. The relationship is

described by the Butler-Volmer equation [23,29,2(99,98]:

P 1% Y . P1° Yg . _
(f (=l ——7, agl, ——— P ( hrp |

where(, is the exchange current density, is the number of electrons in the charge
transfer reaction (typicallg ¢ fi ) [95], andP andP are the forward/anodic and

reverse/cathodic asymmetric factors.

The Butler-Volmer equation can be written specificéor the SOFC anode as

[90,91]:
( f ()C-amz&\?, a7, w\'ﬁz‘ brr |
G f( % L I— , L E”g 9 'e{>"9 "j;é | hrt
9.9, 9,.
9 . f ., ayY F.pn\' J 2@, la, ' . hr— |
where( , is an empirical factorf ; and!z, are activation energie§, ; is a

function of hydrogen adsorption/desorption,, is a pre-exponential factor, is the
surface site density, akl is the sticking probability.

The Butler-Volmer equation can be written speclficéor the SOFC cathode as

[90,01]:
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where( , , is an empirical factor, ;, and! s, are activation energieS,, is a
function of oxygen adsorption/desorption, ang is a pre-exponential factor.

For both the anode and the cathode, the activatienpotential is solved for
iteratively because there is no closed form sofutm the Butler-Volmer equation.
The value of the overpotentials are adjusted timtilcalculated current densities from
the equations (Eqgs. (66) and (69) for the anodecatttbde, respectively) are equal to
the specified current density of the segment.

Mass conservation in the channels is enforced loyleding the oxygen transport

across the cell based on the current density [95]:

e

PR BN P G I | htn |
where . is the electrolyte area of the channel segmene dlannel flow is
assumed to always be at equilibrium. This appradicivs the model to account for
complex chemistry involving 5 H,O, CH;,, CO, CQ, etc. without involving
complicated, multi-step chemical kinetics. Thisie a trivial assumption (compared
to the CPOx where a catalyst is present to enhelmesnical kinetic rates), but it does
represent the water-gas shift reaction that is @ggeto be active in the anode [23,29]
and which drives the composition toward equilibridm each channel segment, the
oxygen transport is subtracted from the cathodeflaw (which has a negligible
effect on equilibrium). Similarly, the oxygen isdsdl to the anode flow resulting in
production of equilibrium reaction products and thezlease. The flux of species
through the electrodes is found by taking the diifee of the inlet and outlet
compositions of a segment and assuming that thegehanust result from flux

to/from the surface:
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where/ is the channel mass flow of species k.

The percent oxidation (or percent utilization) bé tfuel stream is defined as the
ratio of oxygen present in the stream to the @atabunt necessary to fully oxidize the
fuel to HO and CQ. This is calculated by summing the oxygen atonihénstream
then dividing by the sum of two oxygen atoms pebca atom and one half oxygen

atom per hydrogen atom in the fuel:
768f  ,. 1, J . .. 1, J. ht%q

where 1, is the number of oxygen atoms present in spekiesnd 1, is the
number of oxygen atoms needed to fully oxidize &sdc

The heat and pressure loss calculations are basgely on the work of
Muzychka and Yovanovich [102,103] on non-circulancs. Pressure drop is
modeled using a general correlation [103]'fer in non-circular ducts. It combines
a ‘short duct asymptote’ and a ‘long duct asymptiot® a general expression that is
a function of non-dimensional duct lengthf, b~ > 2 and the duct aspect ratio
W The short duct asymptote expression'fer is valid as,” £s and is independent
of duct geometry [103]. The long duct asymptoteregpion is valid as” £a and
where the aspect ratio of the ductsisn W ai. Muzychka and Yovanovich found
better correlations between different duct shapeadn-dimensionalizing bp as
opposed to the more commonly used hydraulic diameteThe general expression
is derived by combining the asymptotic limits viee tmethod of Churchill and Usagi

[104]. The resulting expression is [103]:
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The heat transfer rate from non-circular ducts veawmilarly modeled by
Muzychka and Yovanovich [102]. That work identifigsee distinct flow regimes in
the simultaneously developing flow problem: fullgwloped flowh,e, 4,
Graetz flow h,é, ,é, g, and laminar boundary flowh,é, ,g. The
proposed general model is derived from the comlunaif these results. The average
Nusselt number for uniform temperature walls isegiby:
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where . fzon% and g fso%o.soefor the uniform wall temperature condition,
 fiop and , fn when the average (as opposed to local) Nu is etgsind
R fsoi for rectangular ducts. The parameteris a function of Prandtl number,
.fnontgiorp : €$ [102]. The non-dimensional length parameter Qsf
,Ob N > z: ..[102].

Heat losses are calculated by solving a discrefingée volume problem over one
quarter of the fuel cell repeating unit as illustch in Figure 42. The interior
boundaries of the defined quadrant are assumebadialue to symmetry. Therefore
all heat loss occurs through the insulated surfabe.number and aspect ratio of the
cells are inputs into the model. The flow chaneshperatures are equal to the local

cell average temperature.
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Figure 42. Heat transfer discretization of the fuekell.

Heat transfer between cells occurs by conductiodb]land can be written
between cells ‘1’ and ‘2, ) as:
*

;<f_1<hl a|<j htt |
e Se( e e ]

where* is the thermal conductivity of the materi8l,is the distance between cell
centers, and is the length of the border between the cells.tHiemsfer from the
channel flow to the surface occurs by forced cotiwac[105] using heat transfer
coefficients based on the Nusselt number correiatioove. Thus, the heat transfer
between a channel ‘c’ and a surface cell ;33 | is given by:
et Yell . el ht—]

where%is the convective heat transfer coefficient.

Further details of the finite volume calculatiomdaze found in Appendix D.

The temperature distribution in the fuel cell ic@mnect and MEA structure is

determined by iteratively calculating a new tempam@for each cell by balancing the
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heat transfers from the surrounding cells basetheprevious iteration’s temperature
estimates. Repeated sweeps are performed untihebe loss estimate reaches a
converged value.

There are no system level independent variabletependent conditions for this
element. However, recall that segment temperatares activation overpotentials
(both anode and cathode) are solved for interrallgatisfy soot avoidance criteria
and energy conservation, respectively. The heatsfea calculations also use an
iterative process.

Parameters: fuel cell global air-to-fuel ratio, igesoperating voltage, number of
identical SOFC units, number of radially stackedargkels per unit, number of
electrode segments for diffusion calculations, aasi physical and electrochemical

parameters (listed below).

Table 4: Activation overpotential parameters [90,91

Parameter Value Units

Anode
Asymmetric factorsP P 15,05
Exchange current factq, 8.5 Alcnt
Apparent activation energy, , 120 kJ/mol
Reference temperature, 1073 K
9 , pre-factor, 4 5.59x10° mf/mol-s
9 , activation energy, 4, 88.12 kJ/mol
Surface site density, 2.6x10° mol/nt
Sticking probabilityR 0.01

Cathode
Asymmetric factorsP |, P 15,05
Exchange current factd, , 2.4 Alent
Apparent activation energys, 130 kJ/mol
Reference temperature, 1073 K
9,, pre-factor, 4, 4.9x1¢ atm
9,, activation energy, 4 200 kJ/mol
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Table 5: Fuel cell material physical parameters [9®3].

Parameter Value Units
Anode

ThicknessS 900 Zm

Porosity,” 0.35

Tortuosity, 4.8

Average pore radius, 0.2 Zm

Average particle diameter, 1.0 Zm

Bulk density]] 4.8 g/c

Thermal conductivity* 11.0 W/m-K
Cathode

ThicknessS 50 Zm

Porosity,” 0.35

Tortuosity, 4

Average pore radius, 0.25 Zm

Average particle diameter, 1.25 Zm

Bulk density]] | 4.6 g/cn

Thermal conductivity*, 6.23 W/m-K
Electrolyte

ThicknessS 20 Zm

Bulk density]] 6.0 g/cn

Thermal conductivity* 2.7 W/m-K
Interconnect

Bulk density]] 7.8 g/cn

Thermal conductivity* 30.0 W/m-K
Insulation

Bulk density]] 0.25 g/cm

Thermal conductivity* 0.1 W/m-K

Table 6: Ohmic overpotential parameters [90].

Parameter Value Units
Anode
Conductivity pre-factor, 9.5x16  K/cm-
Activation energy! 9.561 kJ/mol
Cathode
Conductivity pre-factor, 4.2x16  Kl/cm-
Activation energy! 9.977 kJ/mol
Electrolyte
Conductivity pre-factor, 3.6x16 K/cm-
Activation energy! 80 kJ/mol

2.3.5 Fuel Cell Inlet Element

The InletFC (hereinafter referred to as ‘Fuel Cealet’) element is used to
simulate heat transfer between the anode and aaffend channels in an inlet region
immediately upstream of the fuel cell. Because fibers are divided into narrow,

thin-walled channels, the inlet essentially funeti@as a co-flow heat exchanger.
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Figure 43. Fuel Cell Inlet element diagram.

Internally, the FC Inlet element separates a poribthe incoming bypass air into
the cathode channel flow path. The element modsisgde anode/cathode pair out of
many B&- ] with both flows reduced proportionally f/ 3 & . Heat transfer
occurs from the anode flow to the cathode flow. Bmgle channel anode and
cathode flows are multiplied bgs (implicitly assuming all channels operate
identically) at the exit.

The FC Inlet element is only used in conjunctionhman SOFC element. The
pressure drop is calculated using a general coioelafor non-circular ducts
developed by Muzychka and Yovanovich [103]. Thistie same correlation
described in detail in the SOFC element sectionvabdhe heat transfer rate is
similarly calculated from a correlation for nonetifar ducts developed by Muzychka
and Yovanovich [102]. The convective heat transfegfficient is determined using
the Nusselt number correlation presented in tharkwThe two correlations (for

pressure drop and heat transfer) are restated etosonvenience:
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Unlike in the SOFC element, no finite volume heednsfer calculation is
performed in the FC Inlet element. Because of timilaxity between the inlet
structure and a heat exchanger, established hedftamger analysis methods are
employed. Specifically, theffectiveness-NTlhethod as described by Incropera et al.
[105] is used. The dimensionless parameter ‘nurobéransfer units’ (NTU) is used
to calculate a heat exchanger effectivenésghich in turn is used to calculate a heat
transfer,; . The heat transfer can be generally expressetiDas: |

N Y s F—i |
where' and', are the hot and cold side inlet temperatures and is the
lower heat capacity of the hot and cold streame dffiectiveness of a co-flow heat

exchanger is given as [105]:

i, aglk aoihi g in _
\f . F—nj
g
where iIs the higher heat capacity of the hot and colgashs. The non-
dimensional NTU is defined as [105]:
34 f 4 h-zj

where is the heat transfer surface area 4nd the overall heat transfer coefficient.
The overall heat transfer coefficient for the getsnef interest (Figure 44) is given

as [105]:
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where%,and% are the convective heat transfer coefficientgtierhot and cold streant,

is the wall thickness, arnfd, is the wall thermal conductivity. These four egoias can then

be combined into one expression for the heat teansf
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where f ./ g has been substituted/ is mass flow rate, and is the specific heat

capacity of the flow. The distinction between  and is unimportant in this

expression because the terms are summed.

Figure 44. lllustration of temperature profiles in the FC Inlet element.

Because the expression for heat transfer assumesacd specific heats, it is

subject to error when temperatures (and therefore fproperties) vary significantly
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over the length of the channels. To address thes,irtlet channel is divided into a
number of flow-wise segments wherein flow propert@e recomputed to improve
accuracy.
There are no independent variables or dependeditmors for this element.
Parameters: number of flow-wise segments and sepiyaical parameters listed

below.

Table 7: Fuel cell inlet physical parameters.

Parameter Value Units
Dividing wall
ThicknessG, 0.5 mm
Thermal conductivity* 5 30.0 W/m-K
Channels
Length,§ 10.0 mm
Width ,H, 5.0 mm
Height,% 2.0 mm
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Chapter 3: System Modeling

3.1 System Modeling in NPSS

The various standard and developed NPSS elemenstsilokd in the previous
chapter can be linked to generate models of anybeumf systems. Recall from the
discussion in Section “2.1 Overview of ModelingNRPSS” that the Fluid Output Port
of any component is easily linked to a Fluid Infart using the NPSS ‘linkPorts’
command. Bleed, Fuel, and Shaft Ports are linkedlaily. These Ports are data
structures within a component which store and passrmation and perform
calculations. Fluid and Bleed Ports fully determe#iow state (stagnation properties
and, optionally, static properties). The data stmecdefines mass flow temperature,
pressure, enthalpy, entropy, molecular weight,atthe given flow location.

Recall from Figure 12 the illustration of a simpd®lver setup with three
independent variables (air mass flow, fuel masw,fland shaft speed§{ g )) and
three dependent conditions (turbine inlet tempeeatti =target), thrust ( =target),
and net shaft torque® (=0)). The model runs and sends information aboet th
dependents to the solver, and the solver calcutatess in the dependent conditions
and makes adjustments to the independent variabldsve the error terms toward
zero. It is critical when setting up a model tHa solver be defined properly. Like
any system to be solved, the number of unknowndefiandent variables) must
match the number of equations (dependent condjtidng also essential that each
dependent condition is in fact dependent on at leas independent variable. In the

example, there are three dependent conditions acidl is a function to some degree
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on each of the three independent variables. Thexd¢fe solver is well defined. It is
of course also important to insure that the depetndenditions accurately define the
desired operating state of the modeled system.

Because NPSS supports a number of thermodynamosagas, each system
model must declare which package is to be usedic@lyp the same package is used
for an entire model although it is possible to dg&erent thermodynamics packages
for different elements. In all of the system mowglipresented here, the ‘CEA’
package is used. It performs a chemical equilibraatculation at each flow location
via an implementation of NASA’'s CEA code. For mar®rmation on CEA and its
implementation in NPSS, see Section “1.5.4 Impldatén of CEA” and Refs. [69]
and [70]. The calculation by default considers @lemical species in the CEA
database, but the number of species is easily eedby supplying CEA with a
modified database file. The full database contawexr 2000 species which can cause
calculations to be relatively slow. In this worketdatabase is reduced to 246 species
by considering only species composed of hydrogémgen, carbon, oxygen, and
argon. The computation speed is noticeably imprdyedsing the reduced database
with no loss in accuracy because only speciesdhahot be present are neglected.
For only the SOFC element (by far the most compriatly intensive), the database
is further reduced to 138 species by eliminatingdemsed species and hydrocarbon
chains longer than 3 carbons. The reduced listpeties are contained in Appendix
E.

In this work, NPSS models have been assembledhfeetdifferent gas turbine

engine types (described in detail in the followsertions). Models have also been
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developed for the corresponding GT-SOFC hybride pifimary aim of the modeling
is to analyze the effects of the SOFC and its natign on the base GT system and

how that translates to system level performance.

3.2 Gas Turbine Models

3.2.1 Overview

All of the gas turbine engine models developed presented in this work are
essentially ‘rubber engines’. This means that thgirees are ‘stretched’ to whatever
size (or power level) is necessary for the desstedy being performed. This allows
great freedom in studying a wide variety of cormuht, but is ultimately limited in
that the modeled engines do not directly corresgorahy particular engine currently
available. The alternative approach would be tdoper a ‘fixed engine’ analysis
where a specific engine of a particular size andgrdevel is assumed for all studies.
This has the advantage of corresponding to aniegisingine, but the disadvantage
of much less flexibility. The ‘rubber engine’ appih is more appropriate for this

study to allow the desired level of flexibility.

3.2.2 Turbojet Engine

A single spool (i.e., single shaft) turbojet engiseprobably the simplest gas
turbine configuration. As the earliest practicaihfioof gas turbine engine, the turbojet
was once widely used on aircraft but due to itatned inefficiency it has been largely
supplanted by turboprop and turbofan engines. teneyears, the primary use of

turbojets has been on cruise missiles.
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Figure 45. lllustration of (single spool) turbojet.

Figure 46. lllustration of (single spool) turbojet.

As illustrated in Figure 45, the turbojet enginengists of an inlet, a compressor
(blue) and turbine (green) sharing a common shudick), a burner/combustor (red)
between the compressor and turbine, and a nozzlactelerate the exhaust.
Internally, energy is added to the flow via commustin the burner, and power
extracted from the flow by the turbine drives tlmmpressor via the common shatft.
Thrust is produced primarily by the difference iow momentum between the
exhaust and inlet flows. Figure 46 presents anradte illustration of a single spool
turbojet. This second figure more accurately repmesthe geometry of the multistage
axial compressor and turbine on a common shatt.

The NPSS model of the single spool turbojet isstiated in Figure 47. Boxes

represent flow elements, blue arrows represent ffmsat connections, dashed red
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arrows represent bleed port connections, and daslae# lines represent shaft port

connections.

Figure 47. NPSS model schematic of turbojet.

The air flow is initiated by the Inlet Start elemberhich communicates with an
Ambient element (not pictured) to set the tempeeatpressure, and speed of the
incoming air. The Inlet element determines the ltlitav properties after an inlet
pressure recovery loss is imposed. The Comprestmwh as ‘Comp.’) element
calculates the pressure and temperature increasg as performance map, as
described in the previous chapter, that relatesspre ratio and isentropic efficiency
to corrected mass flow and shaft speed. Shaft speedtorque information are
communicated between the Compressor and Shaft eteméhe Compressor also
facilitates the passage of bleed flows to downstr&eed elements and the Turbine
element. The Fuel Start element initiates a flowued to the Burner element which
calculates the chemistry and heat release of #léafureaction. The Turbine element
calculates a pressure and temperature decreasd basés performance map as
described in the previous chapter. Shaft speed tmmdue information are
communicated between the Turbine and Shaft elem&h&sDuct element imposes a
pressure drop on the flow representing pressurseodetween the turbine and

nozzle. The Nozzle element calculates the acce@eraif the flow assuming a
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converging-diverging nozzle that is pressure matatehe nozzle exit to the ambient
flow. The Flow End (shown as ‘End’) element simfdyminates the flow.

Appendix F provides more detailed information abthé model including the
order of execution of elements, the list of indefet variables, and the list of

dependent conditions in the model.

3.2.3 Low Bypass Ratio Turbofan

A dual spool (i.e., two concentric shafts) combimedhaust turbofan engine is a
more advanced gas turbine engine than the turbidptigh more complex, the use of
multiple shafts capable of rotating at differenteegs allows turbomachinery to
operate more efficiently by allowing low pressure digh pressure compressors (or
turbines) to operate at speeds more suitable iodi&erent operating conditions. A
secondary flow that bypasses the engine core aislIto more efficient operation
based on the principle that accelerating more tigwa smaller amount is inherently
more efficient. The primary application of thesegiees (commonly referred to as
low bypass ratio turbofans) is in military fightaircraft where high thrust-to-weight,
compact design, and compatibility with afterburnemgl supersonic flight are equally
as important as efficiency.

As illustrated in Figure 48, the low bypass ratiwbbfan engine consists of an
inlet, a low pressure compressor (LPC, dark blue) Bw pressure turbine (LPT,
dark green) sharing the common inner shaft (gm@aygh pressure compressor (HPC,
light blue) and high pressure turbine (HPT, lightan) sharing the common outer
shaft (black), a burner/combustor (red) betweenHRE€ and HPT, and a nozzle to

accelerate the exhaust. The flow through the LPdivisled between a core flow that
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passes to the HPC and a bypass flow that passmsgtha bypass duct directly to
downstream of the LPT where the flow streams atembined ahead of the nozzle.
As in the turbojet, energy is added to the flow g@mbustion in the burner, and
power extracted from the flow by the turbines dsithe respective compressors via
their common shafts. Thrust is produced primarily the difference in flow
momentum between the exhaust and inlet flows. Eigt® presents an alternate
illustration of a dual spool combined exhaust téebo This second figure more
accurately represents the geometry of the muligstagal compressors and turbines

sharing separate, concentric shatfts.

Figure 48. lllustration of low BPR (dual spool comined exhaust) turbofan.

Figure 49. lllustration of low BPR (dual spool comined exhaust) turbofan.
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The NPSS model of the low BPR turbofan is illustchin Figure 50. Boxes
represent flow elements, blue arrows represent ffmsat connections, dashed red
arrows represent bleed port connections, and daslae# lines represent shaft port
connections. The Inlet Start, Inlet, Shaft, Bleledel Start, Burner, Duct, Nozzle, and
Flow End elements all function as they did in thebbjet model in the previous
section. The LPC and HPC are Compressor elemehesHPT and LPT are Turbine

elements.

Figure 50. NPSS model schematic of low BPR turbofan

The Inlet flow all passes to the LPC (connectethe®oLP Shaft) after which it is
divided by the Splitter element into bypass ancedtows with identical properties.
The mass flow rates of the two streams are sethey ldypass ratig, f
| 4o pp /| ---Only the core flow passes to the HPC (connectedhé high
pressure (HP) Shatft), Burner, HPT (connected toSHRft), and LPT (connected to
LP Shaft). The core and bypass flows are recombibgda Bleed element
immediately downstream of the LPT. The combineavfleasses to the Nozzle and
Flow End elements.

Appendix G provides more detailed information abthé model including the
order of execution of elements, the list of indefemt variables, and the list of

dependent conditions in the model.
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3.2.4 High Bypass Ratio Turbofan

A dual spool (i.e., two concentric shafts) sepamtbaust turbofan engine is
similar to, but more efficient than, the combinedhaust (low BPR) turbofan above.
The applications for these engines (commonly reterto as high bypass ratio
turbofans) are varied and include most large coroi@etransport aircraft and many

military aircraft where efficiency is more importahan thrust-to-weight and speed.

Figure 51. lllustration of high BPR (dual spool seprate exhaust) turbofan.

Figure 52. lllustration of high BPR (dual spool seprate exhaust) turbofan.
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As illustrated in Figure 51, the high bypass rdtidbofan engine consists of an
inlet, a large diameter fan (checkered blue) / lomessure compressor (LPC, dark
blue) and low pressure turbine (LPT, dark gree@risly the common inner shaft
(gray), a high pressure compressor (HPC, light)dunel high pressure turbine (HPT,
light green) sharing the common outer shaft (black)burner/combustor (red)
between the HPC and HPT, and separate bypass aachcpzles to accelerate the
exhaust. The flow through the outer fan passesitir@ bypass duct and nozzle. The
fan accelerates a large amount of air by a relgtseall amount to produce the bulk
of the thrust of the engine. The core flow pas$eeugh the engine and is never
recombined with the bypass flow. Additional thrisproduced by the core nozzle.
Figure 52 presents an alternate illustration ofial dpool combined exhaust turbofan.
This second figure more accurately represents gwangtry of the multistage axial

compressors and turbines sharing separate, comcsinanfts.

Figure 53. NPSS model schematic of high BPR turbafia

The NPSS model of the high BPR turbofan is illusttlain Figure 53. Boxes
represent flow elements, blue arrows represent ffmsat connections, dashed red
arrows represent bleed port connections, and daslae#t lines represent shaft port
connections. All elements function as they didha turbojet and low BPR turbofan
models. The Fan, LPC, and HPC are Compressor etemEine HPT and LPT are

Turbine elements.
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The Splitter divides the Inlet flow into bypass arate flows. The bypass flow
passes to the Fan (connected to LP Shaft) andidhdne secondary Nozzle and Flow
End elements (bypass never recombines with cove.fibhe core flow passes to the
LPC (connected to LP Shaft), the HPC (connectedHB Shaft), Burner, HPT
(connected to HP Shaft), and LPT (connected to h&fty The core flow passes to
the primary Nozzle and Flow End elements.

Appendix H provides more information about the modeluding the order of
execution of elements, the list of independentaldes, and the list of dependent

conditions in the model.

3.3 Gas Turbine / Fuel Cell Models

3.3.1 CPOx/SOFC Assembly

The NPSS model of the CPOX/SOFC assembly is ifitestk in Figure 54. The
assembly is inserted into a GT model directly betwéhe Burner element and the

Compressor element immediately upstream.

Figure 54. NPSS model schematic of the CPOx/SOFCsasnbly.
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High pressure air exits the Compressor into a teplielement that diverts a
portion of the flow into the CPOx element. The CP&so receives a fuel stream
from a Fuel Start element (just as a Burner doksgrnally, the CPOx element
divides the incoming air into reaction and bypassliag pathways. The element
models a single CPOx unit out of mal8:z, ] with the reaction air and fuel flows
reduced proportionaly f/ 3 .4, ] . The air and fuel mix and participate in the
catalytic partial oxidation reaction. The singletu@POx products are multiplied by
342 (implicitly assuming all units operate identicallgnd passed directly to the
anode channel flow path of the FC Inlet elementatHess from the reacting flow
path is transferred to the bypass/cooling air whigasses directly to the
bypass/cooling flow path of the FC Inlet. Intergathe FC Inlet element separates a
portion of the incoming bypass air into the cathactlannel flow path. The element
models a single anode/cathode pair out of midyj with both flows reduced
proportionally / f/ 3 & . Heat transfer occurs from the anode flow to the
cathode flow bringing the two closer to thermal iBguum. The single channel
anode and cathode flows are multiplied3y and passed directly to the anode and
cathode channel flow paths of the SOFC element. &tieng bypass/cooling air
passes directly to the bypass/cooling flow patthefSOFC. The SOFC element also
models a single anode/cathode pair with both fleeduced proportionallyv f
| 3 g . Electrochemistry and heat transfer are modeladhdbe fuel cell channels.
The single channel anode and cathode flows areipiedt by 35 at the exit. Heat
loss from the anode and cathode channels is traedfdo the bypass air. The

undiverted flow from the Splitter and all threetdlows from the SOFC are passed to
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the Combiner element and recombined to a singkastrthat then passes to the
Burner.

It is essential to the operation of a physical @ysthat the pressure losses in the
CPOXx/SOFC assembly be comparable in magnitudeosethcross the combustor. If
they are not, it will be difficult or impossible txhieve the proper balance between
fuel cell and combustor mass flow rates. In thes@né work, the estimated pressure
drop across the CPOX/SOFC assembly is less thaasthened pressure drop across
the burner/combustor of the GT. Pressure matclsimpi expected to pose a practical
problem under these circumstances because addiegsyre drop through the
CPOXx/SOFC assembly could be achieved simply vigeglgrates, baffles, etc. The
impact on performance if pressure drop is greatan texpected is addressed in
Section “7.4.3 High BPR Turbofan with Reversing IFDell”.

Assessing the potential impacts of the fuel cellaersst on combustor operation
are beyond the scope the current work. There ateicly important issues that will
need to be considered as a topic of future stuayoidg these are the specifics of
physical integration of SOFC exhaust into combustesign, possible impact on
turbulence and instability in the combustor, arelithplications of introducing highly
reactive fuel species (COHnNto the combustion process (although it is duedihat
CO and H could actually benefit combustor operation).

The design, mass, and volume of the air vehiclelsggr management system are
not addressed in the current work. All vehiclesl witeady be equipped with some
type of power management system, and it is assuh@dthe size of that system

would be unaffected by the shift from mechanicalegators to SOFCs. Since most
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vehicle power systems already require conversiomudiiple voltage levels in both
AC and DC [2] it is not anticipated that replaciggnerators with SOFCs would

fundamentally alter the scale of the power managesestem.

3.3.2 Engine / Fuel Cell Integrations

The integration of the CPOX/SOFC assembly NPSS mintie the turbojet

engine model is illustrated in Figure 55.

Figure 55. NPSS model schematic of turbojet basedlGSOFC system.

The upper portion of the figure shows the asserahty where it is inserted into
the original turbojet model. The lower portion bétfigure shows the fully integrated

NPSS model for the turbojet based GT-SOFC system.
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Figure 56. NPSS model schematic of low BPR turbofamased GT-SOFC system.

Figure 57. NPSS model schematic of high BPR turbafibased GT-SOFC system.

The NPSS models for the low BPR and high BPR tabdfased integrated GT-
SOFC systems are illustrated in Figure 56 and Eidgif, respectively. To improve
clarity and legibility, the integrated systems af®wn as in to the top portion of
Figure 55 where the CPOXx/SOFC is assembly showmaraegy and an arrow

indicates where the assembly is inserted into tiggnal engine model.

108



Appendices C, D, and E contain further detailshef tnodels including the order
of execution of elements, the lists of independaniables, and the lists of dependent

conditions in the models.
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Chapter 4: Sizing Methodologies
4.1 Sizing Challenges and Objectives

The thermodynamic benefit of incorporating a fuell into a gas turbine cycle
has been well established in the literature (sexid®e“1.4 Gas Turbine / Fuel Cell
Hybrid Systems”). The key to evaluating the vidpilof integrated GT-SOFC
systems in airborne applications is accurately rinoglehe mass and volume of the
system. This is because improved system efficiae@nly beneficial if it does not
come at the expense of significantly degraded fpepower (W/kg) or power
density (W/L). The reason for this is due to thes#tévity of vehicle performance
(range/endurance) to weight and volume: Increasasisnteads to increased aircraft
lift coefficient, , which in turns leads to increased lift-inducedgland fuel burn.
Increased volume leads to increased wetted aregpatahtially less aerodynamic
profiles which in turn leads to increased parasitag and fuel burn. For these
reasons, a highly efficient but oversized GT-SOK&eam would not be an effective
solution for airborne combined propulsion and pawer

The need to accurately estimate mass and voluroeder to accurately estimate
the rate of fuel burn (as a proxy for range/endcearpresents a challenge. The
number of physical dimensions explicitly accounfed varies from component to
component. The SOFC model (though not a three dimeal model in the sense of a
CFD simulation) requires inputs for physical size the axial, radial, and
circumferential directions. By contrast, most GTmpmnent models are ‘zero

dimensional meaning that the calculations are dasalely on thermodynamics,
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correlations, etc. with no dependence physical #ing dimensions not present in the
initial modeling must be inferred from known modeputs/outputs and additional
assumptions. Because it is crucial to accurateBdipt mass and volume, it is
important that the inferred component sizing beetda®n reasonable sets of
assumptions. The following sections explain thehmdology employed to estimate

the sizes of the various portions of the GT-SOFsiey.

4.2 Gas Turbine Size Estimation

4.2.1 Overview

Estimating the mass of gas turbine engine fronst'fprinciples’ is a complex
endeavor and a research topic in its own righttufately, there already exists in the
literature methods for accomplishing this. The masslel used here is based on the
work of Onat and Klees [106] and Sanghi et al. [Mfo developed a methodology
for predicting the mass of a gas turbine engineedbam a detailed, piece-by-piece
accounting of the entire engine configuration. Example, the masses of axial
turbomachinery stages are predicted based on irigetshe hub-to-tip ratio, blade
aspect ratio, solidity, etc. Blade disc mass isfbuia a correlation. The number of
compressor stages is determined by the maximurwaltie pressure ratio across a
single stage. The number of turbine stages is ohted by the maximum allowable
diameter and stage loading. The annular combustiamber length is determined by
specified flow velocity and residence time. Concenlhigh and low pressure shafts
are sized to withstand the applied torque. Engnaené masses are found via a

correlation. Further details of the estimation roettare contained in the following
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subsections. Section “4.2.11 Component specifiarapsions” and the tables therein

contain specific assumptions and parameter vatuehé sizing analysis.

4.2.2 Axial compressor

Figure 58: Axial compressor geometry.

The following parameters are inputs to the model:

-

y

OB®

maximum stage pressure ratio

entry Mach

exit Mach

entry hub to tip ratio

entry blade aspect ratio

exit blade aspect ratio

entry blade solidity, ratio of chord length ticch
exit blade solidity

blade volume factor

blade taper ratio

spacer thickness
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Gop — casing thickness
] — material density of componextblades, disc, hardware, casing)

The following values are retrieved from the enggimaulation:

[ — mass flow of air through component (taken at)nl
Y — compressor isentropic efficiency

3b — shatft rotation speed

%p e — entry specific total enthalpy of flow

% g — exit specific total enthalpy of flow

The maximum first stage enthalpy rise%g. , is estimated based on the

maximum allowable pressure ratipo,

Fowr podel « .
Weg. f, —2—1y™?® " jE her

where is the gas constant aRis the ratio of specific heats. The estimated rermb
of stages can then be calculated:

358.0f »¥ 8, Ygo -N%g. h—t
The raw number of stage35z.p , is rounded up to an integer valBg.p . The
actual enthalpy rise per stad#%g. , is then calculated by working back using the
integer number of stages. Linear variation of mpasameters3, between stages:

i8g. f .85, 8ge -N3pp.p h—j
Linear variation of Mach numbeR, and solidityh {j is assumed. Also, equal

enthalpy change per stage is assumed. The enttiagmge across the stag4gs. )
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is used to calculate the pressure rise acrosstalge sising the isentropic efficiency,

Y, [18]:

e hedej
YU h—qj

. Yy Wpg.  _F, i
\pg. f s g* ; ' Z

k
Using an input local Mach number (interpolated frong e and0 g ), NPSS

calculates the flow area, pressure, temperature)erious geometric parameters are

calculated using the following set of equations/[[10

f R c%h, & hoeg
& f E hoeij
Pf & hoelj
& f h g, j n hoej
pfheg Jn hoefj

where s the flow area, is the hub diameter,, is the mean diameterg is the

tip diameter, is the blade chord, a®lis the blade aspect ratio. For the first stage,
, & , andP are known. For all remaining stages,P, and |, are known (}, is

held constant from the first stage). The rotorsfyged at the design state is found via

the correlation presented in Refs. [106,107]. Toweadation relates typical corrected

tip speeds 4 ?;:C,'{ .). as a function of pressure ratio. The system solve

matches the shaft speed calculated from this \altiee NPSS model simulation. The

rotor tip speed4 g, is calculated from the shaft spe8g, and tip diameter [107]:

n\ ..

. . Ec :
4-f z23r—YZ2—Y hoe
el Zocig Ve !

where the factorn\ rs converts the shaft speed from revolutions/minute t

radians/second. The axial length of the rotor aatbs are taken to equal the rotor
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blade chord [106]. The spacing between rotor/statar stator/rotor is taken as 17%
of the blade chord [106]. Thus, the length of thare stage:
,pe. T nhi g st | hoelj

The volume of a single rotor blade is found viadtO

G f +h&® P¢j heeij
where+ is the blade volume factor. The number of bladesalculated [106]:

3 f\ gz-W hoej
The number of blades is rounded to the nearesgentd he volume and number of

blades in the stator is assumed equal to the rotar.blade pull stress is calculated

via [106]:

A f G.’&' "ih' & jhi & | hoeg
A n 9= " jngz ) (o<1

where] is the blade density andis the blade taper ratio. The relative thicknelss o
the rotor disc is found as a function of the blgudl stress and disc diameter via
correlationhC f"51°K" 4 NI in Ref. [106]. The volume of the disG, the
volume of the connecting hardwa@ (assuming a 0.075” thick spacer located at
75% of the hub radius) [106], and the volume ofdasing (assuming 0.1” thickness)

[106] can be calculated:

Gf < C hiss |
G f bsdap\ jG,ps. hisi |
Gf h Ej G,pB. hisn ]

where@ is the spacer thickness, a@dis the casing thickness. Finally, the weight of

the stage is then:
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4.2.3 Axial turbine

Figure 59: Axial turbine geometry.

The following parameters are inputs to the model:

Go

turbine loading parameter
entry Mach number

exit Mach number

entry blade aspect ratio
exit blade aspect ratio
entry blade solidity

exit blade solidity

rotor blade volume factor
stator blade volume factor
blade taper ratio

spacer thickness

casing thickness
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] — material density of componextblades, disc, hardware, casing)
A — reference 0.2% yield strength of disc material

The following values are retrieved from the enggimaulation:

[ — mass flow of air through component (taken at) exi
Y — turbine isentropic efficiency

3b — shatft rotation speed

%p e — entry specific total enthalpy of flow

% g — exit specific total enthalpy of flow

Some assumption must be made about the diametiee &dst stage. This can take
the form of a maximum or approximate tip, meanhwlb diameter. For specified tip

diameter, the estimated mean diameter can be féomd the following equations

[107]:
f N g %hi, & ¢j his%j
& f E hisp |
p f heg I n hisr |

Combining and rearranging yields the following eegsion for mean diameter:

%
\E

IC,fféigi, 3 hist j

The blade velocity at mean diameter is then esathft07]:
n\
. Sy by . .
4b f ZSEEYZ7Y hIS—]

where the factorn\ rs converts the shaft speed from revolutions/minute t

radians/second. The number of stages is increaswdmentally until the turbine
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loading parameterY() [107] is less than the maximum allowed valde, . The

turbine loading parameter is calculated:

NWgk A
N f LKA Hiscej
3pB.D 4p ]

where4,, is taken at the exit and%y 4 is the enthalpy rise across the entire
turbine. Linear variation of many paramete¢setween stages is:

i8g. f .88 » 8 g-N3pg.p hiis
Linear variations of Mach numbeP, and solidityh {j are assumed. Also, equal
enthalpy change per stage is assumed. The enttiagmge between stages is used to
calculate the pressure rise using the isentropicieicy, Yg [18]. The subscripts ‘+’

and ‘-’ denote the changes going forward and baokwatween stages, respectively:

F s hedei « . . koo
U f, v 2ﬁYI\_hde' CIET L Ye g 2V S R TR

or equivalently:

F

Wt e VAT Y g 2V, Vg Hin |
It can therefore be stated:
.+ hedej
Uo/‘DB- R, 1.. RN
. fXxig® 17 YU hiiz
\DB 1 g YE |kB Z = J

Using an input Mach number, NPSS calculates thev flarea, pressure,
temperature, etc. Other geometric parametersmglétie flow area, hub diameter, tip
diameter, hub-to-tip ratio, mean diameter, bladeghte and blade chord are
calculated using Egs. (90) — (94) in the same waywas done for the compressor

stages. The area), aspect ratioH), and mean diameter () are known. ,, is held
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constant between stages. The aspect ratio of #terss taken as 83% of the rotor

value. The rotor tip speed is calculated from theftsspeed and tip diameter [107]:

n\ .. . o,
c—Y2—Y hii%o j
rs n

4:f 73
The axial length of the rotor and stator are taksnequal to the respective blade
chords [106]. The spacing between rotor/statorsaatbr/rotor is taken as 17% of the
blade height [106]. Thus, the length of the erdtge:
,pB. | higsditjg chigsit]j hiip |
where Is the rotor blade chord andy is the stator blade chord. The volume of a
single rotorG , or stator bladeG p, is found via [106]:
G f + h&S P hiir  j
G f +:h&® hszPj<] hiit  j
where+ and+p are the rotor and stator blade volume factors. Aumaber of rotor
blades3 , is calculated [106]:
3 f\ gz hii—
The number of blades is rounded to the nearesgentd he volume and number of
blades in the stator is assumed equal to the rdtoe. blade pull stress can then be
calculated using Eq. (99). The relative thickne$she rotor disc is found as a
function of the blade pull stress, disc diametad the reference material strength,
A, via correlation,C f"51° A 4 ~  A.in Ref. [106]. The volume of the
discG , the volume of the connecting hardw&e (assuming a 0.075” thick spacer

located at 75% of the hub radius) [106], and theiwme of the casing (assuming 0.1”

thickness) [106] can be calculated:
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Gf < hiice j
G f hstp\ jG,pg. hins |
Gfh gC,pg. hini |
where@ is the spacer thickness, a@idis the casing thickness. Finally, the weight of
the stage is then:

Jpg. F G 3 ] gCG3 ] gCG] gG | 9G] hinn |

4.2.4 Combustor

Figure 60: Annular combustor geometry.

The following parameters are inputs to the model:

stoichiometric air-to-fuel ratio

DB | -
F A — combustion zone flow velocity
F op — passage air flow velocity
] — material density of componex({diffuser, casing, liner, dome)
A — reference strength of matenal
Co — combustor residence time

The following values are retrieved from the enggimaulation:

[ — fuel mass flow rate
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[ — incoming air mass flow rate

— incoming flow pressure

The mass estimation of the burner/combustor coatiain this section does not
address any modifications that may be necessany fhe reintroduction of the fuel
cell assembly exhaust flows. As future researchhetopic defines the specifics of
the flow integration, the mass estimation methddsukl be updated to account for
new factors.

The airflow into the combustor is assumed to divigéwveen a combustion zone
flow, / | 4 , proportional to the fuel flow rate and a secogdassage flow, pp,
made up of the remaining air [107]:

A f DB 1 - K hinz |

oof . .14 hin%q

where pe | IS the stoichiometric air-to-fuel ratio. Using utpflow velocities,
NPSS calculates the flow areas,5 and pp, which in turn are summed to
calculate the combustor reference flow area, f |4 9 pp [107]. The outer
diameter of the combustor; , is set as the maximum diameter of the ‘engine’cor

| . The inner diameter of the combustor, , is then calculated:
fby, % \ hinp |
The mean diameter,, , is the average of the inner and outer diameTérs.diffuser

area, p ,Is estimated assuming 25% aerodynamic diffusi®7]:

A , An

=2 f smp hinr j
ki A" kB
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where 4 (g IS the flow area at the HPC exit. The inner anteodiameters of the
diffuser are calculated via the mean diameter afflsér area:
PO S G « W hint j
A fopg A Mo hin— |
The flame tube dimensions are calculated by suiitpdhe secondary passage

dimension from the combustor diameter [107]:

B f b« agn pp \ hlnCEI

B f b , N pp \ hiZSj

The flame tube height is then:
&Bf"Ba g - N hlZl]

Lengths (diffuser, primary, secondary, dilution eshare defined empirically [107]:

A F idnp &g hizn |
sy D f F| A C D hizz ]
y f ] A g ] D hIZ%o]

whereF, 4 is the flow velocity in the combustor aag, is the flow residence time.
This approach takes into account typical valueskifmmwn gas turbine engines, but is
inherently limited in that it does not account fmixing, chemistry, or chemical
kinetics. The thickness of the diffuser and combustsings are determined by the
pressure vessel stresses [106]:

A

G —A— Fizp |

(ID f

Hizr
n/\

The masses of diffuser, casing, and flame tubetwambe calculated [106]:
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Ja f\, A g A A G hizt |
Jo f\, g » .uGp ] hiz— j
Jef\, 89 g .Gl hizoej
where the thickness of the flame tulig, is assumed to be 0.055” thick steel. The
mass of the burner dome, fuel manifold, fuel nozzland other components
(collectivelyd 5 ) are found via correlation [106]:

; h pnr¥e¢ "Cj

J A % n " ’

. hi%on

4.2.5 Afterburner

Figure 61: Afterburner geometry.

The following parameters are inputs to the model:
] — material density
A — reference strength of material

The following values are retrieved from the enggimaulation:

— flow pressure

— engine bypass ratio
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The outer diameter, , is set equal to that of the upstream componetefin
The length of the afterburner, , is a function of the length to diameter ratio ehi
is set via correlation with the BPR at sea levalist(SLS) conditions [107]:
4 b Fi%o j
, f n, b nj hi%on)
The thickness of the afterburner casifg, , is a function of the pressure stresses
and the strength of the material [106]:
Gp f nA hi%oz]
The weight can then be calculated:
Ja £V L4 Gp ]

Fi%o]

4.2.6 Duct

The following parameters are inputs to the model:

, & — ratio of duct length to passage height
] — material density
A — reference strength of material

The following values are retrieved from the enggimaulation:

— flow pressure

For the duct between the LPC and the HPC, inner @uér diameters are
averages of the LPC exit and the HPC inlet valuesgth is then a function of duct
height [107]:

Jaet T b &b, hi%of]
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For a bypass duct, the outer diameter is set emuahe tip diameter of the
fan/compressor [107]. The area is found by NPSSdtgng the Mach number equal

to the fan/compressor exit value. The inner diamistéhen:
fp <, % \ hi%or j

And the bypass duct length is the sum of the lengthall the bypassed engine
components:
aBA f oA 0,00, 4 O, A6 hi%ot |
The thickness of the duct is a function of the pues stresses and the strength of
the material [106]:
Gp f nA hi%o-
The weight can then be calculated:

Jas T VD g J,ausGp ] hi%oCj

4.2.7 Mixer

The following parameters are inputs to the model:

, & — ratio of duct length to passage height
Go — case thickness

] — material density

A — reference strength of material

The following values are retrieved from the enggimaulation:

— flow pressure
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The outer diameter is set equal to the LPT exie lbw area is found by NPSS
by setting the Mach number to the LPT exit valube Tnner diameter can then be

calculated:
fp <, % \ hips |
Length is then a function of duct height [107]:
: fh &h , ] hipi- |
The effective surface area (i.e., the surface m&ading mixing enhancers) is found
via correlation [106]:
f kee-nh g jgsaph , M hipn j
The weight can then be calculated [106]:

J f\ Gp ] Hpz |

4.2.8 Nozzle

Figure 62: Primary (L) and secondary (R) nozzle gauetries.

The following parameters are inputs to the model:

: — ratio of nozzle length to outer diameter

, & — ratio of nozzle length to duct height
] — material density
G — wall thickness
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For the primary/core nozzle, diameter is set etmahe LPT exit diameter and
the nozzle length is a function of that diamet€&7]1
: fh ] hip%q
For the secondary/bypass nozzle, there is an iangéran outer diameter. These
are set equal to the fan flow passage upstreamndide length is then a function of
nozzle ‘height’
: f h &jh : j hipp |
The thickness of the wall is input, and the weighten [106]:
J f\ : G o] hipr |
To determine the throat diameter, flow Mach numizerset to 1.0 and NPSS

determines the flow area. The throat diameterasa:th

e g fO% \ hipt |

4.2.9 Shafts

Figure 63: Concentric shaft geometry in engine (Land cross section (R).

The following parameters are inputs to the model:
— diameter ratio of the LP shatft

S — clearance between shafts
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o B — material density of shaft
_ — allowable stress limit of shaft
The following values are retrieved from the enggimaulation:

U&e — work extracted from turbine

3b — shatft rotation speed

The length of each shaft is determined by the sunthe lengths of the
components in between [106]:
Af  ABO A 9,00, A hip— j
cAf hipcej
where, 4 and, a are the lengths of the inner low pressure shafttha outer high
pressure shaft, respectively. The torque on eaaft 6y and' 4 ) is determined by
the work extracted from the turbines [106]:
"Af U&ae aaf U&ae M3 a N\ rsj hirs |
"A f U&ae ap f U&ae P34 n\ rsj hiri |
whereU& is the enthalpy change in the turbiaeis the angular velocity of the shatft,
and3 is the shatft rotation speed in revolutions perutenThe shaft dimensions are a
function of the shear stress,associated with the applied torque (T). The skaasss

in a hollow shatft is [106]:

f— Firm

e s

—h
4
—

hirz |
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The allowable stress on the shaft, , should have an appropriate safety factor built
in. The outer diameter of the LP shatft,z , is found explicitly based on the input
value for the diameter ratio of that shaft. Theeindiameter of the HP shatft is, by
necessity:
A f A Qg nS hir%eo|

whereS is the clearance between the two shafts. The aliseneter of the HP shatft,

A , can then be solved for as a function of the tergnd stress limit, . The
weight of either shatft is calculated [106]:

\ <
J f

I hirp |

4.2.10 Frames

Frames make up a significant portion of the oveealgine weight. Weight
correlations are available in Ref. [106] for foypés of frames:
1) Single bearing frame without power takeoff
(2) Single bearing frame with power takeoff
(3) Turbine frame
(4) Intermediate 2-bearing or burner frame
A type 1 frame is assumed at the inlet. A typeatnie is assumed at the HPC inlet

and at the burner inlet. A type 3 frame is assuatdtie LPT exit.

4.2.11 Component specific assumptions

The methods described above are quite sensitigssomptions about diameter
limits so some care is needed when selecting thdm.best correlation with known

engine masses was obtained by assuming that thbuston and turbine stages fit
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into the ‘engine core’ diameter set by the upstreampressor. Exceptions are made
subject to certain limitations (elaborated on bglowhe following information
describes the assumptions specific to particulataimces of components (i.e., the
LPC as opposed to compressors in general). All h&f input parameters are
summarized in Table 8 through Table 17.

Fan: Hub diameter is equal to that of the first LP@g& (or first HPC stage if
there is no LPC). Hub-to-tip ratio (HTR) is an outpA single stage with known
pressure ratio is assumed. No stator mass is iedludl gap equal to the rotor length
is included behind the rotor. Blades, disc, andncpare Titanium 318. Hardware is

steel.

Table 8: Fan sizing assumptions and input parametet

Parameter Value Units
Entry Mach0 e 0.55
Entry blade aspect ratiB, g ¢ 4.0
Entry blade solidityh | g 1.25
Blade volume factort 0.055
Blade taper ratio, 1.8
Spacer thicknessg 0.00625 ft
Casing thickness; 0.00833 it
Blade, disc, casing density 276. lbrh/ft
Hardware density, 512. lbm/ft

LPC: Hub-to-tip ratio is an input parameter. If thesex fan stage, incoming flow

state is equal to fan output. If there is no faagst incoming flow state is freestream.

Blades, disc, and casing are Titanium 318. Hardvgaseeel.

HPC: Either hub-to-tip ratio or entrance diameter,(tyb, or rotor) is an input

parameter. For the first three stages, blades asd are Titanium 685. For

temperature reasons, the remaining stages’ bladeésdscs are Inconel 718. The

casing is Inconel 718. Hardware is steel. For Adjet, the single compressor uses

LPC inlet parameters and materials but HPC extémpaters.
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Table 9: LPC sizing assumptions and input parametes.

Parameter Value Units
Max. stage pressure ratip, 1.5
Entry Mach0 e 0.5
Exit Mach,0 g 0.45
Entry hub-to-tip&' e 0.4
Entry blade aspect ratiB, g ¢ 4.0
Exit blade aspect rati®, 3.0
Entry blade solidityh | g 1.25
Exit blade solidityh | g 1.25
Blade volume factort 0.12
Blade taper ratio, 1.2
Spacer thicknessg 0.00625 ft
Casing thickness; 0.00833 it
Blade, disc, casing density 276. lbrh/ft
Hardware density, 512. lbm/ft

Table 10: HPC sizing assumptions and input paramets.

Parameter Value Units
Max. stage pressure ratip, 1.4
Entry Mach0 e 0.4
Exit Mach,0 g 0.3
Entry hub-to-tip&' e 0.6
Entry blade aspect ratiB, g ¢ 3.0
Exit blade aspect rati®, 15
Entry blade solidityh | g 1.25
Exit blade solidityh | g 1.25
Blade volume factort 0.12
Blade taper ratio, 1.2
Spacer thicknessg 0.00625 ft
Casing thickness; 0.00833 it
Early stage blade, disc density 281. Ibn/ft
Late stage blade, disc density 511. IbPn/ft
Case density}, p 511. lbm/ft
Hardware density, 512. lbm/ft

Inter-Compressor Duct Inner and outer diameters are average of LPCaaxit
HPC inlet. The length is 1.5 times the height. Minom casing thickness is 1/16” and
material is Inconel 718.

LPT: Exit tip diameter is set equal to the ‘maximurardeter’ of the engine core
(High BPR: LPC inlet tip diameter; Low BPR: LPC &tp diameter). The diameter

can be increased to satisfy limitations: HTE; number of LPT stages, iy 6;
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stage loading, Y*Y* hax Blades are a nickel based alloy. Disc and casiegnconel

718. Hardware is steel.

Table 11: Duct sizing assumptions and input paramets.

Parameter

Value Units

Inter-duct
Length-to-height,{&
Case density,; p
Yield stress}

Bypass duct
Case density,; p
Yield stress}

1.5
511. lbm/fE
ox1¢ Ibf/ft2

276. lbm/fE

10.4x16  Ibf/ft?

Table 12: LPT sizing assumptions and input paramets.

Parameter

Value Units

Turbine loading paramete,
Entry Mach0Q e

Exit Mach,0 g

Entry blade aspect ratiB, g ¢

Exit blade aspect rati®,

Entry blade solidityh | ge

Exit blade solidityh | g
Rotor blade volume factof,

Stator blade volume factoty

Blade taper ratio,
Spacer thicknessg
Casing thickness;
Blade density] 4 4
Disc, casing density
Hardware density,
Yield stress?

4.5
0.45

0.55

2.0

5.0

1.25

1.25

0.195

0.144

1.0

0.00625 ft
0.00833 ft
531. lbm/ft
511. lbn/ft
512. lbm/ft
18x10  Ibf/ft?

Table 13: HPT sizing assumptions and input paramets.

Parameter

Value Units

Turbine loading paramete,
Entry Mach0 e
Exit Mach,0 g

Entry blade aspect ratiB, g ¢

Exit blade aspect rati®,

Entry blade solidityh | ge

Exit blade solidityh | g
Rotor blade volume factof,

Stator blade volume factoty

Blade taper ratio,

Spacer thicknessg

Casing thickness;

Blade, disc, casing density
Hardware density,

Yield stress?

4.5
0.3

0.45

2.0

2.0

1.25

1.25

0.156

0.144

1.0

0.00625 ft
0.00833 ft
511. lbriv/it
512. lbm/ft
18x10  Ibf/ft?
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HPT: If the LPC entrance tip diameter is less thanxmmam diameter’ of the
upstream core, then the exit mean diameter is pedléo the LPT entrance mean
diameter. Otherwise, the exit tip diameter is sptag¢to the ‘maximum diameter’. For
a turbojet, the exit tip diameter is less than quad to the HPC tip diameter. The
diameter can be increased to satisfy limitation§RHO.5; number of HPT stages,
Nupr 3; stage loading, Y*Y* nax Blades are nickel based alloy. Disc and casieg ar
Inconel 718. Hardware is steel.

Combustor. The outer diameter equals that of the core ‘maxmdiameter’
(High BPR: LPC tip diameter; Low BPR: HPC tip diaere Turbojet: HPC tip
diameter). The inner diameter is greater than arakdqo 33% of the maximum
diameter. The casing and liner have minimum 1/16Ckness. The stoichiometric
air-to-fuel ratio () is assumed to be 15.0. Diffuser and combustomngasare

Inconel 718. Combustor liner/flame tube is NimoGi263.

Table 14: Combustor sizing assumptions and input pameters.

Parameter Value Units
Air-to-fuel ratio, DB | 15.0
Combustion flow velocityf, 4 100. ft/s
Passage flow velocit¥; pp 100. ft/s
Flow residence timeg 0.015 S
Case density}, p 511. lbm/ft
Yield stress ox10  Ibfft?
Flame tube density, 5 539. lbm/ft
Flame tube thicknes€g 0.00458 ft

Bypass Duct The inner diameter is equal to the HPC tip di@neThe outer
diameter is constrained to be less than the LP&.ifihe length is the sum of that of
the HPC, combustor, HPT, LPT, and mixer. Minimursecthickness is 1/16” and the

material is Titanium 318.
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Mixer: The outer diameter is equal to the LPT exit. Tiheer diameter is

approximated as half the LPT hub diameter. Thengaisiinconel 718.

Table 15: Mixer sizing assumptions and input parameers.

Parameter Value Units
Length-to-height,{& 15
Case density}, p 511. lbm/ft
Casing thickness; 0.0083 ft
Yield stress ox10  Ibflft?

Afterburner : The outer diameter is equal to the LPT exit @rblypass duct outer
diameter. Minimum case thickness is 1/16” and tlaenml is Nimonic C-263.
Primary Nozzle: The outer diameter is equal to the LPT exit @& blypass duct

outer diameter. Length is 1.1 times diameter. Tdgng is Nimonic C-263.

Table 16: Nozzle sizing assumptions and input paraeters.

Parameter Value Units
Primary Nozzle

Length-to-diameter{ 1.1

Case density}, p 539. lbm/ft

Casing thickness; 0.023 ft
Secondary Nozzle

Length-to-height,{& 1.1

Case density}, p 276. lbm/ft

Casing thickness; 0.023 ft

Secondary NozzleThe outer diameter at the inlet is equal to Hretip diameter.
The inner diameter at the exit is equal to the ii€t. The length is 1.1 times height.
The casing is Titanium 318.

Shafts The LP shatft is the inner shaft. There is no osibaft for the turbojet.

Table 17: Shaft sizing assumptions and input paranters.

Parameter Value Units
LP diameter ratio, { 0.85
Shatft clearance, 0.015 ft
Allowable stress, 7.3x16  Ibf/ft?
Shaft density] p g 512. lbm/ft
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4.3 CPOX and SOFC Size Estimation

4.3.1 Overview

The mass of the CPOx/SOFC equipment and flow passagke the gas turbine)
estimated using a detailed piece-by-piece summaticomponent masses. However,
the task is simpler in this case because the gemseif the configurations are known
(Figure 33, Figure 38, and Figure 39) and the naltproperties (Table 5) are well
known so far fewer inferences are required.

The anode, electrolyte, and cathode are Ni-YSZ, Y&Ad LSM-YSZ,
respectively. These are common material choiceSQFC MEA’s [29,92,94]. The
densities are 4.8, 6.0, and 4.6 gici®2], respectively. Ceramic interconnects are
required for high temperature{ps ) cells [92,95], but those materials are less
durable than metals. Fe-Cr-Mn and Fe-Cr-W witheast 17% Cr are typical for iron
based interconnects [95]. In this work, an irondoasetallic interconnect material is
assumed with 7.8 g/cc density (consistent with nitas steels of similar
composition). An alumina silicate type insulatioaterial is assumed with 0.25 g/&m
density.

The CPOx units are connected to the fuel cell imi@tshort channels that divide
to feed the many anode flow paths. Anode channgisumber CPOXx units roughly
10 to 1, depending on the specific operating caomast The mass of these channels is
assumed to be part of the fuel cell inlet mass.

Recall from Section “3.3.1 CPOx/SOFC Assembly” ttie¢ power management

system of the air vehicle will not be consideredhis work. It is not anticipated that
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shifting to SOFC power would fundamentally altere tiscale of the power

management system.

4.3.2 CPOX

The mass of a single CPOx unit (Figure 33) is dated by summing the masses
of the catalyst, duct, and insulation. The cataglement in a single unit is 1 inch
long and 1 if in cross sectional area. The wall thickness i$@60inches, and the
insulation thickness is 0.042 inches. These dino@isswere chosen because they
provide a good balance between the competing factiopressure drop, heat removal.
The length-to-height of the inlet and outlet passag 1.0 for each such that the
length of the wall is approximately 3.4 in. Thisdis to a CPOx unit with a mass of
3.20 g. This mass is multiplied by however many &R@its are in the modeled
system. The CPOx geometry is just one of many toatld have been chosen,
however because the CPOx units make up a relatslgll amount of the total
CPOX/SOFC assembly mass (<5%), it is not expediatl ¢thanging the geometry

would significantly impact performance estimates.

4.3.3 SOFC

The mass of a single SOFC unit (Figure 38 and Eig2d) is calculated by
summing the masses of the anode, cathode, eldetramfgerconnect, and insulation.
For example, a SOFC circumferentially repeating with Cp, f 1 mm,G gf 1 mm,
Ce f1mmHgE f 5mm, and f 2 mm, and one radially repeating unit (Figure
39,3 fi ) has a mass of 1.45 g per cm of channel lengtbalgee the exterior

interconnect wall is a major contributor to the @lemass of the system that does
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not repeat when expanding radially, specific poweaar be improved significantly by
expanding the stack radially. For example, SOF@netdgs with 5 and 10 radially
repeating units weigh 3.20 g per cm and 5.38 gcperThus, a tenfold increase in
MEA area can be achieved for less than a threafaidease in mass. The mass per
length of channel is multiplied by the channel lgngnd however many repeating
SOFC units are in the modeled system to get tla modss of the channels.

The fuel cell inlet is composed of a number of ittt channels. The number,
height, and width of channels are identical to thfathe combined SOFC units. The
inlet length is 10 mm and the wall thickness is b (deliberately as small as
possible to facilitate heat transfer). The wall signis the same 7.8 g/énas the
SOFC interconnect material. The inlet mass is foomdgumming all the individual

channel segments.

4.3.4 Duct and Hardware

Figure 64: CPOX/SOFC assembly geometry with duct ahhardware.

A steel duct is sized to contain the CPOx and S@RI%s and the bypass flow
channel. The wall thickness is 0.0625 inches, theenal density is 511 Ibm/ftand
the duct length is chosen to be long enough toamorthe CPOX, inlet, and SOFC

components. The flow areay , is determined in NPSS by setting the flow velgcit

F4 , to 10 ft/s. This area sets the outer diameterpf the duct:
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where & g IS the cross sectional area of one SOFC unjy» is the cross
sectional area of the SOFC assembly,g is the cross sectional area of the duct,
| 4 is the bypass flow rate, ahg is the bypass flow density.

Also included in the mass estimate are a numberoainting bolts long enough to
span the duct. The bolts are sized to support teght of the SOFC assembly,
J ps . The yield stress of the bolts, is 9x16 Ibf/ft? and a safety factor of 2 is
assumed. The number of bolts is initially calcudagssuming a bolt diametery g,

of 0.25 inches:

hir— |
For practical limitations, the number of bolts @anstrained to between 24 and 40. If
the calculated number falls below that range, iteiset to 24. If the number falls

above that range, it is reset to 40 and the batndter is increased to bear the

additional load. The mass of the bolts is calcualate

\ S o
Jasgf 3AB$1AB]AB hirce |

An additional mass for mounting hardware is addedhie form of 0.0625 inch

supporting framework for the CPOx units. The frarogwhas the length of 1 CPOx

unit, the density of the duct material, and formsedes of concentric rings (one ring

for each radially stacked SOFC channel) to whieéh@ROx units are mounted.
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Chapter 5: Drag Modeling and Fuel Burn Comparison
5.1 Approach and Performance Metrics

The fuel mass flow rate is chosen as the key mé&ricomparing overall system
performance because it is the main parameter imfing both range and endurance.
It goes without explanation that if an aircraftable to reduce the required flow of
fuel while operating at the same flight conditichen that aircraft can travel farther
or stay aloft longer.

The mass flow rate of fuel depends not only onédfireiency of the propulsion
system but also on the thrust required. NPSS capttine thermodynamic (or
efficiency) effects of any changes but additionadlgsis is required to capture the
impact on thrust. There are two primary ways thataddition of the SOFC assembly
can affect the thrust required by the vehicle givan flight condition:

1) Increasing vehicle mass. This increases theinexd) lift coefficient (for a given
cruise speed) which in turn increases induced drag effect is accounted
for by incorporating the vehicle drag polar in $®ct“5.2 Vehicle Drag
Model".

2) Adding volume which can increase surface anthfdrag. Added volume can
also increase the thrust required if it obstrubts éngine’s thrust producing
exhaust flow(s). This effect is addressed in Secti6.3 SOFC External

Aerodynamics”.
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5.2 Vehicle Drag Model

The selection of appropriate engine operating den requires some
knowledge of the aerodynamic properties of theraiftcin which the engine is
installed. In this study, two types of aircraft arensidered: a high altitude long
endurance (HALE) UAV and a regional transport [@T{J). The assumed properties
for these aircraft are summarized in Table 18. HIARE UAV is expected to operate
at high altitude (16.8 km) and relatively low Mactumber (0.5). The size
characteristics [5] and drag polar [12] are choserbe consistent with a vehicle
similar to the Northrop Grumman RQ-4 Global HawkieTsecond aircraft is a
regional transport jet (RTJ) expected to operatagit subsonic Mach numbers. The
size characteristics and drag polar [12] of theaeg jet are chosen to be consistent

with a generic jet transport in that class.

Table 18: Simulated aircraft specifications.

Parameter HALE RTJ Units
Airframe
Wingspan, 40.0 20.0 m
Wing area, 64.0 50.0 h
Aspect ratio, 25.0 8.0
Loaded airframe* 7,000 15,000 kg
Fuel capacity 7,500 4,000 kg

Aerodynamics
0.0195 0.016

+ 0.01725 0.09
0.3 0.1
Powerplant
Number of engines 1 2
Total rated thrust 35.0 70.0 kN

*Loaded airframe weight includes payload but ne for engines

Thrust is assumed equal to drag which is calculatdg standard approaches
[11,108,109]. The assumed form of the drag polar i$ g+h | j€

[12] where f,("C Ny | is the lift coefficient, f . —# h | is the drag
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coefficient,; f ] F< nis the freestream dynamic pressufeis the flight speed,
and is the wing area. Is the minimum lift coefficient, and is the drag
coefficient at . The additional mass of the CPOx/SOFC assemblgases the
required lift coefficient which increases the thrusquired to fly at the same
condition. The increase in required thrust is thechanism by which SOFC system

mass influences fuel burn.

5.3 SOFC External Aerodynamics

This investigation of the integrated GT-SOFC systassumes that the
CPOXx/SOFC is housed in an annular ring around titesaction of the engine as

illustrated in Figure 65.

Figure 65. lllustration of drag on normal fuel cellassembly.

A major drawback of this configuration is that loéks the secondary (bypass)
flow in a separate exhaust turbofan engine. Initralestigations of integrated

GT/SOFCs did not account for this effect on perfange but later work showed that
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it was very important. Therefore, a model for thxteenal aerodynamic drag of the
SOFC assembly is developed here.

The analysis follows the approach of Raymer Ref].[Eqg. (170), adapted from
Raymer, gives the drag force on a component ingerinocal flow dynamic pressure

(; ), skin friction coefficient ( ), pressure drag form factor (), and wetted area
( aB)- The flow downstream of the fan is assumed ttubeulent and is assumed

to vary with local flow Reynolds number>() and Mach numberO() per Eq. (171)

[11]. The form factor is assumed to vary with thefinéness’

(" f ¢>1#C% Ohbko \ | pp ) Of the fuel cell duct via Eq. (172) [11]. The uéing
drag force is subtracted from the engine thrustatwount for the external
aerodynamic losses associated with the fuel ce#rably. The performance penalty
increases as the fuel cell volume increases leatingcreased fuel burn in the GT
portion of the cycle.

f 5 aB hits |

SG6op| hiti |

f n " . i
" o >i<®Fh g si%0%0 <j) &

figrs "Sg" %os: hitn |
For high BPR turbofan integrations that differ frahe one illustrated in Figure
65, only the portion of the fuel cell assembly tleatends out into the engine’s
secondary flowpath is considered. This arrangengeitlustrated in Figure 66. The
same principles apply as well as the same equatadws/e), but as can be seen in the
figure, a fuel cell assembly of the same diametetrpdes a smaller distanc®, into

the flow. As a result, the drag force on the assgmibl be greatly reduced.
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Figure 66: Illustration of drag on recessed fuel deassembly
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Chapter 6: Testing and Validation of Subsystem Nkde

6.1 Gas Turbine Mass Model Validation

The accuracy/reasonableness of the engine masd madecked by comparing
its predictions to the masses of actual engines fRRef [16]. This is extremely
challenging since the sizing model has dozensmiftgrand it is impossible to know
their values for all engines in the sample. Theefthe approach taken here is to do
a comparison based on an extremely limited suldseaameters: sea level air flow
rate, number of compressor stages, bypass rati®R)B&d overall pressure ratio
(OPR). Air flow, compressor stages, and BPR we@lavle from Ref [16]. OPR
was estimated by generalizing high BPR, low BPRI ambojet engines as having
OPR = 36, 24, and 8, respectively. The values salefor other parameters in the
model are chosen to represent typical values (basednges presented in Ref. [107])
and not necessarily any specific engine. The valisesl were presented in Section
“4.2 Gas Turbine Size Estimation” and Table 8 tigtourable 17. The choice of
values impacts the predicted mass, but becausgotiien this work is to predict mass
of a ‘typical’ engine, using values in the typicahge will deliver the desired result.

The results are plotted in Figure 67 with massresion error (error = (estimated
mass — actual mass)/actual mass) on the vertitslazxl actual engine mass on the
horizontal. Although there is significant scatttris is expected given the skeletal
nature of the inputs. The figure shows that the ehpdedicts engine mass to within
+28% for 90% of engines with little bias toward over under-prediction. The

average error between predicted and actual engees rfor all engines is £14%.
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Average error drops to +10% (and +22% captures @9%ngines) when only
American-built engines are considered. The reafmrthis are not clear but could be
because Onat and Klees only considered U.S. engines developing their model.
While the engine mass model is not perfect, thensoi single ‘correct’ thrust for
an engine of a particular mass and BPR and thertamay of the mass estimate will
be accounted for when predicting the performanc&DISOFC systems. Therefore,
we believe the mass model is sufficient for theppses of the comparisons made in

this work.

Figure 67. Gas turbine mass estimate validation.

6.2 Gas Turbine Performance Model Validation

The NPSS gas turbine models are validated via casgrato the performance of
actual engines. Six configurations are considered:
(D Turbojet, single spool, OPR=24
(2) Low BPR turbofan, combined exhaust, OPR=2RBR5

3 High BPR turbofan, separate exhaust, OPR=PR$5
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4 High BPR turbofan, separate exhaust, OPR=BPR=5
(5) High BPR turbofan, separate exhaust, OPR=PR$5
(6) ‘Very’ High BPR turbofan, separate exhaustR3R0, BPR=8

Details of the engine configurations and parametsgpresented in Table 19.

Table 19: Gas turbine engine parameters and perforance.

Engine
@) 2 3 () ®) (6)
Design parameters,
Bypass ratio - 0.5 5.0 5.0 5.0 8.0
Pressure ratio 24.0 24.0 24.0 31.5 40.0 40.0
T.IT., K 1600 1600 1600 1600 1600 1600
Fan efficiency - - 0.86 0.86 0.86 0.86
LPC efficiency - 0.88 0.88 0.88 0.88 0.88

HPC efficiency 0.88 0.88 0.88 0.88 0.88 0.88
HPT efficiency  0.87 0.87 0.87 0.87 0.87 0.87
LPT efficiency - 0.87 0.87 0.87 0.87 0.87
SLS condition:
Mach=0, Alt.=0,
Max. thrust, kN 35.0 35.0 35.0 35.0 35.0 35.0
Airflow, kg/s 35.97 45.31 111.81 112.85 114.35 %4
High altitude:
Mach=0.5, Alt.=16.8 km,
Max. thrust, kN 5.29 5.30 3.95 3.99 4.03 3.74
Airflow, kg/s 5.58 7.26 16.24 16.51 16.87 19.91
Mid-altitude cruise:
Mach=0.8, Alt.=10.7 km,
Max. thrust, kN 15.25 14.36 9.98 10.02 10.04 9.06
Airflow, kg/s 17.19 2150 50.62 51.39 52.39 62.10
Sizing,
Dry mass, kg 590.2 676.8 587.6 578.6 5785 603.9
Diameter, m 0.551 0.619 0.873 0.877 0.883 0.915
Length, m 1.561 2.306 1.967 1.932 1.898 2.047

The OPR of Engines (1) through (3) are held constanallow the most
meaningful comparison between engine types. Allregyare sized to produce 35 kN
rated thrust at sea level static (SLS) conditiamider to represent performance
appropriate for a large UAV (e.g., the Northrop Bman RQ-4 Global Hawk) or a
regional transport jet (e.g., the Embraer ERJ-1@5)mponent efficiencies are chosen

to be consistent with late ®@entury technology [110].
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Figure 68. Scale layout view of the engines in thstudy: turbojet (top), low BPR turbofan
(second), and four high BPR turbofan variants (botbm).
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Figure 68 presents schematic illustrations of tixeemgines. Compressors are
shown in dark blue, combustors in red, turbinegreen, and flow passages in light
blue. There is little difference between the geometof (3), (4), and (5). All are
BPR=5 turbofans and only vary in OPR (24, 31.5, 4@drespectively). Figure 69
shows thrust specific fuel consumption (TSFC) afuraction of thrust (or power
setting) for the various engine configurations. Yomhe curve (OPR=24) is presented
for the 5.0 BPR engines because of their simildsiy the higher OPR engines show

slightly improved TSFC.

Figure 69. Thrust specific fuel consumption of thre engine configurations at high altitude and
sea level static conditions as thrust setting is xiad.

Table 20 compares predicted TSFC to average TSH@abfengines in each of
four classes: turbojets, turbofans with m ion, turbofans with%0— m  m pon
and turbofans witliop m m —op The data used to make the comparison comes
from Roskam and Lan [111], Leyes and Fleming [142} St. Peter [113].

The results show that the TSFCs predicted by ther@del fall within the known
ranges for each class of engine. The low BPR tarbdeviates +1% from the sample

average while the high BPR models deviate by -4%7% from the sample average.
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The turbojet prediction deviates significantly m¢+24%, below the sample average)
but this is likely because the modeled turbojet GBR4 which is higher than a

typical engine in that class. Recall that OPR weald fixed at 24 between engines (1),
(2), and (3) to allow for meaningful comparisonsgweEen engine types. Modeling a
more typical OPR=8 turbojet produces a TSFC wif%n of the sample average. The
‘very’ high BPR model differed by -15% from the grdvailable data point, but of

course one engine is not a representative sampkrall) these results show that the
GT models produce reasonable estimates of engii@rpance and thus are suitable

for evaluating the performance of engine-integr&8&#-Cs.

Table 20: Comparison of predicted to actual TSFC (g/kN).

Reference Engine Data

Engine type Model Mean Std.  sNples
Turbojet, (1) 26.0 34.3 6.8 75
Low BPR, (2) 20.7 20.5 2.9 10
High BPR, (3-5) 11.1-12.3 11.5 0.8 10
V. High BPR, (6) 8.7 10.2 - 1

6.3 CPOx Performance Model Testing

Unlike the gas turbine mass and performance modscribed above,
experimental data are less available to make direotparisons between predicted
and observed CPOx performance. So, the model withecked by confirming that
basic principles of chemical equilibrium are uphaldhile the CPOx model has 8
segments, flow-wise resolution has no impact onréisailts presented in this section
because the exit temperature and pressure are dn@dhe model calculates output

compositions at equilibrium conditions.
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Figure 70 and Figure 71 show CPOXx reactor outpatposition as a function of
air to fuel ratio () at different temperatures and pressures. Theuweeks in the
figures show that the degree of conversion of {Ué-5) to CO and H(syngas)
increases as the  decreases. The red curve in Figure 70 shows lieatiégree of
conversion also increases with operating tempezatdowever, the blue curve shows
that graphite starts to form below some threshold . This places a limit on the
degree to which can be reduced (and conversion increased) witthautisk of
fouling by graphite formation (coking). Raising themperature shifts the limit to
lower where conversion is higher, so maximizing CPOxrafeg temperature
is doubly favorable. In contrast, Figure 71 shohet traising the CPOXx pressure is
doubly unfavorable: Increasing the pressure redggagas production overall and
shifts the limiting for graphite formation to higher s (i.e., leaner mixtures)
where syngas production is lower still. The pradtionplication of this is that
graphite formation places limits on the degreeafwersion that is realizable.

These results are consistent with basic conceptshefmical equilibrium. In
particular, they are direct consequences of Le €lieat principle which states that
the equilibrium state of a mixture shifts to couaté any change imposed on the
system. In this case, increasing the mixture teaipes shifts equilibrium to
compositions with more higher energy products I&® and H and fewer lower
energy products like COH,O, and C at a particular . This is because forming
molecules containing more internal chemical enesgluces the amount of thermal
energy in the mixture (counteracting the tempermiaocrease). Increasing pressure

shifts the equilibrium toward the formation of fewmoles of products. Thus as
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pressure increases, the favored products shiftrtb@#l, CO,, and HO in place of
CO, H, and C. This is because forming molecules comtgimore atoms reduces the

number of moles of products (counteracting thequmesincrease).

Figure 70. Formation of desired products (CO, H) and graphite as a function of the air to fuel
ratio for various temperatures at 1 atm.

Figure 71. Formation of desired products (CO, H) and graphite as a function of the air to fuel
ratio for various pressures at 706C.

6.4 Fuel Cell Heat Transfer Model Testing

A series of tests have been run to examine thetitmof the fuel cell heat

transfer model and to verify that it produces ptgky reasonable results. The
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simulations run for this analysis correspondQg f 1 mm, G gf 1 mm,Cg f 1
mm,Hg f 5 mm, and% f 2 mm (see Figure 39 in Section “2.3.4 Fuel Cell

Element”). The channel temperature is 1000 K aedathbient temperature is 500 K.

Figure 72. Temperature distribution in interconnectand MEA for various Nep.

Figure 72 shows how the temperature distributiontihe fuel cell stack
(determined via the finite volume heat transfer elatkscribed in Section “2.3.4 Fuel
Cell Element” and Appendix D) changes as the numlbeadially repeating fuel cell
elements ,ep) varies from 1 to 5. Note that blue in the tempam gradient is only
relative low temperature (still quite hot). A portiof Figure 39 is reproduced at the
far right to remind the reader of the meaningshefvarious geometric parameters of
the channel/MEA assembly and to indicate the locatif the insulating material. As
expected, in each case temperature is greatds itenter of the assembly and lowest

near the walls (top and bottom). The total tempeeatifference is less than 50 K
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because the assembly is insulated. Recall thattalugymmetry, no heat transfer
occurs circumferentially (left and right). Also espected, peak temperatures increase
with 3 because the larger assemblies have lower surtdoefe ratios and thus
retain more thermal energy. It can also be sedhdrfigure that for highe8  the
temperatures in the outer cells (near the wall)iroég exhibit increasingly similar

distributions. The importance of this is discusbetbw.

Figure 73. Heat transfer convergence at higNep.

Figure 73 illustrates temperature profiles near ittseilated exterior wall as the
number of repeating channel/MEA segmesfts, , is increased. The temperature is
plotted non-dimensionally (relative to the ambi¢atnperature of the surrounding
flow, ' 5 , and the temperature of flow in the channels) because the magnitude
of U' between the channels and ambient does not afecthape of the profile. The
results show that the temperature profiles, andeguently the heat loss rate, quickly
converge at higlB . This indicates when a large geometry (h8ggh ) is required,

a much smaller geometry (lo8v ) can be modeled in its place with minimal loss of
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accuracy. Modeling the loB  geometry greatly reduces computation times. It is
important to note that the smaller geometry is ardgd for calculating heat loss and
not for all other fuel cell calculations. The numioé required segments varies as a
function of various geometric and heat transferapsaters, but any reduction in

model size is constrained to require less than G&%.

6.5 Fuel Cell Model Testing

The physical reasonableness of the electrochemmicdel is evaluated by
computing fuel cell performance over a range ofperatures and pressures. The fuel
stream is the CPOXx output at the specified tempegatnd pressure with the air/fuel
ratio set to the lowest possible value that do¢seanl to graphite formation (in order
to maximize conversion in the CPOX). Figure 74 Rigiire 75 show the operating
voltage and power density of the MEA as functiohswrent density. They are
analogous to button-cell results in that they isotae electrochemical performance
of the specified MEA without impact from down-thkamnel effects of heat loss and
reactant depletion. Figure 74 shows performandeaam pressure and various
temperatures. It illustrates the importance of t@amng an appropriate cell
temperature as performance drops nonlinearly wadrehsing temperature. Figure 75
shows performance &8s  and a range of pressures. While raising the pressu
from 1 to 10 atm increases power density by ~5Q#thér increases in pressure yield
progressively smaller improvements in power den3igken together, the

characterizations of the CPOx and fuel cell modatggest that there will be an
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interesting system-level trade between improvedldek performance and degraded

CPOx performance as pressure increases.

Figure 74. Performance of MEA operated at 1 atm andarious temperatures.

Figure 75. Performance of MEA operated at 70 and various pressures.

Figure 76 shows how the current density, tempeeatamd composition vary as a
function of distance down a baseline radially répgaunit cell (i.e., a single anode
channel with two cathode channels; see Figure 38he following conditions:

a2 B ftps , A g fi¥ G fsot ,/, fnoirAis 9% 7

, fnp . The finely resolved profiles are achieved by kimag the channel into

1024 flow-wise segments. The dimensions of the ardthnnel aréo A n and
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the cathode channel 8An . The insulation thickness in this test is set to
maintain an SOFC exit temperaturetps . The power output is 3.65 W, the flow
temperature reaches a peak-abo , and the total percent oxidation of the fuel is

97% at the exit.

Figure 76. Temperature and species concentration pfiles along the SOFC channel at 0.7 V with
inlet flows at 1 atm and 756C.

Reducing the number of flow-wise segments to 8 gharthe values of all of
these parameters by less than 0.5% indicating8helements is sufficient to limit
discretization error to acceptable levels. The Itesare also very similar (both
guantitatively and qualitatively) to studies of CFSOFC systems operating on long
hydrocarbon fuels by Zhu and Kee, et al. [23,29,%%hile direct comparisons are
not possible because of differences in geometrg, strong similarity inspires

confidence in the accuracy of the model’s prediiio
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Figure 77. Temperature and species concentration pfiles along the SOFC channel at 0.7 V with
inlet flows at 20 atm and 75€C.

Figure 77 shows down-the-channel performance at@0for the same channel
configuration, physical dimensions, inlet temperatand operating voltage as the 1
atm case. However, the fuel mass flow rate has beweased td , fpoiz A
is ¥ T in order to keep the percent oxidation at 97% thedinsulation thickness
is decreased to maintain the SOFC exit temperatitirtgpps . The peak flow
temperature increases tn%o. (because of the increased fuel consumption and
reaction rate), the peak current density almostbis and the power output of the
cell increases to 6.20 W. Reducing the number giinests from 1024 to 16 results in
an acceptable (<0.05%) loss of fidelity. A furthexduction in the number of

segments to 8 leads to errors that are only omtter of 0.25%. Overall, the results
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suggest that models based on 8 to 16 segments affeasonable compromise

between accuracy and computational time.
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Chapter 7: Results and Discussion
7.1 Sensitivity Analysis and Error Estimation

A concern when constructing models of complex mwdr systems like this one
is the possibility that uncertainties in the inparameters will lead to uncertainties in
the output that are larger than the effects tryiogbe observed. Therefore, a
sensitivity analysis is performed to quantify the&luence of several important
parameters on the predicted fuel mass flow rates@tare burner/fuel cell pressure
drop, fuel cell assembly mass, engine mass, MEApmientials, fuel cell heat loss
rate, compressor efficiencies, turbine efficienciesoling air flow rate, fuel cell
global air-fuel ratio, aircraft minimum drag coefént ( 4 ), induced drag factor
(+), overall pressure ratio, fuel cell exit temperatwperating voltage, and channel
width, length, and height. The sensitivity coeffiai is defined as the ratio of the
fractional change in fuel flow rate to the fracabichange in the perturbed parameter
relative to the reference configuration.

Figure 78 shows the values of the sensitivity doiefiits for the parameters stated
above. The reference configuration is the BPR=5R€#2 high bypass ratio turbofan
engine with a with a 50 kW fuel cell. Two SOFC ogierg states are considered: 0.7
V, 90% fuel oxidation (blue) and 0.6 V, 75% fuellimation (red). No sensitivity
coefficients change sign between the two casest Btasv no significant change in
magnitude with the exceptions being operating gatgoercent fuel oxidation, fuel

cell air-to-fuel ratio, channel width, and chanheight.
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Figure 78. Sensitivity of the total fuel flow ratein BPR=5, OPR=24, 50 kW GT-SOFC hybrid on
HALE UAV to several model parameters.

The figure shows that fuel flow rate is most samsi{by an order of magnitude)
to the parameters associated with aircraft drags Tlustrates the importance of
identifying GT-SOFC hybridization schemes with mmouim aerodynamic impact.
The issues associated with drag effects of the S&s8mbly volume are more fully
discussed in Section “7.4 Integrated GT-SOFC Actiogrior Fuel Cell Volume”.

The next largest coefficients (nearly an order afgmtude smaller) include GT
engine mass (which is independent of the fuel asfliembly) and the SOFC exit
temperature (set by materials limitations). The tmo8uential parameters that are
actually design choices for the fuel cell systera @ercent fuel oxidation, cell
operating voltage, cooling air flow rate, and fuwadll global air to fuel ratio.
Therefore, efforts aimed at improving the fuel cgitle operation of GT-SOFC
performance could target optimization of these patars. Performance is relatively
less sensitive to operating voltage and more seasib percent fuel oxidation at the

0.6 V, 75% operating condition. Lowering both opieiga voltage and percent fuel
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oxidation is expected to lead to higher systemllpeeformance. Performance is also
more sensitive to the air-to-fuel ratio at the U,&5% operating condition.

The length, width, and height of the flow channaie less important than the
previously mentioned parameters and also are heanfluenced by fluid dynamic
and construction-related constraints that are aptuwed by the level of fidelity in the
current modeling effort. Thus, these are less watled for optimization using the
present model.

A major concern when attempting to predict the greneince of complex systems
is the degree to which uncertainties in model inpatiuence/drive model outputs. To
this end, the sensitivity analysis can also be tseghuge the overall reliability of the
model’'s predictions. This is accomplished by caltnh the change in system
performance associated with varying key model patamby an appropriate
uncertainty level and summing the results in a aoh square (RSS) manner. The
parameters considered are those in the sensiaviyysis. The uncertainty of most
parameters is taken to be £10% which is quite qoatge (i.e., most parameters are
known better than this). Considering all parametinesctly relevant to the GT-SOFC
(i.e., everything in Figure 78 exce@t andK), the RSS combined uncertainty of the
fuel flow rate in the 50 kW system is only 0.74% &nh80% for the 0.7 V, 90% and
0.6 V, 75% cases respectively. While uncertairdieslarger in higher power systems
because the relative size and importance of theCS@dsembly grows (i.e., +10%
mass of a 150 kW SOFC is a larger fraction of Mehmass than that of a 50 kW

SOFC), the predicted reduction in fuel burn (derm@ed in the following chapter)
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also grows and remains well above the uncertaietgll Therefore, the predicted
performance improvements are not artifacts of tbeeting assumptions.

Variations in the aircraft minimum drag coefficiefity ) and induced drag
factor (+) are considered separately because they are laclevgparameters that are
presumably well known. No changes to the powerfpisiapn system would be
expected to alter the induced drag factor. As dised above, any SOFC assembly
geometry that significantly impedes flow through amund the engine will be
unacceptable. Whether bookkept as an increasg ior as a decrease in thrust, the
result would be the same: greatly increased fueh.blihis point will be examined

later in the chapter.

7.2 Importance of Engine and Flight Conditions @F&

7.2.1 Influence of Altitude, Mach, and OPR on Syt Conditions

The engine’s operating state (commanded power lardl internal conditions)
changes significantly with the vehicle’s altitudedgphase of flight. The result is that
conditions under which the CPOx and SOFC operateveay widely in integrated
GT-SOFC systems. Therefore, it is necessary to ratatel the effects of engine
operating state, cycle type, and altitude/flighginge on integrated CPOx/SOFC
performance.

To better understand engine/SOFC coupling, retall the performance of the
fuel cell is dependent on the flow conditions exjtthe compressor. The pressure is

primarily a function of OPR and altitude. The temgtare is a more complicated

162



function of altitude, flight speed, OPR, and conggien efficiency. Assuming

adiabatic ram compression, the compressor exiteemyre can be expressed:
. ‘ PR < T B L o
g F ZIgTO Y226 R, iYNY.giY hitz |
Dependence on altitude enters via the ambient teatye,” 5 , which is a function

of altitude in a standard atmosphere [84].

Figure 79. Compressor exit temperatures v. OPR anBlach: sea level (L), tropopause (R).

Figure 80. Compressor exit temperatures v. altitudand Mach: OPR=24 (L), OPR=40 (R).

Compressor exit temperatures are shown as a functi®PR and Mach number

in Figure 79. Compressor isentropic efficiency 88and standard day is assumed.
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The left portion of the figure shows contours ohstant temperature at sea level. The
dashed rectangle represents an approximate regfornterest in this work
corresponding to the engines considered and liliglgt speeds at very low altitudes
(OPR = 24-40, Mach (M) = 0-0.25). The right portminthe figure shows contours of
constant temperature in the tropopause (approxiynaie3 to 19.8 km). The dashed
rectangle represents an approximate region ofaatan this work corresponding to
the engine and flight conditions considered (OPR<0, M = 0.5-0.8).

Contours of compressor exit temperature are shanvuractions of altitude and
Mach number in Figure 80. Compressor isentropicieficy is 88% and standard
day is assumed. The left portion of the figure sha@mperatures for OPR=24. The
right portion of the figure shows temperatures @PR=40. The dashed rectangles
represent an approximate region of interest inwlsk enclosing sea level low Mach
number flight for takeoff and the two design fligttnditions considered (regional
jet: 0.8 Mach, 10.7 km; HALE UAV: 0.5 Mach, 16.8 km

As expected, temperatures are greater at highehMaewer altitude, and higher
OPR. Because the fuel cell temperature is limited860C due to materials
limitations, compressor exit temperatures exceeding value are unacceptable.

Fortunately, the regions of current interest aré bedow 850C.

7.2.2 Influence of Supply Air Conditions on SOF@&tenance

The influence of operating conditions on the perfance of the integrated
CPOXx/SOFC is investigated by considering SOFC perdoce in a BPR=5, OPR=24
turbofan operating at four conditions:

HALE UAV flight (Figure 81): 16.8 km / 55 kft aliide, M=0.5, full throttle
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Regional jet flight (Figure 82): 10.7 km / 35 kititade, M=0.8, full throttle
Sea level ‘takeoff’ (Figure 83): sea level, statid| throttle
Sea level ‘idle’ (Figure 84): sea level, static, é¥%ated thrust
A fifth condition studied is a BPR=5, OPR=40 turdmofengine at high altitude:
HALE UAV flight (Figure 85): 16.8 km / 55 kft altiide, M=0.5, full throttle
Recall that the aircraft specifications were ddmiin Section “5.2 Vehicle Drag
Model” and Table 18.

An 8 segment CPOx model (catalyst length=25.4 mamdter=2 mm) feeds the
SOFC anodes. One CPOx unit feeds approximatelyadlCSanode channels (which
could be easily implemented via a dividing flow chal or a plenum that feeds
multiple flowpaths). The simple baseline repeatimyt cell SOFC configuration is
modeled with 16 segments and wifgf 1 mm,Cg f 1 mm,H g f 5 mm, and
% f 2mm, and3 fi . The channel length is 20 cm. This represents onsy
possible geometry, but it corresponds to the mongessumptions used for the
system level analysis in the following sectionse Thel cell operates at 0.6 V, 75%
fuel utilization, and-ps  exit temperature.

Because the cathode air flow and the CPOx genefag¢éflow enter the SOFC in
parallel metal micro-channels (the SOFC inlet)jsitassumed that sufficient heat
transfer occurs between them to minimize the teatpes difference between the
flows. The SOFC inlet estimates the actual heatstem between the channel flows
with typical temperature differences in the 25G0ange. The temperature at which
the flows come to thermal equilibrium is dependentthe system operating state.

Sufficient heat transfer is important because ungkely that a ceramic MEA (even
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the metal supported MEAs considered here) coultistaind the thermal shock of a

400°C temperature difference between the adjacent dloannels.

Figure 81. Temperature and species concentration pfiles along an SOFC flow channel
(baseline unit cell) in an OPR=24 turbofan flying 416.8 km and M=0.5 (air: 2.9 atm, 37%XC).

Figure 81 shows temperature and species concemisatilong the SOFC flow
path at condition ‘A’, the high altitude conditi¢h6.8 km, M=0.5) of a HALE UAV.
The cell operating voltage is set to 0.6 V, theilagon thickness is 2.2 mm, the fuel
mass flow is 1.95 mg/s per channel, the SOFC exiiperature is-ps , and the
degree of fuel oxidation is 75%. Unlike in Figuré &nd Figure 77, the temperatures
of the flows entering the anode and cathode arefixed and are instead strongly
influenced by the air conditions downstream of ¢benpressoratz  and 2.9 atm).
The relatively lower pressure lowers conversiothm fuel cell with the net effect that

the temperature through the first half of the SG$-€latively flat at arountss -
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below optimal for this type of cell. The currentndéy gradually rises due to
increased temperature down the channel before ohgppff due to reactant
depletion. While overall SOFC performance is go8@0( mW/cn average power
density) the large difference between maximum andimum (1064 and 736
mWi/cnt, respectively) in this example illustrates thetsgss sensitivity to inlet
temperature and thus flight conditions.

Figure 82 shows temperature and species concemisatilong the SOFC flow
path at condition ‘B’, the middle altitude conditig10.7 km, M=0.8) of a commercial
transport aircraft. The cell operating voltage,| foeidation, and exit temperature are
the same as above (0.6 V, 75%, anos , respectively). The air conditions

downstream of the compressaods and 8.6 atm).

Figure 82. Temperature and species concentration pfiles along an SOFC flow channel
(baseline unit cell) in an OPR=24 turbofan flying 410.7 km and M=0.8 (air: 8.6 atm, 39¢C).
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The insulation thickness is reduced to 1.2 mm prilgndecause of the increased
reaction rate due to increased pressure. Of coursefielded system the insulation
thickness could not simply be reduced to respondchanging conditions. The
reduction in insulation required to maintain tengtere should be interpreted as a
shift to an operating condition with more thermakmrgy (initial energy plus heat
release). The alternative to reducing insulatidoktiess to limit temperature would
be to increase operating voltage (thereby decrgasiction rates and heat release).

The fuel mass flow is increased to 3.08 mg/s panobkl because of the reaction
rates (proportional to current density) shown i figure. Temperatures are generally
higher (aroundps ) in the entry region than the previous case lgatinincreased
current density. Overall SOFC output improves byo5dver the higher altitude
condition (1341 mW/cfaverage power density). The power density is eatke
entrance and lowest at the exit (1547 and 1089 mid//espectively) primarily due
to reactant depletion.

Figure 83 shows temperature and species concemisatilong the SOFC flow
path at condition ‘C’, the sea level, full powemddion. The combination of hotter
compressor exit air fow and higher pressuiezé and 18.3 atm) leads to much
higher reaction rates than either previous case.ifi$ulation thickness is reduced to
0.27 mm because temperatures, pressures, andoregates are significantly higher
than the previous cases. The fuel mass flow iscsas®d to 3.56 mg/s per channel
because of the high reaction rates. Temperaturesaagrundtps  in the entry
region. The current density exhibits a steep drofhe entry region. Both previous

cases showed an initial decline in current duestictant depletion. In this case, the
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effect is increased by higher initial current densjleading to faster reactant
depletion) and an initial drop in temperature. Entegion effects (higher Nusselt
numbers in developing flow) lead to higher heaséssin the entry. While this is true
of all the simulations, the thinner insulation mstcase allows the heat loss to cause a
slight drop in temperature. The combination of dasteactant depletion and faster
heat loss leads to a steeper decline in currensityefonly in the entry region).
Overall SOFC output is the best of the four OPRe2des presented in this section
(1550 mW/cm average power density). The power output is 16ghdr than the
middle altitude and 78% higher than the high aléticases. The power density is

peak at the entrance and lowest at the exit (1840480 mW/crh respectively).

Figure 83. Temperature and species concentration pfiles along an SOFC flow channel
(baseline unit cell) in an OPR=24 turbofan at sealel and full throttle (air: 18.3 atm, 430C).
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Figure 84. Temperature and species concentration pfiles along an SOFC flow channel
(baseline unit cell) in an OPR=24 turbofan at sealel, idle (air: 3.9 atm, 183C).

Figure 84 shows temperature and species concemisatilong the SOFC flow
path at condition ‘D’, the sea level, idle powe#(0f rated thrust) condition. This is
an interesting case because the reduced throtte sif the engine leads to an
effective pressure ratio of just 3.9 and the lowasbming air temperatures of the
studied casesi and 3.9 atm). Temperatures are generally loweucartp )
in the entry region. Together with the reduced fures, this leads to the low reaction
rates (proportional to current density) shown ie figure. Due to these low reaction
rates, the insulation thickness is increased saamfly to 8.8 mm and the fuel mass
flow is reduced to only 2.12 mg/s per channel. @¥e8OFC performance is very

similar to the high altitude condition in Figure.8lhe average power density is 852
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mW/cn? with the maximum and minimum at 1070 and 697 m\W/amspectively
(all very similar to the high altitude case).

Analogous studies performed on the low BPR turbadawd turbojet engines
produce similar results showing that engine typa@ldoes not have a strong impact
on the performance of the fuel cell channels. T$isecause all of the engines above
have the same component efficiencies and, so thditeauns of the air and syngas

streams entering the fuel cell are very similar.

Figure 85. Temperature and species concentration pfiles along an SOFC flow channel
(baseline unit cell) in an OPR=40 turbofan flying 416.8 km and M=0.5 (air: 4.1 atm, 432C).

Figure 85 shows temperature and species concemisatilong the SOFC flow
path at condition ‘E’, the same high altitude fliglondition (16.8 km, M=0.5) as the
results of Figure 81. These results, however, arathigh pressure ratio (OPR=40)

engine. The higher pressure ratio leads to higheoming air temperature and
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pressure than the earlier cas®zn and 4.1 atm). The higher reaction rates that
result lead to 11% higher average power densityt (88v/cnf) and higher fuel mass
flow (2.14 mg/s per channel). The insulation thiegs is reduced to 0.55 mm due the
increased heat release and increased cooling mpetature. Overall, the positive

impact of raising OPR on fuel cell performance\glent.

Figure 86. Power density v. delivered air pressurf) and temperature (R).

To further investigate the impact of the conditiafighe air delivered to the fuel
cell, the average power density for each of thesabove has been plotted against
air pressure and temperature in Figure 86. It idest that the air pressure is the
much stronger factor in determining the power dgritiat will be achieved. Though
only five data points are plotted, power densityibiks a clear correlation with
pressure. The relationship to temperature is marddfed. However, this is not an
indication that temperature is unimportant, onlgttin these cases the fuel cell has
been thermally managed via the adjustment of itisulghickness which mitigates

the importance of the supply temperature.
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7.3 Integrated GT-SOFC with Thermodynamic and M&féscts

7.3.1 Overview: GT-SOFC v. GT-generator

The current widely used approach for meeting vehsdéctric power demands is
mechanical generators driven off the high pressaggne shaft. Therefore, it is useful
to compare the performance of the integrated CPOK(Sto that of ‘conventional’
shaft-driven generators. Detailed information orm thizing of these shaft and
generator systems is not widely available in tterdture, but every attempt has been

made to represent the performance of the systecosadely.

7.3.2 Comparison by Engine Type

The potential performance improvement offered by-&JFC hybrids is
investigated by comparing the fuel consumptionhef GT-SOFC hybrid to that of a
conventional system where a mechanical generatovsdpower off the high pressure
spool. The number of radially repeating cells (dieed above) is increased as more
power is required while the amount of insulatioaward the CPOx/SOFC assembly is
adjusted so as to maintain a constaps at the SOFC exit. If the required
insulation thickness drops below 0.1 mm, a new ¢eatric) ring of channels is
added to facilitate heat loss and avoid SOFC osmperature. Since data describing
the power densities of ‘typical aircraft generaorand their associated
gearboxes/mechanical generators are not availdiide approach taken here is to
bound the range by considering two extreme cass®ergtor/gearbox systems with

specific powers of 1 kW/kg and 5 kW/kg, respectyvel
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Figure 87. Comparison of relative fuel flow for BPR5, OPR=24 engine (top). Magnified view
(bottom). HALE UAV, level cruise at 16.8 km, M=0.5.

Figure 87 shows relative fuel flow rate as a fumctof electric power demand in
the BPR=5, OPR=24 engine for three different SOB@figurations in addition to
the standard engine-generator configuration. Resrk presented at high altitude
cruise (Mach =0.5, altitude = 16.8 km / 55 kft).eTdéirag polar used corresponds to a
HALE UAV type vehicle (Table 18). Relative fuel fiorate is defined as the ratio of
the fuel flow rate to the fuel flow rate with zeetectric power demand. Recall from

Section “5.1 Approach and Performance Metrics” th&tl mass flow rate of fuel is
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chosen as the key metric of performance becausésoffelation to range and
endurance and because it captures all thermodynameiodynamic, and sizing
effects. Relative fuel flow rate is used here syripk the convenience of comparing
percentage changes to a baseline value of unity.

The baseline flow rate of fuel (i.e., with zeroatt&c power demand) is 52.1 g/s.
The dashed blue curves correspond to the convemtenmgine-generator system at
the two extremes of assumed generator/transmisgeaific power. The dashed red
line (“wW/SOFC, Single channel”) corresponds to singf single SOFC elements
(83 fi ). The dotted red line ("w/SOFC, Stacked, 0.7 V¥®P corresponds to
rings of radially-stacked SOFC channeB ( +i ). The SOFCs in both of these
cases have an operating condition of 0.7 V and f@}autilization. The solid red line
("w/SOFC, Stacked, 0.6 V, 75%") show the performamf the radially stacked
geometry with the SOFC operating at different, ‘foyed’ conditions (0.6 V, 75%
fuel utilization).

If fuel flow to the SOFC were held constant, a @ in operating voltage
would result in an increase in fuel utilization. erafore, between the ‘0.7 V, 90%’
case and the ‘0.6 V, 75%’ case, the rate of fumkfto the SOFC has been increased
significantly to reduce utilization rates in spé increased reaction rates. Also, it
should be noted that 90% fuel utilization is prdigaimrealistic in practice, but it has
been included here for comparison. All subsequesults beyond this section
consider the more realistic 75% utilization case.

Electric power fractionX) increases with electric power demand and itsesht

various places along the curves are indicated wsatid round symbols. The same
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value of X occurs at different electric power levels on d#éf@ curves because
propulsive power depends on the mass of the edatBystem. The figure shows that
all modeled configurations of hybrid GT-SOFCs cansuless fuel than the
conventional engine-generator and that the fraationprovement (i.e., reduction) in
fuel consumption) over the mechanical generator increases witteagng power
output (or power fraction).

The figure also shows that because the turbine telaperature (TIT) does not
rise as quickly with electric power demand in the-SOFC hybrid, the hybrid is able
to operate at much larger power electric powettivas — in this cas¥ g sop(where
electrical and propulsive power are equal) and bdyd his is much larger than the
X fsoirp (roughly 90 kW electrical) limit of the generatoased system and
suggests that GT-SOFC hybrid engines may be bstiiegd for use in the highly
electric aircraft envisioned by NASA [4].

At the 50 kW power level, the fuel flow rate of tk&r-generator (5 kW/kg) is
3.2% and 3.9% larger than the 0.7 V, 90% and tie \0. 75% GT-SOFCs,
respectively. At the TIT limit (90 kW), the fueloflv rate is 7.1% and 8.3% larger,
respectively. The arrangement consisting of rinfsingle-element SOFC (dashed
line) performs worse than the radially stacked rayesments (solid and dotted lines)
because it requires relatively more interconnedien per channel. This makes this
GT-SOFC configuration heavier and thus fuel congionpis higher than in the
radially stacked configurations (6.8%, 13.4%, 19.8¥d 26.2% higher than the solid
curve at 100 kw, 200 kw, 300 kw, and 400 kW, retipely). The TIT limit in this

configuration occurs & f s0%00e—
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The dotted and solid red lines in Figure 87 show hgerformance can be
improved by changing the SOFC operating conditibtese, the cell voltage has been
reduced to 0.6 V (solid) from 0.7 V (dotted) anc tluel conversion percentage
decreased to 75% (solid) from 90% (dotted). Whifes treduces the overall
thermodynamic efficiency of the cell, it increasisspower density which decreases
the mass of the system which, in turn, decreasss a@ind thus the thrust requirement.
Since the energy in the unreacted fuel leaving S#-C is recovered in the gas
turbine’s combustor, the net result is a reductiooverall fuel consumption at the
same flight conditions. This is an illustrationtbe synergy that can be achieved in
integrated GT-SOFC systems where losses at thecélielevel are recovered at the

engine level resulting in overall improvementsheg system level.

Figure 88. Comparison of relative fuel flow for 0.5BPR engine with generator or SOFC. HALE
UAYV, level cruise at 16.8 km, M=0.5.

Figure 88 shows similar results for the low BPRbtafan engine. The baseline
fuel flow with no electrical load is 66.2 g/s. HibIGT-SOFC systems with electric

power fractions up tX f sop were investigated. The results show that the geoer
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based system reaches the TIT limit at approximaf€l9 kW (corresponding to
X fsoz). At that power level, the fractional improvemdB) of the GT-SOFC over
the generator is 20.6%. At 100 kW, the fractiongpiovement is 8.9%.

The low BPR engine with mechanical generator remat¢he TIT limit later than
the high BPR engine did (200 kW as opposed to 90 k#¢ause the thrust of the
high BPR configuration decreases more rapidly vatttude than the low BPR
configuration. Since the engines are sized to predhe same thrust at sea level on
the ground, X fs at cruising altitude requires a higher throttlétisg in the high

BPR engine leaving less margin for increases ihflow rate.

Figure 89. Comparison of relative fuel flow for tutbojet engine with generator or SOFC. HALE
UAYV, level cruise at 16.8 km, M=0.5.

Figure 89 shows relative fuel flow rate as a fumctof electric power demand for
the turbojet engine. The baseline fuel flow withelectrical load is 78.4 g/s. Hybrid
GT-SOFC systems with electric power fractions u tbsop were investigated. The
generator-based system reaches the TIT Ilimit atroappately 240 kW

(corresponding tX f soz%p. At 100 kW and 200 kW power levels, the fuel floate
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improvements are 7.3% and 16.4%, respectively, ematpto the GT-generator

systems.

7.3.3 Comparison by Engine Pressure Ratio

The analysis of the previous section is continugacdmparing the three engine
configurations with BPR=5. These engines have divprassure ratios (OPR) of 24,
31.5, and 40. The results for the OPR=24 enginee leready been presented in
Figure 87. It is the solid red curve in that figo®rresponding to 0.6 V, 75% fuel

utilization) that is of interest in this comparison

Figure 90. Comparison of relative fuel flow for BPR5, OPR=31.5 engine. HALE UAYV, level
cruise at 16.8 km, M=0.5.

Figure 90 shows relative fuel flow rate as a fumctof electric power demand for
the BPR=5, OPR=31.5 turbofan engine. The baseliekflow with no electrical load
is 49.6 g/s. Systems with electric power fractiapsto X f sop were investigated.
The generator-based system reaches the TIT limitaggroximately 102 kW

(corresponding tX f soi—n ). At the 50 kW and 100 kW power levels, the fuel
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rate improvements are 3.5% and 8.4%, respectiveljnpared to the GT-generator
systems. At the 50 kW power level, the OPR=24 engimowed 3.9% improvement
with the SOFC over the generator. SOFC performanpeoves as OPR is raised (as
illustrated in Figure 85) but so does the base(die system as it becomes more
efficient (decreasing the advantage of the SOFRYhis analysis, the higher OPR
system showed relatively less improvement becausdarmer effect is outweighed

by the latter (i.e., the SOFC improves less thanGh).

Figure 91. Comparison of relative fuel flow for BPR:5, OPR=40 engine. HALE UAYV, level
cruise at 16.8 km, M=0.5.

Figure 91 shows relative fuel flow rate as a fumctof electric power demand for
the BPR=5, OPR=40 turbofan engine. The baselineffme with no electrical load
is 47.6 g/s. GT-SOFC systems with electric powearctions up toX f sop were
investigated. The generator-based system reacheBl Thlimit at approximately 113
kW (corresponding tX f soice-). At 50 kW and 100 kW power levels, the fuel flow
rate improvements are 3.1% and 7.3%, respectivelnpared to the GT-generator

systems. As before, the relative improvement betwde GT-SOFC and GT-
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generator decreases at higher OPR because thevienpeat of the SOFC system is
less than the improvement of the GT system. Tolder craising OPR decreases fuel
burn for both the GT-generator and GT-SOFC systbutsthe relative difference

between the two diminishes slightly.

Figure 92. Comparison of total fuel flow for BPR=5engines with different OPR. HALE UAV,
level cruise at 16.8 km, M=0.5.

Figure 92 compares all three BPR=5 engines (OPR, 325, 40) on the basis of
total fuel flow rate. Note that the vertical axises not start at zero. Only the higher
specific power (5 kW/kg) generator case is showmnder to simplify the figure.
Absolute fuel flow rate is used here because eagme has a different baseline fuel
flow rate making it impossible to create a singlative fuel flow rate scale valid for
all engines. As expected, the higher OPR enginesnaire fuel efficient in their
baseline states. This is a direct result of theoignce of pressure ratio in the
Brayton cycle. The higher OPR engines with genesatdso hit the TIT limit at
slightly higher power levels, presumably becausarthycles are more efficient.

While hard to see, the GT-generator curves divesigghtly (i.e., the difference
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between the OPR=24 and OPR=40 engines increaseseeasic power output
increases). The GT-SOFC systems reAdisop at slightly lower power levels for
the higher OPR engines. Again, the curves run wepdrallel, indicating no
significant impact on the trend as a result of gwag OPR. The higher OPR engines

perform better in every investigated circumstance.

7.3.4 Comparison by Flight Condition

It is also desirable to examine the performanc& BISOFC systems at more than
a single flight condition. A condition of particulanterest is a typical regional jet
flight at 10.7 km altitude and M=0.8. The drag polased for this analysis

corresponds to the regional jet type vehicle defiearlier (Table 18).

Figure 93. Comparison of relative fuel flow for BPR=5, OPR=24 engine. Regional jet, level cruise
at 10.7 km, M=0.8.

Figure 93 shows relative fuel flow rate as a fumctof electric power demand for
the BPR=5, OPR=24 turbofan engine at the regiogtatype cruise condition. The

baseline fuel flow with no electrical load is 111g%. The red curve represents
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performance of the GT-SOFC (operating at 0.6 V, 7/® utilization) at power
fractions up toX fsozzz (i.e., when the electrical demand is half the pisipge
demand). The maximum power fraction investigatedower than for the higher
altitude case for two reasons. The first is tha pmopulsive demand is so much
higher at the lower altitude that the same powation corresponds to a much higher
net power. The second reason is that the vehidl@geyest for this flight condition
typically have much smaller electrical power frao8 than the HALE UAV of
interest at high altitude (see Figure 1). The gatoerbased system reaches the TIT
limit at approximately 330 kW (corresponding Xof soice—). At 100 kW, 200 kw,
and 300 kW power levels, the fuel flow rate impnoents are 3.6%, 8.4%, and
13.9%, respectively, compared to the GT-generatygstems. The percentage
improvement in fuel flow at the same electric poverel is less than what was
estimated for the high altitude condition (e.g.5@tkW the reduction is 3.9% at high
altitude vs. 1.7% at the lower altitude). Howe\arthe same electric power fraction,
the percentage improvement is greater at the latitude condition (e.g., & f soi

the reduction is 3.9% at high altitude vs. 5.8%hatlower altitude).

7.3.5 Discussion of Power Density

It is instructive to re-visit the assertion made nrany sources [59,66,114],
including the introduction to this dissertationattHow specific power is a major
concern when integrating engines and fuel cellabse the specific power of heat
engines is typically several times that of fuellseConsider what happens to the
performance of each system at altitude: The presaurl6.8 km (55 kft) is 0.09

atmospheres which greatly reduces engine power seatlevel performance. For
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example, the high BPR engine with OPR=24 and notrtegeneration operates at
only 775 W/kg in cruise. However, the fuel cell tihe engine-integrated SOFC
operates at 2.3 atmospheres enabling it to prochare power at 16.8 km than its
unpressurized counterpart at sea level. The spepdiver of the SOFC assembly
(reformer, fuel cell, ducting, and other hardwag)ges, depending on configuration,
from 328 W/kg at 0.7 V with 90% utilization to 5M/kg at 0.6 V with 75%

utilization. Therefore, the specific powers of ti systems are actually of similar
orders of magnitude when operating at altitude. aBse increasing fuel cell

performance by increasing the pressure providesniighing return, the specific

power of the GT remains significantly larger thdwattof the fuel cell at sea level.
Therefore, the approximate equality of GT and SQipEcific power at cruise is a
result of the fact that the GT’s specific powemiere sensitive to changes in altitude

than the pressurized SOFC.

7.4 Integrated GT-SOFC Accounting for Fuel Cell Mok

7.4.1 Overview: Importance of System Volume

The results presented in the preceding three sectioplicitly assume that, and
Cp are vehicle-level parameters that are independérthe configuration of the
energy conversion system (GT-generator or GT-SOHG)vever, Figure 94, which
presents scale images of what such integratedgroations might look like, suggests
that this may not always be a good assumption T™S®FC hybrids.

The figure compares the external shapes of CPOXIS€fuipped engines at two

electric power levels (50 and 150 kW). The siziags based on the three fuel cell
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conditions investigated in Figure 87. The three 8@6nfigurations considered are
the single channeB( fi ) geometry (dashed red in Figure 87), radially lstdc
(3 z*i) channels operating at 0.7 V and 90% fuel uti@at(dotted red), and
radially stacked operating at 0.6 V with 75% fuélization (solid red). All GT
engines in Figure 94 are the BPR=5, OPR=24 turbefagine. The single channel,
150 kW system is obviously aerodynamically unacakelet as it completely blocks
the bypass flow. In contrast, the 0.6 V, 75% uwiilian 50 kW system approaches a
geometry that could be realistic for flight. Funthrefinements to geometry should
lead to even less aerodynamically disruptive camfgjons. However, these results

indicate that external aerodynamics are a very mapbissue.

Figure 94. Approximate representation of fuel celsize on BPR=5, OPR=24 engine.

7.4.2 High BPR Turbofan with Annular Fuel Cell

So far, it has been assumed that the volume offdaleé cell assembly is
unimportant because fuel cell assembly aerodynaimag is not accounted for.
However, Figure 94 showed that this is a questienassumption, particularly at
high electric power levels. For this reason, théiale-level analysis has been

expanded to account for external aerodynamic drnathe fuel cell assembly.
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Figure 95 compares relative fuel mass flow ratea BPR=5, OPR=24 turbofan
GT-SOFC at 16.8 km, M=0.5 cruise (using HALE UAVcaaft characteristics) with
and without accounting for aerodynamic drag onftled cell assembly. Recall that
‘relative fuel flow rate’ is the mass flow rate fokel divided by the mass flow rate of

fuel at zero electric power.

Figure 95. Comparison of relative fuel flow rate inBPR=5, OPR=24 GT-SOFC with and without
SOFC external drag penalty. HALE UAV, level cruiseat 16.8 km, M=0.5.

The blue curves correspond to electrical generatging shaft-driven mechanical
generators with 1 and 5 kW/kg specific power (thege is to bracket possible
systems). The solid red curve shows relative fus$srflow rate when not accounting
for aerodynamic drag effects on the fuel cell addgr(i.e., the original result for a
BPR=5, OPR=24 turbofan coupled with a fuel ceD#& V, 75% fuel oxidation). The
dotted red curve shows the relative fuel flow rateen accounting for external
aerodynamic drag of the fuel cell assembly. Thelteshow that the added drag of
the fuel cell volume requires the system to burmranfuel to produce the same

amount of thrust, eroding a significant portiontbé advantage of the GT-SOFC
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system over equivalent generator based systems.ighery important because an
improvement in fuel burn of only a few percent (ggposed to several percent) may
not justify the added complexity of the proposesten.

While this result is not surprising given the highhtrusive nature of the
particular fuel cell configuration considered instlanalysis which is based on radial
expansion of the stack into the external flow|litstrates the importance of finding
other more aerodynamically favorable methods for-&JFC integration. A first
attempt at reducing drag is shown by the dashectueek in Figure 95. The initial
calculations (dotted red) were based on an air dugbunding the SOFC channels
with a design flow speed of just 10 ft/s to minimgressure losses. The dotted curve
is representative of a smaller, less externallytrobtve duct with a design flow
speed of 100 ft/s. The reduction in drag is evidarthe figure, though performance
levels still do not approach the original estimatieat neglected the aerodynamic

penalty. Therefore, better, less intrusive geomstare still needed.

Figure 96. Comparison of relative fuel flow rate inBPR=5, OPR=24 GT-SOFC with and without
SOFC external drag penalty. Regional jet, level crige at 10.7 km, M=0.8.
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Figure 96 compares relative fuel mass flow ratea BPR=5, OPR=24 turbofan
GT-SOFC at 10.7 km, M=0.8 cruise (using regionalajecraft characteristics) with
and without accounting for aerodynamic drag onftie cell assembly. The solid red
curve shows relative fuel mass flow rate when mabanting for aerodynamic drag
effects on the fuel cell assembly (i.e., the oadjinesult for a BPR=5, OPR=24
turbofan coupled with a fuel cell at 0.6 V, 75%lfagidation). The dashed red curve
shows performance using the aerodynamically cleesdirced size duct. The results
associated with the original (larger) air duct a@se and have been omitted. As in
the high altitude HALE UAV case, the drag on thelfcell assembly cuts deeply into
the originally estimated performance improvementerk using the reduced size
cooling air duct, the previously predicted fuel ueduction is almost or completely
eliminated by the drag penalty. This confirms tleeodynamic unsuitability of the
stacking scheme used in this portion of the modedéind shows that the results in

Figure 95 are not artifacts of a particular opagatondition.

7.4.3 High BPR Turbofan with Reversing Fuel Cell

The primary difficulty with the arrangement studiadove is that the fuel cell
assembly extends directly into the GT engine’s Bgpdow as illustrated in Figure
97a. for a separate exhaust turbofan.

The aerodynamic difficulties can be mitigated bynsidering different
geometries. Figure 97b shows what the integratiaghtmiook like in a very high
bypass ratio engine (such as the BPR=8, OPR=40aepaxhaust turbofan modeled
in this work) where the diameters of early stagenmeessors and the turbines are

significantly larger than the diameter of the emgeaore near the burner. The narrow
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‘waist’ produced by this configuration could housee SOFC assembly with
minimum drag penalty. Further advantage may beeghwia the configuration in
Figure 97c where the fuel cell passages extendyadod even beyond the combustor
and eliminates the constraint that the entire faell length fit between the
compressor and the combustor. This would enabldmmerease the size of the fuel
cell without expanding the diameter. While the Ik@ree turn of the flow back to
enter the combustor would introduce an internalsguee loss, the reduction in

external aerodynamic drag could more than comperisatit.

Figure 97. Examples of original (a) and less intruge (b,c) SOFC integrations.

Figure 98 presents results for this final geomefpyion (Figure 97c¢). The fuel
cell is allowed to expand axially 50 cm out andkogh0 cm total). The GT engine is
the BPR=8, OPR=40 turbofan and the flight conditien16.8 km, M=0.5. The

baseline fuel flow with no electrical load is 41gis. The generator-based system
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(blue curves) reaches the TIT limit at approximat8ll kW (corresponding to

X f soips ). The red curves use the standard assumptiornsinvidrk of a 5% pressure
drop in the combustor. The solid red curve reprissgrerformance when not
accounting for fuel cell assembly drag. For thise;asystems with electric power
fractions up to X fsop were investigated. The dashed red curve represents
performance with the drag penalty (assuming codliagt air velocity is 100 ft/s). At

50 kW, the fuel flow rate reduction is 3.3% comphte the GT-generator systems.

This is consistent with the earlier predictions BRR=5 engines.

Figure 98. Comparison of relative fuel flow rate inBPR=8, OPR=40 GT-SOFC with and without
SOFC external drag penalty. HALE UAV, level cruiseat 16.8 km, M=0.5.

For the case with drag (dashed curve), the syseached a thermal limit at 300
kW (X f sozt ). The system could produce no more power becawesedoling duct
air was heated to the point where it could no lengenove enough heat to meet the
fuel cell’'s operating temperature limit. This thexdnimit was encountered because of
the increased length of the fuel cell. It is poksithat the thermal limit could be

extended to higher power levels by operating athdngvoltage or lower fuel
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conversion to reduce heat output. Increasing thédlawv is also an option, but it
would present a tradeoff between improved coolimg)\&@orsened drag.

The key outcome of this part of the investigatierthat changing the flow path
geometry and exploiting ‘narrow-waisted’ high bypaatio configurations allows the
full benefit of the GT-SOFC to be realized up t@awer level of nearly 100 kW
where the fuel cell assembly does not protrude thi®s GT secondary flow (as
illustrated in Figure 99). The drag penalty is o&h2% of fuel flow in the 150-200

kW power range.

Figure 99. Fuel cell assembly diameter v. electrjgpower.

As indicated earlier, a disadvantage of the comfiton of Figure 97c is
increased pressure loss. Therefore, this effaovestigated by doubling the pressure
loss through the combustor and CPOX/SOFC assentbl§086. The results are
represented by the solid and dashed green curveigumne 98. As before, the dashed
curve includes external aerodynamic drag of thédak and the solid curve does not.
The results show that there is a fuel flow penaltyl.2% atX fs just from the

increased pressure loss. This penalty remainsyfaohsistent at all power levels,
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both with and without drag. The loss of fuel effiety is obviously undesirable, and
below 25 kW K f sosp) the GT-SOFC performs worse than the generatoedbas
system. However, considering that improvementsuéral percent are predicted for
higher power levels, the GT-SOFC system is stilidfieial at high power fractions.

Because the fuel cell assembly diameter relativelgéotric power demand does not
differ significantly from the 5% pressure loss casesented earlier, only one curve

for diameter is presented in Figure 99.

Figure 100. GE90 engine

It should be noted that multiple assumptions irs thmalysis may prove to be
overly optimistic. The first is that the entire i@g around the ‘waist’ of the engine is
available for use by the fuel cell assembly. Inirgasome of this space on current

engines is occupied by engine accessories andhatéads. It can be seen on an

2 Image source, accessed 3/23/2015:
Photograph by Joe Kunzler, https://www.flickr.comdfpos/avgeekjoe/6081507336
https://creativecommons.org/licenses/by-nc-nd/@dgalicode
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engine like the GE90 (Figure 100) that althoughueler of pipes and accessories
are located in the ‘waist’ there remains a sigaificamount of vacant volume.

A second assumption involves the magnitudes ofadseimed pressure losses in
the hot section (combustor and CPOx/SOFC). Chafim@ models indicate that
pressure losses in the CPOx and SOFC are indedtl($n@ 2 percent). However, a
model of the pressure drop associated with turtinegflow is not incorporated into
the model at present (but will be in the futurehe3e losses are currently estimated
separately using a loss coefficient,f U  ,-]F <..[115]. The loss coefficient can
be used to bound the magnitude of the pressurebpsvaluating it for a range of
flow properties selected to span the limits of tdmnditions expected in the duct
during flight at either HALE UAV or regional jet wise conditions: pressure = 3-4
atm, temperature = 300-4%0 molecular weight = 22-29 g/mol, velocity = 15-45
m/s, and 5 flow bends averaging loss coefficiemtsvben 0.2 and 1.1 [115] each.
Under these conditions, the pressure loss rangas fregligible (0.04% for high
temperature, low MW, low velocity, low ) up to 3.4% (low temperature, high MW,
high velocity, high+ ). At sea level full throttle conditions (pressur€l8-40 atm,
temperature = 400-680, other assumptions the same), the pressuredogss from
negligible (0.03%) up to 2.9%. Although the magdéwf pressure losses are greater,
the pressure itself is also greater and the rasudt percentage drop of comparable
size to the higher altitude cases.

Finally, determining the pressure losses associateth extracting and
reintroducing the CPOx/SOFC flow is challenging daese the fluid mechanics are

complex. However, one can get an idea of what tineigét be in Mattingly [110]
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who summarizes the pressure drops associated gxdrad gas turbine components
(diffuser, burner, afterburner, and nozzle) ovesesal eras of technology. Relatively
modern (1985-present) burners and afterburnersupegressure drops of 5-6%.
Since the flow paths associated with the reintrtdacof SOFC exhaust are not
radically different from paths in these componeassuming a pressure drop of 5-6%
or less for the reintroduction seems reasonabladdition, it is possible that existing
mixing enhancement and flame holding structurethéeburner could serve a dual
purpose by reintroducing the SOFC flow. Also, sitlte SOFC exhaust will be rich
in reactive low molecular weight molecules like &hd CO, it is even possible that
flameholding could be enhanced and operating liewtended. Nevertheless, a fuller
accounting of pressure losses is important andighmua focus of future research.

In summary, the results of this section’s analysiscate that there are a number
of relatively simple steps that can be taken taatlyereduce the aerodynamic drag
penalty enabling one to realize the full benefitthe GT-SOFC combined propulsion

and power concept.
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Chapter 8: Conclusions and Future Work
8.1 Summary and Key Findings

Alternative means for efficiently generating elesty on board aircraft are
required to meet growing electrical demands orvalnicles. These demands are only
expected to increase as hydraulic actuators anttai®rare replaced with electrical
ones, sensor and telemetry payloads grow, and newicas like in-flight
entertainment systems (or even directed energyoveare introduced.

This work has investigated a promising way to nteistdemand that exploits fuel
cells’ high thermodynamic efficiency while minimmg associated balance of plant
and specific power penalties. This is accomplishgdntegrating a catalytic partial
oxidation reactor and solid oxide fuel cell dirgcthto a gas turbine engine’s flow
path in a way that permits the gas turbine to dbsoany of the balance of plant
losses that reduce a fuel cell's specific powerp@ticular importance are the use of
pressurized engine air to increase fuel cell peréorce and the recapture by the
engine cycle of heat and unreacted fuel from tle¢ dall.

A review of the literature shows that while GT-SOM@brids have been
investigated for ground-based power and as stamkahuxiliary power units
(APUs), GT-SOFC hybrids for combined propulsion gaadver on aircraft have not
been investigated.

The efficacy of the hybrid GT-SOFC as a combinedre® of propulsive and
electrical power is evaluated by developing mod¢I€POx and SOFC components

and inserting them into a gas turbine cycle modeblemented in an industry
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standard tool called Numerical Propulsion Systemufation (NPSS). The CPOx and
SOFC models account for equilibrium gas phase dedtrechemical reaction,

pressure losses, and heat losses in a way thatreaptiown-the-channel’ effects.
This level of fidelity is necessary to provide miggful estimates of the performance
of integrated GT-SOFC power systems and insighttiné physical factors that drive
the efficacy of the integration.

The GT models are validated by confirming that nhguiedictions are consistent
with the known performance of existing GT enginBse CPOx model is tested over
a range of conditions and the results are showietaconsistent with the basic
principles of chemical equilibrium. The SOFC modehlso tested over a range of
conditions and its results are shown to be comgist¢h analogous modeling results
in the literature.

The system model is used to investigate fuel copsiom and specific power of
the GT-SOFC hybrids at scales appropriate for lafgj€-powered UAVS like the
Northrop Grumman RQ-4 Global Hawk, General AtomiddQ-9 Reaper, and
General Atomics’ Avenger, and flight conditions empriate for high altitude long
endurance (HALE) UAVs as well as for typical regarommercial aircraft. The
effects of changing the engine type, bypass ratrerall pressure ratio, and fuel cell
arrangement geometry are investigated. Externabdgeamic drag on the outer
surface of the fuel cell assembly has been includedapture important effects of
engine / fuel cell integration.

The key findings of this work are summarized below:
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Demonstrated the favorable effect of gas turbirgirenoperating conditions
on fuel cell performance
0 Raising OPR from 24 to 40 increases FC power debgitl1%
0 The rate of improvement of FC performance decreasddsincreasing
pressure indicating that there is a diminishingimet
Showed that GT-SOFC systems can produce more iegbower than GT-
generator systems because turbine inlet temperatareases more slowly
with electric power production
0 Generator based systems run into the TIT limK &fsoip , sozp
0 GT-SOFC systems are typically capable<at sop
Performed a sensitivity and error analysis that:
o ldentified external aerodynamic drag as the maimpediment to
realizing the thermodynamic benefits of GT-SOFCridibation
o Showed that operating voltage and percent fuelatiid are the most
important fuel-cell related operating parameters
o Showed that reductions in fuel consumption areelarthan (and
therefore distinguishable from) variations assetlawith uncertainties
in model input parameters
Estimated uncertainty in a 50 kW system is <1% Wwhg
smaller than the predicted reduction in fuel bur8%)
Showed that relatively large reductions in fuelrbrate are possible in HALE
UAVs and commercial aircraft (RTJ) depending on wectric power

demand, engine configuration, bypass ratio, andatiygressure ratio:
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Table 21: Upper limit of fuel burn reduction (i.e.,no FC drag).

Fuel Burn Reduction at

Aircraft BPR OPR 50 kW 100 kW 200 kW
HALE 0 24 3.5% 7.3% 16.4%
HALE 0.5 24 3.8% 8.9% 20.6%
HALE 5 24 3.9%

RTJ 5 24 1.7% 3.6% 8.4%
HALE 5 315 3.5% 8.4%

HALE 5 40 3.1% 7.3%

HALE 8 40 3.3%
* blank spaces indicate no comparison was possibée
to TIT limit on GT-generator system

Studied the aerodynamic drag penalty associatddlange volume fuel cells
integrated into high BPR turbofan engines and sldoweat external
aerodynamic drag penalties can be reduced significdy replacing short
fuel cells that stack in the radial direction witnger fuel cells that can be
contained in the narrow ‘waist’ section of high BRRbofans
0 On a 35 kN rated, BPR=8, OPR=40 engine at a higtudge¢ UAV
flight condition, electric power output of nearlp@ kW is possible
without encountering drag effects and 150-200 k\Wassible with 1-

2% fuel burn penalty from drag

8.2 Contributions

The body of work presented herein makes a humbeigaificant contributions to
the development of advanced simulation tools angysion systems:
Developed the most advanced Catalytic Partial Qxdareactor and Solid
Oxide Fuel Cell models for Gas Turbine — Solid @xiduel Cell studies to
date, incorporating:

o Equilibrium chemistry
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o Ability to capture ‘down the channel’ performance
0 Realistic thermal model (2-D)
0 Detailed mass and volume estimation
Developed a methodology for estimating the massiigrated GT-SOFC
systems and quantified its level of uncertainty
o0 The methodology is based on previously existing wabine mass
models and new mass models for CPOx and SOFCs
Developed a first of its kind, comprehensive framdwto quantify the
performance of a hybrid GT-SOFC engine for combimpedpulsion and
power on aircraft
o While focused on combined propulsion and power, thedel is
equally applicable for ground-based, ship-basedauwiliary power
unit applications
Performed the first investigation of its kind irftgbrid GT-SOFC systems:
0 The first study of GT-SOFCs intended for combinedpplsion and
power on aircraft
0 The first study of GT-SOFCs to incorporate bothritiedynamic and
aerodynamic factors in the evaluation of system aeticle level
performance
Derived an analytical expression for the effecelettrical power demand and
generation efficiency on the fuel consumption offieed wing aircraft

assuming a known drag polar
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Derived an extension to the Breguet range equatoform an analytical
expression for the effect of electrical power dedhand generation efficiency
on the range of a fixed wing aircraft assuming tamislift-to-drag
Showed that the ‘conventional wisdom’ that SOFGeays’ specific power is
orders of magnitude smaller than that of gas tebiis untrue in integrated
GT-SOFC systems at the conditions associated wgthdititude cruise

o0 At 16.8 km altitude, a BPR=5, OPR=24 GT operatesambient

pressures of 0.09 atm, dropping the specific paw&75 W/kg
0 Meanwhile, the SOFC is pressurized to 2.3 atmjngishe specific

power to 511 W/kg

8.3 Future Work

There are many areas where this work could be a&#danexpanded, and
improved moving forward:
Extending fuel cell drag modeling to the turbojetddow BPR turbofan
engines:
o The current drag modeling is directed at layoutscH to high
BPR separate exhaust turbofans
o The more extensive analysis presented for high BiRifnes could
be extended to the turbojet and low BPR enginek appropriate
drag models
Exploring the flight envelope for the HALE UAV anckgional jet

vehicles:
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o The current work is limited to a handful of the mawmportant
operating points (cruise, takeoff, idle) but penfiance over a wide
range of operating conditions is of importancedoctual missions

0 The sensitivity analysis could be extended to conere operating
points of interest

o Characterizing the GT-SOFC performance during clamd non-
standard cruising conditions would greatly expandhe scope of
this study

Incorporating more comprehensive accounting of fues loss
mechanisms in the fuel cell assembly:

0 Pressure loss estimates relating to flow extracttoming, and
reintroduction are currently not captured inside ritodel

o Estimating these losses accurately will be impartandeveloping
optimal integration strategies

Estimating the impact of using more novel MEA staues such as those
proposed by Steffen et al. [62]:

0 Use of a corrugated anode support structure rediuetdell mass
by nearly 50% (in a theoretical study)

o Estimating the mass reduction and durability comeeassociated
with this and similar concepts could be of sigrafit importance to
the advancement of GT-SOFC technology

Building and testing a bench scale GT-SOFC andrately modeling the

system using the tools developed in this work:
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o A working GT-SOFC system that is capable of gemagaboth
thrust and electrical power would provide a truegbiof concept
o Work is currently underway by a colleague to desidrench scale

system using the modeling tools presented in tloikw

202



Appendix A:

Derivation of Fuel Flow, Range, and Endurance
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A.1 General Range and Endurance

The mass flow rate of fuel in an aircraft can bitesl to the rate of change of

vehicle mass (assuming fuel burn is the only meishafor mass change) [10]:

o<t <
where. is the fuel mass and is the vehicle mass. This can be rearranged ta for

an expression foC:

Cf, —/

Because endurancek, can be generally expressed as the integral of trer the
duration of the mission, the following general eegmion can be formed for a fuel

burning aircratft:

u Cf, u —fu —
) 1 wy / XVW /
I'f u " -
xvw /
where. and. are the initial and final vehicle mass, respetyive

To arrive at a similar expression for range, one &gand the derivative of fuel

mass with respect to distance travelgdsia the product rule:

where F is the flight velocity. This equation can then kearranged to form an

expression for? [10]:

?2fF —fF —
ST
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Because endurance, can be generally expressed as the integral tdriis traveled
over the duration of the mission, the following geal expression can be formed for a

fuel burning aircraft:

A.2 Standard Breguet Range and Endurance

The Breguet range equation is derived by assumawgl Iflight at constant
velocity and constant lift-to-drag ratio ( ) [11]. This represents a so-called ‘cruise-
climb’ where the aircraft gradually increases adté to maintain as the weight
of the aircraft (thus required lift) decreases. Hssumption of level flight implies
that lift is equal to weight,f.# ) and thrust is equal to dragg(f ). Under

these circumstances, the mass flow rate of fuebeagxpressed [10]:

j B g
) Ys= Ys= h ]

whereYs is the overall efficiency with which the engineoguces thrust power and

= is the energy content of the fuel. Equivalenthg fuel flow can be expressed:

. H#
S fh jﬁ

where TSFC is the thrust specific fuel consumptbthe engine.
By plugging the mass flow rate equation into thenegal expressions derived

above, the endurance can be found:
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I . U - -
f UXVWFYSZh’ fYs F#uwi
h ] :
| &= —} —
Y = Tl
Or equivalently:
h ]
I . 1
L j#I}
By plugging in for range:
de
Wy ‘ # , h’ | Wy
f UXVWFFYS:h’ . fY &= 7 uwi_
_hg
PY &= —/— ' —
Or equivalently:
h’ J . 1
P gl

A.3 Modified Breguet Range and Endurance

For a vehicle that produces thrust and electricgrpwthe electric power fraction
can be defined:

Jl,

Xf ——F
Jl gd/

whereJ/ | is the electric power and/ fF g Iis the propulsive power. The

electric power can thus be written:

XZJ/ X 5

/ . . 7
J'fi,X fi,X Fg

The mass flow of fuel for the combined thrust al&tteicity producing engine can be

expressed:
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F J/
== !

Or equivalently:
Jl

.1 fh ng:YI

whereY | is the electric efficiency. Substituting faf | :

./f:Ygg:YI-I,XZFB
I f2s NS S
IR 7 A B
Or equivalently:
. X <
. / f &]‘ J g - Y | Ui ,X Zo B

The Breguet range equation can be extended toieleehat produces thrust and
electric power using these expressions for masw ftate of fuel. The same
assumptions of level flight, constant velocity, ashstant apply here.

Because propulsive power varies throughout thétfligefining electric power in
terms of the instantaneous power fraction will lgadan electrical demand that
decreases in direct proportion to vehicle draguarealistic assumption). The initial

conditions K , g ) of the flight can be used to express a constantre power:

X
/ . Al
Iy 2
co#
8 h ]

where the subscriptirti’ denotes conditions at the start of flight. Theowad
expressions for mass flow of fuel can thus be ahjdr constant electric power

‘cruise-climb’:
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R L
NIV T R

Or equivalently:

S fa@ g ———- Ze

Due to the assumptions listed above, propulsive gooveé dependent on
instantaneous vehicle mass while electric powesnly dependent on initial mass
(though this could easily be expressed in termdinafl or mid-flight conditions
instead of initial).

The expression for mass flow can be plugged in® dbeneral equations for
endurance and range, then integrated:

't w=h . . X de
Y T NIV TX

Xvw

_ : . X
¢ ZYeh Py Ve 9V, Tx !
Y 97, T X
by X
|t =Ysh | € YggY| i, X f B
' F w1 i g oo X f+
Y i, X
~YS . | T
Or equivalently:
F X
o hdE A S e A
M el TR F X
9=y, x|
~ 1
And then the range:
vwv J vde
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f= Ys——1I T .
YSgY| |
h i g i, X f
j € Y9V, T,X
f= Yo———1I. e
9y, Tx f
~YS . | ' T
Or equivalently:
F X

c Fhoj o 9=y Tx I -
M el TR ] F X
9=v, X fT

A.4 Mass Flow Rate of Fuel with Drag Polar

An expression for the mass flow rate of fuel assigma drag polar of the form

f g+, ... can be found for level flight. Assume that thrisst
equal to drag, :
g f f SF K g+h | ‘M
where] is the density and is the aircraft wing area. , +, and are drag
polar parameters. The definition of the lift coeiint, combined with the assumption
that lift is equal to weight:

e < e <
cJF cJF

where.  is the mass of the vehicle and, is the mass of the electric system. The

thrust can thus be expressed:

e f R+ g+
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Recall from the previous section:

. X o
. / f &T J g - Y | Ui ,X ° B
Therefore, the mass flow of fuel is:
. F X >~ e < ¢ h' )g | J# 13
S f Jg:YI i,XZ<_]F g+ -

The mass flow aX f s is found by also setting |, fs :

. . #
I EsjER R . g+ E]F[

The ‘relative’ mass flow.(/=f. / ./hXfs]) s thus:

; F X h. ) 9. | #
‘ < ¢
h Jg:Y| .i,X fg]F * g+ gg]F< I J !
I e
h‘ J(E]F( ° g+‘ e]F!<# , P
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Appendix B:

lterative Methods for Nonlinear Systems
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B.1 Newton’s Method

The following discussion of Newton’s method followse presentation of Ortega
and Rheinboldt [72] with notation modifications. el'general class of ‘parallel chord
methods’ can be described as proceeding towardsotiteof a function," h8j, via
repeated iterations of the following form:

8 -¢f 8, .dem g . hit%o |
where the superscripts denote the iteration and thd slope of some line used to
approximate the function. In the case where thopeslis that of the tangent to the

function at8 , Newton’s method results:

g-efg . "<g . g. fitp |

where" < is the first derivate of the function. This exmies can be easily expanded

to n-dimensions by introducing the Jacobian m4w:

o f —
-8

hitr |
where is the(® entry in the n-dimensional array of functions &nds the & entry

in the n-dimensional parameter vector. The n-dinegrad Newton’s method is thus:

g-efg, <8.°.,8. hitt |

where8 now represents a vector and not a scalar as before

For problems, such as the one in this work, whéee derivatives cannot be
explicitly calculated, a finite difference approxation of the Jacobian can be used.
Any differencing approach can be used, but a comammice [72] is the simple first

order forward difference:
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sqf ,8gUs., ,8./NUs hit— |
The finite differences are calculated through sasse perturbation of each member
of 8 . For the unmodified Newton’s method, the Jacolarecalculated for each

iteration which require$ gi evaluations of for each step.

B.2 Broyden’s Method

The following discussion of Newton’s method followse presentation of Kelley
[74,79] with notation modifications. Broyden’s methis a so called quasi-Newton
method (a family of methods formed from the extensof the secant method to
several variables). The secant method approxintaéederivative as [79]:

f /1,8 ., ",89./71k , 8 dep hitce |

where is the approximation. It follows that the secamtihod update is:

g-efg,, ..8. hi-s |

The secant method can be expanded to n-dimensions:

g-efg .., % g. i —i |

The matrix must then also be updated. The form of this updiferentiates
Broyden’s method from other multidimensional expans of the secant method. For

Broyden updates:

8 -¢e. 7k L
“ef QT h|—n]

where? f8 € ,8 and the superscript * denotes the transpose. The use of these

updates requires carrying the previous matrix tghouhe iteration but at the
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enormous benefit of not requiring another seriepearturbations to produce a new

Jacobian.
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Appendix C:

Compressor and Turbine Performance Maps
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All of the performance maps presented and usedrhare derived from General
Electric’s contribution to NASA's Energy Efficieringine (E) program [116] and

included in the NPSS software release [69].

C.1 Fan Map

Figure 101. General Electric’s fan performance magrom the Energy Efficient Engine Program.
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C.2 Low Pressure Compressor Map

Figure 102. General Electric’s LPC performance magrom the Energy Efficient Engine
Program.

C.3 High Pressure Compressor Map

Figure 103. General Electric’'s HPC performance magrom the Energy Efficient Engine
Program.

217



C.4 High Pressure Turbine Map

Figure 104. General Electric’s HPT performance magrom the Energy Efficient Engine
Program.

C.5 Low Pressure Turbine Map

Figure 105. General Electric’'s LPT performance magrom the Energy Efficient Engine
Program.
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Appendix D:

Details of Finite Volume Heat Transfer Modeling
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D.1 Volume Discretization of Fuel Cell Geometry

The following is an illustration of the repeatingef cell geometry. The center line in
both directions is a plane of symmetry meaning timy one quarter of the geometry
must be modeled and that no heat transfer occusssidthose boundaries. The
remaining quarter is divided into a unique wall getry segment and repeating
interior geometry segments. Each section of theenatis divided into a number of
finite volume cells (shown in red) determined bgmumputs. The parametess8 and

ST are the incremental cell lengths in the i/x agdagis directions, respectively.

g
NS
/\ Repeatin
. interior
geometry
- wall
i geometry

220



D.2 Mathematical Expressions

Interior cells (in yellow below) are finite volumélsat are surrounded on four sides
by other cells. Cells on the ‘symmetry’ boundarae included because they are

modeled with an adjacent cell assumed to be the samperature.

The energy balance of an interior cell is expredsedhe following equations with
conduction occurring between cells. In the equatiorand* denote the temperature
and thermal conductivity of a cell. The subscripidicate the location of the cell in
the( and axis directions relative to the center cell. Teathtransfer code iteratively
repeats the calculation of this balance for all da#ls until the solution settles/

converges and no longer varies between iteratiwithi( a user specified tolerance).

‘ SSde 881 de ] ] ‘ SS_e 881 de ] ]
n gz STk, geo s o..gN°"7—4g % ST, eo0 ' o...
deo o _el) o
‘ S-Ede S-E 1 o 1 1 ‘ S-E'e S-E 1 o 1 1
gn‘—d9g5 S8," oge »' o--QN 7T 5 S8, oo ,' o..fs
Ode o O_e o
d d
S84, S8 °° SToge ST °°
ef n . St «f n' - : se
de®° ° °de
d d
,S8.. S8, °°  ST.e ST, °°
fn—2g— sSI ,font o : se
eo o e o
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Vertical channel wall cells (in yellow below) anmaife volumes that are surrounded

on three sides by other cells and on the fourté bidthe flow channel.

The energy balance of vertical channel wall cedlsexpressed by the following

equations with conduction occurring between cetid forced convection occurring
between the cells and the flow. In the equatiéfs, denotes the forced convection

heat transfer coefficient ang is the channel temperature.

de

L S8, S8, . .
% S-E,, | y 0..gn *—g * S-E,, e0 0 sun
,eO o
ST SE.* ST, SE.*
gn‘'——9g;— S8, oge, o-gN'7——g ;77— S8, oo, o..fs
Ode o O_e o
de
SToge STo
ef % Sk «f n'—=g_— S¢g
Ode o
de de
,S8., S8,  ST. ST,
<f m m STk , font - g5 SE€
eo o
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Top horizontal channel wall cells (in yellow below)e finite volumes that are

surrounded on three sides by other cells and ofothéh side by the flow channel.

The energy balance of top horizontal channel wallsds expressed by the following

equations with conduction occurring between cetid forced convection occurring

between the cells and the flow.

de

S84 S8, . . S8, S8, .
* * S-E,, de° » 0..gn * g*_ S-E,, eo o
de©° ° _e© "
St. ST
g% S8, o.gnN‘——g—" S8, o o.fs
°-e
de
S8 S8
of nt =28 ' ST <f 9 S¢
deo o
S8, s8 ‘ ST, ST °°
fonts g3 ST ,font s g5 Se
eO o e o
. f 'de° ed ec Q9 ég' %e >
ed <0 50 ,
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Bottom horizontal channel wall cells (in yellow bel) are finite volumes that are

surrounded on three sides by other cells and ofothéh side by the flow channel.

The energy balance of bottom horizontal channel wells is expressed by the
following equations with conduction occurring beemecells and forced convection

occurring between the cells and the flow.

S84 S8 s8, s8*
*deo ., ST, de© » o..gn ?g - ST, 80 P
ST ST . o
Tg * 88,, ode 0..9% 88,, | y 0..fs
De o
de de
S8de 58 STOde STo
ef * ST §f n * " SE€
de®° o ode 0
de
S8 S8
fn—2g— SI ,f 9 Sg
_eO o
, f Ide° egl e° <gl °de égll >
(]
ed <0 50
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Exterior cells (in yellow below) are finite volumésat are surrounded on three sides

by other cells and on the fourth side by the insdavall.

The energy balance of exterior cells is expressedhb following equations with
conduction occurring between cells and conducti@twben the cell and the
insulation. The parameter$ ,, Sp, and ' 4 are the insulation thermal
conductivity, insulation thickness, and ambientwfldemperature, respectively.
Conduction through the insulation assumes a line@perature profile and that the

outside insulation wall matches the ambient tentpeea

S84 S8 s8, s8*
*deo ., ST, de© » o..gn ?g t ST, 0 P
de
T ST *
gn ‘ * de g * ’ SS,,I ode ,I 0..g D SS,,I A o fs
o°de ° SD
d d
S8 s8 “° SToge STo %°
f 1 de STO f . , SE
€ * * S * "
de?° o ode 0
de
8., S8 0
= 8g s St e
e° ° D
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Appendix E:
List of Species Considered by CEA
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E.1 List of 138 Species Considered in SOFC

Ar

Ar+

C

C-

C+

Cc2

C2-

C2+

C2H
C2H2,acetylene
C2H2,vinylidene
C2H3,vinyl
C2H4
C2H40,ethylen-o
C2H5

C2H50H

C2H6

C2N2

C20

C3
C3H3,1-propynl
C3H3,2-propynl
C3H4,allene
C3H4,cyclo-
C3H4,propyne
C3H5,allyl
C3H6,cyclo-
C3H6,propylene
C3H60,acetone
C3H60,propanal
C3H60,propylox
C3H7,i-propyl
C3H7,n-propy!l
C3H8
C3H80,1propanol
C3H80,2propanol
C302

CCN

CH

CH+

CH2
CH2CO,ketene
CH20H
CH20H+

CH3
CH3CHO,ethanal

CH3CN
CH3CO,acetyl
CH3COOCH
CH3N2CH3
CH30
CH302CH3
CH30CH3
CH3COH
CH3O00H
CH4
CN
CN-
CN+
CNC
CNCOCN
CNN
Co
CO+
Co2
CO2+
COOH
(HCOOH)2
H
H-
H+
H2
H2-
H2+
H20
H20(cr)
H20(L)
H20+
H202
H30+
HCCN
HCCO
HCHO,formaldehy
HCN
HCO
HCO+
HCOOH
HNC
HNCO
HNO
HNO2
HNO3
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HO(CO)20H
HO2
HO2-
N
N-
N+
N2
N2-
N2+
N2H2
N2H4
N20
N20+
N203
N204
N205
N3
N3H
NCN
NCO
NH
NH+
NH2
NH2NO2
NH20H
NH3
NH4+
NO
NO+
NO2
NO2-
NO3
NO3-
o)
O-
O(CH)20
O+
02
02-
02+
03
OCCN
OH
OH-
OH+
OHCH2COOH



E.2 List of 108 Additional Species Considered Ofiemponents

C(an)
C10H21,n-decyl
C10H8,naphthale
C12H10,biphenyl
C12H9,0-bipheny
C2H2(L),acetyle
C2HA4(L)
C2H40(L),ethyle
C2H50H(L)
C2H6(L)
C2H8N2(L),UDMH
C2N2(L)
C3H6(L),propyle
C3H7NO3(L)
C3H8(L)

C4
C4H10(L),isobut
C4H10(L),n-buta
C4H10,isobutane
C4H10,n-butane
C4H2,butadiyne
C4H4,1,3-cyclo-
C4H6,1butyne
C4H6,2butyne
C4H6,butadiene
C4H6,cyclo-
C4H38(L),1-buten
C4H8,1-butene
C4H8,cis2-buten
C4H8,cyclo-
C4H8,isobutene
C4H8,tr2-butene
C4H9,i-butyl
C4H9,n-butyl
C4H9,s-butyl
C4H9,t-butyl
C(ar)
C10H21,n-decyl

C4N2
C5
C5H10,1-pentene
C5H10,cyclo-
C5H11,pentyl
C5H11,t-pentyl
C5H12(L),n-pent
C5H12,i-pentane
C5H12,n-pentane
C5H6,1,3cyclo-
C5H8,cyclo-
C6H10,cyclo-
C6H12,1-hexene
C6H12,cyclo-
C6H13,n-hexyl
C6H14(L),n-hexa
C6H14,n-hexane
C6H2
C6H5,phenyl
C6H5NH2(L)
C6H50,phenoxy
C6H50H,phenol
C6H6
C6H6(L)
C7H14,1-heptene
C7H15,n-heptyl
C7H16(L),n-hept
C7H16,2-methylh
C7H16,n-heptane
C7H7,benzyl
C7H8
C7H8(L)
C7H80,cresol-mx
C8H10,ethylbenz
C8H16,1-octene
C8H17,n-octyl
C4N2
C5
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C8H18(L),isooct
C8H18(L),n-octa
C8H18,isooctane
C8H18,n-octane
C8H8,styrene
C9H19,n-nonyl
(CH2)x(cr)
(CH3COOH)2
CH3C(CH3)2CH3
CH3CN(L)
CH3NO2(L)
CH3OH(L)
CH4(L)
CH6N2(L)
H2(L)
H202(L)
HNO3(L)
N2(L)
N2H4(L)
N204(L)
NH3(L)
NH4NO3(I)
NH4NO3(II)
NH4NO3(III)
NH4NO3(IV)
NH4NO3(L)
0o2(L)
0O3(L)
Air
Jet-A(Q)
Jet-A(L)
JP-10(g)
JP-10(L)
JP-4
JP-5
RP-1
C8H18(L),isooct
C8H18(L),n-octa



Appendix F:
NPSS Details of Turbojet Model and Hybrid
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F.1 Order of Execution

The model’s order of execution is the order in ahihe elements of the model are
called on to perform their calculations. It is innfzmt that the elements be ordered
such that every elements run before any other eiethat requires a flow stream or

information from that element.

Inlet Path:
1. Ambient element: AmbientNASA ‘Amb
2. Inlet Start element: InletStartNASA ‘InletStart’
3. Inlet element: Inlet ‘INEng’
4. Compressor element: Compressor ‘CmpH’
CPOXx/SOFC Path (not present in the engine-only hode
5. Splitter element: SplitterNASA ‘SplitFC’
6. Fuel Start element: FuelStart ‘FusCpox’
7. CPOx Reactor element: CPOX ‘Cpox1’
8. Fuel Cell Inlet element: InletFC ‘IFC1’
9. Solid Oxide Fuel Cell element: SolideOxideFC ‘SOFC1
10.Combiner element: Combiner ‘B03’
Burner and Turbine Section:
11.Fuel Start element: FuelStart ‘Fuseng’
12.Burner element: BurnerNASA ‘BrnPri’
13.Bleed element: Bleed ‘B041’
14.Turbine element: Turbine ‘“TrbH’
Exhaust Path:
15.Bleed element: Bleed ‘B045’
16.Duct element: DuctNASA ‘D043’
17.Nozzle element: NozzleNASA ‘NozPri’
Flow End:
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18.Flow End element: FlowEnd ‘FePri’
Shatft:
19. Shaft element: Shaft ‘ShH’
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F.2 Independents

Complete list of independent variables in the systelver:

Table 22: Turbojet, GT-SOFC system independent vagbles.

Independent name Description Controlled paramets
Independents present in all modeling runs

HPT performance map
parameter

2.| ShH.ind_Nmech HP s_haft mechanical ShH. Nmech

rotation speed3

Burner fuel mass flow,
-k

Independents present in all ‘On-Design’ runs
Inlet air mass flow,

1.| TrbH.S_map.ind_parmMap TrbH.parmMap

3.| BrnFuelControl BrnPri.Wfuel

4.| AirControl InletStart.W_in

Independents present in all ‘Off-Design’ runs
Inlet air mass flow,

5.| InletStart.ind_W InletStart. W

HPC performance mag
parameter

ndependents, optional

7.| CpoxFuelControl CPOx fuel mass flow, Condl.FI_O.Tt

LS

8.| Sofcins SQFC insulation SOFC1.t_ins
thickness

Number of radially

repeating FC units

6. CmpH.S_map.ind_RIlineMaj

(=)

CmpH.RlineMap

9.| SofcRep SOFC1.Nrep
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F.3 Dependents

Complete list of dependent conditions in the systeiaer:

© ©

10.

11.

12.

13.

14.

Table 23: Turbojet, GT-SOFC system dependent conddns.

Condition name

Condition desioin/equation

Dependents present in all modeling runs

Net torque on the shaft must be zero

ShH.integrate_Nmech

3'MM--5> f g

Dependents present in all ‘On-Design’ runs

Turbine inlet temperature equals input value

T & (¢ 2Cf 2
Thrust Net thrust equals mpuft value
B B B
ShH N Shaft speed equals value predicted by correlation
- %&(3.>" %f 3,

Dependents present in all ‘Off-Design’ runs

CmpH.S_map.dep_errWg

Corrected mass flow equals calculated value from
performance map

.|f.|p

TrbH.S_map.dep_errWp

Corrected mass flow equals calculated value from
performance map

f . o

NozPri.dep_Area

Mass flow per area equals the mass flow per area
demanded by the nozzle

h. EBjIBk f h EBjAA

Dependents, optional

TIT

Same as above

Thrust

Same as above

Thrust equals drag

DragThrust_wE

f .
B ’
Thrust equals drag (including fuel cell dra
DragThrust wEwFC 9 fg.( g g 9)
B ' S”
Percent fuel oxidation equals input value
PctOx_abs h7 68¢j g f N7 68¢jg .p
Fuel cell exit temperature equals input value
SOFCtemp . p o : P
S” kB B B
Fuel cell power equals input value
FCpower P g P

Jgf JB-B
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Appendix G:
NPSS Details of Low Bypass Ratio Turbofan Model biythrid
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G.1 Order of Execution

The model’s order of execution is the order in ahihe elements of the model are
called on to perform their calculations. It is innfzmt that the elements be ordered
such that every elements run before any other eiethat requires a flow stream or

information from that element.

Inlet Path:
1. Ambient element: AmbientNASA ‘Amb
2. Inlet Start element: InletStartNASA ‘InletStart’
3. Inlet element: Inlet ‘INEng’
4. Compressor element: Compressor ‘CmpL’
5. Splitter element: SplitterNASA ‘SpltFan’
Bypass Path:
6. Duct element: DUctNASA ‘Dfan’
7. Bleed element: Bleed ‘Bsec’
Core Path:
8. Bleed element: Bleed ‘B025’
9. Duct element: DuctNASA ‘D025’
10.Compressor element: Compressor ‘CmpH’
CPOX/SOFC Path (not present in the engine-only hode
11. Splitter element: SplitterNASA ‘SplitFC’
12.Fuel Start element: FuelStart ‘FusCpox’
13.CPOx Reactor element: CPOX ‘Cpox1’
14.Fuel Cell Inlet element: InletFC ‘IFC1’
15. Solid Oxide Fuel Cell element: SolideOxideFC ‘SOFC1
16.Combiner element: Combiner ‘B03’
Burner and Turbine Section:
17.Fuel Start element: FuelStart ‘Fuseng’
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18.Burner element: BurnerNASA ‘BrnPri’

19.Bleed element: Bleed ‘B041’

20.Turbine element: Turbine ‘TrbH’

21.Bleed element: Bleed ‘B042’

22.Duct element: DuctNASA ‘D043’

23.Turbine element: Turbine ‘TrbL’
Exhaust Path:

24.Bleed element: Bleed ‘B045’

25.Nozzle element: NozzleNASA ‘NozPrt’
Flow End:

26.Flow End element: FlowEnd ‘FePrt’
Shafts:

27.Shaft element: Shaft ‘ShH’, ‘ShL’
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G.2 Independents

Complete list of independent variables in the systelver:

10.

11.

12.

Table 24: Low BPR turbofan, GT-SOFC system indepeneht variables.

Independent name

Description

Controlled parame

[er

Independents present in all modeling runs

TrbH.S_map.ind_parmMap

HPT performance map
parameter

TrbH.parmMap

TrbL.S_map.ind_parmMap

LPT performance map
parameter

TrbL.parmMap

HP shaft mechanical

ShH.ind Nmech . ShH. Nmech
— rotation speed3

ShL.ind Nmech LP shaft mechanical ShL. Nmech
- rotation speed3

BrnFuelControl Burner fuel mass flow, BrnPri.Wfuel

-k

Independents present in all ‘On-Design’ runs

AirControl

Inlet air mass flow,

InletStart.W_in

Independents present in all ‘Off-Design’ runs

InletStart.ind_ W

Inlet air mass flow,

InletStart. W

CmpH.S_map.ind_RIlineMaj

OJ

HPC performance mag
parameter

CmpH.RlineMap

CmpL.S_map.ind_RIlineMap

LPC performance map
parameter

CmpL.RlineMap

Independents, optional

CPOx fuel mass flow,

CpoxFuelControl ) Condl.FI_O.Tt
SOFC insulation .

Sofcins thickness SOFC1.t_ins

SofcRep Number of radially SOFC1.Nrep

repeating FC units
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G.3 Dependents

Complete list of dependent conditions in the systeiaer:

10.

11.

Table 25: Low BPR turbofan, GT-SOFC system dependértonditions.

Condition name

Condition desioin/equation

Dependents present in all modeling runs

Net torque on the shaft must be zero

ShH.integrate_Nmech

3'MM--5> f g

Net torque on the shaft must be zero

ShL.integrate_Nmech

3'MM--5> f g

Dependents present in all ‘On-Design’ runs

Turbine inlet temperature equals input value

TIT
& (¢ 2'Cf 2

Net thrust equals input value

Thrust 9 P
B f B B
ShH N Shaft speed equals value predicted by correlation
- %&(3.>~ (yf 3A||

Shaft speed equals value predicted by correlation

ShL_N

%,(3.>~ (yf 3A||

Dependents present in all ‘Off-Design’ runs

CmpH.S_map.dep_errWe

Corrected mass flow equals calculated value from
performance map

A fo e

CmpL.S_map.dep_errw

Corrected mass flow equals calculated value from
performance map

A forap

TrbH.S_map.dep_errWp

Corrected mass flow equals calculated value from
performance map

Ae T . (AE b

Corrected mass flow equals calculated value from
performance map

TrbL.S_map.dep_errWp

Ae T . (AE p

Mass flow per area equals the mass flow per area
demanded by the nozzle

NozPri.dep_Area

h. EBjIBk f h EBjAA
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12.
13.

14.

15.

16.

17.

18.

Dependents, optional

TIT Same as above
Thrust Same as above
Thrust equals drag
DragThrust_wE -
B ’
Thrust equals drag (including fuel cell drag)
DragThrust_wEwFC :
sf, 0 &
PctOX ab Percent fuel oxidation equals input value
ctOx_abs - -
- h7 68 g f h768(g.5
Fuel cell exit temperature equals input value
SOFCtemp : :
gwf 'B.s
Fuel cell power equals input value
FCpower

Jgf JB-B
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Appendix H:

NPSS Details of High Bypass Ratio Turbofan Model an
Hybrid
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H.1 Order of Execution

The model’s order of execution is the order in ahihe elements of the model are
called on to perform their calculations. It is innfzmt that the elements be ordered
such that every elements run before any other eiethat requires a flow stream or

information from that element.

Inlet Path:
1. Ambient element: AmbientNASA ‘Amb’
2. Inlet Start element: InletStartNASA ‘InletStart’
3. Inlet element: Inlet ‘INEng’
4. Splitter element: SplitterNASA ‘SpltFan’
Bypass Path:
5. Compressor element: Compressor ‘CmpFSec’
6. Bleed element: Bleed ‘B025in’
7. Duct element: DUctNASA ‘Dfan’
8. Nozzle element: NozzleNASA ‘NozSec’
Core Path:
9. Compressor element: Compressor ‘CmpL’
10.Bleed element: Bleed ‘B025’
11.Duct element: DuctNASA ‘D025’
12. Compressor element: Compressor ‘CmpH’
CPOXx/SOFC Path (not present in the engine-only hode
13. Splitter element: SplitterNASA ‘SplitFC’
14.Fuel Start element: FuelStart ‘FusCpox’
15.CPOx Reactor element: CPOX ‘Cpox1’
16. Fuel Cell Inlet element: InletFC ‘IFC1’
17.Solid Oxide Fuel Cell element: SolideOxideFC ‘SOFC1
18.Combiner element: Combiner ‘B03’
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Burner and Turbine Section:
19. Fuel Start element: FuelStart ‘Fuseng’
20.Burner element: BurnerNASA ‘BrnPri’
21.Bleed element: Bleed ‘B041’
22.Turbine element: Turbine ‘TrbH’
23.Bleed element: Bleed ‘B042’
24.Duct element: DuctNASA ‘D043’
25.Turbine element: Turbine ‘TrbL’
Exhaust Path:
26.Bleed element: Bleed ‘B045’
27.Nozzle element: NozzleNASA ‘NozPrt’

Flow Ends:
28.Flow End element: FlowEnd ‘FePri’, ‘FeSec’

Shafts:
29.Shaft elements: Shaft ‘ShH’, ‘ShL’
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H.2 Independents

Complete list of independent variables in the systelver:

10.

11.

12.

13.

14.

Table 26: High BPR turbofan, GT-SOFC system indepegtent variables.

Independent name

Description

Controlled parame

pter

Independents present in all modeling runs

TrbH.S_map.ind_parmMap

HPT performance map
parameter

TrbH.parmMap

TrbL.S_map.ind_parmMap

LPT performance map
parameter

TrbL.parmMap

HP shaft mechanical

ShH.ind_Nmech : ShH. Nmech
— rotation speed3
ShL.ind_Nmech LP shaft mechanical ShL. Nmech
- rotation speed3
BrnFuelControl BLIJ(rner fuel mass flow, BrnPri.Wfuel
Independents present in all ‘On-Design’ runs

AirControl

Inlet air mass flow,

InletStart.W_in

Independents present in all ‘Off-Des

ign’ runs

InletStart.ind_ W

Inlet air mass flow,

InletStart. W

SpltFan.ind_BPR

Splitter bypass ratio

SpltFan.BPR

CmpH.S_map.ind_RIlineMap

HPC performance magp
parameter

CmpH.RlineMap

CmpL.S_map.ind_RIlineMap

LPC performance map
parameter

CmpL.RlineMap

CmpFSec.S_map.ind_RIlineMa

(@)

LPC performance map
parameter

CmpFSec.RlineMap

Independents, optional

CPOx fuel mass flow,

CpoxFuelControl ) Condl.FI_O.Tt

Sofcins SQFC insulation SOFC1.t_ins
thickness

SofcRep Number of radially SOFC1.Nrep

repeating FC units
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H.3 Dependents

Complete list of dependent conditions in the systeiaer:

10.

11.

Table 27: High BPR turbofan, GT-SOFC system depenaté conditions.

Condition name

Condition degigoin/equation

Dependents present in all modeling runs

Net torque on the shaft must be zero

ShH.integrate_Nmech

3'M--5> f g

Net torque on the shaft must be zero

ShL.integrate_Nmech

3'M--5> f g

Dependents present in all ‘On-Design’ runs

Turbine inlet temperature equals input value

TIT
& (¢ 2'Cf 2

Net thrust equals input value

Thrust
B f B *B
ShH N Shaft speed equals value predicted by correla
- %&(3.>~ (yf 3A||

Shaft speed equals value predicted by correla

ShL_N

%,(3.>~ o f 3A||

Dependents present in all ‘Off-Design’ runs

Corrected mass flow equals calculated value
from performance map

CmpH.S_map.dep_errWc

-IA"f-IA"p

CmpL.S_map.dep_errWc

Corrected mass flow equals calculated value
from performance map

-IA"f-IA"p

Corrected mass flow equals calculated value
drom performance map

CmpFSec.S_map.dep_err\

s fooas b

TrbH.S_map.dep_errWp

Corrected mass flow equals calculated value
from performance map

Ae T . (AE b

TrbL.S_map.dep_errWp

Corrected mass flow equals calculated value
from performance map

AEf'

(AE p
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12.

13.

14.
15.

16.

17.

18.

19.

20.

NozPri.dep_Area

Mass flow per area equals the mass flow per
demanded by the nozzle

area

h. EBjIBk f h EBjAA

NozSec.dep_Area

Mass flow per area equals the mass flow per
demanded by the nozzle

area

h. EBjIBk f h EBjAA

Dependents, optional

TIT

Same as above

Thrust

Same as above

DragThrust_wE

Thrust equals drag

g T

DragThrust wEwFC

Thrust equals drag (including fuel cell drag)

sf, 0 &

Percent fuel oxidation equals input value

PctOx_abs - -
- h7 68 gx f N7 68(z.5
Fuel cell exit temperature equals input value
SOFCtemp : .
sl '8.8
Fuel cell power equals input value
FCpower

Jgf 'JB-B
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Appendix I:
Example NPSS Code

246



[.1 High BPR Turbofan ‘.run’ Run File

The following code is used to setup, include a moaled run a case in NPSS: the
thermodynamics package is declared, relevant fes included, the model is
included, various parameters are adjusted, anctas€’ file is called. For more
detailed information on using NPSS, see Refs. &l [70].

Contents of ‘.run’ file:

/I Set the thermo package
string fuel = "JP-5";
real fuel_enthalpy = -1673.85;
setThermoPackage("CEA", "Air", "H20", fuel, ...
"02", "H2", "H", "O", "N", "C", "Ar");

/I File includes

/linclude macros

#include "bleed_macros.fnc"

/linclude components

#include "CPOX.int"

#include "SolidOxideFC.int"

/linclude viewers

#include "Viewers/summary.view"

#include "Viewers/performance.view"

#include "Viewers/fuelcell.view"

#include "Viewers/sizing_eng.view"

#include "Viewers/sizing_fc.view"

#include "Viewers/convergence.view"

#include "MassEstimation/MassEstimation_HiBPR.int"
#include "MassEstimation/MassEstimation_SOFC.int"

/I Include the model file

#include "FanHigh.mdI"

int model = 2;

intit=0;
setOption("switchTransport","EQUIL");

/I Set the parameters
#include "Parameters/param_base.int"
#include "Parameters/solver_var.int"

/lchange BPR
SpltFan.BPRdes=5;

/Ichange mass flow
InletStart W _in=112.;

/ladjust pressure ratios
CmpFSec.S_map.PRdes =1.5;
CmpL.S_map.PRdes = 3.0;
CmpH.S_map.PRdes =8.0;
/[adjust efficiencies
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CmpFSec.S_map.effDes = 0.86;
CmpL.S_map.effDes = 0.88;
CmpH.S_map.effDes = 0.88;
TrbH.S_map.effDes = 0.89;
TrbL.S_map.effDes = 0.89;

/I Include the case file to be run
#include "Cases/Sensitivity.case"
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|.2 Example ‘.case’ Case File

The following code is used to set a series of casée run with the model. This file
chooses a flight and engine condition and setsewpral parameters accordingly. It
then runs an ‘On-Design’ case which sets the madebrding to design parameter
inputs. It continues to run multiple ‘Off-Designases which estimate performance
away from the design values. For more detailedrmé&tion on using NPSS, see Refs.
[69] and [70].

Contents of ‘.case’ file:

string casefile = "PowerSweep.case";

/I Define iteration variables and solver targets
real Fref, Wref, MNref,

Fpct=1.;

TIT _max = 2880.; /I Rankine

real Fn_req;

SOFC1.switchWrite = "OFF";

real diam, Nrings;

/I Pick a flight condition

/lint flight=0; //SLS;static

/lint flight=1; //SLS;TO

/lint flight=2; //M=0.8;Alt=35kft
int flight=3; //M=0.5;Alt=55kft

/I Pick an OPR
int opr=0; //24.0
/[ int opr=1; //31.5
/lint opr=2; //40.0

/I Pick an engine
if( model==0 }{ // Jetlsp
if( opr==0 ){
Fn_target = 3429.34;
CmpH.S_map.PRdes = 24.0;
AC.W_GT = 1301.259;

}

else if( opr==1 }{
Fn_target = 3478.71;
CmpH.S_map.PRdes = 31.5;
AC.W_GT = 1307.085;

}
else if( opr==2 }{

Fn_target = 3518.25;
CmpH.S_map.PRdes =40.0;
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AC.W_GT = 1322.493;
}

else if( model==1 ){ // FanLow
if( opr==0 ){
Fn_target = 3229.05;
CmpL.S_map.PRdes = 3.0;
CmpH.S_map.PRdes =8.0;
AC.W_GT = 1492.11;

}

else if( opr==1 }{
Fn_target = 3256.7;
CmpL.S_map.PRdes = 3.5;
CmpH.S_map.PRdes =9.0;
AC.W_GT = 1431.481,

}

else if( opr==2 }{
Fn_target = 3280.3;
CmpL.S_map.PRdes =4.0;
CmpH.S_map.PRdes = 10.0;
AC.W_GT = 1369.871,

}

}
else if( model==2 ){ // FanHigh
if( opr==0 ){
Fn_target = 2243.28;
CmpL.S_map.PRdes = 3.0;
CmpH.S_map.PRdes =8.0;
AC.W_GT = 1295.347,

}

else if( opr==1 }{
Fn_target = 2253.24;
CmpL.S_map.PRdes = 3.5;
CmpH.S_map.PRdes =9.0;
AC.W_GT = 1275.621,

}

else if( opr==2 }{
Fn_target = 2257.55;
CmpL.S_map.PRdes =4.0;
CmpH.S_map.PRdes = 10.0;
AC.W_GT = 1275.344,

}
}

perfTitles( model );

/I Design case - no SOFC

Amb.alt_in = 35000.0;

Amb.MN _in =0.8;

Cpox1.Wfuel = 0.000000000000000000000000000001;
Cpox1.Nseg = 0.;

SOFC1.Nseg =0,

BO3.wf=0.;

setOption( "switchDes", "DESIGN");
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autoSolverSetup();

solver.addIindependent( "BrnFuelControl" );
solver.addDependent( "TIT");
solver.addindependent( "AirControl" );
solver.addDependent( "Thrust");
solver.addIindependent( "ShH.ind_Nmech" );
solver.addDependent( "ShH_N");
if( model ){
solver.addindependent( "ShL.ind_Nmech" );
solver.addDependent( "ShL_N");

}

cout << "\nDesign case - no SOFC:\n";

cout << "\nIindependents:\n" << solver.independentNa mes;
cout << "\nDependents:\n" << solver.dependentNames;

run();

cout << "Convergence? =" << solver.converged << en dl;
Wref = BrnPri.Wfuel,

Fref = Perf.Fn;

MNref = Amb.MN _in;

perfPrint( model );

/I Off-Design case - no SOFC - Partial Throttle

solver.removeDependent( "TIT");
solver.addDependent( "Thrust");

Fn_target = Fn_req;

cout << "\nIindependents:\n" << solver.independentNa mes;

cout << "\nDependents:\n" << solver.dependentNames;

run();

cout << "Convergence? =" << solver.converged << en dl;
converged(Amb.alt_in,Amb.MN_in," - no SOFC",Fn_req, "Thrust=");
perfPrint( model );

/[ Off-Design case - with SOFC

/I Solver setup

solver.removeDependent( "Thrust" );
solver.addDependent( "DragThrust_wE" );
solver.addIindependent( "CpoxFuelControl" );
solver.addDependent( "PctOx_abs");
solver.addDependent( "SOFCtemp" );
solver.addIindependent( "SofcRep" );

/I initiate variables

real units[] = {0.,186.,373.,559.,746.,932.,1119.,1 305.,1492,, ...
1678.,1865.,2051.,2238.,2424.,2611.,2797.,29 84},
real init[] = {33.7161,5.1683,1.98085,1.96868,2.042 33,2.60839, ...
2.69166,18606.6,10668.3,0.106632 ,0.01163,16.711};

InletStart.W = init[0];

SpltFan.BPR = init[1];
CmpFSec.S_map.RlineMap = init[2];
CmpL.S_map.RlineMap = init[3];
CmpH.S_map.RlineMap = init[4];
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TrbH.S_map.parmMap = init[5];
TrbL.S_map.parmMap = init[6];
ShH.Nmech = init[7];
ShL.Nmech = init[8];
BrnPri.Wfuel = init[9];
Cpox1.Wfuel = init[10];
SOFCL1.Nrep = init[11];
SOFC1.t_ins = 0.0001;

SOFC1.Vdes = 0.6; //0.7; //0.6;
PctOx_des = 0.75; //0.75; //0.9;

Cpox1.Nseg = 8.;
SOFC1.Nseg = 8,;

for( Nrings=1.; Nrings<20.; Nrings++ ){
SOFC1.Nunit = units[Nrings];

cout << "\nNrings="<<Nrings<<"\n";

run();
cout << "\nNrings="<<Nrings<<" -- Done\n";
cout << "Convergence? =" << solver.converged << endl;

converged(Nrings,0," - Base case",Perf.Fn," Thrust ="
perfPrint( model );
sizeView2.display();
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[.3 High BPR Turbofan ‘.mdI' Model File

The following code is used to build a system mooleldeclaring and setting up
components and then linking them together. For ndetailed information on using
NPSS, see Refs. [69] and [70].

Contents of ‘.md! file:

/I Set ambient conditions
Element AmbientNASA Amb {
switchMode = "ALDTMN";
alt in  =235000.;
dTs in =0,
MN_in =0.8;
}

/I Set inlet flow start

Element InletStartNASA InletStart{
AmbientName = "Amb";
W_in =100.;

}

/I Engine inlet
Element Inlet InEng {
eRamBase = 0.995;

}

/I Split the primary,secondary flows
Element SplitterNASA SpltFan {
BPRdes =5.;

}

/I Low pressure compressor
Element Compressor CmpFSec {
#include "E3maps/fanE3.map";
S_map.PRdes =1.5;

S_map.effDes= 0.8589;
S_map.RlineMap = 2.0;
S_map.NcDes = 1.0;
Sh_O.inertia = 10.;

}

/! Bleed B025in
Element Bleed B025in;

/l Duct
Element DuctNASA Dfan;

/I Secondary flow nozzle

Element NozzleNASA NozSec {
PsExhName = "Amb.Ps";
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setOption("switchFrozen","EQUIL");
}

/I Low pressure compressor

Element Compressor CmpL {
#include "E3maps/IpcE3.map";
S_map.PRdes =3.0;
S_map.effDes= 0.872;
S_map.RlineMap = 2.0;
S_map.NcDes = 1.0;
Sh_O.inertia = 10.;

}

/I Bleed
Element Bleed B025;

/l Duct

Element DuctNASA D025{
switchDP="OFF";
dPgP_in=0.002;

}

/I High pressure compressor

Element Compressor CmpH {
#include "E3maps/hpcE3.map";
S_map.PRdes =10.0;
S_map.effDes= 0.8522;
S_map.RlineMap = 2.0;
S_map.NcDes = 1.0;
Sh_O.inertia = 10.;

}

/I Splitter to CPOX and SOFC
Element SplitterNASA SplitFC{
void preexecute() {
BPRdes = 1./( FI_L.WI/(Asplit*SOFC1.AF_fcglobal*
BPR = BPRdes;
}
real Asplit = 2,;
}

/I FuelStart

Element FuelStart FusCpox {
hFuel = fuel_enthalpy;
fuelType = fuel;

/I CPOX

Element CPOX Cpox1 {
AF_cpox = 6.0;
Wfuel = 0.0015625;
length = 1.0;
A _cross =0.0175;
Nseg = 8.;
Ncells = 35.;
kappal =0.9;
burn_eff = 1.0;
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por = 0.83;

dp = 0.00021;

k_wall = 0.0048;

t wall = 0.0052;

k_ins = 1.6e-5;

t ins = 0.0035;
}

/I Fuel Cell Inlet
Element InletFC IFC1{
Nseg = 100.;
t div = 0.0005;
k_int=30;
length = 0.01;
width = 0.005;
height = 0.002;
}

/I Fuel Cell
Element SolidOxideFC SOFC1{
void preexecute() {
system( "copy thermo_min.lib thermo.lib" );

AF_fcglobal = 15.0;
switchWrite = "ON";
switchMode = "CURRENT";
switchGeom = 1,
switchAmb = 1;
ne = 2.0;

Vdes =0.7;
deltaQ =0.;
deltaCOP =0,
deltaAOP =0.;
deltaOOP =0,
/ladjust SOFC

/I geometry

Nunit = 350.;
Nrep =1,

length = 0.82021;
height_ch =0.2;
activeWidth = 0.5;
t ins =0.001,;

t div=0.001,

t ext=0.001,

/I thermal
k_int=30;

k ano =11.0;

k _cat=6.23;

k ele=2.7,

k ins=0.1;

/I numerical

Ndiv = 3,;

Ndiff = 16.;

Nseg = 8.;
kappal = 0.95;
kappa2 = 0.95;
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kappa3 = 0.95;
iDens = 1000.0;
flagLim = 1000.;
reltol = 1.e-8;

finetrig = 0;

/ladjust MEA physical parameters
/[ anode

d_a =900.0e-6;
por_a = 0.35;

tor a=4.8;

rp_a = 0.2e-6;

dp_a = 1.0e-6;

/I cathode

d_c =50.0e-6;

por_c = 0.35;

tor_c =4.0;

rp_c = 0.25e-6;

dp_c = 1.25e-6;

/I electrolyte

d_el = 20.0e-6;
/ladjust activation overpotential parameters
/[ anode

alphaFA = 1.5;
alphaRA = 0.5;
iRefH2 = 8.5e3;
E_H2 =120.0e3;
Tref_act = 1073.0;
A_pH2 =5.59¢e15;
E_pH2 = 88.12¢3;
Gamma = 2.6e-5;
gamma0l = 0.01,
dV_activ_an = 0.025;
/I cathode

alphaFC = 1.5;
alphaRC =0.5;
iRefO2 = 2.4e3;
E_0O2 =130.0e3;
A_pO2 = 4.9e8;
E_pO2 =200.0e3;
dV_activ_cat = 0.025;
/ladjust ohmic overpotential parameters
/[ anode

A ae =9.5e5;

E ae =9.5611e3;

/I cathode

A _ce =4.2e5;

E ce =9.9768e3,;

/I electrolyte

A el = 3.6€e5;

E el =80.0e3;

void postexecute() {
system( "copy thermo_slim.lib thermo.lib™ );

}
}

/I fuel cell exit stream mixing
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Element Combiner BO3;

/I FuelStart

Element FuelStart Fusgng {
hFuel = fuel_enthalpy;
fuelType = fuel;

}

/I Burner

Element BurnerNASA BrnPri {
dPgPfBase =0.05;
effBase =0.98;
switchHotLoss = "input";
switchBurn = "FUEL";
Wfuel = 0.35;
tolRayleigh =0.0001;

}

// Bleed

Element Bleed B041;

/[ High pressure turbine

Element Turbine TrbH {
#include "E3maps/hptE3.map";
S_map.parmMapDes = 4.975;
S_map.parmNcDes = 100.0;
S_map.effDes =0.89;

}

/! Bleed
Element Bleed B042;

/l Duct

Element DuctNASA D043 {
switchDP = "INPUT";
void preexecute() {

}
FI_I.MNdes = 0.4;

}

/I Low pressure turbine

Element Turbine TrbL {
#include "E3maps/IptE3.map";
S_map.parmMapDes =4.271,
S_map.parmNcDes = 100.0;
S_map.effDes =0.8777,

}

// Bleed
Element Bleed B045;

dPgP_in = 0.25 * FL_I.MN * FI_I.MN;

/I Primary flow nozzle

Element NozzleNASA NozPri {
PsExhName = "Amb.Ps";
setOption("switchFrozen","EQUIL");
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/l FlowEnds
Element FlowEnd FePri;
Element FlowEnd FeSec;

/I Shafts

Element Shaft ShH {
ShaftinputPort MeCmpH, MeTrbH;
Nmech = 8997.43,;
inertia = .93243;

}

Element Shaft ShL {
ShaftinputPort MeCmpFSec, MeCmpL, MeTrbL;
Nmech = 3497.40;
inertia = 2.73513;

}

/I PerfNASA
Element PerfNASA Perf;

/I Aircraft

Element Aircraft AC {
/I HALE
Cdmin = 0.0195;
K =0.01725;
Clmin =0.3;
W_empty = 15432.36;
W _f=16534.7;
S =688.89;
N_eng=1.;
frac = 0.5;
deltaFC = 0.;
deltaGT =0.;
W_GT =1295.347;

}

/I Mass Estimation
Element MassEstimation_HiBPR MassEstEng;
Element MassEstimation_SOFC MassEstFC {
rho_a =300.;
rho_c =287.;
rho_el = 375.;
rho_int = 487.;
rho_ins = 15.6;
LoH_i=1.;
LoH o=1;
rho_cat =40.;
rho_wall = 487.;
Vel _des =10
sigma_duct = 9.e6;
rho_duct =511.;
sf hw=2;
d_hwDes = 0.0208;
rho_hw =512
t_cpint = 0.0052;
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/I CycleNASA Cycle

Element CycleNASA Cycle {
EPR_numName = "CmpH.FI_O";
EPR_denName = "InEng.FI_O";
FPR_numName ="CmpFSec.FI_O";
FPR_denName ="InEng.Fl_O";

}

/' linkPorts

linkPorts( "InletStart.Fl_O",
linkPorts( "InEng.FI_O",
linkPorts( "SpltFan.FI_O1",
linkPorts( "CmpL.FI_O",
linkPorts( "B025.FI_O",
linkPorts( "D025.FI_O",
linkPorts( "CmpH.FI_O",
linkPorts( "SplitFC.FI_O1",
linkPorts( "SplitFC.FI_0O2",

"InEng.FI_I", "FO"
"SpltFan.FI_I", "FO1A
"CmpL.FI_I", "F025
"BO25.FI_I", "F025
"D025.FL_I", "F025
"CmpH.FI_I", "F025
"SplitFC.FI_I", "Fspl
"BO3.FI_I", "F03a
"Cpox1.FLI", "Fcpo

linkPorts( "FusCpox.Fu_O", "Cpox1l.Fu_I", "FUcp

linkPorts( "Cpox1.FI_O",
linkPorts( "Cpox1.FI_Obp",
linkPorts( "IFC1.FI_O1",
linkPorts( "IFC1.FI_O2",
linkPorts( "IFC1.Fl_Obp",
linkPorts( "SOFC1.FI_O1",
linkPorts( "SOFC1.FI_O2",

"IFC1.FI_I1", "IFCf
"IFC1.FI_I2", "IFCa
"SOFC1.FI_I1", "FC1"
"SOFCL1.FI_I2", "FC2"
"SOFCL.FI_lbp", "FCbp
"BO3.FI_S1", "FO3b
"B0O3.FI_S2", "FO3c

linkPorts( "SOFC1.FI_Obp", "B03.FI_S3", "F03d

linkPorts( "B03.FI_O",
linkPorts( "FusEng.Fu_O",
linkPorts( "BrnPri.FI_O",
linkPorts( "B0O41.FI_O",
linkPorts( "TrbH.FI_O",
linkPorts( "B042.FI_O",
linkPorts( "D043.FI_O",
linkPorts( "TrbL.FI_O",
linkPorts( "B045.FI_O",
linkPorts( "NozPri.FI_O",
linkPorts( "SpltFan.FI_0O2",

"BrnPri.FI_I", "FO3"
"BrnPri.Fu_I", "FUO3

"BO41.FI_I", "FO41
"TrbH.FI_I", "F041
"BO42.FI_I", "F042
"DO43.FI_I", "F043
"TrbL.FI_I", "FO44
"BO45.FI_I", "F045
"NozPri.FI_I", "FO7"
"FePri.FI_I", "F09"

"CmpFSec.FI_I", "F12"

linkPorts( "CmpFSec.FI_O", "B025in.FI_I", "F11"

linkPorts( "B025in.FI_O",
linkPorts( "Dfan.FI_O",

"Dfan.FI_I", "F16"
"NozSec.FI_I", "F17"

linkPorts( "NozSec.FI_O", "FeSec.Fl_I", "F19"
// Bleed Connections

/[ low pressure bleeds

linkBleedBB( "B025", "B025in", .00, 1., 1.,
linkBleedBT( "B025", "TrbL", .00, 1.,1., 1,0,
linkBleedBB( "B025", "B045", .00, 1., 1.,

/I high pressure bleeds

linkBleedCT( "CmpH", "TrbH", .10, 1., 1., 1., 0.,
linkBleedCB( "CmpH", "B042", .04,1.,1
linkBleedCB( "CmpH", "B045", .01, .5, .5,
linkBleedCB( "CmpH", "B041", .00,1.,1

/l Shaft Connect Statements

linkPorts( "CmpL.Sh_0O",  "ShL.MeCmpL", "MeCmp
linkPorts( "CmpFSec.Sh_0", "ShL.MeCmpFSec","MeCmp
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"surge");
"LPCtoLPT");
"LPCtoExit" );

"calHPT"
"caZHPT"
"ca3HPT"
"cadHPT"

)
);
);
).

L");
FSec");



linkPorts( "TrbL.Sh_O"
linkPorts( "CmpH.Sh_0O",
linkPorts( "TrbH.Sh_O",

"ShL.MeTrbL", "MeTrb
"ShH.MeCmpH", "MeCmp
"ShH.MeTrbH", "MeTrb
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